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SUMMARY
Satellite cells are skeletal-muscle-specific stem cells that are activated by injury to proliferate, differentiate, and fuse to enable repair.

SOX7, a member of the SRY-related HMG-box family of transcription factors is expressed in quiescent satellite cells. To elucidate

SOX7 function in skeletal muscle, we knocked down Sox7 expression in embryonic stem cells and primary myoblasts and generated

a conditional knockoutmouse inwhich Sox7 is excised in PAX3+ cells. Loss of Sox7 in embryonic stem cells reduced Pax3 and Pax7 expres-

sion. In vivo, conditional knockdown of Sox7 reduced the satellite cell population from birth, reduced myofiber caliber, and impaired

regeneration after acute injury. Although Sox7-deficient primary myoblasts differentiated normally, impaired myoblast fusion and

increased sensitivity to apoptosis in culture and in vivo were observed. Taken together, these results indicate that SOX7 is dispensable

for myogenesis but is necessary to promote satellite cell development and survival.
INTRODUCTION

With the exception of a few muscles (mostly in the head),

skeletal muscle is derived from the somites, specifically the

dermomyotome (George-Weinstein et al., 1996; Gros et al.,

2004).Within the dermomyotome,muscle progenitor cells

expressing the transcription factors Paired box 3 (PAX3),

PAX7, Mesenchyme Homeobox 1 (MEOX1), and GLI2

migrate ventrally to form the myotome, which is the site

where the first fully differentiated embryonic myocytes

are found (Hollway andCurrie, 2005). A pool ofmuscle pre-

cursor cells expressing PAX3, PAX7, and MEOX1 (premyo-

genic mesoderm) become committed to myogenesis by

expressing the myogenic regulatory factors (MRFs) MYF5,

MYOD, and myogenin driving terminal differentiation

into myocytes that express structural and contractile

proteins such as myosin heavy chain (MyHC) (Relaix

et al., 2005).

The double-positive PAX3+PAX7+ population of cells pre-

sent in the central dermomyotome also gives rise to adult

muscle stem cells, known as satellite cells, which have an

important role in maintaining skeletal muscle throughout

the life of an organism (Buckingham and Relaix, 2007;

Relaix et al., 2006). At approximately E16, which marks

the end of fetal myogenic development, PAX3+PAX7+ pro-

genitor cells that do not express myogenic regulatory fac-

tors begin to accumulate under the basal lamina that forms

around muscle fibers, where they enter a state of quies-

cence as satellite cells, and downregulate PAX3 expression

(Relaix et al., 2005). These satellite cells remain dormant
Stem Cell Repo
This is an open access article under the C
until the post-natal growth period, characterized by the

fusion of differentiated satellite cells to a fixed number of

muscle fibers established during development. In adult

mice, satellite cells can exit their dormant state aftermuscle

injury and become activated to differentiate and fuse to

existing muscle fibers or to one another to form new fibers

(Mauro, 1961; Yin et al., 2013).

Although PAX7 activity is not essential for embryonic

myogenesis in the presence of PAX3, Pax7�/� mice lack

these precursors (Mansouri et al., 1996; Relaix et al.,

2006; Seale et al., 2000). While PAX3 can be detected in

quiescent satellite cells, though less predominantly in the

hindlimb, in the absence of Pax7, these cells fail to survive

the post-natal growth period (Relaix et al., 2006). Further,

ablation of cells expressing PAX7 blocks regenerative myo-

genesis following injury, underscoring an essential role for

satellite cells in acute injury-induced muscle regeneration

(Lepper et al., 2011; Murphy et al., 2011; Sambasivan

et al., 2011), and PAX7 has been shown to be required for

satellite cell survival (von Maltzahn et al., 2013). Alterna-

tively, in mice lacking PAX3 expression, the hypaxial

somite is lost due to increased apoptosis, and the formation

of limbmuscles is impaired (Franz et al., 1993; Relaix et al.,

2004).

The SOX family of proteins are characterized by a

79-amino acid High-Mobility Group (HMG) domain that

shares more than 60% sequence similarity to the HMG

box of SRY (sex determining region Y protein) (Capel,

2000). SOX genes are involved in the regulation of embry-

onic development, chondrogenesis, neural progenitor cell
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fate, and cardiovascular development (Sarkar and Hoched-

linger, 2013). The 30 known SOX genes are classified into

nine subgroups (A–I) based on the degree of homology

within the HMG domain and the presence of conserved

motifs outside the HMG box (Badis et al., 2009; Bowles

et al., 2000; Kondoh and Kamachi, 2010; Soullier et al.,

1999; Wegner, 1999). Of these, SoxG member SOX15 has

been shown to be dispensable for embryonic myogenesis,

although in its absence, post-natal muscle regeneration is

impaired and myogenic differentiation is delayed (Lee

et al., 2004). SoxE family members SOX8 and SOX9 are

expressed in satellite cells and act as inhibitors of myogen-

esis (Schmidt et al., 2003).

SOX7 is a member of subgroup F along with Sox17 and

Sox18. Sox7mRNA is expressed during embryonic develop-

ment, most abundantly in the brain, heart, lung, kidney,

prostate, colon and spleen (Takash et al., 2001). Loss of

Sox7 is embryonic lethal between days E10.5 and 14.5,

with delayed development and failure of organogenesis

observed (Wat et al., 2012). While myogenin expression

can be detected in the early myotome at E8.5, no specific

muscle phenotype is described in Sox7�/� mice (Sassoon

et al., 1989;Wat et al., 2012). SOX7 is a transcription factor

and can regulate the expression of Fgf3, Lama1, and Cdh5,

among others, as well as activate transcription from a syn-

thetic reporter containing SOX consensus motifs (Costa

et al., 2012; Murakami et al., 2004; Niimi et al., 2004).

SOX7 has been implicated in the regulation of vascular

development and cardiogenesis (Cermenati et al., 2008;

Costa et al., 2012; Shimoda et al., 2007; Zhang et al.,

2005) and during normal development is expressed begin-

ning at the 4-somite stage (8 d.p.c.) in the somites and head

regions. In the post-natal animal, SOX7 expression is found

in quiescent adult muscle satellite cells, and its expression

is decreased with activation and differentiation (Ikemoto

et al., 2007; Pallafacchina et al., 2010), suggesting a role

for SOX7 in this stem cell population.

In P19 embryonal carcinoma cells, which can be differen-

tiated into skeletal myotubes, SOX7 expression is both

necessary and sufficient to trigger the formation of skeletal

myocytes in conditions that do not typically support myo-

genesis (Savage et al., 2009). Ectopic SOX7 expression stim-

ulates PAX3 and PAX7 expression, leading to enhanced

myogenic regulatory factor expression (MYF5, MYOD,

and myogenin) and better terminal myogenic differentia-

tion (Savage et al., 2009), suggesting that SOX7 is impor-

tant for embryonic myogenesis.

Given that SOX7 is expressed in satellite cells and can

regulate PAX3 and PAX7 expression in embryonal carci-

noma cells, we examined SOX7 function during myogene-

sis in embryonic stemcell cultures and through the creation

of a conditional null mouse in which Sox7 was excised in

PAX3-expressingmyogenic precursors and their derivatives
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in vivo and in vitro. Here, we show that while SOX7 expres-

sion is dispensable for myogenic differentiation down-

stream of PAX3 induction, it is necessary for the develop-

ment and maintenance of the satellite cell pool.
RESULTS

Knockdown of Sox7 in Embryonic Stem Cells Impairs

Pax7 Expression

To assess the role of SOX7 in the embryonic development

of muscle, we first used a loss-of-function approach in

mouse embryonic stem cells (ESCs). We transduced mouse

ESCs with a lentiviral vector that expresses a short hairpin

RNA (shRNA) construct directed against Sox7 (shSox7) or a

scrambled control (shCntrl) and cultured them to develop

into myogenic precursors (Figure 1A). Knockdown of Sox7

expression was verified by RT-qPCR at day 0 to 15 of cul-

ture. Sox7 expression was most highly expressed at day 15

in shCntrl cells, and expression of the shSox7 construct

resulted in statistically significant reduction in Sox7 expres-

sion at this time point (Figure 1A). To determine if reduced

Sox7 expression influenced the expression of subgroup

members, the expression of Sox17 and Sox18 was verified.

At day 0, when both factors were weakly expressed, knock-

down of Sox7 did not affect Sox17 and Sox18 expression

(Figure 1A). On day 6, both Sox17 and Sox18 expression

increased relative to day 0, and while trending toward

decreased expression in the shSox7 cells, this failed to

achieve statistical significance.

The formation of mesoderm (BraT,Msgn1), premyogenic

mesoderm (Six1), and myogenic cells (Pax3, Pax7) was

assessed next in shSox7 cultures and scrambled controls

(Figure 1B). While BraT expression was reduced at day 6

in shSox7 cultures compared with shCntrl cultures,

Msgn1 expression was unaffected by changes in Sox7

expression. Further, the formation of premyogenic meso-

derm was equally unaffected at day 6 as expression of

Six1 was comparable with controls, suggesting that Sox7

is dispensable for the formation of these tissues. However,

expression of both Pax3 and Pax7was significantly reduced

in shSox7 cultures on day 15 of culture comparedwith con-

trols, suggesting that the formation ofmyogenic precursors

is impaired in cells with reduced Sox7 expression (Fig-

ure 1C). Taken together, these results suggest that SOX7 is

required for normal expression of Pax3 and Pax7 during

embryonic myogenic differentiation and promotes their

differentiation.
Sox7cKO Mice Have Fewer PAX7+ Satellite Cells at Birth

Given that knockdown of Sox7 results in reduced Pax7

expression during differentiation of ESCs, we sought to

determine if the satellite cell population developed



Figure 1. Knockdown of Sox7 Expression
in Mouse ESCs Reduces Pax7 Expression
and Promotes Myogenic Differentiation
(A) Sox7 and subgroup member mRNA
expression in a mouse embryonic stem cell
line stably expressing a shRNA targeting
Sox7 (shSox7) or a scrambled control
sequence (shCntrl) measured by RT-qPCR,
shown relative to expression in controls at
day 0. n = 5.
(B) Expression of mesodermmarkers and Six1
on day 0 and day 6. n = 5.
(C) Expression of Pax3 and Pax7 from day
0 to day 15 of differentiation, shown relative
to expression in shCntrl cells on day 12.
n = 3.
For all experiments, bars represent the mean
and error bars are the SEM for biological
replicates. Bars indicated with distinct
letters are statistically different from one
another at a minimum cut-off of p < 0.05.
normally during embryogenesis in the absence of Sox7. In

order to generate a mouse strain in which Sox7 is excised

in skeletal muscle precursors, Sox7fl/fl mice (Wat et al.,

2012) were crossed with mice expressing the Pax3-Cre

driver (Pax3tm1(cre)Joe/J; Jackson Laboratories) to produce

mice inwhich Sox7 is excised in all PAX3+ cells and their de-

rivatives. Conditional Sox7 knockout animals (Sox7cKO,

Sox7fl/flPax3Cre/+) were produced at Mendelian ratios, with

the majority of animals displaying the white belly splotch

characteristic of Pax3 haploinsufficiency but otherwise free

from overt phenotypes related to limb development or

mobility (Auerbach, 1954). We did notice a small increase

in perinatal death for the Sox7cKO genotype, occurring at

a frequency of 1:46 for wild-type (WT) pups and 1:10

Sox7cKO pups. Increased perinatal death is consistent with

what is observed in mice lacking Pax7+ cells (Hutcheson

et al., 2009). To verify excision of the Sox7 gene in Cre-ex-

pressing mice, primary myoblasts were isolated from

Sox7cKO and non-Cre-expressing control mice (WT, Sox7fl/fl

Pax3+/+), and isolated mRNA was subjected to RT-qPCR
analysis (Figure 2A). Sox7 expression was reduced by

approximately 71% in the Sox7cKO cells compared with

control cultures. Sox7cKO mice were significantly smaller

at birth, weighing approximately 80% of WTcontrol litter-

mates (Figure 2B) without any gross abnormalities. To

assess the size of the satellite cell population, the number

of PAX7+ cells was scored in hindlimb muscle (whole-leg

cross-sections). Consistent with what was observed during

ESC differentiation, there were significantly fewer PAX7+

cells in Sox7cKO mice than in littermate controls (Figures

2C and 2D), suggesting that the defect in satellite cell

numbers is established prior to birth. Despite the lower

number of satellite cells at birth, the percentage of PAX7+

cells that were proliferating (Ki67+) was equivalent in

both genotypes (Figure 2E).

Loss of Sox7 Leads to a Decrease in the Average Muscle

Fiber Size

Despite the reduced satellite cell compartment in Sox7cKO

mice, post-natal growth of skeletal muscle was normal. At
Stem Cell Reports j Vol. 9 j 1139–1151 j October 10, 2017 1141



Figure 2. Loss of Sox7 in PAX3+ Cells Reduces Satellite Cell
Numbers at Birth
(A) RT-qPCR analysis of Sox7 expression in primary myoblasts iso-
lated from Sox7fl/fl;Pax3Cre/+ (Sox7cKO) and Sox7fl/fl;Pax3+/+ (WT)
mice aged 6 weeks in growth medium. **p < 0.01. n = 3 biological
replicates.
(B) Body mass of Sox7cKO and WT mice at birth. **p < 0.01. n = 3
mice per genotype.
(C) Immunohistochemistry of PAX7 expression and Ki67 staining in
hindlimb muscle from Sox7cKO and WT mice at birth. Scale bar,
50 mm.
(D) Number of PAX7+ cells per field of view. **p < 0.01. n = 3 mice
per genotype.
(E) Percentage of Ki67+/PAX7+ cells relative to total PAX7+ cells. ns,
not significant.
(F) Reporter assay measuring Pax7 promoter activity in primary
myoblasts in the presence or absence of ectopic SOX7. Data are
represented as fold induction over the activity obtained in the
absence of SOX7. Error bars are the SEM, n = 3. *p < 0.05.
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6weeks of age, both Sox7cKO and controlmice had the same

body weight (Figure 3A), andmuscle histology was compa-

rable in the Sox7cKO mice and littermate controls (Figures

3B–3D).

When Sox7cKO andWTmice were allowed to age, a defect

in myofiber cross-sectional area became apparent. At

6 months of age, Sox7cKO animals were significantly lighter

than littermate controls, while at 12 months of age, the

Sox7 cKO mice were obese, characterized by an increase in

subcutaneous white adipose tissue (Figures 3A and S1).

Assessment of muscle histology revealed no significant dif-

ferences in fiber number at either time point, although a

significant decrease in the mean fiber cross-sectional area

was observed for Sox7cKO mice at both 6 and 12 months

compared with controls (Figures 3B–3D).

Using immunohistochemistry, we evaluated the number

of PAX7+ cells present in tibialis anterior (TA) muscle sec-

tions from Sox7cKO mice and compared it with control

mice (Figure 3E). While PAX7+ cells made up approxi-

mately 4.5% of nuclei in control muscle at 6 weeks, this

was reduced significantly by approximately 50% in

Sox7cKO muscle sections. With aging, the percentage of

Pax7+ cells slowly decreased in control mice, with a signif-

icantly smaller population observed in Sox7cKO animals at

12 months of age that was not significantly different

from Sox7cKO mice (Figure 3E). These results suggest that

loss of SOX7 leads to a decrease in the number of satellite

cells and smaller muscle fibers with age. The decrease in

PAX7+ cells was not due to haploinsufficiency at the Pax3

locus due to insertion of the Cre recombinase, as Sox7+/+

Pax3Cre/+ mice had a satellite cell population equivalent

to Sox7fl/fl Pax3+/+ controls (Figure 3E).

Impaired Regeneration in Sox7cKO Mice

Given the decrease in satellite cell numbers in Sox7cKO

mice, we evaluatedmuscle regenerative capacity after acute

injury in 6-week-old mice. Seven days after acute injury

with cardiotoxin, littermate control animals (WT) demon-

strated robust repair with regenerating fibers (characterized

by centrally located nuclei) regaining a fiber cross-sectional

area 77% that of uninjured muscle (Figures 4A and 4B).

While the mean fiber cross-sectional area was equivalent

in uninjuredmuscle fromWTand Sox7cKOmice, regenerat-

ing Sox7cKO muscles only recovered to 59% of uninjured

controls and were approximately 28% smaller than regen-

erating WT myofibers, suggesting an impaired repair

response (Figures 4A and 4B).

While 6-week-old Sox7cKO mice had significantly fewer

PAX7+ cells in uninjured muscle compared with littermate

controls, this population expanded after injury (Figure 4C).

Despite expansion of the PAX7+ populations in both

WT and Sox7cKO mice after injury (1.9-fold and 3.6-fold,

respectively), the percentage of PAX7+ cells remained



Figure 3. Conditional Knockout of Sox7 in PAX3+ Cells Results in Smaller Muscle Fibers and Fewer Satellite Cells
(A) Mean body mass of Sox7fl/fl;Pax3Cre/+ (Sox7cKO) and Sox7fl/fl;Pax3+/+ (WT) mice aged 6 weeks, 6 months (6 mo), and 12 months (12 mo).
*p < 0.05, ***p < 0.001; ns, not significant. n = 3 mice per group.
(B) Representative H&E-stained cross-sections of the TA muscle from Sox7fl/fl;Pax3Cre/+ (Sox7cKO) and Sox7fl/fl;Pax3+/+ (WT) mice. Scale bar,
50 mm.
(C) Mean fiber number in the TA muscle.
(D) Average cross-sectional area (XSA) of fibers in the TA muscle of Sox7cKO and WT mice. *p < 0.05. n = 3 mice per group.
(E) Percentage of PAX7+ cells relative to total nuclei in TA muscle from WT, Sox7cKO, and Sox7+/+;Pax3Cre/+ mice as indicated. *p < 0.05,
**p < 0.01; ns, not significant. n = 3 mice per group. Error bar is the SEM.
significantly lower in Sox7cKO muscle compared with WT

controls (Figure 4C). Consistent with these observations,

the percentage of PAX7+ cells that were also cycling

(Ki67+) was similar in both WT and Sox7cKO muscle, sug-

gesting that Sox7cKO PAX7+ cells are able to expand nor-

mally after injury (Figure 4D), although their numbers after

expansion remain significantly lower than WT.

Satellite Cell Dysfunction with Loss of SOX7

Given the impaired regenerative response in Sox7cKO mice,

we sought to determine if satellite cell dysfunction contrib-

uted to the phenotype. To evaluate if the PAX7+ population

lacking SOX7 function normally, primary myoblasts were

isolated from the hindlimb of 5- to 6-week-old Sox7cKO

and littermate controls, and Sox7 expression was verified

by RT-qPCR in proliferating cells (Figure 5A). Sox7 expres-

sion was reduced by approximately 70% in freshly isolated

satellite cells compared with control cultures, comparable
with satellite cells isolated from older mice (Figure 2A).

Freshly isolated Sox7cKO cells expressed significantly less

Pax7 and 6-fold more Myod1 than WT controls, without

changes in Myf5 or Myog expression (Figure 5B).

Since excision in the Sox7cKO model was not complete

and resulted in a heterogeneous population of primary

myoblasts, we confirmed the molecular phenotype of pri-

marymyoblasts lacking Sox7 in a secondmodel system. Pri-

mary myoblasts were isolated from the hindlimb of adult

Sox7fl/fl and retrovirally transduced to express the CreER

recombinase. Sox7 excision was induced with tamoxifen

treatment, while control cultures were generated with

vehicle treatment. Sox7 expressionwas verified by RT-qPCR

in proliferating cells (Figure 5C) and was reduced by

approximately 98% compared with control cultures. The

expression of the remaining subgroup F members was

also verified, and in contrast with what was observed in

ESCs, both Sox17 and Sox18 were upregulated in primary
Stem Cell Reports j Vol. 9 j 1139–1151 j October 10, 2017 1143



Figure 4. Loss of Sox7 Impairs Muscle Regeneration after Acute Injury
(A) Representative H&E-stained cross-sections of the TA from injured or uninjured Sox7fl/fl;Pax3Cre/+ (Sox7cKO) and Sox7fl/fl;Pax3+/+ (WT)
mice aged 6 weeks. Scale bar, 50 mm.
(B) Average myofiber cross-sectional area 7 days after cardiotoxin injury (CTX) or in uninjured (UI) muscle. *p < 0.05; ns, not significant.
n = 3 mice per group.
(C) Percentage of PAX7+ cells relative to total nuclei 7 days after injury with CTX or in uninjured muscle. *p < 0.05, **p < 0.01, samples
marked with z are significantly different from one another, p < 0.01. n = 3 mice per group.
(D) Percentage of Ki67+/PAX7+ cells (relative to total PAX7+ cells) 1 week after injury with CTX. ns, not significant. Error bar is the SEM.
myoblasts lacking Sox7 (Figure 5C). Depletion of Sox7 re-

sulted in significantly less Pax7, Myod1, and Myf5 expres-

sion than vehicle-treated controls, while Myog and Myhc3

expression trended toward increased expression, without

reaching statistical significance (Figure 5D).

Given that Pax7 expression was reduced in both ESCs

and primary myoblasts in which Sox7 was knocked down,

we performed a reporter assay measuring the activity of a

Pax7 promoter-luciferase construct in primary myoblasts

in the presence or absence of ectopic SOX7. Addition of

ectopic SOX7 expression in these cells resulted in a 2-fold

increase in promoter activity, suggesting that SOX7 can

regulate Pax7 expression (Figure 5E).

As the higher levels of myogenin could indicate preco-

cious differentiation under growth conditions, we

performed Ki67 staining to determine the proportion of

proliferating cells. Consistent with cell-cycle exit for differ-

entiation, the cultures lacking Sox7 had significantly fewer

proliferating myoblasts than vehicle-treated controls

(Figure 5F).

To better understand the phenotype, we isolated myo-

fibers from the Sox7fl/fl extensor digitorum longus (EDL)

muscle and immediately after isolation used lentivirus to

transduce the fibers to express an shRNA directed against

Sox7 (shSox7) or with a scrambled control (shCntrl).

Knockdown of Sox7 expression was verified in primary

myoblasts that were allowed to grow off the transduced

myofibers using RT-qPCR, revealing a �60% reduction

in Sox7 expression in the shSox7 cells compared with con-

trols (Figure 5G, inset). We performed immunocytochem-
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istry for PAX7 and MYOD expression on transduced

myofibers 72 hr after isolation. Expression of PAX7 and

MYOD can be used to distinguish three populations of

muscle precursors: PAX7+/MYOD� cells are quiescent

or self-renewing, PAX7+/MYOD+ cells are proliferating

and PAX7-/MYOD+ cells are differentiating. Knockdown

of Sox7 expression resulted in a reduction of the PAX7+/

MYOD� population, and a concomitant increase in the

PAX7+/MYOD+ cells, suggesting that primary myoblasts

with reduced Sox7 progress toward differentiation more

readily than controls under growth conditions (Fig-

ure 5G). However, we failed to observe an increase in

PAX7�MYOD+ cells, suggesting that either the cells stall

during differentiation or progress rapidly toward a

MYOG+ state (Figure 5G).

To evaluate the importance of SOX7 in the differentia-

tion of primary myoblasts, primary myoblasts were differ-

entiated for 2 days in low serum conditions. Sox7, Sox17,

and Sox18 expression was verified by RT-qPCR after differ-

entiation, and similar to under growth conditions, both

Sox17 and Sox18 were upregulated in cells lacking Sox7

(Figure 6A). The extent of differentiation was quantified

by immunocytochemistry for MyHC. While the differen-

tiation index (% of nuclei found inside MyHC+ cells rela-

tive to total nuclei) was unchanged with loss of SOX7,

the myosin heavy-chain-expressing myotubes were

smaller in tamoxifen-treated cultures compared with con-

trol cultures (Figures 6B and 6D). Indeed, average myo-

tube size, measured as the fusion index (no. of nuclei in

MyHC+ myotubes/no. of myotubes) was significantly



Figure 5. Loss of Sox7 in Primary Myoblasts Results in Loss of Pax7 Expression
(A) RT-qPCR analysis of Sox7 expression in freshly isolated primary myoblasts isolated from Sox7fl/fl;Pax3Cre/+ (Sox7cKO) and Sox7fl/fl;Pax3+/+

(WT) mice aged 5 weeks. ***p < 0.001.
(B) RT-qPCR analysis of Pax7, Myod1, Myf5, and Myog expression in freshly isolated primary myoblasts from Sox7cKO mice relative to
expression in control littermates. Error bars are the SEM, **p < 0.01, *p < 0.05; ns, not significant. n = 3 biological replicates.
(C) RT-qPCR analysis of Sox7 expression and Sox17 and Sox18 expression in primary myoblasts isolated from the Sox7fl/fl mouse and
retrovirally transduced to express the CreER recombinase following treatment with 4-OH tamoxifen (+TAM) to excise Sox7 or with vehicle
(�TAM). *p < 0.05, **p < 0.01, ***p < 0.001.
(D) RT-qPCR analysis of Pax3, Pax7, Myod1, Myf5, Myog, and Myhc3 expression in Sox7 knockdown cells (+TAM) relative to expression in
vehicle-treated controls. Error bars are the SEM. ***p < 0.001; ns, not significant. n = 5 biological replicates.
(E) Luciferase reporter assay in primary myoblasts measuring activity from the Pax7 promoter in the presence or absence of SOX7. Data are
shown as fold over reporter alone and internally controlled for transfection efficiency using a constitutively active b-galactosidase
reporter. *p < 0.05. n = 4. Error bars are the SEM.
(F) Percentage of proliferating (Ki67+) PAX7+ cells following Sox7 excision compared with vehicle-treated controls. *p < 0.05. n = 3
biological replicates.
(G) Distribution of PAX7+/MYOD�, PAX7+/MYOD+, and PAX7-/MYOD+ cells in myofiber-associated satellite cells 72 hr post isolation as
determined by immunocytochemistry. Myofibers from the Sox7fl/fl mouse were isolated and transduced with lentivirus to express a shRNA
against Sox7 or a scrambled control (shCntrl). Error bars are the SEM. Populations indicated with z are significantly different from one
another (p < 0.05). Populations indicated by * are significantly different from one another (p < 0.01). Results are from an average of
15 fibers per animal with three animals per group. Myofibers were cultured on Matrigel to induce satellite cell growth and migration for
confirmation of Sox7 knockdown (inset). *p < 0.05.
reduced in the absence of Sox7 (Figure 6D). Since efficient

cell fusion relies on high culture density, we ensured

that the total number of nuclei in both tamoxifen- and

vehicle-treated differentiated cultures were equivalent

(Figure 6E). However, it should be noted that cultures

lacking Sox7 had to be plated at approximately 2-fold

higher densities to ensure equal plating by the end of
the experiment, indicating a cell growth defect or

increased cell death. Finally, the expression of the late

myogenesis markers Myog and Myhc3 was analyzed in

differentiated cultures, revealing that the expression of

both was significantly decreased in cultures lacking

Sox7, consistent with incomplete myogenic differentia-

tion and poor fusion (Figure 6F).
Stem Cell Reports j Vol. 9 j 1139–1151 j October 10, 2017 1145



Figure 6. Sox7 Is Not Required for Post-natal Myogenic Dif-
ferentiation
(A) RT-qPCR analysis of Sox7, Sox17, and Sox18 expression in
Sox7fl/fl primary myoblasts retrovirally transduced to express CreER,
treated with TAM or vehicle (�TAM), and induced to differentiate
for 2 days under low serum conditions.
(B) Representative images of primary myoblasts isolated and
differentiated for 2 days in low serum conditions and stained for
myosin heavy chain expression (MyHC; green), PAX7 (red), and
counterstained with DAPI (blue) to reveal fused myotubes. Scale
bar, 50 mm.
(C) Differentiation index (no. of nuclei in MyHC+ cells/total nuclei)
for cultures differentiated as in (A). n = 3.
(D) Fusion index (no. of nuclei in myotubes/total number of
myotubes), where a myotube is defined as having 2 or more nuclei.
n = 3.
(E) Number of nuclei per field of view in images used for counting in
(C and D), shown relative to –TAM controls. n = 3.
(F) RT-qPCR analysis of Myog and Myh3 expression in differentiated
primary myoblasts from cells cultured as in (A).
For all experiments, error bars are the SEM. *p < 0.05, **p < 0.01,
***p < 0.001; ns, not significant. For RT-qPCR experiments, n = 6
biological replicates. For all other experiments, n = 3 biological
replicates.
SOX7 Promotes Myoblast Survival

Given the decreased cell density in primarymyoblasts lack-

ing Sox7, we examined cell death as a possible mechanism

for the reduced cell numbers. In growth medium, in the

absence of any apoptotic stimulus, we observed more

dead cells in proliferating cultures and confirmed this

observation using flow cytometry. Propidium iodide (PI)
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and Annexin V staining revealed an increased percentage

of Annexin V+/PI+ cells in tamoxifen-treated cultures in

the absence of apoptotic stimuli (Figure 7A). We collected

mRNA from proliferating tamoxifen- and vehicle-treated

myoblast cultures to perform a PCR array for regulators of

apoptosis. Concentrating on the genes that were regulated

at least 1.5-fold in cells lacking Sox7, we identified six genes

(Figure 7B) of which three were validated by subsequent

RT-qPCR analysis (Bcl2, Bcl2l11, and Gadd45a) (Figure 7C).

To assess whether the increased sensitivity to apoptosis

in myoblasts lacking Sox7 was relevant in vivo, we per-

formed TUNEL staining on muscle sections from Sox7cKO

and littermate control (WT) mice 7 days after acute injury

with cardiotoxin (Figure 7D). Consistent with our observa-

tion in culture, Sox7cKO muscle had significantly increased

TUNEL+/Pax7+ cells compared with controls (Figures 7D

and 7E), suggesting that SOX7 promotes the survival of

PAX7+ cells in vivo. Taken together, these data indicate

that SOX7 is required for satellite cell survival, and that

in its absence, the PAX7+ population is reduced, resulting

in lowered regenerative capacity.
DISCUSSION

We found thatmice lacking Sox7 in the skeletalmuscle-spe-

cific lineage have normal muscle architecture with smaller

muscle fiber cross-sectional areas. When challenged with

acute injury, the Sox7cKO muscle repaired inefficiently,

and isolated primary myoblasts, although differentiation

competent, were more sensitive to cell death and fused

inefficiently. Indeed, the primary defect in the Sox7fl/fl

Pax3Cre/+ conditional null model is a significant reduction

in the satellite cell compartment, which is observed at birth

and persists until 12 months of age, suggesting a role for

SOX7 in the development of muscle stem cells and their

maintenance in the post-natal animal. Interestingly, in

addition to a smaller satellite cell compartment, Sox7cKO

mice develop obesity with age. This phenotype, which is

unlikely to be related to the satellite cell defect, suggests a

role for SOX7 in other Pax3-derived cell populations. Em-

bryonic PAX3+ cells contribute to the development of the

CNS and the neural crest, which is the origin for numerous

tissues including the mesenchyme (Monsoro-Burq, 2015).

As such, loss of SOX7 may affect central behavior driving

weight gain, may promote adipogenesis in white fat de-

pots, or alternatively, negatively affect the formation of

brown fat, which promotes energy expenditure.

The induction of PAX7 is required for the normal devel-

opment of satellite cells and their survival. Our results sug-

gest that SOX7 is required for the induction of PAX7 during

embryonic development, and that failure to do so results in

a smaller muscle stem cell pool that is less able to support



Figure 7. Sox7 Is Required for Myoblast Survival
(A) Flow cytometric evaluation of cell death using propidium iodide (PI) and Annexin V staining in proliferating Sox7fl/fl primary myoblasts
retrovirally transduced to express CreER and treated with TAM or vehicle. The percentages of events recorded for Annexin V�/PI�
(live cells), Annexin V+/PI� (early apoptotic cells), Annexin V�/PI+ (necrotic cells), and Annexin V+/PI + cells (dead cells) are indicated
in the respective quadrants.
(B) Heatmap of genes that regulate apoptosis that are differentially regulated in proliferating primary myoblasts in the absence of Sox7 as
measured by PCR array.
(C) Validation of hits from (B) by RT-qPCR. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant. n = 3 biological replicates.
(D) Representative images of TUNEL-stained and PAX7-immunostained muscle sections from TA muscle isolated from Sox7fl/fl;Pax3Cre/+

(Sox7cKO) and Sox7fl/fl;Pax3+/+ (WT) mice aged 6 weeks 7 days after injury with cardiotoxin. White arrowheads indicate TUNEL+/PAX7+ cells.
Scale bar, 20 mm.
(E) Quantification of TUNEL+/PAX7+ cells from (D) shown as a percentage of total PAX7+ cells. *p < 0.05. n = 3 animals per group.
muscle regeneration postnatally. Motif analysis of the Pax7

regulatory region revealed the presence of two putative

SOX7DNAbindingmotifs in the 2,500 base pairs upstream

of the transcriptional start site, and pairedwith our reporter

assay findings, suggest that SOX7 is a transcriptional regu-

lator of Pax7 expression.

In addition to the smaller satellite cell population, pri-

mary myoblasts lacking Sox7 were more sensitive to

apoptosis, even in the absence of apoptotic stimuli, sug-

gesting that SOX7 may be anti-apoptotic. Indeed, PAX7

has been shown to be important for satellite cell survival,

and it remains possible that SOX7 acts to promote survival

through potentiation of PAX7 expression. However, we

also demonstrate that loss of Sox7 decreases the expression

of the pro-survival gene Bcl2 and leads to an increase in

the expression of two pro-apoptotic genes (Bcl2l11 and

Gadd45a). Thismechanism appears to be unique to skeletal

muscle tissues as SOX7 has been shown to be pro-apoptotic

in colorectal cancers and non-small-cell lung cancers, sup-

porting the notion that regulation of Pax7 contributes to
the pro-survival actions (Hayano et al., 2013; Zhang

et al., 2009). Despite an increased susceptibility to cell

death in vivo after injury, the satellite cell population in

Sox7cKO animals is very stable with aging. Given the incom-

plete excision of Sox7, it is likely that PAX7+ cells that retain

Sox7 expression would have a survival advantage over

those lacking Sox7, and would therefore persist long term.

Further, while Sox7-deficient primary myoblasts are very

sensitive to cell death in the absence of apoptotic stimuli,

it is unclear whether cell death occurs more frequently in

Sox7cKO muscle in the absence of injury, and thus may

allow the smaller population to remain relatively stable

without muscle insult.

In normal tissues, SOX7 expression promotes erythroid

precursor cell maintenance and self-renewal, while differ-

entiation is promoted in its absence (Gandillet et al.,

2009). A role for SOX7 in the maintenance of the undif-

ferentiated state is consistent with our own findings

demonstrating that, in the absence of Sox7, isolated pri-

mary myoblasts have a larger PAX7+/MYOD+ population
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than WT controls. Paradoxically, myogenin expression

trended toward an increase in growth medium but was

reduced compared with controls under differentiation

conditions. Thus, SOX7 is unlikely to be required for

myogenic differentiation per se but does promote effi-

cient cell fusion.

While the PAX7+ population is smaller in Sox7cKO cells,

these cells are able to enter the cell cycle and expand their

numbers after injury and participate in repair, suggesting

that myogenesis itself is not adversely affected by the loss

of SOX7. Rather, we postulate that the smaller PAX7+ popu-

lation size is insufficient to elicit repair as rapidly as the WT

controls. Given that the defect in the PAX7+ cell population

is established at birth and Pax7 expression is abnormally low

in ESCs with reduced Sox7 expression, the smaller satellite

population in Sox7cKO is primarily due to a failure to produce

sufficient precursors during development but may be exac-

erbated by post-injury apoptosis of satellite cells.
EXPERIMENTAL PROCEDURES

Mouse Embryonic Stem Cell Culture
D3mouse ESCs (ATCC, no. CRL-1934) were grown in 100mm cul-

ture dishes (Corning) at 37�C and 5% CO2 in mESC complete me-

dium in the presence of 1,000 U/mL leukemia inhibitory factor

(LIF) (Millipore) to prevent differentiation. Cultures were lentivir-

ally transduced to express an shRNA against Sox7 (shSox7; Santa

Cruz Biotechnology, sc-38417-V) or a scrambled control shRNA

(shCntrl). Following transduction, cells were cultured in mESC

complete medium overnight, supplemented with 2 mg/mL puro-

mycin (Invitrogen) and LIF (Millipore) on day 2 post transduction.

Medium was changed every day for the first 3 days followed by

every alternate day thereafter.

To induce the differentiation of myogenic precursors, shSox7

and shCntrl cell lines were diluted to a concentration of 4 3

104 cells/mL in DMEM and 20 mL drops were placed on the lid of

a 150 mm Petri dish (Corning) containing PBS to prevent droplet

evaporation. After 2 days in suspension, culture aggregates were

moved onto 100 mm Petri dishes (Corning) coated with 1%

agarose to prevent adhesion. Cells were allowed to grow for 5 addi-

tional days and the medium was replaced with fresh DMEM every

2 days. On day 7, aggregates were resuspended in DMEM and

moved into 12-well tissue culture plates for culture inmediumcon-

taining serum to support the proliferation of myogenic precursors

but not their differentiation.
Conditional Sox7 Knockout Mice
B6:129-Pax3 tm1(cre) Joe/J (The Jackson Laboratory) and Sox7fl/fl

mice (Wat et al., 2012) were bred to obtain Sox7fl/fl;Pax3Cre/+ (con-

ditional knockouts, Sox7cKO) and Sox7fl/fl;Pax3+/+ non-Cre-express-

ing control (WT) mice. All animals were maintained at 22�C with

30% relative humidity on a 12 hr light/dark cycle and provided

food and water ad libitum.

For cardiotoxin (CTX) injury, mice were anesthetized with iso-

fluorane, and 30 mL of 10 mMCTX in PBS or PBS alone was injected
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intramuscularly into the TA muscle. Mice were killed 7 days post

injury, and the dissected muscle was flash frozen in isobutanol

cooled in liquid nitrogen for analysis. All animal experimentation

was approved by theUniversity ofOttawa Animal Care Committee

and conformed to the guidelines set out by the Canadian Council

on Animal Care.

Analysis of Muscle Histology and

Immunohistochemistry
Eight-micrometer-thick sections of TA muscle were stained with

H&E following fixation in 10% formalin for 15 min. A minimum

of 350 fibers were counted for analysis of the average fiber cross-

sectional area and quantified using ImageJ.

Indirect immunofluorescence was performed on frozen sec-

tions of TA muscle fixed in 4% paraformaldehyde (PFA). Detec-

tion was performed according to standard procedures using the

following primary antibodies: PAX7 (DSHB), and Ki67 (Abcam,

catalog no. ab15580). Detection of immunoconjugates was

achieved using biotinylated anti-mouse Fab fragments (Jackson

ImmunoResearch Laboratories, catalog no. 715-066-150) and

Alexa Fluor 594-streptavidin (Jackson ImmunoResearch, catalog

no. 016-580-084) or Dylight 488 donkey anti-rabbit (Jackson Im-

munoResearch). For detection of apoptotic cells, muscle sections

were air-dried for 30 min at 60�C and fixed for 10 min in 4%

fresh PFA. After washes with PBS, sections were permeabilized

for 2 min in 0.1% Triton X-100 + 0.1% sodium citrate in PBS at

4�C and then washed with PBS.

In situ TUNEL assays were performed according to the manu-

facturer’s instructions (In Situ Cell Death Detection Kit, TMR

Red; Roche), immunostained for Pax7 expression and coun-

terstained with DAPI (0.5 mg/mL) essentially as described (March-

ildon et al., 2016). Muscle sections were visualized with a Zeiss

AxioObserverZ1 microscope (Carl Zeiss Microscopy) and quanti-

fied manually using ImageJ.

Isolation and Myogenic Differentiation of Primary

Myoblasts
Primary myoblasts were isolated as described previously (Motoha-

shi et al., 2014). Briefly, hindlimb muscles of adult Sox7fl/fl mice

were dissected and digested with collagenase/dispase (Roche),

and enriched for satellite cells by magnetic-activated cell sorting.

Myoblasts were retrovirally transduced with CreER and selected

based on puromycin resistance and maintained in growth me-

dium (DMEM containing 20% fetal bovine serum [FBS], 10%

horse serum [HS]) supplemented with 10 ng/mL basic fibroblast

growth factor and 2 ng/mL human growth factor (Peprotech).

To induce CreER activity in culture, primary myoblasts were

treated with 4-OH tamoxifen (2 mM dissolved in 100% ethanol;

Sigma-Aldrich) for 48 hr. To induce differentiation, myoblasts

were cultured in differentiation medium (DMEM containing 2%

FBS and 10% HS).

Isolation and Culture of Single EDL Myofibers
Myofibers were isolated from EDL muscle as described

previously (Pasut et al., 2013). Briefly, EDLs were removed

from Sox7fl/fl mice and digested with collagenase type I

(2 mg/mL in DMEM; Sigma-Aldrich). Muscles were transferred



to horse-serum-coated plates and myofibers were separated by

trituration using heat-polished glass Pasteur pipettes. Fibers

were incubated in control shRNA or Sox7 shRNA lentiviral par-

ticles (Santa Cruz Biotechnology) and cultured for 72 hr in

DMEM supplemented with 15% FBS and 2% chick embryo

extract at 37�C, 5% CO2.

Immunocytochemistry
Myofibers were fixed in 4% PFA in PBS, 1% glycine, and blocked

in PBS containing 0.2% Triton X-100 (BioShop), 2% BSA, 5%

horse serum (Cedarlane), 1% azide. Myoblasts were fixed in 2%

PFA in PBS and blocked in PBS containing 0.3% Triton X-100

and 10% goat serum. The primary antibodies used for detection

were mouse anti-PAX7 (DSHB, 1/100), rabbit anti-MYOD (c-20)

(Santa Cruz, catalog no. sc-304), MYH (Santa Cruz, catalog no.

sc-20641), or anti-Ki67 (Abcam). Cells were washed with PBS

and incubated in mouse anti-biotin and streptavidin-Cy3 or sec-

ondary antibodies conjugated to a fluorescent dye (Cy3, Alexa

488 or Alexa Flour 647; all from Jackson ImmunoResearch).

Nuclei were counterstained with DAPI (0.5 mg/mL). Pictures

were acquired using a Leica DM 3000B microscope and Infinity-

3 camera (Lumenera).

Flow Cytometry
Primary myoblasts were collected using trypsin, counted, and

washed in ice-cold PBS before resuspension in Annexin V buffer

(10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4). Cells

were labeled with Annexin V and PI (Life Technologies) and

analyzed by flow cytometry on a BD FACSCelesta instrument

(BD Biosciences), and dot plots were made and analyzed using

Kaluza v1.2 software (Brea).

Quantitative Real-Time PCR
Total RNA was isolated using the E.N.Z.A. Micro-elute Total RNA

Kit I as per the manufacturer’s protocol (Omega Bio-tek) and

reverse transcribed using a Quantitect Reverse Transcription Kit

(QIAGEN). For qPCR analysis, a cDNA template was amplified

with the KAPA SYBR FAST Universal qPCR Master Mix (Kapa Bio-

systems) as per the manufacturer’s protocol using the primers

listed in the Supplemental Information. Reactions performed in

duplicate were performed using a Mastercycler Realplex2 qPCR

machine (Eppendorf, Mississauga, ON). Data were analyzed using

the delta-delta CT method to quantify gene expression (Schefe

et al., 2006) and expressed as means ± SEM of three independent

experiments.

Analysis of Reporter Gene Expression
For Pax7 reporter assays, primarymyoblasts isolated fromC57BL/6

mice were transfected with a �3.8 kb Pax7 promoter-luciferase re-

porter construct (Lang et al., 2009) and a constitutively active RSV-

b-galactosidase reporter in the presence or absence of mammalian

expression plasmids for SOX7 using FuGene HD (Promega). After

transfection, cells were cultured under growth conditions for

24 hr and then collected for the luciferase assay. Luciferase assays

were performed using luciferase assay reagent II (Promega) accord-

ing to the standard protocol and corrected for transfection effi-

ciency with b-gal enzyme activity.
Statistical Analysis
Statistical differences between means were calculated using the

two-tailed Student’s t test or ANOVA with post hoc test. p values

less than 0.05 were considered significant.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Results, two fig-

ures, and a list of primers and can be found with this article online

at http://dx.doi.org/10.1016/j.stemcr.2017.08.014.
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