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SUMMARY

The dermal Panniculus carnosus (PC) muscle is important for wound contraction in lower mammals and represents an interesting
model of muscle regeneration due to its high cell turnover. The resident satellite cells (the bona fide muscle stem cells) remain poorly
characterized. Here we analyzed PC satellite cells with regard to developmental origin and purported function. Lineage tracing shows
that they originate in Myf5", Pax3/Pax7" cell populations. Skin and muscle wounding increased PC myofiber turnover, with the satellite
cell progeny being involved in muscle regeneration but with no detectable contribution to the wound-bed myofibroblasts. Since hemato-
poietic stem cells fuse to PC myofibers in the absence of injury, we also studied the contribution of bone marrow-derived cells to the
PC satellite cell compartment, demonstrating that cells of donor origin are capable of repopulating the PC muscle stem cell niche after
irradiation and bone marrow transplantation but may not fully acquire the relevant myogenic commitment.

INTRODUCTION

The dermal Panniculus carnosus (PC) muscle sits below
the dermal fat layer and on top of the subcutaneous
adipose tissue and fascia (Wojciechowicz et al., 2013). It is
a fast-twitch muscle of vestigial nature in humans (Nova-
kov et al., 2008), but otherwise ubiquitous in mammals.
The PC has generally smaller fibers than other muscles
with increased size heterogeneity and higher than usual
regenerative myofibers (Brazelton et al.,, 2003). Being
mainly composed of type II fibers, the PC muscle is thought
to provide rodent loose skin with twitching and thermoreg-
ulation capacities (Greenwood, 2010), as well as promoting
contraction (Watts et al., 1958) and supporting revascular-
ization (Hughes and Dann, 1941) of full-thickness exci-
sional wounds. Besides a long-sought clarification of its

functional role, a better understanding of PC in animal
models and humans would be instrumental for plastic
surgery and subcutaneous drug delivery studies alike
(McDonald et al., 2010). However, this unique muscle
remains ill characterized. From the stem cell biology
viewpoint, specific data on non-limb muscle satellite cells
(the bona fide muscle stem cells) are scarce (Randolph
and Pavlath, 2015). PC satellite cell biology may be partic-
ularly interesting as a model system due to the accessibility,
dispensability for survival, and increased regeneration rate
of this muscle. In addition, the PC is distinctively posi-
tioned to understand the physiological role (if any) of he-
matopoietic stem cell (HSC) fusion to myofibers and their
differentiation after transplantation (Ferrari et al., 1998),
a little studied phenomenon that may be related to expo-
sure of fused HSC-derived nuclei to MpyoD-expressing

) Stem Cell Reports | Vol. 7 | 411-424 | September 13,2016 | © 2016 The Author(s). 411
@ CrossMatk This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

OPEN ACCESS


mailto:pgarcia@nanogune.eu
mailto:ander.izeta@biodonostia.org
http://dx.doi.org/10.1016/j.stemcr.2016.08.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stemcr.2016.08.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

myofibers (Dellavalle et al., 2011). In the absence of injury,
the rate of bone marrow-derived cell incorporation to PC is
highly significant when compared with the physiologically
irrelevant rates achieved by other muscle groups (Brazelton
et al., 2003; Corbel et al., 2003; Sherwood et al., 2004b).
The reasons underlying the increased incorporation of
non-resident cells to PC remain unclear but may be related
to increased cellular turnover in the PC.

The exact developmental origin of PC satellite cells has
yet to be determined. Throughout development of the
trunk and limb muscles, there is continuity between fetal
muscle “founder” cells and adult satellite cells, as the latter
appear to derive from the central dermomyotome of the
somite (Gros et al., 2005; Kassar-Duchossoy et al., 2005;
Relaix et al., 2005; Schienda et al., 2006). Specifically, at
the embryonic day 10.5 (E10.5) central dermomyotome
in mice, Enl1* cells generate muscle together with inter-
scapular brown fat bundles and dermis (Atit et al., 2006).
These data were confirmed by follow-up of Pax7“E-Gal*
cells traced at E9.5 that labeled the PC (Lepper and Fan,
2011). However, the specific contribution of these early
embryonic precursors to the adult PC satellite cell pool re-
mains unknown. In this work, we have analyzed the PC
muscle stem cells with regard to developmental origin
and purported function, as well as the contribution of
bone marrow-derived cells to the PC satellite cell pool after
bone marrow transplantation.

RESULTS

Dorsal PC Satellite Cells Belong to the Myf5* Cell
Lineage and Express Pax3/Pax7 during Development
The PC muscle sits below dermal adipose tissue in the
mouse and is composed of striated fibers, as shown by
the expression of Mrf4 (alkaline phosphatase [AP])* (Kas-
sar-Duchossoy et al., 2004) and sarcomeric myosin heavy
chain (MyHC) (Figures 1A and 1B). The dorsal PC is known
to arise from dermomyotomal precursors, but no lineage
tracing study has yet addressed the origin of the canonical
satellite cells in this muscle. Since a majority of adult mus-
cle satellite cells derive from Myf5* progenitors (Biressi
et al., 2013; Gayraud-Morel et al., 2012; Kuang et al.,
2007) and express Pax3/Pax7 at later stages, the use of
Myf5, Pax3, and Pax7 cell lineage-tracing models may
help to dissect the cellular contribution at successive devel-
opmental stages (Figure 1C). To determine the develop-
mental origin of PC, we crossed Cre recombinase-express-
ing transgenic lines with R26YFP and ROSAmTmG
reporter mouse strains and pursued in situ localization of
reporter-expressing cells by performing immunofluores-
cence analyses in dorsal skin sections. As expected, PC fi-
bers expressed the fluorescent reporters when cells were
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marked by the Myf5Cre>°", Pax3“"*/*, and Pax7“"**"?/* line-
age-tracing constructs (Figures 1D-1F). By transmission
electron microscopy (TEM), we confirmed that PC satellite
cells were located below the basal lamina and presented
electron-dense nuclei with highly condensed chromatin
patches and relatively small and undifferentiated cyto-
plasm (Figure 1G, asterisk). In situ, PC satellite cells of adult
skin express MYFS5 but no detectable PAX3, as determined
by the expression of surrogate marker nLacZ (nuclear local-
ized LacZ; Figures 1H and 1I). As canonical satellite cells, PC
satellite cells are PAX7* (Figure 1J, higher-magnification
image shown in inset 1J’) and derive from the Myf5* lineage
(Figure 1K). However, we were concerned with the report-
edly widespread expression of R26YFP when crossed
with the Myf5™3@9S" mouse model (Eppig et al., 2015
and data not shown). To clarify tracing of Myf5* cell line-
age, we generated and crossed a Cre-expressing mouse
(B195AP-Cre) that marked a more restricted subset of
Myf5* cells (Figure S1; more data on this strain are pre-
sented below). The more restricted Myf5 lineage-tracing
strain confirmed detection of EYFP* cells in a satellite cell
position, located between the plasmalemma and the
basement membrane of the PC myofibers (Figure 1L). In
summary, the lineage-tracing studies shown here confirm
that, similar to other trunk muscles, PC satellite cells origi-
nate in Myf5", Pax3/Pax7* cell populations.

Muscle Cell Turnover Increases in Response to Injury
to the PC with No Detectable Contribution of PC
Satellite-Derived Cells to the Wound Bed

PC muscle is thought to be particularly regenerative,
as determined by fiber morphology and the higher incorpo-
ration of bone marrow-derived cells compared with other
muscles by cell-fusion events (Brazelton et al., 2003).
To help us understand the determinants of PC turnover
in homeostasis and response to wounding, we crossed
Pax7ERT2/* mice with the ROSAmtmG reporter line to
trace the Pax7-derived lineage by EGFP expression over the
short term after tamoxifen (TMX) induction (Figure 2A).
Full-thickness skin-punch wounds (that included the
epidermis, dermis, dermal fat, and PC layers; Figure 2B)
were performed and histological sections of the wounded
area analyzed at days 5 and 10 post injury (Figures 2C and
2D). In the negative control (absence of TMX), no EGFP* fi-
ber was detected in the PC (Figures 2E and 2H). After TMX
injection but in the absence of injury, Pax7 lineage tracing
was induced and significant expression of the reporter
gene under the control of Pax7 was found within fibers,
most likely as a result of the incorporation of Pax7-derived
(EGFPY) cells to PC myofibers (Figures 2F, 2I, 2K, and 2L).
In response to wounding, EGFP* myofibers further increased
(Figures 2G, 2J, and 2M) indicating that, while the PC
seems to be markedly regenerative even under homeostatic
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Figure 1. Elucidation of the Developmental Origin of PC Muscle and Satellite Cells

(A and B) Structure and localization of the PC. Histological sections of dorsal skin showing the presence of AP-Mrf4* fibers (in B195APZ
mice) (A) and striated MyHC" fibers (in wild-type mice) (B).

(C) Schematic representation of embryonic muscle development from presomitic mesoderm to myotome formation (modified from
Buckingham and Righy, 2014). Sequential expression of Myf5 (at the PSM), Pax3, Pax7, and again Myf5 (at the somite) transcription
factors is depicted at the top.

(D) Myf5" lineage traced by immunofluorescence with anti-GFP antibody of Myf5Cre®®%;R26YFP dorsal skin sections.

(E) Pax3* lineage traced by fluorescence of GFP and Tomato in Pax3“®/* dorsal skin sections.

(F) Pax7* lineage traced by immunofluorescence with anti-GFP and anti-Laminin antibodies of Pax7€ dorsal skin sections.

(G) TEM image of PC satellite cell ultrastructure from ultrathin skin sections. Asterisk indicates condensed chromatin patch.

(H) Histological section of dorsal skin showing the localization of nlacZ-Myf5" cells (arrows) (in B195APZ mice).

(I) In Pax3nLacZ mice, no staining of the PC was observed indicating that PC satellites are nlacZ-Pax3-negative cells.

(J) Immunofluorescence with anti-PAX7 antibody demonstrates Pax7" cells (arrows) in a satellite cell position underlying Laminin®
basement membrane. (J’) Higher-magnification inset.

(K) Satellite cell marked by anti-GFP antibody in Myf5Cre* %:R26YFP mice.

(L) Satellite cell marked by anti-GFP antibody in B195AP-Cre;R26YFP mice. Nuclei were counterstained with Hoechst 33258 (blue).
Scale bars represent 100 pum in all panels with the exception of (G) (2 mm) and (L) (10 um). See also Figure S1.
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Figure 2. Characterization of the PC Regenerative Capacity in Homeostasis and in Short-Term Response to Wounding

(A) Outline of experimental design.

(B-D) Dorsal skin sections stained with H&E show the punch biopsy at day (d) 0 (B), and the wounded area at day 5 (C) and day 10 (D) post

injury.

(E-J) GFP fluorescence in histological sections showing a control (C) area at day 0 (E and H), day 5 (F), and day 10 (I), and showing a

wounded (W) area at day 5 (G) and day 10 (J).

(K-M) Quantification of the relative fluorescence units (RFU) present in the PC area. Comparisons between RFU of day 0 and day 5 in a
control area (K), between day 0 and day 10 in a control area (L), and between control areas at days 0, 5, and 10 and wound areas at days 5
and 10 (M) are shown. Bars represent means + SD in which the RFU were calculated in ImageJ from one to seven independent sections
(N =3 mice; n =1 experiment). *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant.

Scale bars, 100 pm.

conditions, the insultinduced a further increase in cell turn-
over within the PC and the formation of new fibers.

A putative role of activated PC satellite cell progeny in
wound contraction has been suggested (Munz et al.,
1999), although to our knowledge direct contribution of
PC-derived cells to the newly formed granulation tissue
has not been experimentally observed. To test whether
the PC satellite cell progeny contributes to the wound
bed, we induced Pax7“"™RT2/*-ROSAmTmG mice with
TMX 1 month in advance to ensure that all PC satellites
were traced by EGFP expression (Figure 3A), and full-thick-
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ness punch biopsies were performed as before (Figures 3B
3D). In this long-term assay, no contribution of PC satellite
cell-derived (EGFP™) cell was evident in the wound bed up
to day 10 post injury (Figures 3E-3L). Since regenerative fi-
bers may be distinguished by the expression of embryonic
forms of myosin (Schiaffino et al., 2015), staining with
anti-MyHC3 antibody (DiMario et al., 1991) confirmed
the existence of numerous regenerative myofibers in the
PC (Figure S2). These results indicated that PC satellite cells
are committed to muscle regeneration upon skin and mus-
cle wounding, and that their progeny does not contribute
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Figure 3. No Detectable In Vivo Contribution of PC-Derived Satellite Cells to the Dermal Compartment in Homeostasis or in Long-

Term Response to Wounding
(A) Outline of experimental design. d, day; TMX, tamoxifen.

(B-D) Dorsal skin sections stained with H&E show the punch biopsy at day 0 (B), and the wounded area at day 5 (C) and day 10 (D) post

injury.

(E—J) GFP fluorescence in histological sections showing a control (C) area at day 0 (E and H), day 5 (F), and day 10 (I), and showing a

wounded (W) area at day 5 (G) and day 10 (J).

(Kand L) Quantification of the relative fluorescence units (RFU) present in the PC and wound areas. Comparisons between RFU at PC and
wound (W) areas at days 5 (K) and 10 (L) are shown. Bars represent means + SD in which the RFU were calculated in Imaged from two to
seven independent sections (N = 3 mice; n = 1 experiment). *p < 0.05, **p < 0.01.

Scale bars, 100 pum. See also Figure S2.

to the wound bed and thus presents no obvious role in pro-
moting full-thickness wound contraction.

Contribution of Bone Marrow-Derived Cells to the PC
Satellite Cell Compartment

An intriguing possibility unresolved by previous studies
was that bone marrow-derived cells, which engraft in sig-
nificant numbers into PC muscle in the absence of injury
(Brazelton et al., 2003), could contribute to the adult
PC satellite cell pool. BMI1 is a transcription factor that is
expressed in most adult stem cells, including satellite
cells of skeletal muscle (Robson et al., 2011). To analyze
whether bone marrow-derived cells contributed to the PC

satellite cell pool, we used recipient Bmil-Cre;YFP mice
(i.e., animals expressing YFP in satellite cells) that had
been irradiated and successfully transplanted with donor
RFP* bone marrow cells from Act-RFP mice (Figure 4A;
Valiente-Alandi et al., 2015). As expected, animals trans-
planted with bone marrow showed a sizable contribution
of RFP* cells to the PC myofibers (6.95% positive fibers),
which was within the expected range (Figures 4B and 4C;
Brazelton et al.,, 2003). Importantly, the contribution of
donor cells to the satellite cell compartment had not
been previously analyzed. We detected cells of donor origin
in a satellite position (RFP*; Figure 4D) in the PC muscle
of transplant recipients. To shed light on their functional
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Figure 4. Contribution of Bone Marrow-Derived Cells to PC Fibers 15 Months after Bone Marrow Transplantation
(A) Outline of experimental design. Mice expressing YFP in Bmi1™ cell lineage were transplanted with RFP* bone marrow (Valiente-Alandi

et al., 2015).

(B) Quantification of DsRed-positive bone marrow-derived cell incorporation into PC in this study yielded results similar to those of

Brazelton et al. (2003), i.e., higher than usual in vivo incorporation.

(C) Immunofluorescence detection of donor-derived RFP* fibers with anti-DsRed and sarcoplasmic anti-myosin heavy-chain (MyHC, all
fibers) antibodies showing the red channel (a) and the merged channels (b).

(D) Histological sections of dorsal skin showing a DsRed" cell in a satellite cell position below Laminin™ basement membrane.

(E-G) The lack of contribution of bone marrow-derived cells to striated muscle differentiation in vitro was demonstrated by immuno-
fluorescence with anti-DsRed and sarcoplasmic anti-myosin heavy-chain (MyHC, all fibers) antibodies. Nuclei were counterstained with

Hoechst 33258 (blue).
Scale bars, 100 pm.

status, we took advantage of the fact that robust striated
muscle derivation (in vitro and in vivo) is obtained from
dermis-derived sphere cultures (Garcia-Parra et al., 2014;
Qiu et al., 2010; Wakabayashi et al., 2010). In fact, we pre-
viously hypothesized that those cultures expanded the
PC satellite cells (Garcia-Parra et al., 2014). In vitro culture
of dermal sphere cells from the RFP* bone marrow-trans-
planted mice in myogenic conditions demonstrated no
contribution of donor bone marrow cell progeny to the
formed myotubes (Figures 4E-4G). These results indicated
that cells of donor origin are capable of repopulating the
muscle stem cell niche but may not fully acquire the rele-
vant myogenic commitment. However, a better under-
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standing of the process of myotube derivation from
dermis-derived cultures was needed to ascertain their
apparent loss of functionality.

PC Satellite Cell Progeny Is Enriched in Dermal
Precursor Sphere Cultures

Because the identity of the myogenic cell in dermal precur-
sor sphere cultures remains uncertain, we examined dermal
spheres at the ultrastructural level by TEM (Figures SA-5C).
At day 7 of proliferation culture, two distinct cell subpopu-
lations were observed: a majority of cells presented vacu-
oles (Figure 5A, black asterisks) while a second, minor
population (10%-15%) did not (Figure S5A, white asterisks).
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Figure 5. PC Satellite Cell Progeny Is Enriched in Dermal Precursor Sphere Cultures
(A-C) TEM images of dermal spheres. Cells with distinctive morphologies are marked by black and white asterisks. Actomyosin filaments are

encircled in (C).

(D and E) Detection of AP-Mrf4* (D) and nlacZ-Myf5* (E) cells in dermal sphere cultures. Positive cells are marked by arrows.

(F) Flow cytometry analyses of mTomato- and mEGFP-expressing cells from Pax3(Cre and Pax

7 mice. Data represent mean + SD. The

experiments were independently replicated as specified (N, mice; n, experiments).
(G) Percentage of GFP* cells by flow cytometry at 1, 3, and 7 days of dermosphere cultures. Bars represent means + SD. ***p < 0.001.
Scale bars represent 10 mm in (A), 500 nm in (B), 200 nm in (C), and 100 pum in (D) and (E). See also Figures S3 and S4.

Vacuole-rich cells had a phenotype consistent with imma-
ture fibroblasts (Figure 5B). In contrast, low-vacuole cells
(white asterisks) were more rounded, had less heterochro-
matic nuclei, and presented abundant perinuclear mito-
chondria and undilated rough ER, consistent with a

myogenic fate (Mauro, 1961; Nag and Foster, 1981).
Accordingly, actomyosin filaments could only be seen in
the latter cells (Figure 5C).

To understand their origin and in vitro expansion, we
analyzed dermal myogenic precursors in B195APZ mice
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that express nLacZ and cytoplasmic AP driven by the full
Myf5 and Mrf4 regulatory regions, respectively (Carvajal
et al.,, 2001). At day 7 of proliferative culture, AP* and
B-Gal* cells were detected in dermal spheres (Figures 5D
and SE; arrows). Furthermore, lineage-tracing studies of
Pax3* and Pax7* cells demonstrated their presence in
dermal sphere cultures (Figure SF; but see below with regard
to Pax3* cells). To test for a possible enrichment of PC sat-
ellite-derived cells during sphere culture, we used the
inducible Pax7 mouse model and quantified Pax7* cells at
different times of sphere proliferation (Figure 5G). There
was at least 15-fold enrichment in the proportion of GFP
(Pax7)* cells in the 7 days of sphere culture, indicating
that dermal myogenic precursors have an advantage over
other sphere cells in survival and/or proliferation rates.
We also looked at the capacity for myotube derivation of
PC-derived satellite cells compared with limb muscle (tibia-
lis anterior [TA])-derived cells (Figure S3A). For this compar-
ison, it must be taken into account that the vast amount of
non-myogenic cells in dermis-derived cultures dilutes the
number of PC satellite cells, which is about 15% at day 7
of proliferation culture (Figure 5G). In contrast, the num-
ber of satellite cells in myospheres is much greater (about
70% [Sarig et al., 2006]). Real-time qPCR analysis for
mRNA expression of myogenic genes showed a significant
(approximately 3-fold) upregulation of myogenic genes
in differentiated cultures from TA compared with PC (Fig-
ure S3B), which indicates that PC-derived satellite cells
have a myogenic capacity similar to that of TA-derived sat-
ellite cells. Finally, the contribution of PC satellite cells to
myotubes was quantified in differentiation culture. The
percentage of mono- and multinucleated cells derived
from the Pax7* lineage was quantified at days 1, 3, and 7
of differentiation, demonstrating significant incorporation
of GFP* cells into the developing myotubes (Figure S3C).
In summary, a significant enrichment of PC satellite cell
progeny that retained myogenic capacity was detected in
dermis-derived sphere cultures.

PC Satellite Cell Progeny Is the Only Cell Population

Responsible for Dermis-Derived Myogenesis In Vitro

Dermis-derived sphere cultures are highly heterogeneous
(Etxaniz et al.,, 2014). To confirm the identity of the
myogenic progenitor, we placed dermal spheres (unsorted
cultures) into striated muscle differentiation conditions
(Figure S4). After 7-day unsorted differentiation culture of
BAC195APZ spheres, all myotubes were Mrf4(AP)* (Fig-
ure S4A). Myf5(B-Gal)™ cells appeared as mononucleated
myoblasts or juxtaposed to differentiating myotubes (Fig-
ure S4B). Lineage tracing of the Myf5Cre”, Pax3°™*,
BI195AP-Cre, and Pax7°"ERT2/+ constructs showed in all
cases a contribution of these cell lineages to dermis-derived
myotubes (Figures S4C-S4F). Importantly, no MyHC" myo-
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tubes negative for any of the reporter genes were detected,
indicating that they all derived from PC satellite cells.

To study whether perivascularly localized cells present in
the dermis or PC muscle also contribute to striated muscle
derivation, we traced the perivascular cells by chondroitin
sulfate proteoglycan 4 (Cspg4, coding for NG2) expression
(Figure S4G). This construct traced interstitial cells within
the PC muscle (Figure S4Ga) that did not give EYFP" myo-
tubes in unsorted cultures (Figure S4Gb) or after sorting
of positive and negative EYFP fractions (Figures S4Gc and
S4Gd). To analyze this in a more quantitative manner,
mRNA was extracted from fluorescence-activated cell
sorting (FACS)-sorted cell fractions and the relative expres-
sion of myogenic genes was quantified by qRT-PCR (Fig-
ure S4Ge). As expected, the myogenic marker mRNAs
were preferentially upregulated in the Cspg4 ™~ cell fraction,
indicating no contribution of perivascular cells to dermal
myogenesis.

To confirm the contribution of PC satellite cells to dermal
myogenesis, we sorted by FACS the positive and negative
cell populations in Myf5Cre’”", Pax3%*/*, B195AP-Cre, and
Pax7C™ERT2/* constructs (Figure 6). MyHC* myotubes ap-
peared only in the marker-positive cell fractions (Figures
6A-6C), as confirmed by the relative expression of
myogenic genes by qRT-PCR (Figure S5). Of note, Pax3*
dermal precursor cells are detected as GFP'°" cells in
Pax3%F"* mice (Djian-Zaouche et al., 2012) (Figure 6Da).
Dermal GFP~, GFP'% and GFPM8" cell fractions of
Pax3°T* mice were isolated and only the GFP~ cell frac-
tion generated myotubes, with no contribution of dermal
precursor (GFP'°%) cells to the myogenic differentiation
(Figures 6Db-6Dd). These data suggested that dermal
myogenic precursors derive from Myf5* Pax3/Pax7* satel-
lite cells of the PC. To further substantiate this claim, tran-
scriptomic analyses were performed and, once again, the
results suggested that dermal myogenic precursor cells
were of muscle origin (Figures S6 and S7 and accompanying
description).

Ablation of PC Satellite Cells Abrogates Dermis-
Derived Myogenesis In Vitro

The previous results strongly suggested that distinct dermal
precursors, possibly PC satellite cells, were responsible for
dermis-derived myogenesis. To unambiguously demon-
strate the origin of dermal myogenic precursors, we specif-
ically ablated PC satellite cells in vivo through crossing the
Pax 7 ERT2/+ construct with R26RCFP-PTA* mice (Ivanova
et al., 2005). Upon TMX-mediated Cre induction (Fig-
ure 6E), diphtheria toxin fragment A (DTA) expression is
activated in these mice, resulting in specific ablation of
the Pax7* cell lineage. As expected, DTA-mediated ablation
of the Pax7* cells resulted in no MyHC" myotube forma-
tion (Figures 6F-6I). Overall, these results demonstrated
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(A-C) Contribution of FACS-sorted cell fractions of Myf5°°% (A) (EYFP* [a], EYFP~ [b]), B195AP (B) (EYFP* [a], EYFP~ [b]), and Pax7*¢ (C)
(EYFP™ [a], EYFP™ [b]) to striated muscle differentiation was measured by immunofluorescence with anti-GFP (for EYFP expression) and
sarcoplasmic anti-myosin heavy-chain (MyHC, all fibers) antibodies.

(D) Flow cytometry analysis of dermal spheres in Pax3°/* mice (a) showed two distinct cell populations according to GFP expression
levels. Data represent mean + SD (N, mice; n, experiments). (b-d) Contribution of FACS-sorted cell fractions (GFPhigh [b], GFP¥ [c],
and GFP™ [d]) to striated muscle differentiation was measured by immunofluorescence with anti-GFP and sarcoplasmic anti-myosin heavy-
chain (MyHC, all fibers) antibodies.

(E) Outline of experimental design. d, day.

(F-I) Contribution of wild-type (WT) and Pax7“""-derived cells to striated muscle differentiation was measured by immunofluorescence
with anti-PAX7 (F and G; higher-magnification inset in F’), and sarcoplasmic anti-myosin heavy-chain (MyHC, all fibers) (H and I)
antibodies. Nuclei were counterstained with Hoechst 33258 (blue).

Scale bars, 100 pum. See also Figures S5-57.

that dermis-derived myogenesis originates from the PC sat-
ellite cell population.

In Vivo Contribution of B1I95AP" Cells to Injury-
Induced Skeletal Muscle Regeneration

Dermis-derived precursor cells are able to engraft into
injured skeletal muscle (both after freeze-crush injury and
cardiotoxin [CTX]-induced damage) and survive up to
20 weeks post injection (Qiu et al., 2010; Wakabayashi
et al.,, 2010). To confirm that Myf5* dermal cells were
myogenic in vivo (Figure 7), we injected unsorted dermal
cells of the B195AP-Cre model crossed with R26YFP in the
CTX injury model (Figure 7A). One week after injection,
one out of three mice injected with B195AP" cells showed
28 + 3 EYFP' regenerated myofibers, while in the other
two no EYFP* fiber was detected (Figure 7B and data not
shown). Most EYFP™ cells localized in the interstitial spaces

of skeletal muscle and a minority was positioned under-
neath the basement membrane, suggesting repopulation
of the satellite cell compartment. Therefore, PC satellite
cell-derived B195AP" cells were able to regenerate injured
skeletal muscle and thus might represent the in vivo
myogenic cell population that had been previously
described in the mouse dermis.

DISCUSSION

An important barrier for the use of satellite cells in regener-
ative medicine, for instance in the field of muscular dystro-
phies, is the lack of understanding of how to maintain
isolated satellite cells in culture such that they are of thera-
peutic use (Aziz et al., 2012). The PC muscle seems to have
high regenerative activity (Brazelton et al., 2003) and is not
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(B) Histological analysis of the in vivo regenerative potential of grafted cells. (a) Tibialis anterior muscle section stained with H&E
showing the localization of the other panels. (b and c) Regenerative muscle fibers, defined by centrally located nuclei (blue), showed EYFP
expression, as detected with anti-GFP antibody (green). (d and e) Higher-magnification pictures of EYFP™ myofibers (green) and Laminin
(red). Nuclei were counterstained with Hoechst 33258 (blue). Scale bars, 100 pum.

only accessible but also dispensable and, as such, can be
repeatedly biopsied. For these reasons the PC may be
considered as a good muscle for the study of satellite cell
biology. In this article we unravel unique aspects of PC
muscle biology and describe the origin and role of satellite
cells upon skin and muscle wounding.

In response to full-thickness skin wounding, we show an
increase in muscle regeneration but no contribution of
the Pax7-derived cell lineage to the myofibroblasts in the
wound bed. This is relevant because a putative role of PC
muscle in facilitating the rapid healing (by second inten-
tion) observed in rodents has been hypothesized (Green-
wood, 2010; Volk and Bohling, 2013). At the wound
edge, skNAC, a factor regulating postnatal muscle regener-
ation (Park et al.,, 2010), is upregulated in the adjacent
PC fibers (Munz et al., 1999), and TAp63™ cells appear in
both the PC and newly formed granulation tissue (Bam-
berger et al.,, 2005). TAp63 has been linked to dermal
stem cell function (Su et al., 2009), and contraction of
the granulation tissue supports rapid healing (Billingham
and Medawar, 1955; Brunius et al., 1968; Watts et al.,
1958). Our lineage-tracing data demonstrate no contribu-
tion of Pax7* lineage-derived cells, i.e., activated satellite
cells or components of the regenerated myofibers into
the granulation tissue, although we cannot discard the
contribution from other cell lineages present in PC muscle.
In the TA muscle irradiation/CTX model, which is a
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more standardized muscle injury model, we see that the
dermis-derived cells are able to regenerate myofibers, as
expected for transplanted satellite cells in such a model.
Previous reports had shown an increased contribution of
bone marrow-derived cells (possibly HSCs) to PC muscle
(Brazelton et al., 2003; Corbel et al., 2003). This incorpora-
tion is unique in that it is highly divergent to other muscle
groups (Camargo et al., 2003; Ferrari et al., 1998, 2001; Fer-
rari and Mavilio, 2002; Sherwood et al., 2004a; Sherwood
et al., 2004b; Wagers et al., 2002). However, the donor
bone marrow cells, even if able to engraft into the PC satel-
lite cell niche, were unable to generate myotubes from
dermis-derived sphere cultures. This may be due to several
reasons, but it is tempting to speculate that the engrafted
cells failed to reach full conversion to the satellite cell
fate, as previously shown in other systems (Cossu, 2004;
Lapidos et al.,, 2004). The relevance of circulating HSC
fusion into heart and skeletal muscle are unclear, but
the phenomenon keeps arising in the literature (Quijada
and Sussman, 2015), and occurs also in human muscle
(Stromberg et al., 2013). Based on these results we propose
the PC as the most appropriate system to further under-
stand the role of mobilized cells that engraft in skeletal
muscle, a research area that has been neglected possibly
because of the extreme rarity of the fusion events in the
muscle groups that are most often analyzed. Determining
the identity of the homing factor(s) that facilitate an



increased engraftment of mobilized cells into the PC in
comparison with other skeletal muscles might be exploited
for therapeutic use (Asakura, 2012). Potential candidates
include the SDF-1/CXCR4 axis (Cheng et al., 2015),
although it is important to note that as the PC is signaling
for mobilized cell engraftment in the absence of injury, the
nature of the signal might be different.

Regarding the developmental origin of PC satellite cells,
we have shown that this muscle is no different to other
trunk muscles in that it originates from Myf5*, Pax3/
Pax7* progenitors. This will help in respect of compara-
bility with studies performed in satellite cells from other
trunk muscles. Finally, for many years it has been known
that a small population of dermal cells, of unknown origin,
presents myogenic properties (reviewed by White and
Grounds, 2003). Our results unequivocally demonstrate
that PC satellite cells are the myogenic precursor cells of
murine dermis. The present article and other recent data
showing that dermis-derived neural stem cells arise from
the Schwann cell lineage (Etxaniz et al.,, 2014; Gresset
et al., 2015) urge us to interpret with caution some of
the multipotency wrongly attributed to tissue-resident
precursors.

EXPERIMENTAL PROCEDURES

Mouse Strains

Eight-week-old mice were used in all experiments. Strains used
are detailed in Table S1. Animal experimentation was approved
by Biodonostia Animal Care Committee (San Sebastian, Spain) in
accordance with Spanish Royal Decree 53/2013, European Direc-
tive 2010/63/EU and other relevant guidelines.

Pax7°%;ROSAmTmG Induction by Tamoxifen

Injection

Pax7°F"* mice and control (ROSAmTmG* ™) littermates were intra-
peritoneally injected (2.5 pL/g mouse) with 20 mg/mL TMX
(T5648, Sigma-Aldrich) diluted in corn oil (C8267, Sigma-Aldrich)
(Dellavalle et al., 2011), for 3 days at postnatal days 14 (P14), P16,
and P35, and euthanized at 7-8 weeks.

Skin Punch

Pax7CmERT2I+. ROSAmMTmG and control ROSAmTmG adult mice
were intraperitoneally injected with 2 mg TMX for five consecutive
days, 4 weeks before injury, or during the first five days of muscle
regeneration. Following general anesthesia, the mouse’s dorsal
skin was shaved and cleaned with povidone and alcohol 70%
before proceeding with the skin punch. Full-thickness wounds
extended to the depth of the superficial fascia (removing the PC)
on either side of the midline were made with a dermal biopsy
punch (4 mm diameter; Stiefel) (Wang et al., 2013). By holding
the skin with forceps the skin was pushed to one side to avoid dam-
age to back muscles, and two holes were punched simultaneously.
The recovered skin was frozen as a control for histological or RNA

analysis. The wounds were protected with a sheet of sterile gauze
(Tegaderm 4 X 4 cm) kept until the end of the experiment. Bupre-
norphine painkiller (Vetergesic 0.3 mg/mL; Soceval) was injected
directly after the surgery and again 4-6 hr later, and on the next
day. Mice were placed individually in cages allowing free access
to food and water ad libitum. After wounding, animals were
carefully monitored to avoid infection and suffering. Skins were
finally recovered 5 and 10 days after injury. As controls, uninjured
skins from the same animals were taken (n = 3 animals per
condition).

Isolation, Proliferation, and Striated Muscle
Differentiation of Dermal Precursor Cells

Precursor cells were isolated from dorsal back skin and imaged by
fluorescence as described by Garcia-Parra et al. (2012). Dermal
sphere expansion was performed in proliferation medium (Neuro-
basal A [Gibco] supplemented with 2% B27 [Gibco], 200 mM 1%
L-glutamine [Sigma-Aldrich], and 1% penicillin/streptomycin,
supplemented with 2% low serum growth supplement [Gibco],
40 ng/mL epidermal growth factor [R&D Systems], and 80 ng/mL
basic fibroblast growth factor [FGF2; R&D]). For differentiation,
extracellular matrix-coated glass coverslips were prepared as
described by Garcia-Parra et al. (2014). Primary spheres were gently
disaggregated with a 0.25% trypsin-EDTA solution (Sigma-Aldrich)
and resuspended in proliferation medium without added growth
factors plus 10% fetal bovine serum (ATCC), before plating onto
coated coverslips at a density of 80,000 cells/cm?. Every 2 days,
half of the medium was replenished.

Depletion of Dermal Satellite Cells

Pax7C"eERT2I+. R 26 ROFP-DTA/+ and control R2 mice were
intraperitoneally injected with 10 mg TMX as previously described
(Lepper et al., 2011). Forty-eight hours later, dorsal skins were
recovered for sphere culture, and TA and soleus muscles frozen
for histological and RNA analysis (n = 3 animals per condition).

6 RGFP—DTA/ +

In Vivo Cell Grafting and Muscle Injury

Primary dermospheres at day 7 of proliferation were gently disag-
gregated with a 0.25% trypsin-EDTA solution (Sigma-Aldrich)
and resuspended in PBS. Muscle damage experiments were done
according to Boldrin et al. (2012) and Boldrin et al. (2009). Ten-
week-old nude Foxnl™ mice were anesthetized and both hind
limbs were irradiated with 18 Gy at a dose rate of 300 cGy/min.
One day later, mice were anesthetized with isoflurane and received
2.5 x 10* unsorted Myf5Cre*°®;R26 YFP (pooled from n = 3 mice) or
B195AP-Cre;R26YFP (n = 3 mice) cells into both TA muscles using
a 26-gauge Hamilton syringe. Three weeks after transplantation,
right TA muscles of anesthetized host mice were injected with
0.7 mmol cardiotoxin (Sigma, C9759) while PBS was administered
to the contralateral muscle. Controls were age-matched mice that
were non-irradiated and received PBS. Engrafted muscles were
removed 4 weeks after cell injection and processed for histological
analysis. Seven-micrometer serial transverse cryosections were cut
at intervals of 100 pm throughout the entire muscles. Sections
were stained with H&E and by immunofluorescence staining using
antibodies as detailed in Supplemental Experimental Procedures.
The mean number of donor origin regenerated myofibers was
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calculated by counting the number of EYFP* centrally nucleated
fibers in three intervals of 100-um serial sections.

Assessment of Statistical Significance

Statistical analysis was conducted using GraphPad Prism soft-
ware. A one-way ANOVA with subsequent pairwise multiple
comparison procedures (Bonferroni’s test) was used to assess statis-
tical significance of the results from qRT-PCR experiments. Stu-
dent’s t test was used to assess statistical significance of the results
from Pax7(GFP)* cell quantification experiments. Asterisks in fig-
ures represent statistical significance of *p < 0.05, **p < 0.01, or
***p < 0.001.

ACCESSION NUMBERS

Transcriptomic data of dermal cell fractions are deposited in NCBI's
Gene Expression Omnibus (Edgar et al., 2002) under accession
number GEO: GSE67693.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Results, Supple-
mental Experimental Procedures, seven figures, and two tables and
can be found with this article online at http://dx.doi.org/10.1016/
j.stemcr.2016.08.002.
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