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ABSTRACT

Chronic rotator cuff (RC) tears are a commonanddebilitating injury, characterized bydramatic expan-
sion of adipose tissue,muscle atrophy, and limited functional recovery. The role of adipose expansion
in RC pathology is unknown; however, given the identified paracrine/endocrine regulation by other
adiposedepots, it likely affects tissue functionoutside its boundaries. Therefore,wecharacterized the
epimuscular (EM) fat depot of the human rotator cuff, defined its response to RC tears, and evaluated
its influence onmyogenesis in vitro. EM fat biopsies exhibited morphological and functional features
of human beige fat compared with patient-matched s.c. biopsies, which appeared whiter. The tran-
scriptional profile of EM fat and isolated EM adipose-derived stem cells (ASCs) shifted as a function of
the tear state; EM fat from intact cuffs had significantly elevated expression of the genes associated
withuncoupled respiration, and theEMfat fromtorncuffs had increasedexpressionofbeige-selective
genes. EM ASC cocultures with human- andmouse-derived myogenic cells exhibited increased levels
ofmyogenesis comparedwith s.c. cultures. Increased fusion and decreased proliferation ofmyogenic
cells, rather than changes to the ASCs, were found to underlie this effect. Taken together, these data
suggest that EM fat in the human rotator cuff is a novel beige adipose depot influenced by cuff state
with therapeutic potential for promoting myogenesis in neighboring musculature. STEM CELLS

TRANSLATIONAL MEDICINE 2015;4:764–774

SIGNIFICANCE

Rotator cuff tears affectmillions of people in theU.S.; however, current interventions are hinderedby
persistentmuscle degeneration. This study identifies the therapeutic potential formuscle recovery in
the epimuscular fat in the rotator cuff, previously considered a negative feature of the pathology, and
finds that this fat is beige, rather thanwhite. This is important for two reasons. First, the stemcells that
were isolated from this beige fat are more myogenic than those fromwhite fat, which have been the
focusof stemcell-based therapies todate, suggestingepimuscular fat could be abetter stemcell source to
augment rotator cuff repair. Second, these beige stem cells promote myogenesis in neighboring cells in
culture, suggesting thepotential for this fat tobemanipulated therapeutically topromotemuscle recovery
through secreted signals.

INTRODUCTION

Tears to one or more tendons of the rotator cuff
(RC) are estimated to affect asmuch as 50%of the
population older than 60 years [1], making RC dis-
ease one of the most common causes of muscu-
loskeletal pain and loss of function in the U.S.
Although acute surgical repairs have high rates
of success, most presentations are chronic and
degenerative, with repeat tear rates as high as
90%, depending on the tear size and chronicity
[2, 3]. Fatty atrophy of the RC musculature is
a defining feature of chronic tears with retrac-
tion and is highly negatively correlated with
long-term repair success [4–6]. This process, typ-
ically discussed in terms of an “infiltration” or

replacement of contractile material volume with
fat, occurs in two places in the torn rotator cuff:
inside the muscle (intramuscular) and outside
the muscle (epimuscular). Although increases in
both are associated with poor functional out-
comes in RC tears, very little is known about these
adipose depots. Even less is known about the pro-
cess of fatty expansion in either compartment,
which progenitor cells contribute to it, and its ef-
fect on muscle function after repair.

Themusclesof thehealthy rotator cuff are en-
capsulated by a thin layer of adipose tissue (epi-
muscular fat) similar to that found around the
heart (epicardial fat) [7]. The function of this ad-
ipose depot is unknown, but it might play a pro-
tective role as a mechanical buffer between the

Departments of
aBioengineering, bOrthopedic
Surgery, and cRadiology,
University of California, San
Diego, La Jolla, California,
USA; dSanford Consortium for
Regenerative Medicine, La
Jolla, California, USA

Correspondence: Adam J. Engler,
Ph.D., Department of
Bioengineering, University of
California, San Diego, 9500
Gilman Drive, MC 0695, La Jolla,
California 92093, USA.
Telephone: 858-246-0678;
E-Mail: aengler@ucsd.edu

Received December 9, 2014;
accepted for publication March
30, 2015; published Online First
on May 21, 2015.

©AlphaMed Press
1066-5099/2015/$20.00/0

http://dx.doi.org/
10.5966/sctm.2014-0287

STEM CELLS TRANSLATIONAL MEDICINE 2015;4:764–774 www.StemCellsTM.com ©AlphaMed Press 2015

TISSUE-SPECIFIC PROGENITOR AND STEM CELLS

mailto:aengler@ucsd.edu
http://dx.doi.org/10.5966/sctm.2014-0287
http://dx.doi.org/10.5966/sctm.2014-0287


muscle and bone or be involved in the storage and release of fatty
acids in response to the energy needs of the muscle, which has
hypothesized for epicardial and perivascular adipose depots
[7]. One thing is clear, however: this depot is not static or inert;
it is dynamic and responds to environmental changes by mobiliz-
ing a progenitor population (e.g., an adipose-derived stem cell
[ASC]) [8]. In cuffs with large chronic tears, the epimuscular fat
depot expands to occupy as much as 75% of the healthy muscle
volume [6].

Adipose tissue expansion can be viewed as a negative or pos-
itive change, depending on its anatomical location and type. The
expansion of white subcutaneous or visceral fat is the defining
feature of obesity and is associated with a host of health issues
[9]. Numerous studies are attempting to promote the expansion
of brownorbeige/brite fat for its thermogenic properties [10, 11].
Classic brown fat has a distinct metabolic profile, and, in humans,
it is primarily distinguished fromwhite fat by its uniquemorphol-
ogy and protein expression [12]. Beige or brite fat was recently
identified in mice and humans and resembles classic brown fat;
however, it shares a developmental origin with white fat
[13, 14]. Because developmental lineage tracing is not possible
in humans, debate continues about the “brownness” of human
adipose depots [15, 16]. However, it is becoming increasingly
clear that anumber of humanadiposedepots have characteristics
somewhere on the spectrum of beige/brite fat, including perivas-
cular fat, epicardial fat, and the fat surrounding the kidneys, pan-
creas, and liver [17]. In addition to their more systemic roles in
thermogenesis and whole-body energy metabolism, these
depots are thought to contribute locally to the metabolic health
and function of the tissues they surround [18, 19].

Todate, the typeof adiposedepots inmuscle, especially in the
RC, and the potencyof the progenitors in these depots remainun-
known. Recent research has focused on anatomically distant
white fat depots as a potential source of ASCs [20–22] for promot-
ing rotator cuff healing. We hypothesized that epimuscular fat
might represent a unique beige depot with therapeutic promise
either as an autologous source of ASCs or as a modular source of
paracrine myogenic signaling. Thus, we investigated the charac-
teristics of epimuscular fat from both the intact and the torn hu-
man rotator cuff, to examine thephenotypeof thedepot andhow
it is affected by chronic RC disease. Additionally, because adipose
tissue influences function outside its borders [23], we tested
whether epimuscular ASCs participate in the regenerative pro-
cesses in adjacent tissues (e.g., undergoing de novo myogenesis
or signaling neighboring myogenic progenitors to undergo myo-
genesis). Our findings suggest that epimuscular fat might play
a previously less appreciated role in muscle regeneration in the
human rotator cuff.

MATERIALS AND METHODS

Tissue Biopsies

Biopsies of adipose tissue surrounding rotator cuff musculature
(epimuscular fat) and biopsies of subcutaneous adipose tissue
were obtained from the shoulders of 30 patients undergoing ar-
throscopic rotator cuff surgery. The patients were classified into
2 groups by the operating surgeon: patients with an intact cuff
(n = 11) and patients with a full or partial thickness tear to at least
1 tendonof thecuff (n=19).Biopsiesof thesupraspinatusand infra-
spinatus muscles in the rotator cuff were obtained concurrently

with the adipose biopsies, and isolated skeletal muscle progeni-
tors were used for coculture experiments. The biopsies consti-
tuted approximately 10 mg of tissue. With the limited sample
volume, the number of donors per group for each assay is listed
in supplemental online Table 1. Lipoaspirate was obtained from
an additional 6 patients undergoing liposuction for comparison
with the other anatomical sources of adipose tissue. The institu-
tional review board of the University of California, San Diego, Hu-
man Research Protection Program approved the present study
(approval nos. 101878and090829 for liposuction and rotator cuff
surgery, respectively), and all participants gave written informed
consent to participate.

The patients recruited for the present studywere amixture of
male and female subjects in all groups. No significant difference
waspresent in thebodymass indexwithin theRC surgical patients
(RC torn, 30.36 1.7 kg/m2; RC intact, 32.56 1.6 kg/m2). A signif-
icant difference was found in age between the 2 groups, however,
with the torn RC group significantly older than the RC intact group
(RC torn, 576 3 years; RC intact, 466 3 years). This difference is
consistent with the reported increasing incidence of rotator cuff
tearswithage [1]. Tear severityalsovariedacross theRCtorngroup,
from a partial-thickness tear (n = 6) to a full-thickness tear without
retraction (n = 8) to a full-thickness tear with retraction (n = 5).

Stem Cell and Progenitor Isolation

Adipose tissue biopsies and lipoaspirate were digested to isolate
the ASC population, as previously described [24]. In brief, the bi-
opsies were rinsed during transportation from the operating
room in Dulbecco’s modified Eagle’s medium (DMEM; low glu-
cose), transferred to a digestive solution composed of 0.3%
collagenase type I, 60 U/ml dispase II, and 1% penicillin/
streptomycin in low-glucose DMEM, minced with forceps, and
allowed to incubate at 37°C for 30 minutes. The cells were then
further dissociated by gentle pipetting, after which the samples
were filtered through a 70-mm nylon mesh to remove debris.
The suspension was then centrifuged, and the resulting pellet
was resuspended in growth medium consisting of 10% fetal bo-
vine serum and 1% penicillin/streptomycin in low-glucose DMEM
and plated overnight at 37°C. Samples with adequate numbers of
surviving cells were then culture expanded in growth medium,
changing themedium every 2–3 days. Skeletal muscle progenitor
(SMP) cells were isolated, as previously described [25]. In brief,
muscle biopsies were digested in a solution containing collage-
nase type I and dispase II, mechanically dissociated, and filtered
to yield a suspension of mononuclear cells. The cell suspensions
were incubatedwith fluorophore-conjugatedprimary antibodies:
neural cell adhesion molecule (NCAM) (BD Pharmingen, San
Diego, CA, http://www.bdbiosciences.com), CD31 (eBioscience
Inc., San Diego, CA, http://www.ebioscience.com), and CD45
(eBioscience). The NCAM+/CD312/CD452 population was then
isolated using a FACSAria II (BD Biosystems) and expanded in cul-
ture to passage 3.

Cell Characterization Assays

The cell area and proliferationmeasures were acquired from low-
passage cultures during culture expansion (i.e., fewer than 3 pas-
sages). The cell area was quantified from bright-field images by
a blinded observer using the region of interest tracing tool in
ImageJ (n = 10 cells per sample). The cell proliferation rates were
calculated by serially tracking clonal expansion over the course of
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5 days (n = 3–5 clones per sample). The long-term expansion capa-
bilitywas evaluated in a subset of cultures using a Click-iT EdUassay
(Life Technologies, Carlsbad, CA,http://www.lifetechnologies.com)
inaccordancewith themanufacturer’s instructions. Thepercentage
of proliferating cells in each culture at each passage was calculated
as the ratio of EdU-positivenuclei to 49,6-diamidino-2-phenylindole
(DAPI)-positive nuclei using a customdetection algorithm designed
in MATLAB.

Cell Differentiation Conditions

For the adipogenic differentiation assays, the ASC cultures
were grown to confluence in growth medium, after which they
were switched to an adipogenic induction medium consisting
of 0.1 mM dexamethasone, 10 mM indomethacin, 0.5 mM
3-isobutyl-1-methylxanthine, 10 mg/ml insulin, and 1% penicillin/
streptomycin in low-glucose DMEM. The cultures were maintained
inadipogenic inductionmedium for 14days, changing themedium
every 2–3 days. For isoproterenol-activated assays, 10mM (final)
isoproterenol was added to the culture medium, and the cells
were incubated for an additional 12 hours. For mechanical induc-
tion of myogenesis, the cells were seeded at a low density (5,000
cells perwell) on polyacrylamidematrix-coated, 25-mmdiameter
coverslips. Matrices of muscle-mimicking stiffness (e.g., 10 kPa
[a unit of stiffness])were fabricated and functionalizedwith fibro-
nectin protein, as previously described [26]. The cells were then
cultured in growth medium for the indicated time period. The
cells were simultaneously cultured on uncoated glass coverslips
as a negative control. To induce terminal differentiation and
fusion, the ASCs were cocultured with myogenic progenitor
cells of either mouse (C2C12) or human (SMP) origin. The ASCs
were initially plated and expanded to 75% confluence. Next,
C2C12s or Vybrant CFDA (Life Technologies)-labeled SMPs were
added to the culture in a 1:20 or 1:5 ratio, respectively. The cocul-
tureswere cultured in amyogenic inductionmediumconsistingof
5%horse serum,10mg/ml insulin, and1%penicillin/streptomycin
in low-glucose DMEM for 7 days.

Histology and Immunostaining Assays

For histological analysis, the adipose biopsies were fixed in 0.5%
paraformaldehyde for 2hours, submerged in sucroseovernight at
4°C, embedded in optimal cutting temperature compound, and
flash frozen in liquid nitrogen-cooled isopentane. Next, 16-mm-
thick sections were cut from the midsection of the sample using
a Leica Cryocut 3000 (Leica, Heerbrugg, Switzerland, http://www.
leica.com) at 230°C. Adipose tissue cryosections and ASC cul-
tures were fixed with 3.7% formaldehyde for 15 minutes, per-
meabilized with 1% Triton X-100 for 10 minutes, and blocked
with a solution of 20% goat serum and 0.3% Triton X-100 in
phosphate-buffered saline (PBS) for 1 hour. The sections were
then incubatedwith the following primary antibodies at the listed
dilutions for 1 hour: uncoupling protein 1 (UCP1) (1:250; U6382;
Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com),
MyoD (1:50;M-318; Santa Cruz Biotechnology Inc., Santa Cruz,
CA, http://www.scbt.com), Myf5 (1:50; C-20; Santa Cruz Biotech-
nology),myosin heavy chain (1:30;MF20; Developmental Studies
Hybridoma Bank, University of Iowa, Iowa City, IA), and human
lamin A (1:250; ab108595; Abcam, Cambridge, U.K., http://
www.abcam.com). The samples were then rinsed with PBS, incu-
bated with a fluorophore-conjugated secondary antibody (1:400;
Life Technologies) for 20minutes, rinsed again, and counterstained

with Hoechst 33342 (1:1000; Life Technologies) for 2 minutes. The
samples were imaged using a CARVII confocal microscope (BD Bio-
sciences, San Diego, CA, http://www.bdbiosciences.com) using
a CoolSNAP HQ camera (Photometrics, Tucson, AZ, http://www.
photometrics.com) controlled by Metamorph 7.6 software (Mo-
lecular Devices, Sunnyvale, CA, http://www.moleculardevices.
com).

Quantification of Myf5 immunofluorescence was automated
by a custom-designed MATLAB algorithm, which integrated the
Myf5 signal over DAPI-positive pixels. The cells were considered
positive if their nuclearMyf5 intensitywasmore than 2 SDs above
the mean from the control cultures. Myogenic indexes were
quantified using a semiautomated algorithm designed in MAT-
LAB. The number of lamin A-positive or -negative nuclei within
myosin heavy chain-positivemyotubeswere counted and divided
by the total number of lamin A-positive or -negative nuclei in the
field, respectively.

Quantitative Polymerase Chain Reaction

To obtain sufficient RNA for quantitative polymerase chain reac-
tion analysis, the patient biopsieswere frozen and then pooled by
tear state (2–3 patients per pool). RNA was extracted from the
pooled biopsies and individual ASC cultures using a TRIzol-
based assay (Life Technologies), and cDNA was created using
Superscript III reverse transcriptase (Life Technologies), as previ-
ously described [27]. Transcript copies were detected using
a SYBR Green PCR master mix (Applied Biosystems, Foster City, CA,
http://www.appliedbiosystems.com) combined with 800 nm of
each primer. The primer sets are listed in supplemental online
Table 2. Reactions were run in duplicate with the following reac-
tionprofile: 2minutes at 50°Cand10minutes at 95°C, followedby
40 cycles of 15 seconds at 95°C and 1minute at 60°C. The expres-
sion values were calculated using a standard curve generated by
a fibronectin plasmid and then normalized to glyceraldehyde-3-
phosphate dehydrogenase expression. Hierarchical clustering
was performed using Cluster and TreeView software (Eisen
Lab, Howard Hughes Medical Institute at University of California,
Berkeley, and the Lawrence Berkeley National Laboratory,
Berkeley, CA, http://www.eisenlab.org). Expression of each
gene was centered to its mean and normalized, and the gene
set was subjected to centroid linkage clustering with a centered
correlation.

Flow Cytometry

Flow cytometry was performed on suspended cells against two
positive markers for lipoaspirate-derived ASCs (CD90 [1:100;
eBioscience] and CD105 [1:100; eBioscience]) and three negative
markers (CD45 [1:100; eBioscience], CD31 [1:100; eBioscience],
and NCAM [1:100; BD Pharmingen]). An unstained portion of
the sample was used to set the positive-negative gates. Data ac-
quisition was performed using an LSR Fortessa (BD Biosystems),
and analysis was performed using FlowJo data analysis software
(FlowJo, LLC, Ashland, OR, http://www.flowjo.com). Expression
was considered positive for any cell with a fluorescent intensity
greater than 99% of the unstained population.

Bioenergetic Assays

To measure cellular respiration, the cells were seeded into un-
coated 96-well plates (XF96; 12,000 cells per well; Seahorse Bio-
science, Billerica, MA, http://www.seahorsebio.com), grown to
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confluence, and exposed to adipogenic induction medium for
14 days. On the day of the experiment, the wells were washed
with assay medium consisting of 2 mM GlutaMAX (Life Technol-
ogies), 10 mM pyruvate, 10 mM glucose, and 10 mMHEPES in XF
Medium (Seahorse Bioscience) and allowed to equilibrate for
1 hour. The oxygen consumption rate (OCR) was measured using
an XF Analyzer (Seahorse Bioscience) at intervals of 6 minutes af-
ter mixing with the following compounds: oligomycin (1 mM fi-
nal), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (2 mM
final), and rotenone and antimycin A (2 mM final). The samples
were run in sextuplicate and measures repeated in triplicate. Af-
ter the measurements, the plates were fixed and stained with
Hoechst 33342, and the cell densitywas computedusing a custom
detection algorithm designed in MATLAB. The OCR was then in-
ternally normalized to the cell density and externally normalized
to the subcutaneous average basal respiration. Wells with nega-
tive or abnormal respiration values were discarded.

Statistical Analysis

The data were analyzed using one-way analysis of variance
(ANOVA) with Bonferroni post hoc multiple testing correction,
a Kruskal-Wallis test with a Dunn’s multiple comparison test, or
a two-tailed Student’s t test, as applicable. Gene expression data
were analyzed as a function of isoproterenol treatmentwith two-
way ANOVA against group and treatment. Differences were con-
sidered significant at p , .05. All results are presented as the
mean6 SEM.

RESULTS

Epimuscular Adipose Biopsies Resemble Human
Beige Fat

Striking differences in adipocyte sizewere identified between the
epimuscular (EM) and s.c. adipose biopsies. The adipocytes from
the EM biopsies were approximately one-fifth as large as those
from the s.c. biopsies (Fig. 1A), a characteristic also noted in beige
adipose tissue [28, 29]. Similarly, histological sections of the EM
biopsies were characterized by small, predominately unilocular,
adipocytes (Fig. 1B, open arrowheads), although small numbers
ofmultilocular adipocyteswere identified (Fig. 1B, closed arrow-
heads). These sections exhibited brighter staining for UCP1, a
characteristic of beige fat, compared with the s.c. sections
(Fig. 1B). To further investigate these differences quantitatively,
the biopsies were pooled and assayed for expression of typical
brown and beige markers (e.g., UCP1 and CD137, respectively).
The EM tissue showed a trend toward higher expression of
UCP1 compared with the s.c. tissue, especially EM tissue from in-
tact rotator cuffs (Fig. 1C). Biopsies of EM tissue from torn rotator
cuffs showed a trend toward higher expression of CD137 com-
pared with either EM tissue from intact rotator cuffs or s.c. tissue
(Fig. 1D).

Transcriptional Profile of Epimuscular ASCs Is a Function
of Rotator Cuff Tear State

Because of the biopsy size limitations inherent to arthroscopic
surgery, we turned to an in vitromodel of isolated and culture ex-
panded ASCs to further probe gene expression. ASCs have been
shown to reflect parent adipose tissue gene expression [16]. Iso-
lated EM ASCs were also significantly smaller than the s.c. ASCs
but rapidly divided in culture and maintained their proliferative

ability (supplemental online Fig. 1) and surfacemarker expression
(supplemental online Fig. 2) over several passages. In the undif-
ferentiated state, ASCs from EM adipose tissue expressed signif-
icantly higher levels of the brown/beige fat transcriptional
regulator PRDM16, independent of the rotator cuff state, com-
pared with the s.c. ASCs. This suggests that even in the undiffer-
entiated state, these cells have an identity tied to their tissue of
origin (Fig. 2A). However, once cultures were induced to differen-
tiate into adipocytes, distinct tear state differences in gene ex-
pression were apparent. Differentiated ASC cultures evaluated
against a panel of 12 genes composed of characteristically white
(HOXC8), brown (UCP1, LHX8, CITED1, CIDEA, PGC1A, FBXO31,
and ZIC1), and beige (TMEM26, CD137, TBX1, and HOXC9) genes
indicated that, although EM ASCs had significantly lower expres-
sion of thewhite fat geneHOXC8 than did the s.c. ASCs, regardless
of tear state (Fig. 2B), EM ASCs from intact cuffs exhibited signif-
icant induction of the characteristically brown genesUCP1, LHX8,
CITED1, and CIDEA compared with s.c. ASCs. However, no signif-
icant induction was observed for EM ASCs from torn rotator cuffs
(Fig. 2C). In contrast, EM ASCs from torn cuffs exhibited signifi-
cantly increased expression of the beige gene CD137 (Fig. 2D).
EM ASCs from both intact and torn cuffs has significantly de-
creased expression of the characteristically brown fat gene
ZIC1, mirroring the gene expression pattern in epicardial fat
[29]. The expression was decoupled from the body mass index
(BMI) and age (supplemental online Fig. 3). Given the large vari-
ation in gene expression in the characterized adult human depots
[16], we also compared the expression in patient-matched EM

Figure 1. Morphology and expression profiles of EM adipose biop-
sies resemble human brown/beige fat. (A): Low-magnification light
microscope images of freshly isolated biopsies of EM and s.c. adipose
tissues. (B): Histological staining of adipose tissue sections for the
brown fat marker UCP1. Closed versus open arrowheads indicate
multilocular versus unilocular adipocytes. Quantitative polymerase
chain reaction expression of the brown fat gene UCP1 (C) and the
beige gene CD137 (D) relative to patient-matched s.c. biopsies
for the indicated EM adipose biopsies as a function of rotator cuff
tear state. Abbreviations: ASC, adipose-derived stem cell; EM,
epimuscular.
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and s.c. cultures. When expression data were internally normal-
ized to s.c.,UCP1 expression in the EMASC-intact groupwasmore
than 100-fold higher than that in the patient-matched s.c. ASCs.
Furthermore, the relative expression of the beige genes TMEM26
and CD137was significantly higher in the EMASCs from torn cuffs
than that in those from intact cuffs (Fig. 2E). Given that gene ex-
pression data do not always correlate with protein abundance,
the UCP1 protein in ASCs was assessed via immunostaining. EM
ASC cultures from intact cuffs had significantly brighter UCP1

staining than did either EM ASCs from torn cuffs or s.c. ASCs
(Fig. 2F).

Isoproterenol treatment has been classically shown to in-
crease expression of brown and beige genes in nonwhite adipose
tissue [14]. To further assess the ASC state, isoproterenol-treated
ASCs were re-evaluated for their expression of a panel of adipose
genes, subjected to hierarchical clustering, and found to cluster
into three groups, identifiable by heat map (Fig. 3). The samples
clustered into groups with low expression of beige and brown

Figure 2. Expression profiles of EM ASCs resemble human brown/beige fat. (A): Undifferentiated ASCs of the indicated origin are plotted for
their expression of the brown fat transcriptional regulator PRDM16. Expression of white (B), beige (C), and brown (D) genes is plotted for dif-
ferentiated ASCs. (E): Gene expression for those markers in B–D was also evaluated and internally normalized (EM/s.c.) for patient-matched
samples. (F): Immunofluorescent images of UCP1 protein qualitatively reflect gene expression data with brighter signal in EM ASC (intact) cul-
tures. p, p, .05; pp, p, .01; ppp, p, .001. Abbreviations: ASCs, adipose-derived stem cells; EM, epimuscular; UCP1, uncoupling protein 1.
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genes but high expression of HOXC8 (left), groups with high expres-
sion of beige genes (middle), and groups with high expression of
brown genes (right), corresponding to samples of predominately
s.c. tissue,predominatelyEMtorncuffs,andpredominatelyEMintact
cuffs, respectively. These data agree with the data from untreated
cells (Fig. 2) and further substantiate that rotator cuff tears induce
a change in the epimuscular adipose transcriptional profile.

To determine whether the gene expression changes corre-
sponded to functional differences, mitochondrial respiration
was measured in a subset of differentiated ASCs. The basal nor-
malized OCR was slightly elevated in the EM samples relative
to the s.c. samples, suggesting an increasedmitochondrial density
in these samples (Fig. 4A, 4B). The OCR after oligomycin treat-
ment [line (i) in Fig. 4A], which measures only uncoupled respira-
tion, was significantly elevated in the EM samples compared with
the s.c. samples (Fig. 4C). This difference is on the order of what
has been measured previously in unstimulated human cervical
ASCs compared with s.c. ASCs [30, 31]. No difference was found
in uncoupled respiration between the torn and intact cuffs, de-
spite differences inUCP1 expression between these groups. How-
ever, a significant positive correlation was observed between the
expression of UCP1, and its transcriptional regulator CIDEA, and
measured uncoupled respiration (r2 = .183 and r2 = .475, respec-
tively), suggesting that the lack of difference in functional respi-
rationmight arise frompatient-to-patient variability in this subset
of samples. Together, these differences at least establish a func-
tional difference between s.c. and EM ASCs.

Early Myogenesis and Fusion in EM ASCs Depends on
Tear State

Visceral ASCs have a previously reported myogenic capacity [32],
and, together with the anatomical location of EM adipose, there

was compelling evidence to assess their myogenic ability. Extra-
cellular matrix stiffness cues are more effective than chemical
cues at inducing visceral ASCmyogenesis [27]; thus, EMASCs from
both intact and torn cuffs were cultured for 7 days on substrates
that mimicked the stiffness of muscle (e.g., 10 kPa) [33]. Com-
paredwith s.c. ASCs, EMASCshad significantlymore cells express-
ingmyogenic transcription factorsMyf5 andMyoD in response to
myogenic stiffness (Fig. 5A). ThepercentageofMyf5-positive cells
was significantly higher in the EMASC cultures than in the s.c. ASC
cultures, regardless of the tear state, and was higher in the intact
cuff sources than in the torn cuff sources (Fig. 5B).When gene ex-
pression was evaluated over the 7-day culture, increases in
MYOD1 expression were highest for EM ASCs, specifically those
from intact rotator cuffs (Fig. 5C).

To determine whether this difference is maintained beyond
earlymyogenesis, we investigated the capacity of EMASCs to ter-
minally fuse into myotubes in a coculture assay with SMPs iso-
lated from the same patient cohort. In a myogenic induction
medium, CFDA-labeled ASCs (Fig. 6A, left column) were able to
heterotypically fuse with SMPs to form myosin heavy chain
(MHC)-positive myotubes (Fig. 6A, center column) regardless of
source. Overlap of the green and red signals indicate the myo-
tubeswith ASC contributions (Fig. 6A, right column, arrowheads).
Expression of early- (MYOD), mid- (MEF2C), and late (MHC)-stage
myogenic genes revealed a significant MyoD expression increase
in cocultureswith EMASCs from intact cuffs anda significantMHC
expression increase in cocultures with EM ASCs from torn cuffs
compared with s.c. ASCs (Fig. 6B). However to distinguish be-
tween direct (i.e., fusion) and indirect (i.e., signaling) contri-
butions of ASC populations to myogenesis in coculture, an
interspecies coculture system was used. Coculture of human-
derived ASCs with murine-derived C2C12 myoblasts allowed for
clear delineation between nuclei arising from human (Fig. 7A,
red) and mouse (Fig. 7A, blue) sources and allowed us to identify
myotube fusion (Fig. 7A, green). Consistent with human cocul-
ture, coculture of EM ASCs with murine-derived C2C12 cells
resulted inhigheroverall expressionofMyoDandMHC.However,
increased expressionwas restricted to the C2C12 population, and
levels were unchanged between the ASC populations (Fig. 7B).
This difference was reflected in the fusion indexes, in which the
percentage of the ASC population terminally differentiating into
myotubeswasnotdifferent between the sources (Fig. 7C), but the
percentage of the C2C12 population in myotubes was higher if
they were cultured with EM ASCs than if they were cultured with
s.c. ASCs (Fig. 7D). Despite cell density differences between cul-
tures, ASC proliferation was consistent between sources, yielding
no differences in cell density at the end of the culture period
(Fig. 7E).However, the C2C12densitywas significantly higher in co-
culture with s.c. ASCs than with EMASCs, reflecting increased pro-
liferation during the culture period (Fig. 7F). These data indicate
that in the presence of committed myogenic cells, EM ASCs can
act through paracrine or cell-cell signals to enhance fusion but that
s.c. adipose promotes expansion of these myogenic cells.

DISCUSSION

Classically, brown adipose tissue is thought to arise froma lineage
that is distinct from white fat and more closely related to muscle
[34–36]. Recent studies identifying a distinct intermediate adi-
pose type in rodents, termed “beige” or “brite,” have implicated

Figure 3. Activated EMASCs cluster according to tear state across ad-
ipose genes. Expression of a panel of brown, beige, white, and all fat
genes in isoproterenol-activated ASC cultures is shown in a heat
map, with red colors indicating high expression and green colors indi-
cating low expression. Hierarchical clustering (centroid linkage) is
shown above the heat map, and the sample classification is shown be-
low. Abbreviations: ASC, adipose-derived stem cell; EM, epimuscular.
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a “browning” of classically white depots in response to stimula-
tion rather than transdifferentiation in brown fat [13, 14]. In
humans, this issue is complicated by the identification of novel
adipose depots, not previously identified as white, exhibiting
beige characteristics in homeostasis [7, 16, 29]. Whether these
tissues represent transdifferentiated white depots, specialized
brown depots, or a totally unique subset of adipose tissues is still
a topic of intense debate [11, 37]. However, regardless of their
origin, beige depots in humans represent an intriguing and, thus
far, poorly understood tissue type.

Origin and Type of Epimuscular Fat

Our data suggest that EM fat from the human rotator cuff is
a novel beige depot, exhibiting 2- to 10-fold higher UCP1 expres-
sion compared with s.c. tissue but lower than that in brown fat
depots [16]. Combined with the morphological features typical
of beige fat (i.e., small and predominately unilocular adipocytes
[14, 29]), these data are suggestive of a beige rather than a brown
depot. However, gene expression analysis in fresh biopsies was

complicated by the exceedingly small sample size and mRNA
amount that could be isolated even from pooled biopsies of
3–4 patients. Furthermore, pooling patients prevented data re-
gression against patient demographics or normalization of ex-
pression within a patient. Because UCP1 expression has been
shown to vary more than 1,000 fold between patients in a given
depot [16] and is likely influenced by factors such as age and body
mass index, additional investigation was performed on unpooled
populations of ASCs. These cultured and differentiated cells have
been shown to maintain gene expression profiles of the tissue
fromwhich theywere derived [16], despite differences that could
arise given their time in culture.

Tear State Influences the Transcriptional Profile of
Epimuscular Fat

Epimuscular ASCs also expressed increased levels of classically
brown and beige genes but interestingly seemed to differentiate
in expression as a function of the cuff tear state. Cells isolated
from torn cuffs expressed higher levels of the beige genes

Figure 4. EM ASCs have higher uncoupled respiration compared with s.c. ASCs. (A): Plot of the relative OCRs of ASC cultures from s.c. and EM
sources. Raw OCR values are first normalized by cellular density and then to s.c. average basal respiration. Drug injection sequence is noted by
roman numerals: oligomycin (i), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (ii), and rotenone and antimycin A (iii). (B): Plot of basal
respiration in EM cultures compared with s.c. cultures. (C): Plot of uncoupled respiration. (D): Regression of uncoupling-linked genes UCP1 (a),
CIDEA (b), and PGC1A (c) against uncoupled respiration. p, p, .05; pp, p, .01. Abbreviations: ASCs, adipose-derived stem cells; EM, epimus-
cular; OCR, oxygen consumption rate.
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TMEM26 and CD137 and lower levels of the brown genes UCP1,
LHX8, CITED1, and CIDEA compared with intact cuffs. However, it
is important to note that the “classically brown” genes we exam-
ined are not unique to brown fat but are also expressed to a lesser
degree in beige fat, depending on the level of uncoupled respira-
tion, frequently referred to as adegree of “browning.”Thedegree
to which identified human beige fat depots express classically
brown and beige fat genes also varies as a function of anatomical
location,which could explain the lowexpression of TBX1 (thought
to be a preferential marker for subcutaneous beige depots only)
and ZIC1 (thought to be absent from all beige depots) in EM ASCs
[38].Takentogetherwiththeminorelevation infunctionaluncoupled
respiration compared with s.c. tissue, these data suggest that EM
ASCs from intact cuffs have a decreased potential for browning
compared with those from intact cuffs, rather than a transition
from a brown phenotype to a beige phenotype.

The idea that beige adipose depots can alter their character-
istics in response to external stimuli is supported by studies that
have demonstrated increased thermogenic features after treat-
ment with b-agonists [39] or chronic exposure to peroxisome
proliferation-activated receptor g agonists [13]. However, our
ability to define the factors responsible for this shift here was
complicated by the factors intrinsic to the patient population be-
ing studied. For example, rotator cuff tear incidence increases
with age [1, 40], a feature reflected by the older population in
the torn versus intact cuff group.UCP1expression has beennoted
to decrease as a function of age in both brown and beige depots
[41, 42]. However, no significant correlation was found between
UCP1 expression and either age or BMI in our data (supplemental

online Fig. 3). Furthermore, no difference was found in age be-
tween the intact and torn groups in the subset of patient-
matched data; however, significant differences were still noted
as a function of tear state (Fig. 2E). Another confounding factor
was that thepatients classifiedashavingan intact cuff didnotnec-
essarily haveahealthy shoulder. Theywereundergoing surgery to
address pain or limited range ofmotion in the glenohumeral joint,
meaning they represent aheterogeneouspopulationwithvarying
degrees of tissue damage, inflammation, and fibrosis. Future
mechanistic studiesdelving into the regulators of geneexpression
in epimuscular adipose tissue will likely need to turn to in vitro or
animal models to avoid these issues.

Signaling Within the Rotator Cuff

Recent studies have provoked renewed interest in adipose tissue
depots for their local and systemic effects as an endocrine organ
[23, 43]. These effects are not unique to white fat. A recent study
by Rahman et al. pointed to the endocrine/paracrine effect that
murine beige fat has on remodeling in the skeleton [19]. Our find-
ings demonstrating the unique effects that human epimuscular
ASCs exert on myogenesis in coculture further suggest that beige
fat might influence cells outside its borders. Especially in chronic
rotator cuff tears, in which the epimuscular depot expands dra-
matically concurrent with large maladaptations in the muscula-
ture, resulting in a blurring of the muscle-fat boundary, it is
likely that substantial cross-talk is present between these tissues.
Furthermore, during surgical repair, the retracted muscle is
placed under substantial traction, perhaps initiating signals for

Figure 5. EM ASCs exhibit increased stiffness-directed early myogenesis. (A): Immunofluorescent images of ASCs cultured on hydrogels of
muscle-like stiffness and stained for two transcriptional markers of myogenesis, Myf5 (top) and MyoD (middle). (B): Quantification of Myf5
immunofluorescence in these cultures. A positive signal was determined relative to an undifferentiated control for each culture. p, p, .05;
pp, p, .01; ppp, p, .001. (C):Gene expression data forMyf5 andMyoD at day 7 for the indicated sources and tear states. p, p, .05 compared
with RC s.c. ASCs; #, p, .05 comparedwith RC EMASCs (torn). Abbreviations: ASCs, adipose-derived stem cells; DAPI, 49,6-diamidino-2-phenyl-
indole; EM, epimuscular; RC, rotator cuff.
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activation, proliferation, and differentiation ofmuscle progenitor
cells.Our data suggest that signals from theepimuscular fatmight
inhibit proliferation and promote differentiation of these cells.
This effect is most pronounced in cocultures with EM ASCs from
torn cuffs, because these cultures express thehighest levels of the
late differentiation marker myosin heavy chain and the highest
myogenic index. Although differentiation is a key step in the re-
sponse cycle of muscle progenitor cells to injury, early differenti-
ation at the expense of proliferation has been shown to be highly
detrimental to themuscle’s ability to recover from injury [44, 45].

Therapeutic Implications

Taken together, these data suggest the intriguing possibility that
the large stores of fat in the torn rotator cuff, previously consid-
ered a negative feature of the disease, present a novel therapeu-
tic opportunity to enhance muscle regeneration after surgical
repair. On one hand, the increased multipotency of EM ASCs
and their unique effects onmyogenic cells in culture suggest that
they might be a more promising stem cell source than the previ-
ously evaluated s.c. ASCs for improving cuff healing [20–22]. On
the other hand, the beige characteristics of EM fat suggest that
they could be “browned,” which is associated with the secretion
of various growth factors upstream of the muscle repair and hy-
pertrophy pathways [19, 46, 47]. Despite these data, many steps
exist between two-dimensional coculture and human rotator cuff

physiology that shouldbeaddressed. Thepresent studyhas demon-
strated thepotential for this fat inpromotingmuscle regeneration in
vitro, the next studies will take these cells into an in vivo animal
model to prove their therapeutic potential and evaluate the mech-
anisms by which epimuscular fat might promote myogenesis after
injury. Such data will substantially improve our understanding of
the muscle and fat pathophysiology in the human rotator cuff.

CONCLUSION

Epimuscular adipose tissue in the human rotator cuff is a novel de-
pot, unique from the subcutaneous fat of the shoulder. The gene
expression profile, morphology, and mitochondrial respiration of
biopsies and cultured adipose-derived stem cells resembles newly
identified human beige fat. Furthermore, the gene expression pro-
file of cells derived from intact cuffs differs from that of torn cuffs,
suggesting that the environment of the torn rotator cuff could be
signaling adaptation in this tissue. Cells derived from epimuscular
fat promote differentiation and inhibit proliferation of myogenic
progenitor cells in coculture, suggesting epimuscular fat could have
a unique signaling effect on the muscles of the human rotator cuff.
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