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Summary

Background: rotator cuff muscle atrophy, fibrosis
and fatty infiltration are common complications af-
ter large and massive rotator cuff tears. Currently,
there are no effective treatments for these muscle
pathologies after injury. Furthermore, the cellular
source for fibrotic and adipose tissues in rotator
cuff muscle after injury remains unknown. In this
study, we proposed that two groups of muscle resi-
dent progenitors, Tie2+ muscle mesenchymal prog-
enitors and PDGFRa* fibro/adipogenic progenitor
cells (FAPs), contribute significantly to rotator cuff
muscle fibrosis and fatty infiltration.

Methods: we tested our hypothesis using reporter
mice. Rotator cuff muscles from Tie2-GFP and
PDGFRa-GFP reporter mice were harvested at 2
and 6 weeks after unilateral massive rotator cuff
tear surgeries. Inmunofluorescent staining for fi-
broblast and adipocyte markers was conducted.
Results: our results showed significant co-localiza-
tion of Tie2+ cells with fibrotic markers vimentin
and aSMA. In the PDGFRa-GFP reporter mice, GFP
signal was seen in only a small fraction of cells
staining positive for vimentin and aSMA. However,
PDGFRa showed significant co-localization with
adipocyte markers, including PPAR-y, adiponectin,

and perilipin A. Oil red O staining confirmed that
the mature adipocytes appearing in rotator cuff
muscles after injury are also PDGFRa*.
Conclusion: these data demonstrated that the
Tie2* muscle mesenchymal progenitors are the
major source of fibroblasts while PDGFRa* FAPs
are the major source of adipocytes in rotator cuff
muscle fatty infiltration.

Basic Science Study.

KEY WORDS: rotator cuff tear, fatty infiltration, fibro-
sis, fibro-adipogenic progenitors, Tie2, muscle.

Introduction

Rotator cuff (RC) tears are one of the most common
tendon injuries seen in orthopedic patients. Sec-
ondary muscle degradation, which includes muscle
atrophy, fibrosis, and fatty infiltration (FI), after injury
is a critical factor that determines the clinical outcome
of patients. Massive RC tears have been found to be
associated with atrophy and FI of both the supra-
spinatus and infraspinatus muscles in multiple stud-
ies. Poor outcomes and high re-tear rates after
surgery are thought to be due in part to these chan-
ges within the muscles?, and have been demonstrat-
ed to directly correlate with the amount of muscle at-
rophy and FI2-5. Although fibrosis is not well de-
scribed in RC injuries, recent studies have linked
poor muscle function to increased expression of fi-
brotic markers following RC injury®7. Fibrosis is also
found after other muscle injuries and has been shown
to directly cause muscle dysfunction in muscular dys-
trophy. Traditionally, it is thought that atrophy and FI
are markers of end-stage RC disease and do not ap-
pear after smaller tears. However, recent data sug-
gest that smaller tears can also result in atrophy and
Fl and may affect long term overall prognoses8. Pa-
tients who have disruption of the anterior supraspina-
tus rotator cuff cable exhibit a higher prevalence of Fl
in the supraspinatus than with similar tears within the
central portion of the supraspinatus, even with small
and medium sized tears®. Thus, muscle changes in-
cluding FI are likely important even in smaller and
medium-sized tears.

Currently, a critical gap in our understanding of the
pathophysiology of fibrosis and FI after RC tears is
knowledge of the cellular source of fibroblasts and
adipocytes in RC muscle after tendon tears. Multiple
stem cell and progenitor cell populations, including
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circulating bone marrow mesenchymal stem cells
(BM-MSCs) and focal muscular progenitor cells, pos-
sess fibrogenic and adipogenic potential and thus
could be a potential source of rotator cuff fibrosis and
Fl. Recent studies also proved the adipogenic poten-
tial of a Tie2+ muscle-resident progenitor cell popula-
tion®. Furthermore, a novel stem cell line, termed fi-
bro/adipogenic progenitors (FAPs), which does not
arise from the myogenic lineage, was shown to be
capable of giving rise to either fibroblasts or
adipocytes with the correct stimulus'®11, Although
these cells have a supportive role in myogenesis dur-
ing development, FAPs can give rise to ectopic fi-
broblasts and adipocytes that accumulate in degener-
ating muscles. Recent studies have demonstrated
that FAPs are the major source of adipocytes in mus-
cle FI following other injury mechanisms'".12, Addi-
tionally, it has been demonstrated that FAPs are
characterized with the surface marker platelet-derived
growth factor receptor alpha (PDGFRa) in both hu-
man and rodent skeletal muscles, thus making cellu-
lar tracking of these cells possible in vivo!3:14,

The goal of this study was to identify the major cellu-
lar sources of fibrosis and fatty infiltration in rotator
cuff muscles after injury in a mouse model. Specifi-
cally, we focused on two primary muscle progenitor
cell populations that had a high likelihood of transi-
tioning into fibroblasts and adipocytes, investigating
the contribution of Tie2+ progenitors and PDGFRa*
FAPs in rotator cuff muscles using GFP reporter
mice. We hypothesized that either Tie2+ mesenchy-
mal progenitors or FAP cells would be the dominant
stem cell source of fibroblasts and/or adipocytes in
RC muscles after tendon injuries in a mouse model.

Materials and methods

All research was conducted ethically according to in-
ternational standards’.

Reporter mouse strains

Inducible Tie2-specific GFP-tagged transgenic mice
were bred by mating mice expressing the tetracycline
transactivator (tTA) under control of the endothelial
lineage-selective Tie-2 promoter with tetO-Histone-
GFP mice. Expression of GFP in Tie2+ progenitors
was induced by maintaining the Tie2-GFP animals
with tetracycline-free food following gestation.
PDGFRa-specific green fluorescent protein (GFP)
transgenic reporter mice were purchased from Jack-
son Laboratories, Inc. (Stock #007669, Sacramento,
CA). These mice express the H2B-eGFP fusion gene
from the endogenous PDGFRa locus. Fluorescence
patterns in tissues mimic the expression pattern of
the endogenous gene. Previous studies have demon-
strated the viability of this reporter mouse model for
in vivo cell tracing for adipogenesis'®-17.
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Massive rotator cuff tear surgery

Twelve three-month-old PDGFRa-GFP and twelve
Tie2-GFP mice (6 males and 6 females for each
strain) were used in this study. In addition, 12 wild-
type C57/BL6 mice were used as non-labeled con-
trols. Massive rotator cuff tears were induced unilat-
erally by complete transection of the supraspinatus
and infraspinatus tendons along with transection of
the suprascapular nerve according to an established
mouse model for massive rotator cuff tears'®. Sham
surgery was performed on the opposite side to serve
as an internal control. All procedures were approved
by our Institutional Animal Care and Use Committee.

Muscular harvesting and histology

Animals were sacrificed at two and six weeks after
surgery (3 males and 3 females in each strain at each
time point). Supraspinatus muscles from both shoul-
ders were harvested and flash frozen in liquid nitro-
gen-cooled 2-methylbutane. The muscles were then
cryosectioned at a thickness of 10ym. Immunofluo-
rescence (IF) staining for adipogenic markers PPAR-
Y, adiponectin, and perilipin A, as well as for fibro-
genic markers vimentin and aSMA, was performed
according to a protocol by Hemmingsen, et al.’®. Sec-
tions were blocked and incubated in the respective
primary antibodies overnight at a dilution range of
1:75-1:200. A rhodamine-conjugated goat-anti-rabbit
secondary antibody was used at a dilution of 1:5000.
After three washes in 1x PBS, sections were mount-
ed with Vecta Shield with DAPI, a nuclear stain. Oil
red O staining was performed according to a protocol
by Liu et al. to identify fat deposition through pres-
ence of mature adipocytes’8.

Image capture and quantification

To measure the contribution of GFP* cells to adipo-
genesis and fibrosis, whole-section images for each
muscle were captured after immunofluorescent stain-
ing with at 360 nm (DAPI), 480 nm (GFP), and 570
nm (rhodamine) using an Axio Observer D1 fluores-
cence microscope. Using image analysis software,
color channels were split into blue, green, and red.
DAPI*, GFP*, and rhodamine* cells were quantified in
each muscle sample. To determine GFP/rhodamine
double positive cells, images for green and red chan-
nels in each sample were overlapped. GFP*, rho-
damine* and GFP*/rhodamine* cells were quantified
manually in each section by two blinded reviewers.
The percentage of GFP and rhodamine double posi-
tive cells within all rhodamine* cells in each muscle
was calculated as GFP* rhodamine* cell number +
rhodamine* cell number x 100%. Overlap between
Tie2+ cells and adipogenic markers was negligible,
and therefore not quantified. Data was run through a
chi-squared test to confirm p<0.05 and is presented
as mean = standard error.
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Results

Using reporter mice, two muscle-resident progenitor
cell populations, Tie2+ cells and PDGFRa* FAP cells,
were examined for their respective abilities to differ-
entiate into adipocytes and fibroblasts after injury
(Fig. 1).

Adipogenic differentiation is found only in
PDGFRa* cells

Supraspinatus muscles from both Tie2-GFP reporter
mice and PDGFRa-GFP reporter mice were analyzed
using immunofluorescence to assess adipogenic dif-
ferentiation six weeks after a massive tendon tear
and denervation. Staining of Tie2-GFP sections
showed that Tie2+ cells were negative for PPAR-y
and adiponectin (Fig. 2 a, b). Staining for perilipin A,
a surface marker for lipid droplets, showed localiza-
tion of the Tie2 signal just adjacent to the perilipin* fat
cells (Fig. 2 c). Furthermore, oil red O stains revealed
that mature adipocytes were often found adjacent to
the endogenous GFP signal but did not overlap with
Tie2+ cells (Fig. 3). This suggests that Tie2+ progeni-
tor cells may contribute to the development of
adipocytes in rotator cuff muscle Fl, but that these
cell populations are not the source of fat cells.

When sections from PDGFRa-GFP reporter mice
were analyzed under the same conditions, they dis-
played strong overlap between the endogenous GFP
signal and stains for adipogenic markers (Fig. 4 a-c).
Quantification of fluorescence showed that 96.10 =

3.27% of all cells expressing the late-stage adi-
pogenic marker adiponectin also expressed PDGFRa
(Fig. 5 a). Similarly, 83.40 = 3.67% of cells express-
ing PPAR-y were positive for PDGFRa. There was al-
so considerable accumulation of PDGFRa within per-
ilipin* fat cells (Fig. 4 d). Furthermore, oil red O stain-
ing showed strong overlap between mature
adipocytes and PDGFRa-GFP+ cells (Fig. 6). These
results suggest FAPs are the main source of adipocy-
tes.

Fibrogenic differentiation is found mainly in Tie2+
cells

Similar methods of analysis were used to investigate
fibrogenic differentiation. In our Tie2-GFP reporter
mice, cells expressing Tie2-GFP overlapped strongly
with vimentin (Fig. 7 a). Cells that were positive for vi-
mentin showed 81.19 = 7.04% colocalization with
Tie2 (Fig. 5 b). Staining for aSMA, a marker of myofi-
broblast formation, showed that 87.42 + 6.37% of aS-
MA* cells also expressed Tie2 (Fig. 7 b).

In the PDGFRa-GFP reporter mice, signal from en-
dogenous PDGFRa-GFP was seen in only 25.28 =
3.44% of cells staining positive for vimentin (Fig. 8a, b).
Quantification of fluorescence showed that 23.07 =
2.35% of the PDGFRa* cells colocalized with stains
for aSMA (Fig. 7 b). Results from stains for both aS-
MA and vimentin suggest that cells expressing fibrotic
markers mainly develop from a Tie2+ progenitor cell
origin, although PDGFRa* FAPs are also capable of
differentiating into fibroblasts.

Tie2+ Mesenchymal Progenitors

&f

Zoutn

Adipocytes

Fibroblasts

aSMA+, vimentin+

Fibro-Adipogenic Progenitors
a7-/CD31-/CD45-/Scal+, PDGFRa+

0
&

Fibroblasts Adipocytes

PPARy+, adiponectin+, perilipin A+

Figure 1. Proposed differentiation pathways for Tie2+ cells and FAP cells.
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Tie2 PPARy

Tie2 Adiponectin

20x

40x

Tie2 Perilipin A

DAPI Tie2 PPARy DAPI

DAPI Tie2 Adiponectin
DAPI

DAPI Tie2 Perilipin A DAPI

Figure 2. Behavior of Tie2+ cells in fatty infiltration of muscle six weeks post-injury. Tie2-GFP reporter mouse supraspinatus
muscle sections were subjected to immunofluorescence staining for (a) middle-stage adipogenesis marker PPAR-g, (b) late-
stage adipogenesis marker adiponectin, and (c) perilipin A. Circles indicate area of lipid droplet as defined by perilipin A
stain and arrowheads note adjacent Tie2+ stains. Dashed rectangle indicates area magnified at 40x; scale bar: 50 pym.

Discussion

The purpose of this study was to evaluate possible
cellular sources of fibroblasts and adipocytes in RC
muscle fibrosis and FI after tendon tears using re-
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porter mouse models. Rotator cuff Fl is one of the
most common muscle pathologies seen in or-
thopaedic patients, originally described and classified
by Goutalier et al.% 4. Fl has been a topic of signifi-
cant interest in the orthopaedic community as it ap-
pears to strongly correlate with poor clinical out-
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Figure 3. Mature adipocytes in Tie2-GFP reporter mouse
supraspinatus muscle six weeks post-TT+DN operation
stained with oil red O. Arrows indicate fat cells. Arrowheads
indicate Tie2+ ELCs.

Tie2 Qilred O

PDGFRa PPARY DAPI PDGFRa
PPARy DAPI

PDGFRa Adiponectin PDGFRa
Adiponectin
DAPI

&
PDGFRa Perilipin A DAPI PDGFRa Perilipin A DAPI

Figure 4. Behavior of PDGFRa* cells in fatty infiltration of muscle six weeks post-injury. Muscle sections were subjected to
immunofluorescence staining for middle-stage adipogenesis marker PPAR-y at (a) 20x and (b) 40x, scale bar: 25 um; (c)
late-stage adipogenesis marker adiponectin, scale bar: 50 ym; and (d) perilipin A, scale bar: 50 ym. Arrows in (b) indicate
(1) nucleus, (2) PPAR-y, and (3) PDGFRa. Circles in (d) highlight lipid droplets and arrowheads show PDGFRa signals with-
in the fat cell. Dashed rectangle indicates area magnified at 40x.
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T i . Figure 5. Contribution of Tie2+ and PDGFRa+
a Contribution of PDGFRa+ cells to fat and fibrosis cells to formation of fatty infiltration and fibro-
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Figure 6. Colocalization of mature adipocytes and PDGFRa+ cells six weeks post-injury. Mouse supraspinatus muscle sec-
tions from PDGFRa-GFP reporter mice were subjected to oil red O staining. Arrows indicate overlap of the PDGFRa signal

with fat cells. Scale bar: 100 ym.

comes and success rates of rotator cuff repairs. The
degree of fatty infiltration is important not only for its
effects on decreased muscle function, but also be-
cause there is a level of fatty infiltration that is irre-
versible even following repair. Patients graded with
pathologic levels of fatty infiltration exhibit limited
muscle strength of external rotation compared to
those who maintain more rotator cuff musculature
than fat. Thus, Fl is an important predictor of disease
progression and may potentially predict surgical out-
come.

Muscles, Ligaments and Tendons Journal 2016;6 (1):6-15

While much of muscle research has focused on intra-
cellular changes that occur within the myocytes, the
extracellular matrix (ECM) has a vital role in maintain-
ing muscle homeostasis2C. Injury to muscle often re-
sults in a dramatic increase in the amount of extracel-
lular matrix production, resulting in muscle fibrosis.
The ECM is a dynamic scaffold for the muscle and is
made primarily of collagens. Type | and Ill collagen
are the major forms, with type IV collagen surround-
ing the muscle cells in a basement membrane and
adhering to a focal integrin adhesion complex. The

11
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Tie2 Vimentin

DAPI Tie2 Vimentin DAPI

Figure 7. Colocalization of Tie2+ cells with fibrotic markers. Tie2-GFP reporter mouse muscle sections were analyzed for (a)
vimentin and (b) aSMA. Arrowheads indicate regions of overlap. Scale bar: 50 pm.

complex association of the ECM to the intracellular
components of muscle acts in most cases as an ex-
cellent transducer of mechanical activity, but is very
sensitive to alterations in patterns of use. In most
muscle injury models, including spaceflight, sarcope-
nia, denervation, and spinal cord injury, fibrosis is a
central outcome of the injury process?°_ENREF_14.
In previous studies using a mouse model of massive
RC tears, consistent fibrosis is seen'8 21, |t is postu-
lated that increased fibrosis results in higher tension
in the muscle in RC tears, thus making repair more
challenging in chronic, retracted tears. In a clinical
setting, fibrosis has been found in human RC tissue
at time of repair and has been correlated with de-
creased force production and increased disruption of
myofibril architecture 6 2224, Fibrosis has also been
identified as a direct cause of muscle dysfunction in
muscular dystrophy. Since fibrosis is not traditionally
able to be imaged on advanced CT and MR scans, its
influence on outcomes of RC repair may be under-
represented.

Despite the importance of these pathologies, little is
known about the underlying etiology of both fibrosis

12

and Fl in rotator cuff muscles on a cellular and mole-
cular mechanistic level. Previous studies have shown
that the TGF-b pathway regulates fibrosis and that
downstream components of the mTOR pathway me-
diate FI25 26; however, the sources of these patholo-
gies were not investigated. Our findings using Tie2-
GFP reporter mice indicated that Tie2* muscle mes-
enchymal progenitor cells are the major source of fi-
broblasts in RC muscle fibrosis. Tie2 was previously
considered to be a surface marker specific for en-
dothelial cells, leading Tie2+* cells to be regarded as
endothelial lineage cells (ELCs). However, a recent
study demonstrated that Tie2 is also expressed in a
separate population of muscle-resident progenitor
cells®. In that study, the Authors showed that Tie2*
mesenchymal progenitors are the major source of os-
teocytes seen in muscle heterotopic ossification and
have the potential to differentiate into multiple cell
types, possibly including fibroblasts and adipocytes.
Results from our study suggest that these Tie2+ prog-
enitor cells do not form adipocytes but are the major
cellular source of fibroblasts in rotator cuff muscle af-
ter injury.

Muscles, Ligaments and Tendons Journal 2016;6 (1):6-15
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PDGFRa Vimentin

20x

40x

PDGFRa

aSMA

Furthermore, we identified PDGFRa* FAPs as the
major cellular source of adipocytes in rotator cuff
muscle after tendon tears in our mouse model. The
FAP cell population was first discovered by two sepa-
rate groups in 2010'" 2. Using different cell surface
markers, these two groups discovered a muscle-resi-
dent non-myogenic progenitor population that did not
differentiate into myocytes in vivo or in vitro. Instead,
these FAP cells were found to differentiate into fi-
broblasts and adipocytes under certain circum-
stances, such as chemical-induced muscle injury.
One group further demonstrated that FAPs are char-
acterized by the surface marker platelet-derived
growth factor receptor alpha (PDGFRa) in both hu-
man and rodent skeletal muscles'® 4. Our immuno-
fluorescence staining and histology suggest that
FAPs are the major cellular source of adipocytes in
rotator cuff muscle FI.

Identification of the major cellular sources of rotator
cuff muscle fibrosis and Fl may help in the develop-
ment of cellular targeted treatment for these dis-
eases. FAP cells have recently been studied in a
mouse model of muscular dystrophy, and results of
this study provide insight into the plasticity of this cell
line and the potential to drive this stem cell population
to promote myogenesis in RC repair. A previous
study found that HDAC inhibition induced core com-
ponents of myogenic transcriptional machinery (MyoD
and BAF60C) and upregulated multiple myogenic
miRNAs to direct pro-myogenic differentiation and

Muscles, Ligaments and Tendons Journal 2016;6 (1):6-15

PDGFRa
DAPI Vimentin DAPI

DAPI PDGFRa aSMA DAPI

Figure 8. Colocalization of PDGFRa+ cells with fibrotic markers. Reporter mouse muscle sections were stained for (a) vi-
mentin and (b) aSMA. Arrowheads show overlap with PDGFRa. Scale bar: 50 ym.

suppress the fibro-adipogenic phenotype??’. Similar
approaches may be considered in rotator cuff tear re-
pair surgeries to promote Tie2* cells and FAPs away
from fibrogenic and adipogenic fates towards a more
myogenic phenotype.

There are several potential limitations in this study.
First, the PDGFRa-GFP reporter mice used in this
study were not an inducible reporter mouse strain. An
advantage of inducible reporter mice compared to
non-inducible reporter mice is that the expression of
the reporter protein (here, GFP) can be turned on and
off at will. The PDGFRa-GFP reporter mouse strain
used in this study has been used previously for in vi-
vo cell tracing for adipogenesis'® 7. PDGFRa is not
an adipocyte cell surface marker. Thus, it is unlikely
that GFP-tagged PDGFRa is being produced by
adipocytes from cellular origins other than FAPs.
Second, due to the limited source of transgenic re-
porter mice, a relatively small sample size (n=6) was
used in this study. However, our results showed very
similar staining patterns between samples. Thus, we
believe our result is representative. Third, the Tie2-
GFP reporter mice do not distinguish between en-
dothelial and non-endothelial Tie2+ progenitors in
muscle. However, previous studies showed that non-
endothelial Tie2* cells, rather than endothelial Tie2*
cells, possess multiple differentiation potentials.
Though further work is needed, we believe Tie2*
muscle mesenchymal progenitor cells, rather than
Tie2+ endothelial cells, are the major source of fibrob-
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lasts in RC muscles after tendon tears. Lastly, our
mouse model involves transection of the suprascapu-
lar nerve. In humans, it is theorized that injury to the
rotator cuff creates increased tension on the supras-
capular nerve, which places the nerve at risk for in-
jury2®. This is a different mechanism of injury to the
nerve than is seen clinically in rotator cuff tears; how-
ever, this mouse model has been shown to mimic
pathophysiologic changes seen after a rotator cuff in-
jury in previous studies'8: 29,

In summary, results from this study suggest that
Tie2* progenitor cells are the major source of fibrob-
lasts and FAPs are the major cellular source of
adipocytes in RC muscle following tendon tears. Fu-
ture work will be needed to further examine the key
pathways regulating fibrogenesis and adipogenesis of
these progenitor cell populations in rotator cuff mus-
cles, ultimately leading to the development of novel
targeted treatments for secondary muscle degenera-
tion after RC tears.

Conclusion

Rotator cuff tears are among the most common in-
juries seen by orthopedic surgeons and can result in
secondary muscle degeneration that persists even af-
ter repair. The development of pathologies such as
fatty infiltration and fibrosis can affect the outcome of
repair; however, the cellular source of these compli-
cations has not previously been explored. Results
from this study suggest that Tie2+ progenitor cells are
the major source of fibroblasts and FAPs are the ma-
jor cellular source of adipocytes contributing to de-
generation in rotator cuff muscle following injury. This
study takes the first step towards the development of
targeted treatments to prevent secondary muscle de-
generation after rotator cuff injury. Having identified
these two populations, future work will be needed to
further examine the key pathways regulating fibroge-
nesis and adipogenesis of these progenitor cells.
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