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Abstract
Though reduced serum or myoblast co-culture alone can differentiate adipose-derived stem cells
(ASCs) into mesenchymal lineages, efficiency is usually not sufficient to restore function in vivo.
Often when injected into fibrotic muscle, their differentiation may be misdirected by the now
stiffened tissue. Here ASCs are shown to not just simply reflect the qualitative stiffness sensitivity
of bone-marrow-derived stem cells (BMSCs) but to exceed BMSC myogenic capacity, expressing
the appropriate temporal sequence of muscle transcriptional regulators on muscle-mimicking
extracellular matrix in a tension and focal adhesion-dependent manner. ASCs formed multi-
nucleated myotubes with a continuous cytoskeleton that was not due to misdirected cell division;
microtubule depolymerization severed myotubes, but after washout, ASCs re-fused at a rate
similar to pretreated values. BMSCs never underwent stiffness-mediated fusion. ASC-derived
myotubes, when replated onto non-permissive stiff matrix, maintain their fused state. Together
these data imply enhanced mechanosensitivity for ASCs, making them a better therapeutic cell
source for fibrotic muscle.
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1. Introduction
Regenerative musculoskeletal applications have been plagued with setbacks owing in part to
the fibrosis present in degenerative muscle disorders, e.g. muscular dystrophy [1] which
affects 1 in every 3,600 male births [2]. Fibrotic muscle has increased collagen density and
transglutaminase activity that stiffens the extracellular matrix (ECM) [1, 3], making it more
closely resemble the osteoid environment of bone [4]. Injection of undifferentiated stem
cells into diseased muscle, i.e. cellular myoplasty, was thought to ameliorate the disease by
restoring dystrophin expression and thus muscle contraction. Instead, aberrant stem cell
differentiation in this fibrotic muscle causes calcified lesions to form [5] due at least in part
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to the osteogenic properties of abnormally stiff muscle [6]. Tissue engineered
musculoskeletal systems will require significant efforts to understand the stem cell-
microenvironment interaction and overcome the fibrosis problem for successful stem cell
engraftment in damaged muscle.

Adult human bone marrow-derived stem cells (BMSCs) [7] are a commonly used cell source
for cellular myoplasty since these cells differentiate into myocytes when exposed to
myogenic growth factors and express functional dystrophin. They can also be transplanted
and detected over an extended time period [8]. However, these cells have not been shown to
be myogenic in fibrotic muscle in vivo [5, 9, 10] or even to form fused skeletal muscle in
vitro [4]. While skeletal muscle precursors can engraft into dystrophic muscle [11], limited
availability despite expansion capability on compliant matrices [12] may adversely impact
their clinical translation. Adult human adipose-derived stem cells (ASCs) are readily
available, easily isolated, can be chemically differentiated into myocytes, and are competent
to engraft in fibrotic muscle whereas BMSCs are not [10, 13, 14]. While ASCs may appear
better suited for translation, functional muscle recovery with these cells is still limited [10],
possibly by the stiff diseased environment [1, 6, 15].

In recent years, ECM stiffness has been identified as another potent stem cell differentiation
regulator; cell fate is regulated by contraction against their soft or stiff niche [12, 16].
Successful stem cell-based therapies will require acclimating cells to the abnormally stiff
ECM of muscular dystrophy [1, 3] while inducing and/or maintaining myogenesis, fusion,
and dystrophin delivery. Here we directly compare ASC to BMSC stiffness responsiveness
and show that on matrices that mimic skeletal muscle. These data suggest ASC could serve
as a viable cell source for fibrotic muscle therapies.

2. Materials and Methods
2.1. Cell Isolation and Culture

Human ASCs were isolated from freshly aspirated human subcutaneous adipose tissue
(donor age between 26 and 31 years) according to the method described previously [17–19]
with approval of UCSD human research protections program (Project #101878). Liposuction
samples (300 ml) were washed extensively with equal volumes of phosphate-buffered saline
(PBS), and then incubated at 37°C for 45–60 min in 0.1% type I collagenase (Worthington
Biochemical). Enzyme activity was neutralized with Dulbecco’s modified Eagle’s medium
(DMEM)-low glucose (Invitrogen), containing 10% fetal bovine serum (FBS; Thermo
Scientific) and 1% antibiotic/antimyocotic (Invitrogen). Cells were centrifuged at 1200 rpm
for 10 min to remove adipocytes. The pellet was resuspended in 0.16 M NH4Cl and
incubated at room temperature for 5 min to lyse red blood cells. Cells were collected by
centrifugation at 1200 rpm for 5 min, filtered through a 100 µm nylon mesh to remove
fissile debris, and incubated overnight on tissue culture plastic in complete medium at 37°C
and 5% CO2. Plates were then washed extensively with PBS to remove residual non-
adherent cells. To reduce donor to donor variation, cells from three different donors were
pooled. BMSCs (Lonza Walkersville) were cultured in low glucose DMEM with either 10
or 20% FBS and 1% antibiotic/antimyocotic as indicated. C2C12 skeletal myoblasts
(ATCC) were cultured in high glucose DMEM 10% FBS and 1% antibiotic/antimyocotic
unless cell fusion was induced in which case serum concentration was reduced to 2%. Stem
cells were used at low passage numbers between 4 to 7 and C2C12 cells were sub-cultured
below passage number 10. Myoseverin (Calbiochem) was dissolved in dimethylsulfoxide
(DMSO) and used at 20 µM for a period of 18 hours before washout. ASCs were fed by new
complete medium for another 7 days before fixation [20]. DMSO only was used as negative
control.
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2.2. Fabrication of Compliant Substrates with Varying Stiffness
Acrylamide was polymerized on an aminosilanized, 25 mm diameter coverslips according to
previously established protocol. Briefly, a solution containing the crosslinker N,N'
methylene-bis-acrylamide, acrylamide, 1/200 volume of 10% Ammunium Persulfate and
1/2000 volume of N,N,N',N'-Tetramethylethylenediamine was mixed. Three different
combinations of acrylamide and bis-acrylamide made 1, 10 and 34 kiloPascal (kPa; unit of
stiffness) substrates based on a previous recipe [21]. Approximately 20 µl of the mixed
solution was placed on the aminosilanized coverslip and a second coverslip pre-treated with
dichlorodimethylsilane was added to ensure to ensure easy detachment and a uniform matrix
surface once polymerized. Final matrices were 50 µm thick as measured by microscopy. 10
µg/ml fibronectin was chemically crosslinked using a photoactivating crosslinker, Sulfo-
SANPAH (Pierce) and attachment was confirmed by fluorescence. Matrix stiffness was
confirmed by atomic force microscopy (AFM; Asylum Research). Cells were seeded onto
fibronectin coated samples in 6-well plates at 5×102 to 2×104 cells per well as needed and
cultured for the indicated duration.

2.3. Cell Surface Marker Characterization by Flow Cytometry
ASC and BMSC cultures were trypsinized and resuspended in flow cytometry buffer (PBS
supplemented with 2.5% FBS). Cells were incubated with fluorescent-conjugated antibodies
against CD34 (Alexafluor 488), CD45 (Alexafluor 488), CD90 (FITC), CD105 (Alexafluor
488) for 30 minutes on ice. Unlabeled cells were incubated with the appropriate isotype
control. Cells were analysed using a FACScan (BD Biosciences) using a previous protocol
[18].

2.4. Differentiation Assays
Samples were fixed in 3.7% formaldehyde at the indicated time point and selectively stained
and imaged as indicated. Morphological changes in three groups (ASC, BMSC 10% FBS,
BMSC 20% FBS) were examined by bright field images, and assessment of the
development of branches (number of branch per cell) or spindle shapes (the major/minor
axis of cell) were quantified using ImageJ software. To quantify matrix mineralization, cells
were stained with alizarin red S, and staining was measured spectrophotometrically at 405
nm. Cells also were stained with lineage-specific marker antibodies: neurogenic
differentiation with βIII tubulin (Sigma), myogenic differentiaion with Myogenesis
Differentiation Protein 1 (MyoD; Santa Cruz Biotech.), and osteogenic differentiation with
Runt-related transcription factor 2/Core Binding Factor α1 (Runx2; Alpha Diagnostic
International). To measure mRNA transcription level, two specific primers were used per
lineage: Microtubule-associated protein tau (MAPT) and Glial cell-derived neurotrophic
factor (GDNF) for neurogenesis, myogenic factor 4 (Myogenin) and Myocyte-specific
enhancer factor 2C (MEF2C) for myogenesis; Twist transcription factor 1 (TWIST) and
bone gamma-carboxyglutamic acid-containing protein (Osteocalcin) for osteogenesis.

2.5. Fusion Assays
ASCs, BMSCs, and C2C12 cells were each divided into two populations, labeled either
green (PKH67) or red (PKH26) hydrophobic dyes that localize to the plasma membrane, and
seeded onto 10kPa PA matrices for one week. The continuous cytoskeletal structure of fused
cells was confirmed by staining for β tubulin (Development Studies Hybridoma Bank) and
proliferation marker Ki67 (Santa Cruz Biotech.) was used to identify proliferating
binucleated cells. Fusion frequency was determined for the indicated conditions.
Myoseverin (Santa Cruz Biotech.) was used to depolymerize microtubules to cause cell
fission. To quantify myotube formation, we observed more than 660 cells from four
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independent samples. Only binucleated cells with continuous cytoskeleton but lack of Ki67
staining were considered as myotubes.

2.6. Mechanosensing Assays
Vinculin antibody (Sigma) and rhodamine-phalloidin (Invitrogen) was used to visualize
focal adhesions and actin, respectively. Strain energy and tangential stress were calculated
by TFM as previously described [22]. To knockdown integrin-fibronectin interaction, ASCs
were treated by lipid-mediated siRNA (integrin α5 or αV) for 4 days and replated onto 10
kPa matrices for another week. Integrin knockdown effect was determined by flow
cytometry using a FACScan (Becton Dickenson).

2.7. Morphological Measurements
Quantitative cell measurements were made using brightfield images from a Nikon Eclipse
TE2000-U microscope with a motorized, programmable stage using a CoolSnap HQ camera
controlled by Metamorph 7.6 software. Image J software (NIH) was used to analyze images
and quantify cell morphology. Specifically, the number of branch points per cells was
counted if the branch was longer than the length of the cell’s major axis by modified method
form previous protocol [23]. The spindle factor was calculated for cells on the indicated
matrices as the length of the cell’s major divided by its minor axis [4].

2.8. Alizarin Red S and Immunofluorescent staining
Cells were fixed with 3.7% formaldehyde (Sigma) at room temperature for 15 minutes.
Samples to be stained by alizarin red were then washed once with dH2O and 2 ml ARS
solution (2%, pH 4.2) was added to each well. ARS solution was removed 1 hour later and
each well was washed with dH2O for 4 to 5 times. Images were taken at this point and the
plate was then air dried at room temperature. The amount of matrix mineralization was
determined by dissolving the cell-bound ARS in 10% acetic acid and quantifying it
spectrophotometrically at 405nm. Samples to be stained immunofluorescently were treated
with PBS containing 1% Triton X-100 for 15 minutes and washed with a staining solution of
PBS containing 1 µM MgCl2. The primary antibodies listed below with their indicated
dilutions in a staining solution containing 2% bovine serum albumin were then added to
samples: βIII tubulin (1:100; Sigma), MyoD (1:100; Santa Cruz), Runx2 (1:100; Alpha
Diagnostic International), β tubulin (1:100; Developmental Studies Hybridoma Bank),
vinculin (1:100; Abcam), and Ki67 (1:100; Santa Cruz Biotechnology). Antibodies were
incubated with samples for 30 minutes at 37°C. After washing three times with the staining
solution, samples were incubated with Alexa fluor 488- or 568-conjugated secondary
antibody (1:400; Invitrogen) for 30 minutes at 37°C. After washing three times with staining
solution, nuclei were stained by Hoechst 33342 (1:1000; Invitrogen) for 2 minutes. All
samples were examined by a CARV II confocal microscope (BD Biosciences) mounted on a
Nikon Eclipse TE2000-U microscope with a motorized, programmable stage using a
CoolSnap HQ camera controlled by Metamorph 7.6 software.

2.9. Quantitative Polymerization Chain Reaction (qPCR)
RNA from cells was extracted using a previously published Trizol, chloroform, and
isopropanol-based protocol [24]. cDNA was synthesized from the isolated RNA template
using Superscript II Reverse transcriptase (Invitrogen), 2.5 mM of random hexamer mix
(Invitrogen), and 1 µg of total RNA. The reverse transcription reaction was performed with
the following conditions: 37°C for 60 min, 99°C for 5 min, and 5°C for 5 min. The SYBR
Green PCR Master Mix (Applied Biosystems) was used with 800 nM of each primer.
Primers were custom designed from IDT: MAPT (NM_005910.5) F: 5’ ATT ACT GCC
AAC AGT TTC GGC TGC 3’, R: 5’ TAA GAA GGC CCA TGG TGC TGA AGA 3’;
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GDNF (NM_000514.3) F: 5’ TCC CAT TCA GAG AAC CTT GGC AGT 3’, R: 5’ ACC
TGC TTG TGG TGT GTA GGT GAT 3’; Myogenin (NM_002479.4) F: 5’ GCC TTG ATG
TGC AGC AAC AGC TTA 3’, R: 5’ AAC TGC TGG GTG CCA TTT AAA CCC 3’;
MEF2C (NM_002397) F: 5’ AGT GGG TGG GAA AGG GTC ATT ACA 3’, R: 5’ TAG
CCA AGG CTT CTG CTG GTA CTT 3’; TWIST (NM_000474.3) F: 5’ ACC ATC CTC
ACA CCT CTG CAT TCT 3’, R: 5’TTC CTT TCA GTG GCT GAT TGG CAC 3’;
Osteocalcin (NM_199173.7) F: 5’ TCC AGG CAC CCT TCT TTC CTC TT 3’, R: 5’ GAG
TTT ATT TGG GAG CAG CTG GGA 3’. The real-time reaction was done in duplicate in
an ABI Prism 7900 HT detection system (Applied Biosystems) using the following reaction
profile: 2 min at 50°C and 10 min at 95°C for one cycle, followed by 15 s at 95°C and 1 min
at 60°C for 40 cycles. Values were analyzed using SDS 2.3 software (Applied Biosystems),
which calculated expression based on a standard curve generated by a fibronectin plasmid
[24]. GAPDH was used to normalize all data, which was plotted as a fold change from
undifferentiated ASC or BMSC control samples [24].

2.10. Traction Force Microscopy
Strain energy and tangential stresses were calculated by traction force microscopy (TFM) as
previously described [22]. Briefly, 30µL of carboxylate-modified 0.1 µm diameter yellow-
green fluorescent microspheres (Invitrogen) was added to 1 mL of solution that would create
a 10 kPa matrix. Matrices were fabricated, fibronectin functionalized, seeded with 500–2000
cells/well, and cultured for 3 to 7 days. Live cells and embedded tracker particles were
imaged by a CARV II confocal microscope (BD Biosciences) mounted on a Nikon Eclipse
TE2000-U microscope equipped with a LiveCell chamber (Pathology Devices) and a
motorized, programmable stage using a CoolSnap HQ camera controlled by Metamorph 7.6
software. After an image with the cells present was taken, cells were removed by
trypsinization, and a second reference image was taken without cells to determine initial
bead positions. Using the difference between the two images, matrix deformation was
determined from the displacement of the beads. Traction forces were calculated from these
deformations and the substrate modulus using a MATLAB script available at
http://maeresearch.ucsd.edu/~jalamo/DynaCyte.html. Cell outlines were obtained from
phase contrast microscopy using standard image processing techniques.

2.11. RNAi
ASCs were plated onto tissue culture plates in 2% FBS-containing medium and treated with
30nM siRNA with 3ul of siPORT NeoFX (Invitrogen) at the same time. Cells were
incubated with either α5 (s7549; Invitrogen) or αV integrin siRNA (s7570; Invitrogen) for 4
days and then replated onto 10 kPa matrices in 10% FBS-containing medium for another 1
to 7 days. Knock-down effects were detected by flow cytometry using FITC conjugated α5
or αV integrin antibodies (BioLegend). ASCs treated only by siRORT NeoFX served as
internal negative control.

2.12. Statistical Analysis
All data are expressed as mean ± standard deviation of experiments at least in triplicate with
the number of cells analyzed as indicated when possible other than Figure 4C, which shows
the mean ± standard error of the mean. Statistical analysis was performed using student t-
test, one- or two-way ANOVA on Graphpad Prism software. P-values < 0.05 were
considered to indicate statistical significance though p-values < 0.1 are indicated as well.
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3. Results
3.1. Matrix elasticity-dependent stem cell fate

Donor-dependent heterogeneity was minimized by pooling cells from multiple donors and
sub-culturing. To ensure similar undifferentiated cell states, pooled populations of ASCs and
BMSCs were characterized by cell surface marker expression for the presence of
mesenchymal markers CD90 and CD105 and the absence of haemopoietic markers CD34
and CD45 [7]. Marker expression in both populations indicated identical mesenchymal cell
states (Fig. S1), so we sought to assess whether ASC’s differentiation capacity towards
neuro-, myo-, and osteogenic lineages was similar to that previously reported for BMSCs [4,
25]. Both populations were initially cultured on fibronectin-coated matrices of 1, 10, and 34
kiloPascal (kPa; Pascal is a unit of stiffness) which mimic the mechanical niche of ‘soft’
brain, ‘firm’ muscle, and ‘stiff’ collagenous bone, respectively [26], and are considered
permissive matrices for that lineage. After one week of culture, both qualitative and
quantitative ASC morphology mimicked BMSCs; both cell sources appeared well branched
on 1 kPa matrices (Fig. 1A, Left images), having developed 50% more branches per cell
than on stiffer ones which did not change over time (Fig. 1C). Similar lineage-specific
observations were made on firm 10 kPa and stiff 34 kPa matrices for both ASCs and
BMSCs in that they resembled elongated myocytes and well-spread osteocytes, respectively
(Fig. 1A, Center and right images); spindle shape comparison (Fig. 1D) and alizarin red S, a
mineralization indicator (Fig. 1E), were higher on permissive and lower on non-permissive
matrices for each lineage. Cells were also fluorescently labeled to detect lineage-specific
markers including neurogenic βIII tubulin, the muscle transcription factor MyoD, and the
osteogenic transcription factor Runx2 [4]. Both cell sources confirmed expression at
inductive matrix stiffness, i.e. neurogenic, myogenic, and osteogenic differentiation on 1,
10, and 34 kPa, respectively (Fig. 1B). βIII tubulin and MyoD showed time-dependent
expression and nuclear localization changes, respectively (Fig. S2A and S2B), whereas
nuclear-localized Runx2 expression was observed in both cell populations after 1 day in
culture (Fig. S2C). Staining on non-permissive matrices for each lineage again was absent
(Fig. S3A) consistent with previous lineage commitment [4]. To ensure that stiffness-
induced lineage commitment was independent of chemical stimulation, assessment was also
performed at multiple serum concentrations; BMSCs did not show serum dependence on
expression of any lineage (Fig. 1, 10 vs. 20% serum).

While qualitative differences were not observed, quantitative polymerization chain reaction
(qPCR) indicated large gene expression differences over a 2 week time course (Fig. 2). Two
markers per lineage were analyzed with results consistent with protein expression (Fig. 1B).
On soft matrix, both stem cell sources expressed higher levels of mRNA for microtubule-
associated protein tau (MAPT) and glial cell-derived neurotrophic factor (GDNF) relative to
undifferentiated controls over time. ASCs showed greater upregulation of MAPT (Fig. 2,
Left top) while GDNF had statistically higher expression in BMSCs (Fig. 2, Left bottom).
Cells on firm matrices had upregulated Myogenin and myocyte-specific enhancer factor 2C
(MEF2C). Though BMSCs had a modest increase for both markers, ASCs expressed these
factors in the appropriate sequentially-expressed manner; Myogenin peaked at almost 200-
fold higher expression than undifferentiated cells followed by a near 25-fold peak in MEF2C
after 3 and 5 days in culture, respectively, versus (Fig. 2, Middle). Osteogenic genes were
also observed with early- and late-expressing factors TWIST and Osteocalcin, which
correlated with cell mineralization. In accordance with early Runx2 expression (Fig. 1B),
ASCs expressed peak levels of TWIST followed by Osteocalcin. BMSCs showed similar
osteogenic trends but to significantly lower degree (Fig. 2, right). BMSCs did not show
serum dependence with the exception of GDNF (Fig. 2, 10 vs. 20% serum). However, a
comparison of ASCs on permissive and non-permissive matrices for each lineage indicated
an average maximal difference of 40-fold, much greater than the less than 5-fold difference
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for BMSCs (Fig. S3B). Thus ASCs appear to more robustly express specific lineage
pathways when induced by matrix.

3.2. Matrix induced ASC fusion
The degree of myogenic gene expression observed here has not been previously observed
with BMSCs [4, 25] or even those ASCs that undergo serum- and co-culture-dependent
fusion [13, 27]. Fusion into a myotube is a terminal and well-documented step in myocyte
maturation [28, 29] and given the strength of myogenic induction here, we asked if matrix
stiffness could induce ASC fusion without specific growth factor- and co-culture-dependent
cues. C2C12 myoblasts, ASCs, and BMSCs were singly labeled with either a green or red
fluorescent membrane dye and subsequently mixed and cultured on myogenic matrices.
Though all cell sources started with either green or red membranes (Fig. 3A, Left), after one
week in culture, bi-nucleated ASCs were observed with green and red co-localized
membranes (Fig. 3A, Middle). Similar membrane fusion was also found in C2C12
myoblasts after 4 days (Fig. 3A, Top), but although adjacent BMSCs were observed, no cell
showed dye transfer, indicative of membrane fusion (Fig. 3A, Bottom). A hallmark of
myocyte fusion is a continuous cytoskeleton [29], so β tubulin was used to assess
cytoskeletal continuity in cells. After one week, 2.09 ± 0.35% of ASCs fused to bi-
nucleated, elongated cells with a shared cytoskeleton (Fig. 3B, Top) reminiscent of
myotubes. Lack of the cell proliferation marker, Ki67, indicated that these bi-nucleated cells
were not the result of a proliferating cell after nuclear but before membrane fission, which
could have accounted for bi-nucleation. ASC fusion could be disrupted by the myotube
fission reagent, myoseverin [20], after 18 hours of exposure. As shown in the inset, fission
also restores Ki67 expression in some cells as they return to their normal cell cycle (Fig. 3B,
Middle). However myoseverin wash-out and another week of culture on myogenic matrices
allowed ASCs to re-fuse at a rate of 1.62 ± 0.58%, which was statistically similar to their
pre-treated value (Fig. 3B, Bottom).

Fibrotic muscle often is stiffer than normal such as in muscular dystrophy [1, 15]. To
determine if one week old ASC-derived bi-nucleated cells could withstand a more rigid,
fibrotic-like environment and demonstrate a lack of phenotype plasticity, cells were replated
onto permissive firm matrix as well as non-permissive stiff matrix. After replating and an
additional week on the 10 kPa matrix, 2.25 ± 0.40% of ASCs were multi-nucleated with a
continuous cytoskeleton (Fig. 3C, Top), thus maintaining their previous state (Fig. 3B, Top).
When replated onto the non-permissive 34 kPa matrix, a similar percentage of ASCs
remained fused (Fig. 3C, Middle), showing that they could not reprogram themselves.
However, those ASCs which were replated as single cells may retain some degree of
plasticity as they showed punctate Runx2 staining (Fig. 3C, Bottom). Together these data
suggest that when using multi-nucleated ASCs as a therapeutic cell source for fibrotic
muscle, isolating them from singly-nucleated reprogrammable cells will be necessary.

3.3. Mechanosensitivity differences between ASCs and BMSCs
To confirm that fusion was induced by mechanical stimuli, cell contraction was activated or
inhibited by the contractile agonist lysophosphatidic acid (LPA) [30] or the non-muscle
myosin II (NMMII) inhibitor, blebbistatin (BLE), respectively [4, 31]. After 7 days, more
LPA treated ASCs fused into multi-nucleated myotubes (3.63 ± 031% vs. 2.09 ± 0.35%) and
BLE treatment reduced myotube fusion 4-fold (0.53 ± 0.13%) and even caused the few
fused cells to lose their spindle morphology (Fig. 4A). Based on the commitment differences
between ASCs and BMSCs, fusion regulation by NMMII, and NMMII’s role in cell
contraction and mechanosensing [32], we next determined how cells could differentially
sense stiffness. ASCs expressed and assembled more b isoform of NMMII into striations
compared to BMSCs (Fig. 4B) with striation distances being more regular in ASCs, which is
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an indication of muscle maturation [33]. To determine if NMMIIb assembly affected force
transduction in the cells, a 3-dimensional traction force microscopy (TFM) technique [22]
was used to monitor how cells pulled on their surrounding matrix over time. Strain energy,
which is an integration of the deformation over the entire cell (see representative images in
Fig. 4C, Bottom), tended to be higher for ASCs than for BMSCs regardless of culture time
(Fig. 4C, Top), which reflects the differences in differentiation trends (Fig. 2) and NMMIIb
assembly (Fig. 4B).

Focal adhesions regulate a host of mechanically-sensitive processes as forces are transduced
through them to the ECM [34], and one candidate sensor, vinculin, has been shown in vitro
to unfold upon binding to stretched talin rod domains [35]. Thus we asked if vinculin was
differentially assembled on the same time scale as differentiation differences were observed.
After 3 days in culture on myogenic matrices, ASCs showed vinculin-containing adhesions
at the cell periphery, which continued to mature over time (Fig. 5A, Top). On the other
hand, BMSCs initially had poorly assembled vinculin-containing adhesions at the periphery,
but after one week, adhesions resembled those in ASCs (Fig. 5A, Bottom). α5β1 and αVβ3
integrins are fibronectin receptors upstream of vinculin in focal adhesion signaling pathways
[36]. Since ASCs here attach to fibronectin-bound matrices, we investigated their
differentiation-dependence on α5 and αV integrin subunits. siRNA-mediated knockdown of
each subunit for 4 days on tissue culture plastic did not prevent cell adhesion nor did it alter
expression of the other integrin subunit (Fig. S4A); knockdown did reduce expression of the
intended integrin subunit as much as 80–90% and was greater than 40% for up to 5 days in
culture after plating onto myogenic matrices (Fig. 5B, Top and Fig. S4B). For both integrin
α5 and αV knockdowns, ASCs failed to upregulate Myogenin and MEF2C compared to
untreated cells (Fig. 5B, Bottom). However, ASCs allowed to recover for 4 days on tissue
culture plastic instead of matrix regained their α5 or αV integrin expression (Fig. S4B) and,
upon replating onto 10 kPa matrix, expressed nuclear-localized MyoD after 3 and 5 days of
culture for α5 and αV integrin, respectively (Fig. S4C). Together these data indicate that
specific differences in mechanosensor expression and force transduction may be responsible
for differentiation differences in ASCs and BMSCs.

4. Discussion
BMSC differentiation has been well-documented by soluble as well as matrix-based
methods [37]. Given the common mesenchymal signature of ASCs and BMSCs, we had thus
expected stiffness to drive ASCs into precursor populations of various lineages based on
matrix stiffness as with BMSCs [4, 25] and in contrast to lineage-specified cells, e.g.
myocytes [15] and osteoblasts [38]. However, ASCs not only expressed important early
transcriptional factors to a remarkably high level, they fused into multi-nucleated myotubes
expressing mature muscle proteins. Furthermore, ASC-derived myotubes were able to
remain fused when introduced to stiff niche that mimicked fibrotic muscle, a behavior never
reported for BMSCs.

Our findings provide an improved method for generating myogenically-primed cells for
transplantation which does not rely on methods requiring costly growth factors [27], co-
cultured animal cells [13], or exceedingly high cell density [39]. Moreover, matrix stiffness
appears to generate fused ASCs in a shorter period of time and at a rate nearly 10-fold
higher than previously observed [13]. Recent genetic analyses have identified a common
brown adipose/skeletal muscle precursor [40] where adipo- or myogenesis can be regulated
with expression or repression of both PRDM16 [41] and MiR-193b-365 [42], respectively.
When comparing myogenesis from our white fat-derived ASCs induced by ECM stiffness
and PRDM16 inhibition of brown fat, stiffness still appears to produce higher gene
expression in our ASCs. Perhaps the most important point in the context of our observations
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is that these common approaches with ASCs and BMSCs do not appear to improve muscle
function in vivo [10]. What may make ECM stiffness such a potent myogenic induction
factor and ASC-derived myotubes ideal for translation in fibrotic muscle is that when
stiffness induced-ASCs were replated onto non-permissive matrix, fused myotubes remained
multi-nucleated rather than reprogramming themselves. Unlike BMSCs who retained some
plasticity in vitro [4], fused ASCs did not appear to transdifferentiate though single ASCs
did. Subsequent multi-factorial sorting based on size–multinucleated cells being larger–and
expression of muscle-specific β1D and α7 integrins [43] could separate out ASC-derived
myotubes from single cells for therapeutic treatment by muscle injection.

To understand the origin of why ASCs are different despite a similar initial state, one needs
to look no further than the adhesive mechanisms used by these cell sources. Loss of either
fibronectin-binding integrin pair would appear enough to halt ASC myogenesis, which has
previously proven indispensible for BMSC fate [25]. Given that focal adhesion assembly
appeared to be delayed in BMSCs, adhesions would appear all the more important to the
early onset of lineage specification in ASCs. These integrins have contraction-dependent
relaxed and tensioned states [44] that can induce focal adhesion signaling [35], so higher
strain energy occurring earlier would imply greater activation of integrin-associated
mechanosensitive pathways in ASCs, including differentiation. While the exact mechanism
of sensing is still uncertain, most involve force transduction at adhesions [34, 36], providing
a plausible explanation for ASCs “feeling” their niche more and faster than BMSCs.

Despite promising in vitro data, autologous stem cell injection in animal models has
produced mixed results with the suggestion that fibrosis stiffens muscle [1] to decrease
engraftment efficacy and alter cell fate [5, 6, 45]. Findings here suggest that abundant and
easily isolated ASCs pre-committed by stiffness may be a more clinically viable source for
stem cells in diseased skeletal muscle than other less abundant [11] or functionally-limited
cell sources [9, 10]. These data strongly suggest that fully characterizing the ECM state of
the diseased cell niche is essential prior to undertaking therapeutic intervention.

5. Conclusions
While mechanically-induced fate decisions of ASCs mirror BMSCs, their sensitivity and
capacity to undergo myogenesis is dramatically improved through expressing sequential
muscle transcriptional regulators and fusing into multi-nucleated tubes, which BMSCs do
not. The mechanism underlying this difference involves their differential ability to assemble
contractile proteins and transduce higher forces through better and faster-assembled focal
adhesion. Most importantly for clinical applications, ASC-derived myotubes maintained
their fused phenotype on non-permissive disease-like stiff matrix. These results imply
enhanced mechanosensitivity for ASCs versus BMSCs, making them a better therapeutic
cell source for skeletal muscle repair or tissue engineering.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
ASC and BMSC differentiation on matrices with lineage-specific stiffness. (A)
Representative morphology in phase contrast and (B) lineage-specific marker expression in
fluorescence (βIII tubulin for neurogenic, MyoD for myogenic, and Runx2 for osteogenic
lineages) in ASCs and BMSCs cultured in the indicated matrix and serum conditions after 1
week in culture. (C) The number of branches that ASCs and BMSCs formed over 2 weeks in
culture in the indicated matrix and serum conditions was quantified. (D) The spindle-shaped
morphology of muscle was determined by a spindle factor, the major axis/minor axis of cell,
for ASCs and BMSCs over 2 weeks in culture in the indicated matrix and serum conditions.
(E) ASCs and BMSCs were stained for Alizarin Red S mineralization over 2 weeks in
culture in the indicated matrix and serum conditions. Inset images are representative of
ASCs (top) and BMSCs (10 and 20% serum, middle and bottom, respectively) cultured on
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the 34 kPa matrix. All data shown in mean ± standard deviation for triplicate experiments.
*P < 0.05.
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Fig. 2.
Lineage-specific mRNA is highest in ASCs. Gene expression of MAPT, GDNF, Myogenin,
MEF2C, TWIST, and Osteocalcin was assessed by qPCR. Lineages are indicated at the top
of each column. Expression was monitored as a function of time for ASCs cultured in 10%
serum-containing media (red) and BMSCs cultured in either 10 (green) or 20% serum-
containing media (blue). The dashed line indicates expression in the undifferentiated cell to
which all data is normalized. * indicated P < 0.05.
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Fig. 3.
Multi-nucleated cell formation in ASCs on myogenic matrices. (A) PKH67 (green) and
PKH26 (red) labeled C2C12 myoblasts (top), ASCs (middle), and BMSCs (bottom) were
mixed with their oppositely labeled cell of the same type, plated on 10kPa matrix, and
monitored for dye transfer between cells. After 1 day, all three cell sources did not exhibit
transfer between adjacent cells (left). Transfer between adjacent myotubes occurred by day4,
between adjacent ASCs by day 7, and never occurred for BMSCs (right). The inset
schematics illustrate this process. (B) ASCs were also examined by β tubulin (green,
continuous cytoskeleton) and Ki67 (red, proliferation) after day 7. The percent of bi-
nucleated cells is inset in the fluorescent image (top). Myoseverin was added to cells after
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day 7, reverting bi-nucleated cells to singly-nucleated cells (middle), with some Ki67
positive staining (inset). After washout, ASCs refused at a rate similar to the pre-treated
cells as indicated (bottom). (C) After 7 days in culture on 10kPa matrix, ASCs were replated
onto either 10 (top) or 34 kPa matrices (middle and bottom) for an additional 7 days. The
percent of bi-nucleated cells is inset in the fluorescent images stained for β tubulin (red) and
ki67(green). Singly-nucleated cells replated from 10 to 34 kPa were also stained for Runx2
(green, bottom and inset).
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Fig. 4.
Mechanotransduction in ASCs and BMSCs regulates differentiation. (A) Myotube
frequency was increased by the contractile agonist Lysophosphatidic acid (LPA) and
decreased by the NMMII inhibitor Blebbistatin (BLE). *P < 0.001. (B) Immunofluorescent
staining of NMMIIb in ASCs and BMSCs with higher magnification images inset to
illustrate striation assembly. (C) Strain energy was measured by TFM (top). Representative
images of the tangential stress (bottom) generated from TFM are shown at both days 3 and 7
with white cell outlines. The colormap indicates the magnitude of the stress as measured in
Pascals. Data is reported as the mean ± standard error from triplicate experiments
representing greater than 12 cells. †P = 0.07.
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Fig. 5.
Mechanical induction is differentially transduced by intracellular signals via focal adhesions.
(A) Assembled vinculin adhesions (green) were found in ASCs (left) at day 3 and in BMSCs
(right) by day 7. F-actin (red phalloidin) and nuclei (blue) are also shown. (B) Flow
cytometry plots of ASCs transfected with siRNA for α5 (top)or αV integrin (bottom) on
TCP for 4 days (D4 siRNA) or ASCs that were also then replated on myogenic 10kPa
matrices for the indicate time in days (left). qPCR analysis of myogenic markers Myogenin
and MEF2C showed total inhibition for siRNA-treated cells of either integrin. Data
represents the mean ± standard deviation of triplicate experiments. *P < 0.05.
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