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Abstract
Muscle is one of the tissues located in close proximity to cartilage tissue. Although it has been
suggested that muscle could influence skeletal development through generating mechanical forces
by means of contraction, very little is known regarding whether muscle cells release biochemical
signals to regulate cartilage gene expression. We tested the hypothesis that muscle cells directly
regulate cartilage matrix production by analyzing chondrocytes co-cultured with muscle cells in
2D or 3D conditions. We found that chondrocytes cultured with C2C12 muscle cells exhibited
enhanced alcian blue staining and elevated expression of collagen II and collagen IX proteins.
While non-muscle cells do not promote cartilage matrix production, converting them into muscle
cells enhanced their pro-chondrogenic activity. Furthermore, muscle cell-conditioned medium led
to increased cartilage matrix production, suggesting that muscle cells secrete pro-chondrogenic
factors. Taken together, our study suggests that muscle cells may play an important role in
regulating cartilage gene expression. This result may ultimately lead to the discovery of novel
factors that regulate cartilage formation and homeostasis, and provide insights into improving the
strategies for regenerating cartilage.
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INTRODUCTION
Most of the bones in the human body are formed through the process of endochondral
ossification, where the initially formed cartilage serves as a template for bone formation 1,2.
Cartilage tissue consists of extracellular matrix (ECM) and the chondrocytes that secrete the
matrix 3. Cartilage ECM is composed mostly of proteoglycans and collagen fibers. In
cartilage ECM, proteoglycans such as aggrecan and versican, are bound to large quantities
of glycosaminoglycans (GAG), which are highly negatively charged and thus allow cartilage
to be resistant to compression 3. The other indispensable component of cartilage ECM is
collagen, which provides cartilage with the property of resisting tension. The major collagen
in hyaline cartilage is collagen II, whose helical structure is stabilized by other important
collagens such as collagen IX and collagen XI 4. Deficiency of these collagens could lead to
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congenital skeletal disorders such as hypochondrogenesis as well as early onset of arthritis
4–7.

Cartilage matrix production is controlled by many factors including growth hormone,
Parathyroid hormone related peptides (PTHrP), Fibroblast growth factors (FGFs) and TGFβ
family members (including BMP) 1. These signals are either provided to the cartilage
systemically (such as growth hormone), or supplied locally by both the tissues surrounding
the developing cartilage and the chondrocytes themselves.

Muscle is a tissue that lies immediately next to the developing cartilage tissue in the embryo
and remains in close proximity to the cartilage template after birth 8,9. Multiple pieces of
evidence indicate that muscle regulates skeletal development. For example, when muscle
was paralyzed by botulinum toxin, which abolished muscle contraction, the chicken embryo
showed abnormal joint formation and shortened bones 10. Mouse mutants that lack muscle-
specific proteins such as dystrophin/utrophin or myogenin also exhibited skeletal
abnormalities such as a curved spine or a reduced size of the skeleton 11–13. Consistent
with the phenotype of these mouse mutants, short stature and scoliosis are common features
of children with Duchenne Muscular Dystrophy 14,15. Despite these studies, it is still not
clear if muscle cells directly influence cartilage matrix production, which may be the
underlying mechanism of muscle-mediated skeletal regulation. Our hypothesis is that
muscle cells play an important role in regulating cartilage matrix production thereby
influencing skeletal structures. We tested this hypothesis by co-culturing chondrocytes with
muscle cells and showed that muscle cells provide biochemical signals to enhance cartilage
matrix production.

MATERIALS AND METHODS
Cell culture

Murine myoblast (C2C12) and murine mesenchymal (NIH-3T3) cell lines were purchased
from ATCC (American Type Culture Collection). Chicken embryonic fibroblasts (CEF) and
rat chondrosarcoma (RCS) cells were gifts courtesy of Andrew Lassar (Harvard Medical
School). Bovine fetlock joint were obtained from Research 87, Inc.:
http://www.research87.com/home.nxg, which supplies cadaver tissues to research
institutions. Bovine articular chondrocytes were then isolated from the articular surface of
the joints as previously described 16. Briefly, cartilage pieces were digested with 1 mg/ml
bovine hyaluronidase (Sigma) for 15 min followed by 30 min of 0.25% trypsin (Sigma)
digestion, and finally 15 hrs of 2mg/ml collagenase (Sigma) digestion. Single cell
suspension was obtained by passing the cells through a 40 μm cell strainer (BD
Biosciences). For monolayer cultures, cells were seeded at a density of 5 × 105/well of a 24
well plate. For 3D collagen gel cultures, cells were seeded at a density of 5 × 105/collagen
gel. Collagen gels were composed of 30% rat-tail collagen I (BD biosciences) and 1×
DMEM (Invitrogen) 17. A total of 50 μl of collagen gel mixture was used for each 3D
construct. All co-cultures were seeded at a ratio of 2:1 (RCS:C2C12). Cells were cultured in
DMEM with 10% FBS (Hyclone) and 1% pen/strep. DiI-labeling was performed according
to the manufacture’s protocol. Briefly, C2C12 cells were incubated with 1μM DiI
(Invitrogen) for 5 min at 37°C, followed by 15 min at 4°C. Afterwards, cells were washed
repeatedly with PBS and cultured in fresh medium.

Conditioned media preparation
C2C12 muscle cells were cultured at a confluency of 60–90%. The conditioned medium was
collected and filtered using a 0.22 μM filter (Millipore) and applied immediately to
chondrocyte cultures. For collecting conditioned medium from CEFs, the cells were infected
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with avian-retrovirus RCAS-GFP and RCAS-MyoD (constructs from Andrew Lassar,
Harvard Medical School). These viruses were generated according to the standard protocol
18, and titered by directly visualizing GFP expression (in the case of RCAS-GFP) or indirect
immunocytochemistry using anti-MyoD antibody (in the case of RCAS-MyoD). Viruses
with titers of at least 108 particles/ml were applied to CEFs at a concentration of 3 ul/500 ul
culture. After 3 days of virus infection, the conditioned media were collected and filtered for
subsequent use.

RT-PCR analysis
RNA was isolated from cell cultures using the RNeasy mini kit from Qiagen 19. All PCR
analyses were normalized based on GAPDH expression using the iQ5 Real Time PCR
Detection System (BioRad). Primer sequences are (all are listed from 5′ to 3′): rat GAPDH
(NCBI accession number X02231), 1131-GTTGCTGAGGAGTCCCCA-1147 (Forw) and
1258-CCTATTCGAGAGAAGGGA-1241 (Rev); rat Col IIa (NCBI accession number
NM_012929.2), 1972-AAGCAAGGTGACCAGGGTATTCCT-1995 (Forw) and 2255-
TTCTCGCCAACATCACCTCTGTCT-2232 (Rev); rat Col IX (NCBI accession number
NP_001102145), 1961-TCGTGGATGTGGTGCTGAAGATGA-1984 (Forw) and 2100 -
ATTGGGTCCCTGTTTGCCTGGATA-2083 (Rev); rat aggrecan (NCBI accession number
NM_0221190.1), 1363-AAGGACTGTCTATCTGCACGCCAA-1386 (Forw) and 1487-
TCACCACCCACTCCGAAGAAGTTT-1465 (Rev).

Histological analysis
Cultures were fixed with 4% paraformaldehyde, and then stained with hematoxylin and
eosin (H&E) according to standard protocol. For alcian blue staining, cells were incubated
with 1% (w/v) alcian blue overnight, followed by repeated washes with 0.1N HCl.
Quantification of alcian blue staining was carried out by applying 4M guanidinium chloride
to the stained cells then measuring the absorbance of the resultant solution at 590nm on a
spectrophotometer 20.

Immunocytochemistry
Cultures were fixed with 4% paraformaldehyde and incubated with primary antibodies
overnight. The primary antibodies used in this study are mouse anti-Collagen II (generous
gift from Dr. Tom Linsenmayer, Tufts University), MyoD (clone 5.8, Novocastra
Laboratories Ltd.), Collagen IX (generous gift from Dr. Tom Linsenmayer, Tufts
University), Myosin Heavy Chain (MHC) (MF20 from Dev.Stud.Hyb.Bank) 21 and rabbit
anti-Desmin (Abcam Cat#12500). After washing with PBS with 0.1% Tween (PBST),
cultures were incubated with secondary antibodies (conjugated with Alexa 488 (green) or
594 (red) from Invitrogen), followed by repeated washing. For detecting actin structures,
Alexa Fluor 594-conjugated phalloidin (Invitrogen) was applied to the fixed cells at 5 units/
ml for 30 min at room temperature. All cultures were counterstained with DAPI
(Invitrogen).

Microscopy
Bright field and fluorescent images from histological and immunocytochemistry analysis of
2D and 3D cultures were taken under the Olympus IX71 inverted microscope using
Olympus DP70 digital camera and associated software. For quantification of
immunofluorescent signals in 3D cultures, images were taken under the Zeiss LSM510
confocal microscope. For scanning electron microscopy analysis, 3D collagen gel culture
specimens were fixed in 1% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 for 4
h and stored in buffer overnight. The samples were then post-fixed in 1% osmium tetroxide
for 1 h, washed, dehydrated in ethanol, and critically point dried using an Edwards Auto 306
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Vacuum Evaporator equipped for general coating. The samples were sputter coated with
palladium–gold and observed using an ISI DS130 scanning electron microscope at Tufts
Imaging Facility.

Quantification of fluorescent images and statistical analysis
Relative protein levels were quantified by analyzing pixel intensity of the fluorescent images
using the computer program Image J 22,23. Values of pixel intensity were normalized to the
total chondrocyte numbers, which was determined by their round cell morphology and
Collagen II protein expression. Three repeats were carried out for each experiment, and for
each experiment 3–10 views of fields were photographed for quantification. For statistical
analysis, the mean and standard deviation were calculated. Statistically significant
differences (i.e. P<0.05) were determined by one-factor ANOVA with post-hoc Tukey test
using the statistics software SYSTAT12 (Systat).

Western Blot analysis
For Western Blot analysis, total protein lysates were obtained following a standard protocol
from confluent 6cm tissue culture plates that contained roughly 3×106 cells 24. The proteins
were separated by SDS-PAGE using BioRad mini-gel apparatus and blotted onto
nitrocellulose membranes using BioRad transfer apparatus. The membranes were blotted
with the following antibodies overnight: rabbit anti-Collagen II (Abcam, Ab34712), rabbit
anti-Desmin (Abcam, Ab12500) and mouse anti-GAPDH (Abcam, Ab8245). After repeated
washing, the membranes were hybridized with secondary antibodies of goat anti-mouse or
goat anti-rabbit HRP conjugated antibodies (Calbiochem). The signals were developed using
Pierce ECL substrate (cat# 32106), and Kodak films exposed to chemiluminescent signals
were developed in Kodak M35A X-OMAT processor.

RESULTS
Muscle cells promote cartilage gene expression in RCS chondrocyte cell line in 2D co-
cultures

We evaluated the effect of muscle cells on cartilage cells by co-culturing these two cell
types as monolayer cultures. For muscle cells, we selected C2C12 (mouse muscle cells), the
most widely used muscle cell line in studying muscle differentiation and in muscle tissue
engineering 25–27. For cartilage cells, we selected RCS (rat chondrosarcoma cells), which
has the same culture condition as C2C12 cells (DMEM with 10% FBS); and is a commonly
used cell line for studying cartilage homeostasis, cell cycle control and cartilage matrix gene
expression 28–36. We chose muscle and cartilage cells of mouse and rat origins
respectively, as the mouse and rat species are closely related but also different which would
allow us to perform RT-PCR analysis on only chondrocyte gene expression using rat-
specific primers. To confirm that chondrocytes and muscle cells maintain their phenotypes
when co-cultured, we labeled C2C12 cells, but not RCS chondrocytes, with lineage tracer
DiI. When cultured separately, these two cells types exhibit a distinct difference in cell
shape. C2C12 muscle cell have an elongated, fibroblast-like morphology, while RCS
chondrocytes are rounded in shape (Fig. 1A). When co-cultured, DiI-positive cells still have
the fibroblast-like morphology, while all unlabeled cells maintain a round morphology. This
indicates that muscle cells and chondrocytes do not change their morphology upon co-
culturing (Fig. 1A). Furthermore, our immunocytochemistry analysis showed that in co-
cultures, all RCS cells continued to express cartilage marker Collagen II 28. Similarly, all
C2C12 cells continued to express muscle marker Desmin 37 (Fig. 1B). While some muscle
cells are at the mononuclear myoblast stages, other muscle cells have fused into myotubes
(Fig. 1B). The presence of both cartilage and muscle markers suggests that these two
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different cell lines maintained their cartilage and muscle phenotype respectively when co-
cultured (Fig. 1A and 1B).

We further evaluated cartilage matrix production through histological and
immunocytochemistry analysis. We found that when compared with RCS chondrocytes
cultured alone, chondrocytes co-cultured with muscle cells exhibited stronger basophilic
H&E staining and more intense alcian blue staining (Fig 2A and 2B), suggestive of the
presence of more glycosaminoglycans (which are negatively charged) in co-cultures 3. As
we established that muscle cells maintain their muscle identity when co-cultured (Fig 1B),
we believe that the increase in alican blue intensity in the co-culture is due to increased
amount of cartilage matrix produced by the chondrocytes. It seems that upon co-culturing,
muscle cells herd the chondrocytes into clusters and the chondrocytes assume a rounder
phenotype (Fig. 2A and 2B). Furthermore, chondrocytes (RCS) co-cultured with mouse
C2C12 muscle cells expressed higher levels of collagen II and collagen IX proteins (Fig.
2C-2E). To confirm our quantification result from immunofluorescent signals, we performed
Western Blot analysis to evaluate Collagen II protein expression in RCS chondrocytes
cultured alone or co-cultured with mouse muscle cells. We again found that RCS
chondrocytes co-cultured with C2C12 cells expressed a higher level of Collagen II (Fig. 2F).
Interestingly, qRT-PCR analysis indicated that the mRNA levels of cartilage-specific genes
(Collagen II, Collagen IX and Aggrecan) were not significantly altered by the presence of
muscle cells (Fig. 2F), suggesting that in our 2D cultures, muscle cells promote cartilage
matrix production primarily at the post-transcriptional level.

To evaluate whether muscle cells also have the same effect on primary chondrocytes, we
cultured primary bovine articular chondrocytes (BAC) with C2C12 muscle cells. We found
that co-cultured primary chondrocytes also exhibited stronger alcian blue staining and
collagen II staining than those of chondrocytes cultured alone (Fig. 3A–D). Taken together,
our results demonstrate that C2C12 muscle cells increase the expression of cartilage matrix
proteins in a chondrocyte cell line as well as in primary chondrocytes.

Non-muscle cells do not promote cartilage matrix production in RCS chondrocytes
We then asked whether the effect on cartilage gene expression is specific to muscle cells or
if other cell types could also promote matrix production when co-cultured with
chondrocytes. Thus we co-cultured RCS chondrocytes with the non-muscle mesenchymal
cell line NIH3T3. We found that NIH3T3 also herded the chondrocytes into clusters, similar
to the way C2C12 muscle cells herd the chondrocytes in co-cultures (Fig. 4A). Compared
with RCS chondrocytes cultured alone, chondrocytes co-cultured with NIH3T3 did not
exhibit increased Collagen II expression after 4 days of culturing (Fig. 4A and 4B).
Furthermore, chondrocyte-NIH 3T3 co-cultures exhibited a much lower level of alcian blue
staining compared with chondrocytes cultured alone (Fig. 4C). This result indicates that
non-muscle cells NIH3T3 do not promote cartilage matrix production in RCS chondrocytes.
This result also suggests that confinement of chondrocytes into a smaller growth space, a
process that benefits chondrocyte differentiation from progenitor cells 38, is not sufficient to
promote cartilage matrix production in already-formed chondrocytes.

Muscle cell-secreted factors promote collagen II and collagen IX expression
To test if muscle cells promote cartilage matrix production by releasing secreted factors into
the medium, we cultured RCS chondrocytes in C2C12 muscle cell-conditioned medium. We
noticed that chondrocytes cultured in the conditioned medium of C2C12 muscle cells looked
rounder and less flattened than chondrocytes cultured in regular medium (Fig. 5A), similar
to what we observed in muscle-cartilage cell co-cultures (see Fig. 2A). This difference in
morphology correlates with a change in the actin cytoskeleton, which is reflected by
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Phalloidin staining (Fig. 5B). It seems that chondrocytes cultured in muscle cell-conditioned
medium have a more compact pattern of actin structure. This actin structure is similar to that
observed in differentiated primary bovine chondrocytes, but not in de-differentiated
chondrocytes (S-Fig. 1). Furthermore, we found that chondrocytes cultured in muscle cell-
conditioned medium exhibited a higher level of Collagen II and Collagen IX protein
expression in our quantification analysis of the immunofluorescent signals (Fig. 5B and 5C).
This result is further confirmed by Western Blot analysis on RCS cells cultured in C2C12
conditioned medium (Fig. 5D). RCS cells cultured in both 50% and 100% C2C12
conditioned medium exhibited a significant increase in Collagen II protein expression as
compared with those cultured in the regular medium (Fig. 5D). These results suggest that
muscle cells may secrete pro-chondrogenic factors.

We further confirmed this notion by culturing RCS chondrocytes in the conditioned medium
from either a non-muscle cell type or a converted muscle cell type. Primary chick embryo
fibroblasts (CEF) are non-muscle cells, and they can be converted into muscle cells when
infected with MyoD-expressing viruses. MyoD is a master regulator of myogenesis and can
transform many non-muscle cells into muscle cells 39. Indeed, infection of CEF by avian-
specific retrovirus RCAS-MyoD induced the expression of muscle-specific markers Desmin
and Myosin, while GFP-infected CEFs did not express any of the muscle markers (Fig. 6A).
This shows that MyoD infection has converted the CEFs into muscle cells. When we applied
CEF-MyoD-conditioned medium to the RCS chondrocytes, we observed a two-fold increase
in Collagen II protein expression and a five-fold increase in Collagen IX protein expression
as compared with CEFs treated with CEF-GFP control medium (Fig. 6B–6D). Since the
avian retroviruses (GFP and MyoD) present in the conditioned medium do not infect rat
cells, this result suggests that factors released from converted muscle cells promoted
cartilage gene expression.

Muscle cells promote cartilage matrix production in RCS chondrocytes in 3D co-cultures
To evaluate the effect of muscle cells on cartilage matrix production in 3D cultures, which
recapitulates in vivo situation more accurately, we seeded RCS chondrocytes and C2C12
muscle cells into 3D collagen gels. In collagen gels, RCS chondrocytes exhibited a round
morphology when cultured either alone or with muscle cells (Fig. 7A). Strikingly, our bright
field and scanning electron microscopic images showed that upon co-culturing, muscle cells
formed a 3D lattice-like structure, separating the round chondrocytes into individual
compartments (Fig. 7A). Consistent with our 2D analysis, our alcian blue staining on 3D
cultures showed enhanced alcian blue staining in co-cultured chondrocytes (Fig. 7B). Our
immunocytochemistry analysis confirmed that the cells surrounding the chondrocytes are
indeed muscle cells, as they are Desmin-positive (Fig. 7C). In addition, we found that co-
cultured chondrocytes had stronger Collagen II and Collagen IX protein expression (Fig.
7D). We further analyzed the mRNA expression of cartilage matrix genes by qRT-PCR. We
found that muscle cells enhanced the mRNA expression of Collagen II and Aggrecan (Fig.
7E), while we did not observe such as an effect in our 2D cultures (Fig. 2F). However, in
both 2D and 3D cultures, co-culturing with muscle cells did not lead to a significant change
in Collagen IX mRNA expression (Fig. 7E). It is possible that 3D culturing may favor the
interaction between muscle and cartilage cells, as both cartilage and muscle tissues function
in a 3D environment. Nevertheless, both 2D and 3D culture results show that, at the protein
level, muscle cells promoted cartilage gene expression in chondrocytes.

DISCUSSION
In this investigation, we tested the hypothesis that muscle cells regulate cartilage gene
expression by analyzing chondrocytes co-cultured with muscle cells in 2D and 3D
conditions. We showed that chondrocytes cultured with muscle cells exhibited enhanced
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alcian blue staining, which is indicative of increased GAG content 3. In addition,
chondrocytes co-cultured with muscle cells showed elevated expression of collagen II and
collagen IX proteins. We propose that muscle cells achieve this effect through secreted
factors as muscle cell-conditioned medium also led to increased cartilage matrix production.

Muscle regulation of cartilage development
It has long been suggested that muscle could influence skeletal development through
mechanical forces generated by muscle contraction 10,40. Support for this notion stems
from earlier experiments in which muscle movement was abolished either by neurotoxin or
extraction of amniotic fluid, leading to reduced skeleton size or abnormal joint structures
10,41. Thus these authors suggest that the altered mechanical stimuli can be sensed by the
developing cartilage. However, it is not clear how these treatments had altered cartilage
matrix gene expression. Consistent with this theory, in vitro stress testings indeed show that
mechanical forces can directly affect cartilage development 42,43.

Our results suggest that muscle may also influence skeletal development by releasing
biochemical signals outside the muscle cells. Indeed, muscle secretes a variety of growth
factors or cytokines that can be carried away by blood or interstitial fluid 44–47. Among
them is the known pro-chondrogenic factor IGF-I 43,46. In our experiments, we did not
specifically select muscle cells of different stages (myoblast and myocyte or myotube),
which have different gene expression profiles 45,48. It is not clear whether IGF-I or other
unknown factors are responsible for muscle cell-mediated cartilage regulation in our
experimental settings. Our work is consistent with the study which showed that mouse
muscle-derived stem cells were co-cultured with human nucleus pulposus cells,
proteoglycan expression of the nucleus pulposus cells were increased 49. The fact that
muscle cells secrete pro-chondrogenic factors is also consistent with the results from
studying muscle-specific gene knockouts and muscle paralysis models. While knocking out
muscle-specific genes would affect the profile of muscle secreted factors 11,13, muscle
paralysis would inevitably lead to muscle atrophy and myocyte cell death 50, thereby also
leading to altered muscle cell-derived biochemical signals.

Differential control of mRNA and protein expression in chondrocytes
The expression of cartilage ECM can be regulated at both the mRNA level and the protein
level. It is known that cartilage gene expression is regulated by many factors at the
transcriptional level. Transcription factors such as Sox9 family members, Nkx3.2, Groucho,
PGC1a, Delta-EF1 or AP2, all control the transcription of cartilage matrix genes 17,28,51–
54. We have found that muscle cells strongly promote cartilage matrix production at the
protein level. It is possible that muscle cells regulate cartilage ECM at the level of
translational control, or at the level of matrix degradation and maintenance. Thus it will be
intriguing to investigate whether muscle cells affect the expression of cartilage degradation
enzymes (such as MMPs and ADAMTs) or MMP inhibitors, Timps 55–57. Future studies
will focus on the mechanism by which muscle cells regulate cartilage gene expression.
Identification of novel factors and regulatory pathways will undoubtedly have a positive
impact on the understanding of skeletal diseases and the technology of cartilage
regeneration.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. RCS chondrocytes and C2C12 muscle cells maintain their phenotypes in 2D co-cultures
A. C2C12 cells were labeled with DiI (red), and exhibit elongated morphology in co-
cultures. RCS cells were unlabeled, and are round-shaped. BF, bright field. After co-
culturing for 2 days, both cell types maintained their cell morphology. Scale bars, 20μm. B.
In co-cultures, all RCS chondrocytes continue to express Collagen II (cartilage marker,
green), while DiI-labeled C2C12 muscle cells continue to express Desmin (muscle marker,
green). The specificity of the antibodies were confirmed by staining with secondary
antibodies alone (See Supplemental Fig. 2). BF, bright field. Dapi, nucleus staining.
Overlay, merged images of Collagen II, Desmin, Dapi and Bright field. Scale bars, 20μm.
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Fig. 2. C2C12 muscle cells enhance cartilage matrix production in RCS cells in 2D co-cultures
A. H&E and alcian blue staining after 4 days of culture. Co-cultured chondrocytes showed
stronger basophilic staining than chondrocytes cultured alone. No alcian blue staining was
observed for C2C12 muscle cells cultured alone (data not shown). Scale bars, 20μm. B.
Alcian blue quantification. Values shown are the absorbance values at 590nm when
dissolved in 4M GuCl after being normalized to the total chondrocyte number. C.
Immunocytochemistry analysis of Col II (red). For a negative IgG control, see S-Fig. 2A.
BF, Bright field. D. Immunocytochemistry analysis of Col IX (red). BF, Bright field. For a
negative IgG control, see S-Fig. 2A. E. Quantification of relative Col II and Col IX protein
level based on immunofluorescent intensities (pixels) using the program “Image J”. Values
are normalized to total chondrocyte number. * indicates: P<0.05 in statistical analysis (n=4).
F. Western Blot analysis on cell lysates obtained from RCS cultures, C2C12 cultures, and
RCS and C2C12 co-cultures. As we were unable to locate an antibody that reacts
specifically to rat GAPDH, but not mouse GAPDH, we normalized the protein loading to
the number of RCS chondrocytes. Desmin, a muscle-specific protein, in only present in
lysates of C2C12 cells. G. qRT-PCR analysis of Col II, Col IX and Aggrecan mRNA levels.
Green, RCS alone; Blue, RCS-C2C12 co-cultures.
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Fig. 3. C2C12 muscle cells promote cartilage matrix production in primary bovine articular
chondrocytes (BAC) in 2D cultures
A. Alcian blue staining after 4 days of culturing. Low mag (low magnification), 10X; high
mag (high magnification, 40X). Some BAC cells had a de-differentiated morphology when
cultured alone. Scale bars, 20μm. B. Quantification of alcian blue staining from 3 culture
replicates. Values shown are the absorbance values at 590nm when dissolved in 4M GuCl. *
denotes: P<0.05 in statistical analysis. C. Immunocytochemistry analysis of Collagen II
staining (red). Muscle cells are not positive for Col II. D. Quantification of relative Collagen
II protein level, using Image J. The values are fluorescent signal intensities of the entire
microscopic views of BAC and BAC+C2C12 cells, and not normalized to total numbers of
chondrocytes. * denotes: P<0.05 in statistical analysis (n=4).
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Fig. 4. Non-muscle NIH3T3 cells do not promote cartilage matrix production in 2D cultures
A. Collagen II immunostaining (red) after co-culturing RCS chondrocytes with NIH3T3
cells for 4 days. Scale bars, 20μm. B. Quantification of Col II fluorescent intensity using the
program Image J. Values are normalized to total number of chondrocytes.. * denotes:
P<0.05 in statistical analysis (n=4). C. Quantification of alcian blue staining from 3 culture
replicates. Values shown here are the absolute values of absorbance reading at 590nm when
dissolved in 4M GuCl.. * denotes: P<0.05 in statistical analysis.
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Fig. 5. The effect of muscle cell-conditioned medium on chondrocyte cell morphology and
cartilage expression in 2D cultures
A. Bright field (BF) images of RCS chondrocytes cultured in regular medium or C2C12
muscle cell conditioned (CM) medium for 3 days. Cells cultured in C2C12 CM have a more
rounded morphology. Scale bars, 20μm. B. Phalloidin (red) and collagen II (green) staining
of RCS chondrocytes, indicating a change of cytoskeleton structures upon culturing in
muscle cell-conditioned medium. Arrows: cells with rounder morphology. C. Quantification
of relative Col II and Col IX protein levels using the program Image J. The intensity values
shown here were normalized to total cell numbers. * denotes: P<0.05 in statistical analysis
(n=4). D. Western blot analysis on Collagen II protein expression in RCS chondrocytes
grown in their culture medium or medium containing 50% and 100% C2C12 conditioned
medium. Medium was changed daily. GAPDH, loading control.
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Fig. 6. Cells converted into muscle cells promote cartilage gene expression
A. Chicken embryo fibroblasts (CEF) were infected with avian-specific retroviruses GFP
(control) and MyoD. Three days after administration of MyoD virus into the medium, many
CEFs were positive for MyoD (red), as well as muscle-specific markers Desmin and Myosin
(red). Control, GFP virus infection. The muscle marker stainings were overlaid with Dapi
staining. B. Immunofluorescent analysis of Col II protein expression in RCS chondrocytes
cultured in CEF-GFP and CEF-MyoD conditioned medium (CM) (3 days of culture). C.
Analysis of Col IX protein expression by immunostaining in RCS chondrocytes cultured in
CEF-GFP or CEF-MyoD conditioned medium (CM) (3 days of culture). D. Quantification
of Col II and Col IX protein expression using the program Image J. Values are normalized to
total chondrocyte number. * denotes: P<0.05 in statistical analysis (n=4).
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Fig. 7. Analysis of RCS chondrocytes and C2C12 muscle cells in 3D collagen gels
A. Morphological analysis of 3D cultures using light (BF) and scanning electron microscopy
(SEM). Scale bars, 20μm. B. Quantification of alcian blue staining with A590nm
spectrophotometer reading from 3 culture replicates. Values are normalized to the total
chondrocyte number. No alcian blue staining was observed in C2C12 muscle cells cultured
alone (data not shown). * denotes: P<0.05 in statistical analysis. C. Immunocytochemistry
analysis of collagen II (red) and Desmin (green) expression. D. Quantification of Col II and
Col IX protein levels in 3D cultures using the program Image J. The fluorescent intensities
from confocal images are normalized to total chondrocyte number. * denotes: P<0.05 in
statistical analysis (n=6). E. qRT-PCR analysis of Col II, Col IX and Aggrecan mRNA
levels in 3D cultures. Green, RCS alone; Blue, RCS-C2C12 co-cultures.
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