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Chondrogenic precursor cells undergo chondrogenesis 
to differentiate into chondrocytes that will eventually 
be replaced by bone through endochondral ossification 

and articular chondrocytes that remain as cartilage until the 
onset of OA.  In endochondral ossification, chondrocytes stop 
dividing and increase in volume. They become hypertrophic 
chondrocytes that alter the matrix by adding type-X collagen 
and more fibronectin, enabling the matrix to be mineralized.  
The chondrocytes eventually die by apoptosis, resulting in the 
loss of the cartilaginous matrix and replacement with bone 
tissue.

Similarly in OA, seized maturation of articular chondrocytes 
switches to proliferation and hypertrophy.  Observable changes 
occur in the matrix as well.  The cells proliferate and express 
type-X collagen and alkaline phosphatase (Buckwalter, J. A. et 
al, 1997) and lay down more matrix (Aigner, T. et al. 1997; 
Martel-Pelletier, J. et al. 1999), causing. the cells to produce 
more enzymes to destroy the matrix, such as collagenases and 
aggrecanases, so the articular surface is worn away (Buckwalter, 
J. A. et al. 1997; Goldring, M. B. 2000; Martel-Pelletier, J. et 
al. 1999; Martel-Pelletier, J. et al. 2003).

BMP, which is a potent inducer of chondrocyte maturation, 
binds dimeric BMP receptor, which then phosphorylates 
Smad1, 5, and 8 (Miyazono, K. 2000).  The phosphorylated 
Smad proteins form a complex with Smad 4 which acts as 
a transcription factor (Massague, J. et al. 1997).  There is a 
balance between TGF-_ and BMP signaling in healthy cartilage.  
During OA, articular chondrocytes exhibit a decrease in TGF-
_ signaling and an increase in BMP signaling.  These cells can 
be triggered to cease maturation by TGF-_ (Ballock, R. T. et al. 
1993; Ferguson, C. M. et al. 2000; O’Keefe, R. J. et al. 1998) 
and to increase the rate of maturation by BMP-2 (Grimsrud, 
C. D. et al. 2001; Sailor, L. Z. et al. 1996), indicating that 
the balance between these pathways may induce the emergence 
of OA pathogenesis.  It has been speculated that the decrease 
in TGF-_ signaling leaves more Smad 4 available for complex 
formation in the BMP signaling pathway.  This disrupts the 
balance between TGF-_ and BMP and induces hypertrophic 
maturation of the cells. SMURF1 is an E3 ubiquitin ligase 
that marks Smad1, 5, and 8 for degradation by the proteosome 

(Zhu, H. et al. 1999).  

We over expressed SMURF1 in the murine chondrocyte 
precursor line C3H10T1/2 and chick articular chondrocytes 
to stimulate endogenous negative regulation of the BMP 
pathway. Our data indicates that this leads to strong inhibition 
of BMP in transfected C3H10T1/2 cells, while the results in 
chick ACs were not significant.  Correlating the results from 
our animal models and the molecular events of OA, we predict 
that this over expression of SMURF1 will effectively stop AC 
hypertrophic maturation and apoptosis, possibly providing a 
novel form of therapy to alleviate OA symptoms.

Materials and methods
Molecular Reagents
BMP-2 was a gift from The Genetics Institute (Cambridge, 

MA).  The 12XSBE-OC-luc plasmid and SV40-renilla 
luciferase plasmid were acquired from Dr. P. Luvalle (University 
of Calgary).  The flag-tagged SMURF1 mammalian expression 
plasmid with the CMV promoter was provided by Dr. J. Wrana 
(University of Toronto).  The empty vector CMV plasmid was 
sub-cloned in the Center for Musculoskeletal Research at the 
University of Rochester by Dr. Q. Wu.

Cell models and culture
Murine C3H10T1/2 cells were obtained from American 

Type Culture Collection.  These cells were maintained in 
cell culture flasks and used for experiments between P4 and 
P12.  Medium was changed every 48 hours, and the cells were 
passaged at ~90% confluency with trypsin-EDTA (Invitrogen) 
and fresh growth medium containing Hi-glucose DMEM 
(Invitrogen) supplemented with 5% fetal bovine serum (FBS, 
Invitrogen), 0.1% Penicillin-Streptomycin (Invitrogen), and 
50 _g/ml ascorbic acid (Sigma).

Primary articular chondrocytes were isolated from 6 to 7-
week-old chickens, which were sacrificed by CO2 and cervically 
dislocated.  The legs were dissected, removing the articular 
cartilage that was digested using trypsin, hyalurinodase, and 
collagenase.  Then the ACs were plated in 12-well plates at 
1.5x105 cells per well with 1 ml growth medium consisting 
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of Hi-glucose Dulbecco’s Modified Eagle Medium (DMEM, 
Invitrogen) supplemented with 5% fetal bovine serum (FBS, 
Invitrogen), 0.1% Penicillin-Streptomycin (Invitrogen), and 
50 _g/ml ascorbic acid (Sigma) per well and incubated for 24 
hours at 37°C with 5% CO2 to allow cellular adherence to the 
plate surface. Medium was changed prior to transfection.

Transfection
C3H10T1/2:  These cells were plated in 6-well plates at 

1x105 cells per well and transfected with the same plasmids 
using FuGENE 6 reagent (Roche Diagnostics).  The 
transfection ratio of FuGENE 6 to DNA was optimized for 
these cells following Roche’s protocol for optimization of cells 
in suspension.  High density micromass cultures were formed 
by plating the cells at 1x105 cells per 10 _l media in 24-well 
plates.  The micromasses were incubated for 1 hour to facilitate 
condensation step of chondrogenesis, then gently flushed with 
medium (Denker et al., 1999) and transfected 6 hours later.

Chick ACs:  24 hours after isolation, the ACs were 
transfected with CMV-SMURF1 or CMV-empty vector, 
12xSBE-OC-Luc, and SV40-renilla luciferase DNA vectors 
by lipofection using a Superfect transfection reagent (Qiagen) 
for 2.5 hours.  Then they were washed with 1X Phosphate 
buffer saline (PBS) (Gibco), the growth medium was replaced, 
and the cells were incubated for 24 hours.  Select cells were 
treated overnight with BMP-2 reconstituted at 100 ng/_l, then 
harvested for Luciferase assay.

DNA
Plasmid DNA Lab stock concentration
CMV-empty vector 0.3 _g/_l
CMV-SMURF1 1.539 _g/_l
12xSBE-OC-Luc 0.803 _g/_l
SV40-renilla luciferase 10 ng/_l
GFP 
CMV-SMURF1 was transfected into cells to over express 

SMURF1 in the cells that incorporate the plasmid.  CMV-
empty vector was used for the controls.  12xSBE-OC-Luc 
is a construct of 12 repeats of Smad binding elements and 
osteocalcin (a promoter that is very responsive to BMP) 
tagged to the firefly luciferase gene that shows activity when 
there is BMP signaling. SV40-renilla luciferase was used as a 
transfection efficiency control.  SV40 is constitutively active.  

Controls
The controls were transfected with the empty vector.  
The negative control was not treated with BMP-2.  Cells 

with SMURF1 plasmid but lacking BMP-2 were not expected 
to activate the pathway involving Smad 1, 5, and 8 because 
no BMP-2 ligand was available.  This controls for the effect of 
SMURF1 over expression in cells that were treated with BMP-
2, which were expected to show strong inhibition.

The positive control served as a basis for comparison.  Cells 
transfected with the empty vector were expected to show high 
luciferase activity in response to BMP-2.

Luciferase Assay
Luciferase assay was conducted using the Dual-Luciferase‚ 

Reporter Assay System (Promega).  24 hours after BMP-2 
treatment, cells were harvested by the following method: 

Growth medium rinsed out with 1X PBS, 100 _l passive 

lysis buffer (Promega), was added to each well, and the plates 
were placed on the shaker at room temperature for 45 minutes 
to allow the complete lysis of the cells.  The samples were 
stored at -80°C for 3 days maximum until the assay date, at 
which they were allowed to thaw at room temperature.  The 
assay was run according to the protocol provided by the kit 
using an Optocomp1 luminometer (MGM Instruments, Inc.).  
Readings were taken for 10 seconds per sample.

GFP Measurement
C3H10T1/2 cells were transfected with GFP as well as 

the other plasmids to optimize conditions.  Optimization 
was designed according to Roche’s suggestions.  These cells 
were plated at a concentration of 7.5x104 in 12-well plates.  
The DNA was given 15 minutes to form the complex for 
incorporation into the cells as recommended by Roche.  This 
FuGENE 6-DNA complex was added to the wells in a drop-
wise manner to increase overall transfection efficiency.  The 
cells were incubated for 48 hours and pictures were taken at 
20x using an AxioCam MR (Zeiss) camera with an exposure 
time of 47.211 seconds.  AxioVision LE was used to improve 
visualization, by applying the same parameters to all images.

Statistics
Results of all quantitative assays were analyzed via ANOVA 

with sample sizes  between 3 and 6 and calculated p-values of 
less than 0.05 being taken as indicative of significant differences 
between groups.

Results
Six trials for AC transfection were run.  Transfections were 

successful as indicated by high level of activity in the Luciferase 
assay data (read-out showed numbers above 1000).  However, 
12xSBE-OC-Luc did not consistently show a good response to 
BMP in the control cells.

 

Figure 1.  Articular chondrocyte BMP signaling was induced by BMP-2 but 
was not inhibited by Smurf1.  ACs were plated at 1.5x105 cells per well in 12-
well plates.  Control cells were transfected with CMV-empty vector plasmid.  
*When these cells were treated with BMP-2, they showed high levels of activity.  
Cells transfected with Smurf1 were treated with BMP-2 to test for inhibition.  
All cells were harvested for Luciferase assay following the procedure in Materials 
and Methods (p-value < 0.05, N=6).

The transfection of C3H10T1/2, using Superfect as the 
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lipofection reagent, was unsuccessful as indicated by luciferase 
read-out values below 1000.  Superfect may have been toxic to 
the cells, so FuGENE 6 was used as an alternate reagent.  The 
optimal transfection efficiency was achieved with a Transfection 
ratio (reagent:DNA) of 3:2. Transfection ratios of 6:1 and 3:1 
yielded poor results compared to 3:2.  6:1 gave only 10% of 
the efficiency of 3:2, while 3:1 gave approximately 20% of the 
transfection efficiency of 3:2. 

              

             

The 3:2 ratio was used for transfection of C3H10T1/2 in 
micromass and cells plated in monolayer in 6-well plates.  The 
cells were transfected 24 hours prior to formation of micromass 
due to post-trypsinization cell sensitivity.  All cells were treated 
with 100 ng/ml BMP-2 24 hours after transfection and 
harvested for Luciferase assay 24 hours after treatment.  Cells 
over expressing SMURF1 and plated in 6-well plates showed 
robust inhibition of BMP signaling when treated with BMP-2.  
Additionally, the positive control indicated that 12xSBE-OC-
Luc was highly responsive to BMP-2.

Figure 3.  10T1/2 BMP signaling was induced by BMP-2.  Signaling was 
significantly inhibited in Smurf1-transfected cells.  The cells were plated at 
1.5x105 cells per well in 12-well plates.  Cells designated for treatment with 
BMP-2 were treated with 100 ng/ml BMP-2, incubated for 24 hours, and 
harvested for Luciferase assay as described in Materials and Methods.  *The 
promoter was highly responsive to BMP.  **There was robust inhibition of 
BMP signaling in cells transfected with SMF1  (p-value < 0.05, N=3).

Initially, transfection of C3H10T1/2 was 24 hours prior to 
plating in micromass. They were fed 100 ng/ml BMP-2 after 24 
hours of incubation, and then harvested for the Luciferase assay 
24 hours after treatment. This transfection was ineffective as 
indicated by the low luciferase activity read-out.  One possible 
reason is that the cells may have needed more time to recover 
from lipofection before being plated in micromass cultures.  

Discussion
The pattern found in ACs may stem from 3 possibilities:
1) Basal BMP signaling in ACs may be low to begin with.  

Therefore, the inhibition may be too small in scale to detect 
with the Luciferase Assay.  Determination of basal BMP 
signaling will provide useful information for calibration or 
choice of a more sensitive assay method.

2) Transfection in ACs was not yet optimized for these 
particular plasmids with Superfect.  Although the Luciferase 
assay readings show transfection levels were sufficient to obtain 
a reading, this may not be optimum since only a few cells were 
actually over expressing SMURF1.

3) The final possibility is that SMURF1 does not act as a 
negative regulator of BMP signaling in ACs, although over 
expression of this inhibitor has had significant effects on other 
BMP-responsive tissues such as osteoblasts (Zhao, M. et al 
2004) and committed myogenic precursor cells (Ying, S. X. 
et al. 2003).

Transfection optimization of C3H10T1/2 indicated that a 
3:2 ratio of FuGENE 6:DNA was the optimum condition.  In 
the positive control, 12xSBE-OC-Luc was highly responsive to 
BMP as indicated by the Luciferase assay.  C3H10T1/2 cells 
transfected with SMURF1 and treated with BMP-2 showed 
strong inhibition while the BMP-2 signal was effectively 
blocked by overexpressed SMURF1 ubiquitin ligase.  This 
verifies that BMP signaling in C3H10T1/2 cells can be blocked 
by SMURF1, which targets Smad proteins involved in the 
pathway.  C3H10T1/2 represents the effect of BMP inhibition 
in chondrocyte precursor cells.  

Future work involves verifying that over expression of 
SMURF1 in articular chondrocytes (ACs) results in significant 
negative regulation of BMP signaling as seen in C3H10T1/2.  A 

Figure 2.  Results from suspension transfection optimization of C3H10T1/2 cells using FuGENE 6 showed that maximum transfection efficiency was obtained 
from a 3:2 ratio of FuGENE 6 to DNA.  Ratio of FuGENE 6 to DNA indicated across the top of the figure.  Cells were plated as with AC experiment.  They 
were transfected with the same plasmids in addition to GFP.
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complete understanding of these signaling pathways involved in 
the disease process would form the basis of future experiments 
designed to test the idea that BMP signaling inhibition could 
represent a potential therapeutic approach in the treatment of 
OA.
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