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Purpose: Dupuytren's fibroblasts, or myofibroblasts, are the primary cell type in Dupuytren's disease. 
Growth factors play a role in the differentiation of fibroblasts to myofibroblasts. Myofibroblasts are 
specialized fibroblasts that display morphologic and biochemical features similar to smooth muscle 
cells. Cytokines, adhesion molecules, and extracellular matrix components are all thought to play a role 
in myofibroblast transdifferentiation. Recent research has shown that specific cytokines, such as 
transforming growth factor {31 (TGF-{31), can modulate myofibroblast expression. We hypothesize that 
bone morphogenetic proteins (BMPs) play a role in the modulation of Dupuytren's fibroblasts. 

Methods: Dupuytren's fibroblasts and normal palmar fascia fibroblasts (control) were analyzed for 
messenger RNA expression of BMPs (BMP-1, -2, -3, -4, -5, -6, -7, -8, -9, -1 0 and -11 ), their receptors 
(BMPR-IA, BMPR-IB, and BMPR-11), and their antagonists (follistatin and noggin) by reverse-transcrip­
tion polymerase chain reaction (PCR). Western blot analysis and immunostaining also were used to 
confirm the differential expression of BMP-4. 

Results: With reverse-transcription PCR the expression profile for normal palmar fascia fibroblasts 
versus Dupuytren's fibroblasts was found to show similar expression of BMP-1 and -11; qualitatively 
decreased expression of BMP-6, BMP-8, BMPR-IA, BMPR-IB, and BMPR-11 in Dupuytren's fibroblasts; 
and no expression of BMP-4 in Dupuytren's fibroblasts. There was no expression of BMP-2, -3, -5, -7, 
-9, and -10 in both the control fibroblasts and Dupuytren's fibroblasts. In line with the messenger RNA 
expression pattern BMP-4 was detected in only the control fibroblasts and not in the Dupuytren's 
fibroblasts, whereas BMP-8 (chosen for comparison purposes) was detectable in both cell populations. 
lmmunostaining for BMP-8 and BMP-4 confirmed our findings with reverse-transcription PCR and 
Western blot analysis. 

Conclusions: This study reports on the expression of BMPs in Dupuytren's fibroblasts. We character­
ized the expression of BMPs in both normal palmar fascia fibroblasts and in Dupuytren's fibroblasts 
through reverse-transcription PCR, Western blot analysis, and immunostaining. The most significant 
difference in expression profiles was in the expression of BMP-4; that is, BMP-4 was expressed in the 
normal fibroblasts but not in the Dupuytren's fibroblasts. Whether BMP-4 is necessary and/or sufficient 
for maintaining a normal palmar fascia fibroblast phenotype is not yet known. Further studies are 
needed to elucidate the exact role of BMPs, and especially BMP-4, in Dupuytren's fibroblasts. (J Hand 
Surg 2004;29A:809-814. Copyright© 2004 by the American Society for Surgery of the Hand.) 

Key words: Bone morphogenetic proteins, Dupuytren's, hand, immunostaining, myofibroblasts. 

From the Mu�culo;keleial Research Center. Departmerll of Orthopaedic Surger). YU-Ho;pital for Joint Di\ea,e>. ew York. Y: and the Depanment 
of Veterinary Diagnostic Medicine. College of Veterinary 1edicine. Uni,cr'>it) of 1\linnesota. St. Paul. M . 

Recei,ed for publication December 17. 2003: accepted in re' i'>ed form Februar) 20. 2004. 
upported by the ational Institutes of Health (I ational ln,titutc' of Health RO I AR45612-0 I A2 and National ln,titutes of Health RR 14099) and the 

Orthopaedic Education Re>earch Foundation. 

o benefit> in any form have been received or will be received from a commercial party related directly or indirectly to the >ubject of this article. 
Reprint reque>b: Paul E. Di Ce,are. MD. Mu,culo,keletal Re;,carch Center. Ho;pital for Joint Di>ea>e>. 30 I E. 17th St. ew York. Y I 0003. 
Copyrighr © 2004 by the American Society for Surgery of the Hand 

0363-5023/W/29A05-0006 30.00/0 
doi: I 0.10 16/j.jhsa.200�.02.008 

The journal of Hand Surgery 809 



810 The journal oi Hanel Surgery I Vol. 29A No. 5 September 2004 

The myofibroblast is the primary cell type in Du­
puytren's disease. a fibroproliferative disorder of the 
palmar fascia that is characterized clinically by pro­
gressive flexion deformities of the digits. 1 Cords and 
nodules are formed within the diseased palmar fas­
cia, and it is the nodules that are rich in myofibro­
blasts. Myofibroblasts are specialized fibroblasts that 
display morphologic and biochemical features simi­
lar to smooth muscle cells. [n particular they express 
a-smooth muscle (a-SM) actin, a major component 
of the microfilaments that traverse the cell along its 
long axis and are related to the myofibroblast's abil­
ity to generate contractile force.2 5 

Cytokines, adhesion molecules, and extracellular 
matrix components are all thought to play a role in 
myofi broblast transdi fferentiation. Platelet-derived 
growth factor, transforming growth factor-a (TGF­
a), tumor necrosis factor-a. interleukin-1. basic fi­
broblast growth factor, granulocyte-macrophage col­
on y-sti mulati ng factor, endothel in, i nterferon-y. and 
TGF-{31 all have been implicated as modulators of 
the conversion of fibroblasts to myofibroblasts.6 
Among the cytokines, TGF-{31 has received the most 
attention as an inducer of myofibroblast transdiffer­
entiation because it is capable of up-regulating fibro­
blast a-SM actin and collagen in fibroblasts both in 
vivo and in vitro. 7 Evans et al8 showed in an in vitro 
model that the phenotypic and functional changes 
associated with TGF-{31-induced pulmonary fibro­
blast-myofibroblast differentiation are regulated dif­
ferentially by Smad proteins. especially Smad2, 
Smad3, and Smad4. 

Along with TGF-{3 isoforms and activins. BMPs 
constitute I of the 3 major groups of proteins in the 
TGF-{3 superfamily.9 BMPs are present in several 
tissues, notably cartilage and bone but also others. 
They regulate biologic processes as diverse as cell 
proliferation. cell differentiation, cell determination, 
and apoptosis. They are involved in the development 
of nearly all organs and tissues including somites. 
lung, kidney, and the skeletal system. At the cellular 
level BMP cell signaling involves a complex cas­
cade. BMPs bind to a cell surface receptor complex 
(BMP-R) that possesses serine-threonine kinase ac­
tivity.10 12 On binding of BMPs to the type I recep­
tor (BMP-Rl). the type II receptor (BMP-Rll) asso­
ciates with the BMP-RI. which it phosphorylates. 
This phosphorylation triggers the activation of down­
stream signaling cascades that result in the phosphor­
ylation of a class of DNA-binding proteins called 
Smads. BMP-R phosphorylates only Smad-1 and 
Smad-5, whereas TGF-{3 receptor activates Smad-2 

and Smad-3. Activation of Smad-1 or Smad-5 allow� 
their heterodimerization with Smad-4. This complex 
translocates from the cytoplasm into the nucleu� 
where it interacts with various transcription factors to 
regulate gene expression. 

The purpose of this study was to characterize the 
expression of BMPs in both normal palmar fascia 
fibroblasts and Dupuytren's fibroblasts. 

Materials and Methods 
Cells 
Dupuytren's fibroblast and normal palmar fascia fi­
broblast cell lines were generously provided by Dr. 
James J. Tomasek of the University of Oklahoma 
Health Sciences Center. Dupuytren's fibroblasts 
were obtained from nodules and cords harvested at 
the time of partial fasciectomy for Dupuytren's dis­
ease. ormal palmar fascia was harvested from pa­
tients without Dupuytren's disease who had an open 
carpal tunnel release. 

Reverse-Transcription PCR 
Total R As were isolated from Dupuytren's fibro­
blast and normal palmar fascia fibroblast cell lines 
(RNAeasy kit; Qiagen. Valencia. CA). One micro­
gram of total RNA per sample was reverse-tran­
scribed in a 20-fLL sample volume consisting of 500 
ng oligonucleotide (deoxythymidine ldT 1), 15.500 
fLmoi/L deoxyribonucleoside triphosphate (dNTP). 
25 mmoi/L Tris-HCI (pH 8.3), 37.5 mmol/L KCI. 1.5 
mmol/L MgCI2, 10 mmoi/L dithiothreitol, and 200 U 
Superscript I I  (Superscript I I ;  Life Technologies. 
Grand Island, 1Y) for 50 minutes at 42°C and then 
70°C for 15 minutes. 

The PCR primers used are outlined in Table l. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was amplified as a control for the reverse-transcrip­
tase reaction. For each set of primers the PCR am­
pi ification was performed using 5 fLL of the reverse­
transcription product in a final reaction volume of 25 
fLL containing 20 mmoi/L Tris-HCI (pH 8.4), 50 
mmoi/L KCI. 1.5 mmoi/L MgCI2, 200 mmoi/L each 
d TPs, 200 nmoi/L each primer. and 0.5 U Taq 
polymerase (Life Technologies). Positive controls in 
each case consisted of the respective D A plasmid 
sequence to ensure integrity of the system. After 
initial denaturation at 94°C for 4 minutes, 38 cycles 
of PCR were performed in a thermal cycler (Perkin 
Elmer GeneAmp 2400: Perkin Elmer. Foster City. 
CA). Each cycle included denaturation at 94°C for I 
minute. annealing at either 59°C ( BMP-1, -2, -4, -6. 
-7, -9, -10, - I I )  or 63°C ( BMP-3. -5, -8) for 90 
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Table 1. Oligonucleotide Primers Used for Reversed-Transcription PCR 

Target Template PCR Primers Product Size (bp) 

BMP-1 51-AGGT ACAGCAGGCTGTGGAT 563 
51 -AACTTCCTGAAGATGGAGCC 

BMP-2 51-TTGCGGCTGCTCAGCATGTT 315 
5'-TTCCGAGAACAGATGCAAGA TG 

BMP-3 51-AGGTCTCTGAACACATGCTG 604 
51 -A TCAAGCTT ACAGGGACACC 

BMP-4 51 -AGCCATGCT AGTTTGAT ACC 382 
5'-TCAGGGATGCTGCTGAGGTT 

BMP-5 51-AGACAATCATGTTCACTCCAGTT 722 
51 -AGCTGT AAGCCCAAA TT A TTCTGG 

BMP-6 51-ACATGGTCA TGAGCTTTGTGA 528 
51 -GT AGAGCGA TT ACGACTCTGT 

BMP-7 51 -CAGCCTGCAAGAT AGCCA TT 276 
51 -AA TCGGATCTCTTCCTGCTC 

BMP-8 51-CGTGCAGCGCGAGATCCTGG 539 
51 -GCCTCT A TGTGGAGACTGAG 

BMP-9 51-GAAGATGTTTCTGGAGAACG 914 
51 -GCTTCTTCCCCTTGGCTGAC 

BMP-1 0 51-CAGCTT ACTTGGTTTCTGGC 649 
51 -CGGCT AGAAAT AGAT ACCAG 

BMP-11 51-TGCAGCAGA TCCTGGACC 545 
5 I -GGAGCTTCGAGTCCT A GAGA 

BMPR-IA 51-TGTTCAAGGACAGAATCTGG 399 
5 '-TTGATGGCAGCA TTCGATGG 

BMPR-IB 51-AAGAAAGAGGA TGGTGAGAG 791 
51-CCTGGACCCAGTTGT ACCT A 

BMPR-11 51 -AGATCCGT A TCAGCAAGACC 983 
5 I -GGCTGACTGGAAA T AGACTG 

Noggin 51 -GCACCCAGCGACAACCTGCCC 425 
5 I -GCTGCCCACCTTCACGT AGCG 

Follistatin 51-GAACTGAGCAAGGAGGAGTG 571 
51 -CACTTTCCCTCAT AGGCT AATCC 
51 -ATATGTGGAGGTGCCATCAAT 452 

GAPDH 5 I -ACCACAGTCCA TGCCA TCAC 

seconds, and extension at 72°C for 90 seconds, with 
a final extension of 7 minutes at 72°C. Five micro­
liters of PCR-amplified sequences then were electro­
phoresed and analyzed on 1.0% agarose-ethidium 
bromide gels. The intensity of each band was com­
pared with the expression of GAPDH (serving as an 
internal control). 

Hercules, CA). Twenty micrograms of proteins were 
subjected to 4% to I 5% sodium dodecyl sulfate­
polyacrylamide gel electrophoresis and electrotran -
feLTed onto a polyvinylidene difluoride membrane. 
The membrane was rinsed in a PBS solution contain­
ing 0.1% Tween 20 (PBS-T) and blocked by incu­
bation in 5% weight/volume dried milk dissolved in 
0.1% PBS-T solution. Membranes were washed in 
0.1% PBS-T and incubated at room temperature with 
either primary antibody to mouse monoclonal anti­
bodies BMP-4 or rabbit polyclonal antiserum to 
BMP-8 (1:500 dilution, Santa Cruz Biotechnology, 
Santa Cruz. CA). After the PBS-T washes, mem­
branes were incubated with appropriate secondary 
goat anti-rabbit or anti-mouse antibodies conjugated 
by horseradish peroxidase. Membranes were washed 
in 0.1% PBS-T and then subjected to enhanced 
chemiluminescence detection. 

Western Blot 
Both Dupuytren's fibroblast and normal palmar fas­
cia fibroblast cells were cultured in Dulbecco' mod­
ified Eagle medium with I 0% fetal bovine serum. 
Confluent dishes were washed with phosphate-buff­
ered saline (PBS) and then lysed in cell lysate buffer 
(PBS, pH 7.4, 1% Triton X-1 00, and 5 mmol/L 
ethylenediaminetetraacetic acid). Lysates were oni­
cated briefly and the protein concentrations were 
determined by using a protein assay kit ( BioRad, 
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lmmunosta ini ng 
Paraffin section· of Dupuytren's tissue were immu­
nostained for BMP-4 and BMP-8. Section were 
dcparaffinized and rehydrated, followed by an enzy­
matic pretreatment of hyaluron idasc at I mg/m L in 
Tri buffer. pH 7.4. for 20 minutes at room temper­
ature. A protein block (Dako Serum-Free Protein 
Block: Dakocytomation. Fort Collins. CO) was ap­
plied for lO minutes at room temperature before 
incubation of the primary antibodie . Mouse anti­
mouse BMP-4 (Santa Cruz Biotechnology) wa di­
luted at I :50, incubated at 4°C overnight, and de­
tected u ing anti-mou e link and treptavidin label 
(Super Sensitive Alkaline Pho phata e kit; Biogenex. 
San Ramon. CA). Rabbit antihuman BMP-8 (Santa 
Cruz Biotechnology) was diluted I :50. incubated at 
4°C overnight, and detected using the anti-rabbit link 
and treptavidin label from an alkaline phosphata e 
kit. Alkaline phosphatase substrate (Vector Red; 
Vector Laboratories. Burlingame, CA) wa used for 
visualization, and sections then were counterstained 
with Mayer's hematoxylin. The primary antibody 
was sub tituted ( egative Control Serum for Super 
Sensitive Antibodies; Biogenex) with mouse and rab­
bit control serum. respectively. for negative control 
sections. 

Results 

To examine the expression profile of BMPs in Du­
puytren' fibroblasts a reverse-transcription PCR a -
say was performed. BMP-1 remained unchanged in 
both control (normal palmar fascia) fibroblasts and 
Dupuytren's fibroblast , whereas Dupuytren's fibro­
blasts exhibited decrea ed expression of BMP-6, -8, 
-11, BMPR-IB, and BMPR-IL and no expression of 
BMP-4 (Fig. 1). Level· of BMP-2, -3, -5. -7. -9, and 
-I 0 were undetectable in both the control fibroblasts 
and the Dupuytren's fibroblasts (not shown). oggin, 
a BMP antagoni t, wa · not expressed in either cell 
population, whereas follistatin, another BMP antag­
onist, wa expressed in both. GAPDH. expressed in 
all metabolically active cell populations, wa used as 
a control for this part of the study and wa ex pre ed 

trongly in both cell populations. 
Given that BMP-4 and BMP-8 messenger RNA 

are highly expres ed in the normal palmar fascia 
fibroblasts while not expre ed or poorly expres ed 
in Dupuytren'. fibroblast , a Western blot analy i 
was performed to te t the protein level of the. e 
components. [n line with the messenger RNA ex pres-
ion panern. BMP-4 was detected in only the control 
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Figure 1. Expression analysis of BMPs, BMPRs, and tissue 
inhibitors by reverse-transcription PCR. Amplification prod­
ucts for BMPs, BMPRs, and inhibitors from Dupuytren's fi­
broblasts and normal palmar fascia fibroblasts were resolved 
by 1 .0% agarose-ethidium bromide gel electrophoresis. Pos­
itive control GAPDH is indicated. 

fibrobla rs and not in Dupuytren's fibroblasts, 
wherea BMP-8 wa detectable in both cell popula­
tions (Fig. 2). 

Jmmunostaining for BMP-8 and BMP-4 confirmed 
our findings with reverse-tran. cription PCR and 
Western blot analysis (Fig. 3). lmmuno raining for 
BMP-4 wa completely negative, and the test ec­
tions were indistinguishable from the negative con­
trol ection. Section. immuno tained for BMP-8 ex-
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Figure 2. Western blotting assay for examining expression of BMP-4 and BMP-8. Protein samples (20 �J-g) extracted from the 
indicated tissues. Dupuytren's fibroblast and normal palmar fascia fibroblast cells (Control) were subjected to 4% to 'IS% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis, electrotransferred to the membrane, and probed with specific antibodies 
against BMP-4, and -8. Positions of BMP-4 and BMP-8 are indicated by arrows. 

hibited variable positivity depending on the area of 
the section examined. Positive immunostaining was 
restricted consistently to the cytoplasm of the prolif­
erating myofibroblasts. No positive staining was vis­
ible in 10% to 20% of the area of the sections. In 
approximately 30% of the section area the staining 
was diffusely and weakly positive. In the remainder 
of the section area the staining was present in dis­
crete, variably sized foci within the cytoplasm and 
strongly positive. The smooth muscle myocytes of 
arteries and arterioles in these sections exhibited a 
staining pattern that was similar to that of the prolif­
erating myofibroblasts. 

Figure 3. Jmmunostaining of Dupuytren's tissues for (A) 
BMP-8, (B) negative control for BMP-8, (C) BMP-8 ([A] at 
higher magnification), and (D) BMP-4. Bar = 200 !J-m . 

Discussion 

BMPs comprise at least 16 members of the TGFf3 
superfamily based on the presence of 7 highly con­
served cysteines in the carboxyl terminus. Their role in 
cellular proliferation and differentiation has been stud­
ied extensively in various organ systems. Corneal fibro­
blasts have been shown to express BMP-2, -4, -5, and 
-7.13·14ln canine keratinocytes TGF-{31 has been shown 
to cause the nuclear translocation of Smad-2.15 This 
process seems to depend at least in part on cell density, 
which can modulate myofibroblast differentiation. 15·16 

In the cornea, myofibroblast differentiation plays a sig­
nificant role in the induction of scar fotmation and the 
reduction of corneal transparency.17-20 A specific BMP 
also may play varying roles depending on cell type, as 
has been shown for BMP-7. You and Kruse9 found that 
BMP-7 did not increase a-SM-myosin expression in 
corneal fibroblasts, whereas activin A did. On the other 
hand, Dorai et al21 repmted that BMP-7 increased 
a-SM-myosin expression in vascular smooth muscle 
cells. In the musculoskeletal system, BMP-12 and -13 
inhibit terminal differentiation of myoblasts by inhibit­
ing the expression of myosin, but do not induce their 
differentiation into osteoblasts?2 BMP-2 also down­
regulates myosin and simultaneously induces markers 
for osteoblast differentiation?3 

BMP-4 is expressed in initial cartilage condensations 
and during early and late fracture healing, suggesting 
roles for this protein in early skeletal development and 
bone repair.24•25 BMP-4 also influences, in several 
ways, the morphogenesis of different portions of the 
urogenital system?6 In this study, we characterized the 
expression of BMPs in both nomml palmar fascia 
fibroblasts and in Dupuytren's fibroblasts through re­
verse-transcription PCR, Western blot analysis, and im-

., ........ __ _..._.._ 
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munostaining. The most notable difference in expres­
sion profiles was een in the expression of BMP--+; that 
is. it was shown that BMP-4 is expressed in normal 
fibroblasts but not expressed at all in Dupuytren · s fi­
broblasts. It is possible that the variable po ·itivity found 
in our immuno raining is caused by the 2 Dupuyu·en's 
cell types. that is. cells derived from cords and celL 
derived from nodule . It ha been reported that although 
nodules are myofibrobla t-ricb. they comain bolb fibro­
blast (non-a-SM actin-containing) and myofibroblast 
(a-SM actin-containing) cell types; cords, on the other 
hand. do not have myofibroblast and posse only a 
sparse cell population of fibroblasts.:n Whether BMP-4 
is neces ary and/or sufficient for maintaining a normal 
palmar fa cia fibroblast phenotype is not yet known. lt 
al o is not known whether the lack of BMP-4 expres­
sion is necessary and/or sufficient for the development 
of a Dupuytren · s fibroblast phenotype. Further studie 
are needed to clarify the exact role of BMPs. and 
especially BMP-4, in Dupuytren's fibroblasts. 

The author\ are grateful for the help of Dr. Jame., J. Toma'>ek from the 
Univcr;,ity of Ol..lahoma Health Science<, Center "ho graciou,Jy pro' ideo 
the control fibrobla<ot and Dupuytren·-. fibroblast cell lines for thi'> '>!udy. 

References 
I. McFarlane RM. Dupuytren's disease. J Hand Surg 1996: 

218:566-567. 
2. Chiu HF. McFarlane RM. Pathogene�is of Dupuytren's 

contraclllre: a correlative clinical-pathological study. J Hanel 
Surg 1978:3:1-10. 

3. Gabbiani G. Majno G. Dupuytren's contracture: fibroblast 
contraction? An ultrastructural study. Am J Pathol 1972:66: 
131-146. 

4. Tomasek JJ, Haak�ma CJ. Fibronectin filament� and actin 
microfilamenh are organiied into a fibronexus in Du­
puyrren·s diseased tissue. A nat Rec 1991:230: 175-182. 

5. Tomasek JJ. Rayan GM. Correlation of alpha-smooth mus­
cle actin expression and contraction in Dupuytren's disease 
fibrobla�t�. J Hand Surg 1995:20A:450 -455. 

6. Serini G. Gabbiani G. 1echani�m� of myofibroblast activity 
and phenotypic modulation. Exp Cell Res 1999:250:273-
283. 

7. Vaughan MB. Howard EW. Tomasek JJ. Transforming 
growth factor-beta I promotes the morphological and func­
tional differentiation of the myofibroblast. Exp Cell Res 
2000:257: 180-189. 

8. Evan� RA. Tian YC. Steadman R. Phillips AO. TGF-beta !­
mediated fibroblast-myofibroblast terminal differentiation­
the role of Smad proteins. Exp Cell Res 2003:282:90-100. 

9. You L. Kruse FE. Differential effect of activin A and BMP-7 
on myofibroblast differentiation and the role of the mad sig­
naling pathwa). lm est Ophthalmol Vis ci 200:2:-+3:72-81. 

10. Joyce C. Zieske JD. Tran!,forming growth factOr-beta re­
ceptor expres�ion in human cornea. ln,est Ophthalmol Vis 
Sci 1997:38: 1922-1928. 

II. Ma��ague J. Attisano L. Wrana JL. The TGF-beta famil) and 
its composite recepto1 . Trend� Cell Bioi 199-l:4:172-178. 

12. lathews LS. Yale WW. Expres�ion cloning of an activin 
receptor. a predicted transmembrane �erine kinase. Cell 

1991 :65:973-982. 
13. Mohan RR. Kim WJ. 1ohan RR. Chen L. Wilson SE. Bone 

morphogenic protein� 2 and 4 and their receptors in the adult 
human comea. lnve�t Ophlhalmol Vis Sci 1998:39:2626-2636. 

14. You L. Kruse FE. Pohl J. Volcker HE. Bone morphogenetic 
proteins and growth and differentiation factor� in the human 
cornea. Invest Ophthalmol Vis ci 1999:40:296-311. 

15. Petriclou . Maltseva 0. Spanakis S. Masur SK. TGF-beta 
receptor expre�sion and smad2 localization are cell densit) 
dependent in fibroblasts. Invest Ophthalmol Vis ci 2000: 
41: 9 -95. 

16. Masur SK. Dewal HS. Dinh TI. Erenburg I. Petridou S. 
1yofibroblast� differentiate from fibroblasts when plated at 

low density. Proc atl Acad Sci U A 1996:93:4219-4223. 
17. Jester JV. Barry PA. Lind GJ. Petroll WM. Garana R. 

Cavanagh HD. Corneal keratocytes: in situ and in vttro 
organiLation of cytoskelctal contractile proteins. Invest Oph­
thalmol Vis Sci 1994:35:730-743. 

18. Jester JV. Barry-Lane PA. Cavanagh HD. Petroll WM. In­
duction of alpha-smooth muscle actin expression and myo­
fibroblast transformation in cultured corneal keratocytes. 
Cornea 1996: 15:505-516. 

19. Jester JV. Petroll WM. Barry PA. Cavanagh l-ID. Expression 
of alpha-smooth muscle (alpha-SM) actin during corneal 
stromal wound healing. Invest Ophthalmol Vis Sci 1995:36: 
809- 819. 

20. Jester JV, Rodrigues MM. Herman !M. Characterization of 
avascular corneal wound healing fibroblasts. ew insights 
into the myofibroblast. Am J Pathol 1987:127:140-148. 

21. Dorai H. Vukicevic S. amparh TK. Bone morphogenetic 
protein-7 (osteogenic protein-!) inhibits smooth muscle cell 
proliferation and stimulates the expres�ion of markers that 
are characteristic of SMC phenotype in vitro. J Cell Physiol 
2000:184:37-45. 

22. lnada M. Katagiri T. Akiyama S. amika M. Komaki M. 
Yamaguchi A. ct al. Bone morphogenetic protein-12 and -13 
inhibit terminal differentiation of myoblasts. but do not 
induce their differentiation into osteoblasts. Biochem Bio­
phys Res Commun 1996:222:317-322. 

23. Katagiri T. Yamaguchi A. Komaki M. Abe E. Takahashi N. 
Ikeda T. et al. Bone morphogenetic protein-2 converts the 
eli fferentiation pathway of C2C 12 myoblast� into the osteo­
blast lineage. J Cell Bioi 199-l: 127: 1755-1766. 

24. Hogan BL. Bone morphogenetic proteins: multifunctional 
regulators of vertebrate development. Genes De' 1996:10: 
1580 -1594. 

25. Wo1ney JIVI. Rosen V. Bone morphogenetic protein and 
bone morphogenetic protein gene family in bone fom1ation 
and repair. Clin Orthop 1998:346:26-37. 

26. MiyaLaki Y. Oshima K. Fogo A. Ichikawa I. Evidence that 
bone morphogenetic protein -l has multiple biological func­
tion� during kidney and urinary tract development. Kidne:y 
lnt 2003:63:835-844. 

27. Dave SA. Banducci DR. Graham WP 3rd. Allison GM. 

Ehrlich HP. Differences in alpha smooth muscle actin ex­
pression between fibroblasts derived from Dupuytren's nod­
ules or cords. Exp Mol Pat hoi 200 I :71: 147-155. 


