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ABSTRACT 

We have investigated the regulation of fibronectin and pro-

collagen synthesis in normal and Rous sarcoma virus transformed 

primary avian tendon cells 	These two proteins interact at the 

cell periphery and both are reportedly lost upon transformation. 

We thus examined whether their synthesis was coordinately regu- 

lated in RSV-infected cells. 	It was found that while the 

synthesis of both pro ctl  and pro a2  peptides was reduced upon 

transformation, the synthesis of fibronectin was not altered 

Nevertheless, lông term radiolabeling demonstrated that 

fibronectin levels were reduced in transformed cells. 	It is 

concluded that the reduction in levels of these components at the 

surface is brought about by different mechanisms, collagen levels 

being regulated by procollagen synthesis and fibronectin levels 

• by degradation and/or release into the culture medium. 	The 

possibility is discussed that fibronectin is lost from the cell 

periphery of PAT cells as a consequence of decreased levels of 

anChoring collagen mo.leules 
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INTRODUCTION 

Transformation of fibroblasts by Rous sarcoma virus (RSV) 
(1,2) 

leads to decreased levels of manysurface components 	. Among 

the most documented cases are reduced levels of surface 

associated fibronectin 35  and co ll agen ( 6 _ 1 . Recently, it has 

become apparent that these two components may interact at the 

sur f ace (h 1 ' 2 ). 	Collagen molecules have binding sites for 

fib ronec ti n ( 13 l) and both molecules form closely alligned 

fibrous networks at the surface of 
fibro bl as t S (h 1121617) . 	In 

addition, fibronectin enhances the attachment of fibroblasts to 

collagen coated culture dishes 18 . Chicken embryo fibroblaStS 

(CEF) transformed by RSV have reduced levels of translatable mRNA 

for both these pro t e i ns 0 92 O 2 fl and under usual culture condi-

tions transformed cells synthesize these proteins at lower rates 

than do normal fibroblastS' 7 ' 9 . 	It is thus possible that the 

reduced levels of the proteins after transformation is a 

consequence of coordinate regulation of the synthesis of the two 

components in the transformed cell; for example, the genes for 

the two proteins could be controlled by a common regulator gene, 

or alternatively, the degradation of their mRNA molecules could 

be coordinately controlled. 

To investigate possible coordination in depth, we have 

studied the regulation of the synthesis of fibronectin and 

procollagen in primary vian tendon cells. Previous studies have 

shown that these fibtroblastS are highly differentiated with 

respect to collagen synthesiS 22 . They produce an extensive 

extracellular matrix composed of collagen fibers and 
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fibronectin 7'  and can be readily transformed by Rous sarcoma 

viruses including mutants temperatue sensitive for trans-

formation 10 ' 23 . The cell system is thus highly appropriate for 

investigating the question posed in this paper. 

EXPERIMENTAL PROCEDURES 

Cell culture. 	Primary avian tendon cells were isolated and 

cultured as previously described 22 ' 24 ' 25 . Monolayers were 

infected with Prague A strain of RSV 24 hours after plating, and 

maintained in an ascorbic acid-free medium for 4 days. 

Thereafter, the culture medium of both normal and transformed 

cells contained ascorbic acid (50 iig/ml). Medium was changed 

daily. Cultures were used on either day 7 or day 8 after 

plating. 

Gel electrophoresis and autoradiography. This was carried 

out as previously described 26 	Autoradiograms were usually 

exposed for 1-2 weeks. Radioactivity in dried gels was deter-

mined by cutting out the required gel band and oxidizing the 

sample using a Packard oxidizer. 

Immunoprecipitation procedures. Antiserum tofibronectin 

was prepared as .previuslydescribed 26 . 	Cell •surface 

fibronectin Was used as a source of antigen. This was purified 

from secondary chicken fibroblast cultures using 1.0 M urea to 

extract the protein from intact cell surfaces. 	The.extract was 

precipitated with ammonium sulphate and finally purified by gel 

electrophoresi s. 

In carrying out immunoprecipitations, we found that a prev-

iously published procedure wasunsuccessful in our hands(26). 
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The following procedure was devel oped to overcome problems 

associated with the low solubility of fibronectin in neutral pH 

solutions. Monolayers of cells were solubiuized in 2% SOS, 50 mM 

Tris Cl pH 8.9, 5% glycerol, and 2 mM phenylmethyl suiphonyl 

fluoride (PMSF, 200 tl/60 mm plate). Samples were heated to 1000 

for 5 min to solubiuize the cells. An aliquot of the solubilized 

cells was then diluted 1 20 in Tris Cl pH 8.9, 1% Triton, 2 mM 

PMSF, and a suitable volume of antiserum added at room 

temperature for 30 min. The volume of antiserum was chosen such 

that the quantity of preclpitatQd antigen was directly pro-

portional to the volume of solubiuized cell suspension added 

This was followed by addition of Protein A-Sepharose (Staphylo- 

coccus aureus) at room temperature for a further 30 minutes after 

which time the suspension was centrifuged to pellet the Sepharose 

beads with bound antigen. The pellet was washed 3 times with 2 

All buffer (Iris Cl pH 8 9, 1% Triton), and the pellet finally 

treated with 2x solubilizingbuffer (2%SDS, 50 mM Tris Cl pH 8.9, 

5% glycerol, 2 mM PMSF) at 60 0  for 30 minutes to solubilize bound 

proteins. When the irmunoprecipitate was analyzed by gel e'lectro-

phoresis, fibronectin was found to be the major component of the 

precipitate (Fig. 2) but other components were also present. 

These coprecipitating. proteins had mobilit,ies similar, to those of 

actin and myosin. 	Coprecipitation of contaminating components 

with fibronectin has been reported previously. by Olden and 

Yamada(26). 	To further purify immunoprecipitates for quantita- 

tion of fibronectin, aliquots were run routinely on 7 5% SDS 
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polyacrylamide gels and incorporation of radioactiVitY into 

fibroneCtin was determined by counting the radioactivity 

associated with the fibrOflectin band in, the dried gel. 

The' efficiency of this procedure was demonstratd by examin- 

ing the quantity of fibronectin in cell homogenates that was 

precipitated by the antibody (Table I) 	Monolayers were labeled 

with [ 14 C] leucine for 30 mins and then solubilized in 2% SDS, 

50 niM Tris Cl pH 8.9 9  5% glycerol, 2 mM PMSF. An aliquot of this 

total cell homogenate was loaded on a polyacrylamide gel and 

proteins resolved. A band migrating with the mobility of fibro-

nectin was removed and the radioactivitY incorporated was deter-

nined. This was compared with the radioactivity incorporated 

into the i mmu noprecipitated fibronectin from an aliquot of the 

same homogenate, using the procedures described. The amount of 

radioactivity was strictly comparable in both samples (Table 1), 

demonstrating that the antibody precipitated all the homogenate 

fibronectifl in both normal and RSV-transfOrmed cells. It further 

demonstrated that fibronectin synthesis could be followed by 

resolving sample's of whole cell homogenates by gel electra-

phoresis and then determining radioactivity incorporated into a 

band with the mobility of fibronectlfl. 

• 	 Collagen Digestion 

After labeling proteins with [ 14 C] leucine, monolayers were 

rinsed 2x with phosphate buffered saline (PBS, Ca 
2+ 
 Mg 

2+ free), 

then solubilized in 250 l tris-saline buffer (25 mM tris 

chloride pH7.5, 0.135 NaCl, 5 mM KC1, 5mM CaC1 21 
 1% Triton 

X100). 	An aliquot (10 	l) of bacterial coliagenase (0.25 mg/mi, 
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in N-tris (hydroxymethyl) methyl-2-aminoethafleSUlfOfliC acid, pH 

7 7 2, 5 mM CaCl 2 ) was added and samples incubated at 37 0  for 15 

minutes. Control samples were treated identically but did not 

contain collagenase. The digestion was stopped by the addition 

of 250 il of SDS buffer (4% SDS, 100 mM Tris Cl pH 8 9, 10% 

glycerol 4 mM PMSF) and samples then boiled for 5 minutes 

MATERIALS 

Ieucine(50 mCi/mmol) andL-[14C(u)] proline (225 

mCi/mmol)., were obtained from New England Nuclear. Bacterial 

collagenase was obtained from Worthington and further purified as 

descr.i bed (25)• 	Tissue culture materials were from Gibco Co. All 

other chemicals were of A.R. quality and were obtained from 

Mallinckrodt or Baker Chemical Company. 

RESULTS 

Short-term labeling of PAT cells. The biosynthesis of 

fibronectin and procollagen was examined by radioactively 

labeling newly synthesized proteins for short periods of time 

using [ 14C] leucine. 	After a short lag period, incorporation of 

leucine into both normal and transformed cell proteins was linear 

with time over a 30 minute period. (This was in contrast to [ 14 C] 

proline incorporation that exhibited non-linear kinetics over the 

30 min period). 	Incorporation specifically into pro c and pro 

c* collagen was examined using SOS polyacrylamide gel 

el ectrophoresi s to resolve these components from other newly,  

synthesized proteins. As the tendon cells were cultured under 

conditiorisin which they remained highly differentiated with 

respect to collagen synthesis, pro c and pro c 2  collagen 
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constituted a substantial fraction of the newly synthesized 

proteins(>30%). These bands were identified in autoradiograms of 

normal cells as components with apparent molecular weights of 180 

K and 155 K. They were highly susceptible to digestion with a 

bacterial collagenase (Fig 	la,b) while all other resolvable 

components were not degraded by such treatment. As further proof 

of the collagenous nature of the two bands, cells were labeled 

with [ 14 C] proline instead of leucine and preferential incorpora-

tion into these two bands demonstrated (Fig. ic). 

Fibronectin was identified by the following criteria: 

14 
molecular weight 225 K in autoradiograms of 	C leucine labeled 

cells; comigration with a purified preparation of chick embryo 

fibroblast fibronectin (data not shown), and imrnunoprecipitation 

with an antibody raised against fibroblast fibronectin (Fig. 2). 

Biosynthesis of fibronectin and procollagen in normal and 

Prague A transformed cells. Procollagen synthesis was followed 

by determining radioactivity incorporated in pro ct l 
 and pro cL2  

collagen bands, in polyacrylamide gels. Fibronectin biosynthesis 

was followed by the same procedure and also by inimunoprecipita-

tion of newly synthesized fibronectin and quantitation of 

immunoprecipited material as described in the HM e th o d s u section. 

While transformation of the tendon cells led to a 2-3 fold re-

duction in the rate of synthesis of both pro ct and pro a 2  

collagen as expected, synthesis of fibronectin was not altered by 

the transformation process (Figs. 3 and 4). 	In some experiments 

transformed tendon cells exhibited a slightly increased rate of 

synthesis of fibronectin. 	This same conclusion for fibronectin 
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biosynthesis was reached by immunoprecipitation analysis (Table 

1). Similar data for procollagen synthesis and fibronectin 

synthesis was also obtained with stationary and growing popula-

tionS of tendon cells, eliminating possibilities thattrans-

formation events were related to increased growth of transformed 

cultures. 

The absolute rate of procollagen synthesis in short pulses 

is decreased 2-3 fold as shown in these experiments. In longer 

pulses, the decrease is more pronounced and is probably caused by 

additional degradation of newly synthesized molecules (see the 

Discussion). However, it should be noted that when collagen 

synthesis is measured as the percentage of ,  total protein 

synthesis there is a 5-10 fold drop after transforniation(10,23), 

indicating that while total protein synthesis, is increased after 

transformation, the synthesis of procollagen is specifically 

decreased. 	 - 

Long-term labeling of normal and transformed cells. When 

normal and transformed tendon cells were labeled with [ 14C] 

leucine for 24 hr, •a decrease in the levels of fibronectin was 

clearly detected. Thus, while normal and tranformed.cells 

synthesize fibronectin at similar rates, transformed cells either 

degrade this protein faster than normal cells or release more of 

the protein into the culture medium. Preliminary experiments. 

addressing this question have failed to detect increased quanti-

ties of .fibronectn in the medium of transformed cells, suggest-

ing that increased degradation of the protein in transformed. 

cells may be responsible for the reduced levels detected. 
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Collagen bands were not 5  easily detectable after 24 hr labeling in 

the cell samples even though earlier experiments using 

collagenase digestion procedures and electron microscopy have 

clearly shown collagen to be deposited in large quantities in 

normal cultures. 	Recent experiments S in our laboratory (R.I. 

Schwarz and M J Bissell , unpublished) have demonstrated that this 

is most probable because of extensive cross-linking of collagen 

fibers that prevents their solubilization and entry into 

polyacrylamide gels. 

DISCUSSION 

The data presented here clearly demonstrate that the 

quantity of collagen/fibronectin matrix around RSV transformed 

S 	
fibroblasts is not regulated by coordinate control of the 

synthesis of the two protein components. The.levels of collagen 

are at least partly regulated by control of procollagen 

synthesis, while the levelsof fibronectinare regulated. by 

control of degradation or shedding. 

The data obtained on the control of fibronectin synthesis in 

these tendon cells is surprising in that Olden and Yamada have 

clearly demonstrated a decreased rate of synthesis of this 

protein incultures of whole embryo fibroblasts (CEF;(5)). 	This 

raises the possibility that fibronectin levels may be regulated 

by different mechanisms not only in different cell types but also 

in different types of fibroblasts. The CEF population contains 

different types of cells destined to carry out many different 

functions while tendon fibroblasts are homogenious and programmed 

to carry out one major function. The different mechanisms of 



12 

regulation of fibronectin in CEF's and tendon cells may also 

relate to culture conditions in that tendon cells are grown in 

medium specifically designed to maintain a differentiated 

function, while CEF's are grown under different conditions 

designed primarily to allow efficient growth of the heterogenous 

population of cells. Thus the tendon cells under our culture 

conditions grow to a density at which the cells are in contact 

with each other, but do not overgrow at all, while CEF's are 

cultured in much higher serum and to higher densities. This was 

the case in Olden and Yamada's experiments. In our experience 

the quantitiy of surface associated fibronectin increases with 

density. 	It is therefore possible that.this increased synthesis 

of fibronectin at higher densitycan be modulated by RSV, while 

the synthesis at lower densities, as observed in the tendon 

cells, is not sensitive to RSV 

The ability to identify distinct regulatory mechanisms for 

collagen and fibronectin in the transformed tendon cell cultures 

is important in terms of understanding the possible ways in which 

the relative proportions of the two proteins are controlled. 	It 

is possible that the decreased level. of fibronectin is a conse-

quence of decreased levels.of collagen, resulting from a reduc-

tion in the rate of procollagen synthesis after transformation. 

A reduced level of collagen :at the surface may, for example, lead 

to increased shedding of fibronéctin into the culture medium, or 

may increase exposure of fibronectin to proteases bringing about 

increased proteolytic degradation. 	In this respect, experiments 

using temperature sensitive mutants of RSV to examinethe 
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kinetics of reduction in collagen biosynthesis demonstrated that 

a reduction in the rate of synthesis occurred very soon after 

shifting cultures from the permissive to the non-permissive 

temperatures (23, Soo, Schwarz, Bassham, Bissell, manuscript sub-

mitted) 	It is thus possible that fibronectin levels are altered 

at a later stage as a consequence of such early alterations in 

the rate of collagen biosynthesis 

As the ratio of fibronectin to collagen is higher in CEF's 

than in tendon cells, a fixed number of fibronectin binding sites 

on collagen need not exist 	Nevertheless, evidence suggesting 

that coordinate regulation of matrix collagen and fibronectin 

levels can occur in response to regulatory signals other than RSV 

has been demonstrated in preliminary experiments inour labora- 

tory (Tung and Bissell , manuscript in preparation). 	Current work 

is directed towards examining whether this coordination is ex-

pressed as regulation of the synthesis of the proteins or whether 

the modulation is at a later stage analogous to the results 

reported here for RSV. 

In addition to the previously discussed data some interest-

ing aspects of the regulation of collagen biosynthesis in tendon 

cells emerged from this set of experiments. Tendon cells synthe-

size type I collagen, composed of 2 ct,, and 1 c 2  chains. 	When 

cells were radioactively labeled with •proline for 6 lirs and the 

ratio of a, to c determinedfrOfll radioactivity in separate ç3 and 

chains in collagen molecules in the culture medium, a value of 

2.3 was obtained. When the same estimation for the pro cc 1 : pro 0.2 

ratio inside the cell was made in a 30 minute pulse, the ratio 
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was 1.3 	Although the exact structures of the " pro "  sequence of 

the c 	and c 2  collagens are not precisely known, it is highly un- 

likely that they would contain sufficiently large quantities of 

prol i ne to alter this ratio to such a signi fi cant extent 	It is 

thus possible that the cell synthesize pro ct 1  and pro a 2  in 

different proportions from what is found in the helical form of 

collagen in the medium and that specific degradation of newly 

synthesized pro a2  may occur intracellularly prior to secretion 

While recently, it has been demonstrated that extensive and rapid 

degradation of collagen occurs in cultured cells 27 , whether or 

not pro c andpro c are degraded at the.same rate Was not 

•détérmined... 	Preferential degradation of newly synthesized pro 

c by such mechanisms would be consistent with our data, although 

more detailed analysis is required to demonstrate this point 

conclusively. 
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FIGURE LEGENDS 

Fig. 1 (a,b). 	Autoradiograrns of PAT cell proteins labeled with 

[ 14C] leucine (10 i.iCi/ml) for 30 mm 	and resolved on SDS 

polyacrylamide gels 	Labeling was caned out in F 12  medium 

containing 50 ig/ml ascorbic acid 	(a) Control sample, (b) 

collagenase treated sample. Enzymic digestion was carried out as 

described in the Methods section 	(c) the same as track(a) 

except that monolayers were labeled with [ 14 C1 praline (10 

itCi/mi) instead of leucmne 

Fig. ? 	Autoradiogram of proteins precipitated with antierum to 

fibronectin. PAT cell monolayers were labeled with [ 14C] leucine 

(2 pCi/mi) for 24 hrs. Some plates were then processed immedi-

ately for electrophoresis (left tract), while others were used 

for immunoprecipitation (right track). The quantity of protein 

loaded in each track was not standardized and thus the amounts of 

fibronectin in various sample are not comparable. 

• Fig. 3. 	Procollagen..andfibronectin synthesis in PAT cells. 

Monolayers were pulsed for 10, 15 and 25 mins. with [ 14 C] leucine 

(10 pCi/mi) and samples then processed for electrophoresis. 

Incorporation into fibronectin (a), pro a l collagen (b), and pro 

2 collagen (c) was determined after resolving components in the 

polyacrylarnide gel..—r, normal cells, o---ó, transformed 

cells. 
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Fig. 4. AutoradiogramS of, normal and transformed cell proteins 

resolved by SDS polyacrylamide gel electrophoresiS 	Monolayers 

were labeled for 30 mm 	with [ 14 C] leucmne (10 i.iCi/ml) 	
N, 

no-mal cells; T, transformed cells. 

Fig. 5. Autoradiograms of SOS polyacrylamide gel of proteins of 

normal and transformed PAT cells labeled with [ 14 C] leucine 

(2 pCi/mi) for 24 hrs. 	N, normal cells; 1, transformed cells. 

Calvaria collagen standard is a sample of [ 14C] prolmne labeled 

collagen purified from chicken cavlaria 



TABLE I Analysis of fibronectin biosynthesis by 

immunopreci pi tati on 

dpm/30min/mg protein 
mmunoprecipitated 	Fibronectin - whole 
Fibronectin 	 cell homogenate 
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Experiment 1 

Normal PAT cells 	13063 + 865 	(4) 

Prague A transformed 	- 
PAT cells 	 13258 + 565 	(2)  

Experiment 1 

3031 + 754 

n.d. 

Experiment 2 

(4) 	3290 + 193 (3) 

3294 	339 (3) 

Normal and Prague A transformed PAT cells were labeled with 

[ 14 C] leucine for 30 mm. The label was then removed and the 

monolayers dissolved in solubilizing buffer (2% SDS, 50 mM Tris Cl 

pH 8.9, 5% glycerol, 2 mM PMSF). An aliquot was loaded on an SOS 

polyacrylamide gel and cell components resolved by electrophoresis. 

The band migrating with the mobility of fibronectin was then cut from 

the gel and associated radioactivity assessed. 	This is referred to 

as Fibronectin in whole cell homogenate". 	Fibronectin was also 

irnmunoprecipated from another aliquot of the solubilized homogenate 

and after resolution of the immunoprecipitate by SOS PAGE, the radio-

activity in fibronectin was assessed as described in the "Methods" 

section. 	Values are expressed as mean T standard deviations. 

n.d. 	not determined. 	Numbersinparentheses indicate the number of 

estimations. 
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