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Abstract

 

Microvascular endothelial cells (RFCs) cultured in two-

dimensional (2D) cultures proliferate rapidly and exhibit an

undifferentiated phenotype. Addition of transforming growth

factor 

 

b

 

1 (TGF

 

b

 

1) increases fibronectin expression and in-

hibits proliferation. RFCs cultured in three-dimensional

(3D) type I collagen gels proliferate slowly and are refrac-

tory to the anti-proliferative effects of TGF

 

b

 

1. TGF

 

b

 

1 pro-

motes tube formation in 3D cultures. TGF

 

b

 

1 increases fi-

bronectin expression and urokinase plasminogen activator

(uPA) activity and plasminogen activator inhibitor-1 (PAI-1)

levels in 3D cultures. Since the TGF

 

b

 

 type I and II recep-

tors have been reported to regulate different activities in-

duced by TGF

 

b

 

1, we compared the TGF

 

b

 

 receptor profiles

on cells in 2D and 3D cultures. RFCs in 3D cultures exhib-

ited a significant loss of cell surface type II receptor com-

pared with cells in 2D cultures. The inhibitory effect of

TGF

 

b

 

1 on proliferation is suppressed in transfected 2D cul-

tures expressing a truncated form of the type II receptor,

while its stimulatory effect on fibronectin production is re-

duced in both 2D and 3D transfected cultures expressing a

truncated form of the type I receptor. These data suggest

that the type II receptor mediates the antiproliferative ef-

fect of TGF

 

b

 

1 while the type I receptor mediates the matrix

response of RFCs to TGF

 

b

 

1 and demonstrate that changes

in the matrix environment can modulate the surface expres-

sion of TGF

 

b

 

 receptors, altering the responsiveness of RFCs

to TGF

 

b

 

1. (

 

J. Clin. Invest.

 

 1996. 97:1436–1446.) Key words:

transforming growth factor 
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Introduction

 

Angiogenesis, the formation of new vessels, occurs during nor-
mal development and in response to injury. The ability of a tu-
mor to elicit angiogenesis also appears to be a critical step in
cancer and may regulate its progression. The microvessel en-
dothelial cell is the principle cell type involved in the process
of angiogenesis (1, 2). Angiogenesis is modulated by soluble
growth factors, and the existing and newly-formed extracellu-
lar matrix (ECM) (3–8). Although intensively studied, the in-

teraction of endothelial cells with the ECM during angiogene-
sis is still incompletely understood (2).

Investigators have devised several in vitro culture systems
to mimic angiogenesis. These include culturing capillary en-
dothelial cells in fibrin clots (9), collagen gels (10–12), or other
ECM proteins (13, 14). The in vitro angiogenic process, which
usually takes several days to weeks, can be enhanced by the
addition of soluble factors such as TGF

 

b 

 

and by changing the
composition of the ECM (2, 10, 11).

Transforming growth factors 

 

b

 

 belong to a family of multi-
functional peptides of which five isoforms termed TGF

 

b

 

1,
TGF

 

b

 

2, TGF

 

b

 

3, TGF

 

b

 

1.2, and TGF

 

b

 

1.3 have been identified
in mammals (15–18). TGF

 

b

 

 is multipotent with marked effects
on cell proliferation, differentiation, adhesion, migration, ECM
production and other activities (16, 17). TGF

 

b

 

 affects the cell
cycle and is also a potent inducer of many components of the
ECM including collagen, fibronectin and cell surface integrins
(16, 17). TGF

 

b

 

1 also decreases the synthesis of enzymes such
as collagenases (19, 20) and transin/stromelysin (21) that cata-
lyse degradation of matrix components, while concomitantly
increasing the levels of protease inhibitors such as plasminogen
activator inhibitor (22, 23). When injected locally, TGF

 

b

 

 in-
duces the formation of granulation tissue and angiogenesis (7)
and accelerates wound healing (24). The stimulatory effect of
TGF

 

b

 

 on angiogenesis in vivo may be due to cellular migration
and extracellular deposition (7, 25). However, the mechanism
of the angiogenic effects of TGF

 

b

 

 in vivo are controversial
since TGF

 

b

 

 is a potent inhibitor of proliferation of cultured en-
dothelial cells in some circumstances (7, 26, 27). 

TGF

 

b

 

s exert their effects on cells via binding to specific re-
ceptors (28–30), a number of which have been identified.
These include three distinct classes denoted receptors type I
(53 kD), type II (65 kD), and type III (or betaglycan), which is
a 300-kD proteoglycan with a 120-kD core protein (31, 32).
The TGF

 

b

 

 type I and type II receptors belong to a growing
family of transmembrane serine/threonine kinases which also
include the activin receptor and the daf-1 protein (33, 34). Cur-
rent evidence supports the concept that receptors type I and II,
together, are directly involved in receptor signal transduction
(31, 32, 35–37), although these findings may not be universal
(38–40). 

To study the complex process of angiogenesis and mi-
crovascular differentiation in vitro, we have used cultures of
microvascular endothelial cells from the rat epididymal fat pad
(RFCs) grown on type I collagen-coated plates, for two-
dimensional (2D) cultures, and within type I collagen gels for
three-dimensional (3D) cultures (10–12). RFCs in 2D cultures
proliferate rapidly. Addition of TGF

 

b

 

1 inhibits the prolifera-
tion of these cells and induces 

 

a

 

-smooth muscle actin mRNA
and protein. Cultured microvascular endothelial cells in 2D
cultures also express platelet derived growth factor (PDGF) 

 

a

 

and 

 

b 

 

receptors and respond differently to PDGF isoforms
(41). When microvessel endothelial cells are dispersed and cul-
tured in 3D type I collagen gels, their behavior is quite distinct
from that observed in 2D culture systems. Specifically, cells in
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3D cultures proliferate slowly (11, 42) and PDGF isoforms are
not mitogenic, apparently due to the progressive loss of cell
surface PDGF 

 

a

 

 and 

 

b

 

 receptors (43). TGF

 

b

 

1 does not further
reduce the proliferative rate of the these cells but induces a
rapid and dramatic morphogenic response, wherein the cells
organize into multicellular tube-like aggregates with discern-
ible lumina, a response that simulates angiogenesis in vitro.
The cells also no longer express 

 

a

 

-smooth muscle actin mRNA
and protein. These data are consistent with the concept that
the composition and organization of the surrounding matrix
modulate endothelial cell phenotype by affecting cell surface
receptor expression, matrix biosynthesis as well as cytoskeletal
organization and composition (2). 

Our working hypothesis is that microvascular endothelial
cells cultured in 2D cultures mimic the cells at the tip of an an-
giogenic sprout in terms of their high proliferative rates,
whereas microvascular endothelial cells in 3D cultures mimic
the cells distal to the sprout which are more differentiated (1,
2, 42). 

Hence the aim of these current studies is to determine the
role TGF

 

b

 

1 plays in promoting in vitro angiogenesis and to
understand the differences in TGF

 

b

 

1 responsiveness of RFCs
in 2D versus 3D cultures. Such studies could potentially ex-
plain the differences in the angiogenic effects of TGF

 

b

 

1 in vivo
during different phases of vessel development. We now report
that TGF

 

b

 

1 upregulates the expression and protein levels of fi-
bronectin and the activities of urokinase plasminogen activator
and plasminogen activator inhibitor-1 in 3D cultures. Further-
more, we provide evidence that the loss of the anti-prolifera-
tive effect of TGF

 

b

 

1 in 3D cultures is due to a significant de-
crease in surface expression of TGF

 

b

 

 type II receptor.

 

Methods

 

Cell culture.

 

Capillary endothelial cells (RFCs) were isolated and
cultured from Sprague-Dawley rat epididymal fat pads as described
by Madri and Williams (10). RFCs were passaged and grown on 1.5%
gelatin-coated tissue culture plates in Dulbecco’s Modified Eagle’s
Medium (DME; GIBCO BRL, Grand Island, NY) mixed with 4:1
sterile-filtered conditioned bovine aortic endothelial cell media as de-
scribed (10) containing 10% heat-inactivated fetal calf serum (FCS;
GIBCO BRL). Two-dimensional cultures of RFCs were grown on
acid-soluble calf dermis collagen type I-coated tissue culture plates.
Three-dimensional RFC cultures were made within gels composed of
acid-soluble calf dermis collagen type I (11). Briefly, purified collagen
was solubilized in 10 mM acetic acid at a concentration of 2.5 mg/ml
and stored at 4

 

8

 

C. A measured amount of the collagen with 1/10th the
volume of Earle’s salt was neutralized with sterile 1 M NaOH and the
solution kept on ice. Cultured RFCs, resuspended in DME, were
added to the collagen preparation to achieve a concentration of 10

 

6

 

cells/ml of collagen. Aliquots of 50 

 

m

 

l of this suspension were placed
in 100 mm-diameter bacteriological petri dishes (Falcon Labware,
Oxnard, CA), incubated for 10 min at 37

 

8

 

C in a humidified incubator
containing 8% CO

 

2 

 

to allow polymerization, after which media with
and without TGF

 

b

 

1 were added to the plates.

 

Transfection.

 

For transfection experiments, cells were plated on
60 mm dishes at 80% confluency. The cells were transfected with 10

 

m

 

g of plasmid DNA and 25 

 

m

 

g of Lipofectamine™ (GIBCO BRL)
per plate and incubated with serum-free media (GIBCO BRL) for
several hours before growth media was added. Plasmids used for the
transfection were pcDNA3 containing the neomycin resistance
marker (Invitrogen, San Diego, CA), TYPEIIRT, a eukaryotic ex-
pression vector, pRK5, containing the truncated form of the TGF

 

b

 

type II receptor (a gift from R. Derynck, University of San Francisco,

CA) (39), an expression vector, pSV7d, containing the type I receptor
cDNA, ALK5 (a gift from P. ten Dijke and K. Miyazono, Ludwig In-
stitute of Cancer Research, Sweden) (33) and a truncated form of the
cDNA, ALK5, termed ALK5D. To generate ALK5D, pSV7d con-
taining ALK5 cDNA was digested with XbaI and BamHI, and the
larger 3.1-kb fragment, containing ALK5 cDNA minus 1.5 kb of the
3

 

9

 

 end of the ALK5 cDNA, was purified and religated. Selection for
transfectants with 400 

 

m

 

g/ml G418 (Geneticin, GIBCO BRL), was
carried out 48 h after transfection. Neomycin-resistant colonies were
isolated in cloning rings and expanded before analysis for surface ex-
pression of the receptors by cross-linking with iodinated TGF

 

b

 

1. 
The vector used for transfection of the type III receptor in the an-

tisense orientation was identical to the one used previously (44).
Briefly the HindIII fragment of the rat type III receptor cDNA (R3-
OFF) was subcloned into pcDNA I NEO (Invitrogen, San Diego,
CA) which is under the control of the cytomegalovirus transcriptional
promoter and the SV40 origin of replication. In addition, two other
constructs were generated by subcloning a 3.9-kb EcoRI fragment
from the rat type III receptor cDNA (a gift from J. Massague, Memo-
rial Sloan Kettering Cancer Center, NY) into the pSV7d expression
vector which is under the control of the SV40 transcriptional pro-
moter. The orientation of the EcoRI fragment was checked by re-
striction digests with AflIII and SalI. The rat type III receptor cDNA
was subcloned into pSV7d in the antisense orientation (TYPEII-
IASRT). A control vector pcDNA3 (Invitrogen, San Diego, CA)
containing the neomycin resistance marker was cotransfected into the
cells along with the type III receptor cDNA subcloned into the
pSV7d (44).

Specifically, four clones of transfectants containing the vector
alone, six clones of transfectants containing ALK5, six clones of
transfectants containing ALK5D, three clones of transfectants con-
taining TYPEIIRT and three clones of transfectants containing the
type III receptor in the antisense orientation were selected and char-
acterized. Three clones each of transfectants containing the vector
alone (V2, V4, V8) or ALK5D (ALK5D1, ALK5D3, and ALK5D4)
were selected for further analysis to determine TGF

 

b

 

1 responsive-
ness. Similarly, two clones each of the transfectants containing ALK5
(ALK54 and ALK58) or TYPEIIRT (typeIIRT1 and typeIIRT3) and
one clone of the transfectants containing TYPEIIIASRT selected for
further analysis to determine TGF

 

b

 

1 and TGF

 

b

 

2 responsiveness.
The transfectants grown for several passages maintained their cell
surface TGF

 

b

 

 receptor profiles as determined by cross-linking exper-
iments with iodinated TGF

 

b

 

. 

 

Materials.

 

Human transforming-growth factor beta (TGF

 

b

 

1) and
TGF

 

b

 

2 were purchased from R & D Systems Inc., Minneapolis. Iodi-
nated TGF

 

b

 

1 was obtained from Biomedical Technologies Inc.
(Stoughton, MA). Bovine type I collagen was isolated and purified as
described (44–46). Antisera directed against the Type I (V22) and
Type II (L21) TGF

 

b

 

 receptors were purchased from Santa Cruz Bio-
technology, Inc., Santa Cruz, CA. Tissue culture plates were coated
with type I collagen at a concentration of 12.5 

 

m

 

g/ml. 

 

Proliferation assays.

 

Collagen type I coated bacteriological cul-
ture dishes were washed in phosphate buffered saline (PBS) before
the addition of cell suspension (1 

 

3

 

 104 cells /dish). The cells were al-
lowed to attach to the coated dishes for several hours. At this point,
fresh medium with and without TGF

 

b

 

1 or TGF

 

b

 

2 was added to the
cultures. The medium and factors were replaced once again on the third
day. Cell numbers were determined by lifting the cells off the culture
dishes with trypsin/EDTA (ethylenediaminetetracetic acid) and count-
ing quadruplicate samples using a Coulter counter (Coulter Electron-
ics Inc., Hialeah, FL). The mean number of cells per dish for each
condition was then calculated. To assess the proliferation rates in 3D
collagen cultures, the cultures were rinsed five times with PBS, and
five collagen droplets were placed into 6 ml of 1 mg/ml collagenase
(Cooper Biomedical, 137 U/mg), and incubated for 45 min in a 37

 

8

 

C
shaking water bath. Subsequently the cells were pelleted and resus-
pended in 3 ml of media. 1 ml of the resuspended pellet was added to
9 ml of Isoton buffer and counted using a Coulter Counter (43). 
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Cell extract preparation.

 

Cell extracts were obtained after wash-
ing the cells three times with phosphate-buffered saline (PBS) and
then scraping into 0.05% Triton X-100, 120 mM Tris-HCl, pH 8.7.

 

Zymography.

 

Cell extracts were obtained as described above,
normalized for cell protein using the bicinchonic acid assay (Pierce
Chemical Co., Rockford, IL) and 10 

 

m

 

g of cell extract was electro-
phoresed in a 10% polyacrylamide gel. The gel was then washed in
2.5% Triton X-100 for 1 h followed by two 20 min washes in water.
The gel was then overlaid on a thin agar gel with final concentrations
of 4% nonfat milk, 0.1 M Tris-HCl pH 8.0, 8 

 

m

 

g/ml plasminogen,
1.25% agar and photographed with darkfield illumination (48). For
reverse zymography the gel and overlay were incubated at 37

 

8

 

C until
the generated plasmin had diffused throughout the entire gel and all
the casein was degraded except where PAI-1 was located. The gels
were then examined and photographed with darkfield illumina-
tion (48).

 

Assay for fibronectin synthesis.

 

Equal numbers of RFCs plated in
2D and 3D cultures were starved in methionine-free media for 2 h.
The cells were subsequently labeled overnight with 50 

 

m

 

Ci [

 

35

 

S]me-
thionine (Amersham Corp, Arlington Heights, IL) per ml of media
containing 19 

 

m

 

M cold methionine and supplemented with 10% dia-
lyzed fetal calf serum. The secreted [

 

35

 

S]methionine-labeled fibronec-
tin was affinity-purified by incubating with gelatin–Sepharose (Phar-
macia-LKB, Piscataway, NJ). Briefly, equal volumes of the cell media
(500 

 

m

 

l) were incubated with 100 

 

m

 

l of gelatin-Sepharose with end-
over-end mixing for two hours. The fibronectin bound to gelatin–
Sepharose was spun down and washed several times with Tris-buf-
fered saline (TBS) and eluted with gel-loading buffer before boiling
and running the samples on a 6% polyacrylamide gel. The gel was
subsequently fixed in destain solution (10% methanol; 10% acetic
acid), and washed in deionized water for 15 min before incubating
with freshly-prepared 1 M sodium salicylate for 30–45 min. The gel
was dried and exposed to film overnight in a 

 

2

 

80

 

8

 

C freezer before
developing by autoradiography. Densitometry was assessed using
a Molecular Dynamics densitometer equipped with Image Quant
software.

 

Receptor binding autoradiography assay

 

The assay was a modifi-
cation of our earlier studies (38, 49, 50). Briefly, confluent monolay-
ers grown on 35 mm, 1.5% gelatin-coated tissue culture plates or cells
grown in three-dimensional collagen gels were washed with cold
binding buffer (DME, 25 mM Hepes, pH 7.4, 0.1% BSA) and then al-
lowed to equilibrate with binding buffer for 30 min at 4

 

8

 

C on a rotat-
ing platform. The buffer was aspirated and 250 

 

m

 

l of ice-cold binding
buffer containing 100 pM 

 

125

 

I-labeled TGF

 

b

 

1 (4000–5500 Ci/mmol)
was added to each culture and incubated on a rotatory platform at
4

 

8

 

C for 3 h. After washing at 4

 

8

 

C, ice-cold binding buffer lacking BSA
was added to the plates and the samples were cross-linked by the ad-
dition of disuccinimidyl suberate (DSS; Pierce Chem. Co., Rockford,
IL) at a final concentration of 0.5 mM. The plates were swirled imme-
diately after addition of DSS to minimize precipitation of DSS. After
15 min, the cells were washed several times with binding buffer be-
fore lysis with 150 

 

m

 

l of Laemmli loading buffer containing 30 

 

m

 

l of 1
mM dithiothreitol (DTT). The cell lysate was boiled and electro-
phoresed according to Laemmli, 1970 (51) on 5–10% linear gradient
gels. The gels were fixed, dried and exposed to Amersham Hyper-
film™ MP at 

 

2

 

80

 

8

 

C. The films were developed using a Kodak X-OMat
M20 Processor (Eastman Kodak Co., Rochester, NY). Densitometry
was assessed using a Molecular Dynamics densitometer equipped
with Image Quant software.

 

Western blotting assay.

 

Western blots utilizing polyclonal rabbit
antisera directed against TGF

 

b

 

 receptor Type I (V22) and type II
(L21) were performed according to the vendor’s protocols (Santa
Cruz Biotechnology Inc., Santa Cruz, CA). Cells grown in two-
dimensional and three-dimensional culture for one and 5 d were lysed
in and extracted with RIPA buffer (0.05% Triton X-100 and 120 mM
Tris HCl pH 8.7). Cell extracts were normalized for total protein us-
ing the bicinchonic acid assay (Pierce) and electrophoresed through a
5–15% gradient reducing polyacrylamide gel. Proteins were trans-

ferred to a nitrocellulose membrane (Schleicher and Schuell, Keene,
NH), blocked with 8% nonfat milk in PBS and incubated with rabbit
anti-TGF

 

b 

 

receptor type I and type II antisera (Santa Cruz Biotech-
nology, Inc.) at a concentration of 1 

 

m

 

g/ml and then goat anti–mouse
secondary antibody conjugated to horseradish peroxidase (Promega,
Madison, WI) at 1:10,000 dilution. The blot was developed using the
enhanced chemiluminescence method (Amersham Corp, Arlington
Heights, IL) with Hyperfilm™-MP. Bands were quantitated using a
Molecular Dynamics densitometer (Molecular Dynamics Scanner,
Sunnyvale, California).

 

Statistical analysis.

 

Data were analyzed in multiple samples after
multiple determinations and are expressed as means

 

6

 

SE. Signifi-
cance was determined using the students’ 

 

t

 

 test method in the Systat
Software Package (Systat Inc., Evanston, IL) run on a Macintosh 650
Quadra computer. Statistical significance was assumed for 

 

P 

 

, 

 

0.05. 

 

Results

 

We have previously characterized the angiogenic effect of
TGF

 

b

 

1 on microvascular endothelial cells in 3D cultures (42,
49). TGF

 

b

 

1 increases the formation of multicellular aggre-
gates after 24 h of treatment compared with untreated cells.
After 5 d of treatment, cells in control cultures exhibit minimal
areas of aggregates consisting of several cells forming rudi-
mentary tube-like structures while cells in TGF

 

b

 

1-treated cul-
tures exhibit increased aggregate formation, cell–cell contact
with junctional complexes and marked contraction of the gels.
TGF

 

b

 

1-treated endothelial cell cultures showed extensive lu-
men-like formation, mimicking in vivo capillary bed structures.
Thus to determine the effects of TGF

 

b

 

1 on microvascular en-
dothelial cells in 2D versus 3D cultures, we chose two time
points (24 h and 5 d) to investigate different stages of the an-
giogenic process in 3D cultures and to compare the analogous
effects of TGF

 

b

 

1 on microvascular endothelial cells in 2D cul-
tures. 

 

TGF

 

b

 

1 inhibits proliferation of microvessel endothelial cells

in 2D cultures but not in 3D cultures.

 

Proliferation assays were
carried out on RFCs cultured for 5 d in 2D and 3D conditions
in the absence or presence of 0.5 ng/ml TGF

 

b

 

1. In 2D cultures,
TGF

 

b

 

1 inhibited the proliferation of RFCs by 37

 

6

 

3% com-
pared with control cells (

 

P ,  0.00001). It has been previously
reported that TGFb1 causes a potent angiogenic response in
vivo and yet profoundly inhibits proliferation in a 2-D mono-
layer in vitro (7, 11). In 3D cultures however, there was no dif-
ference between the number of cells in the TGFb1-treated and
control untreated 3D cultures 2764% (P 5 0.07), confirming
our earlier findings (49). 

TGFb1 modulates fibronectin protein levels in 2D and 3D

cultures differently. In several tissue culture systems, TGFb1
stimulates the production of fibronectin (Fn) and collagens
(16, 52, 53). Since previous (49) and current studies from our
laboratory indicate that RFCs in 3D cultures were no longer
sensitive to the anti-proliferative effects of TGFb1, we investi-
gated possible differences in TGFb1 effects on matrix produc-
tion, focusing specifically on Fn protein levels. RFCs grown in
2D cultures exhibited a 1.3560.14-fold increase in Fn protein,
when treated with TGFb1 for 24 h and a 3.3560.85-fold in-
crease in Fn protein after 5-d treatment (P , 0.006 for 24 h vs.
5 d) (Fig. 1). In contrast, in 3D cultures, TGFb1 treatment for
24 hours increased Fn synthesis 2.0160.24-fold. Similarly, 5 d
TGFb1-treated cells exhibited a 2.4160.01-fold increase in Fn
synthesis compared with untreated cells (P 5 0.60 for 24 h vs.
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5 d) (Fig. 1). Thus, both in 2D and 3D cultures, TGFb1 treat-
ment increased Fn protein synthesis.

TGFb1 increases urokinase plasminogen activator and plas-

minogen activator inhibitor-1 enzymatic activities in 3D cultures

and not in 2D cultures. Previous studies by Pepper and Mon-
tesano (8) indicated the importance of protease/protease in-
hibitor activities during angiogenesis. Therefore, we investi-
gated whether TGFb1 modulated the levels of urokinase
plasminogen (uPA) and its inhibitor, plasminogen activator in-
hibitor 1 (PAI-1) during in vitro angiogenesis. RFCs grown in
2D culture for 1 d exhibited robust uPA activity that decreased
over 5 d, and TGFb1 did not appear to affect uPA activity ap-
preciably at either time point. Similarly, there was no signifi-
cant increase in PAI-1 activity with TGFb1 treatment at both
time points (Fig. 2 A). In contrast, cells grown in 3D cultures
(Fig. 2 B) exhibited a different response to TGFb1. RFCs
freshly mixed in type I collagen for 1 hour exhibited no appre-
ciable uPA activity, although this increased with 1 day of cul-
ture, at which time TGFb1 treatment significantly enhanced
uPA activity. After 5 d in culture, uPA activity declined to the
levels noted on day one. PAI-1 activity of RFCs freshly mixed
in type I collagen gels was high and decreased with 24 h of cul-
ture. However TGFb1 enhanced PAI-1 activity compared to
control cells at the 1-d time point. At the 5-d time point, both
control and TGFb1 treated cells exhibited low PAI-1 levels
which were not affected by TGF-b1 treatment (Fig. 2 B).
Hence in contrast to the relative lack of TGF-b1 effect on uPA
and PAI-1 in 2D culture, in 3D cultures, there was a concomi-
tant increase in uPA and PAI-1 activities induced by TGFb1 at
24 h after treatment. This could be an important early event in
the in vitro angiogenesis assay system we have developed. In
this regard, regulated uPA activity could optimize RFC migra-
tion which is necessary for aggregation and tube formation. 

Matrix organization modulates the expression of TGFb re-

ceptors in microvessel endothelial cells. The data obtained thus
far indicate that TGFb1 does not affect the proliferation rates
of RFCs grown in 3D collagen gels. Nonetheless, TGFb1 treat-
ment alters both matrix and protease/protease inhibitor pro-
tein levels, albeit with distinct patterns of protein and activity
profiles compared with RFCs grown in 2D culture. Recent evi-
dence (38, 39) suggests that different TGFb receptors might
regulate different activities induced by TGFb1. Specifically,
the TGFbtype II receptor may be involved primarily in regu-
lating DNA synthesis whereas the type I receptor may be in-
volved primarily in matrix synthesis or degradation (38–40, 54,
55). To investigate possible differences in the TGFb receptor
expression in 2D and 3D cultures, two approaches were taken:

analysis of receptor binding using radiolabeled TGFb1 and
analysis of the surface levels of the type I and type II TGFb re-
ceptors using specific antisera in a western blotting assay. Satu-
ration binding studies using radio-iodinated and unlabeled
ligand with RFCs grown in 2D cultures demonstrated a maxi-
mal receptor number of 10,2006700 per cell. When radioli-
gand binding was further examined by chemical cross-linking
and autoradiography, a complex cell surface profile compris-
ing predominantly TGFb types III, II and I receptors was ob-
served. Cells in 2D cultures exhibited appreciable amounts of

Figure 1. TGFb1 mod-
ulates Fn protein levels 
in 2D and 3D cultures 
differently. Graphical 
representation of densi-
tometry obtained from 
autoradiographs of af-
finity-purified [35S]me-
thionine labeled Fn 
from RFCs grown in 2D 
and 3D cultures for 1 
and 5 d in the absence 
and presence of 0.5 ng/

ml TGFb1. The data are means6SD from three replicate samples/
condition and similar effects were found in two separate studies. 

Figure 2. TGFb1 modulates uPA and PAI-1 enzymatic activities in 
2D and 3D cultures differently. uPA and PAI-1 activities were deter-
mined by zymography and reverse zymography, respectively. The 
data are a representative of three separate studies. (A, upper panel) 
Zymography of equal amounts of protein lysates from RFCs grown in 
2D culture on coatings of type I collagen for one and five days in the 
absence (F) and presence of 0.5 ng/ml TGFb1 demonstrating uPA 
and PAI-1 activities. uPA, urokinase type plasminogen activator; 
PAI-1, plasminogen activator inhibitor-1. (Lower panel) Reverse zy-
mography of equal amounts of protein lysates from RFCs grown in 
2D culture on coatings of type I collagen for one and 5 d in the ab-
sence (F) and presence of 0.5 ng/ml TGFb1 demonstrating PAI-1 ac-
tivities. PAI-1, plasminogen activator inhibitor-1. (B, upper panel) 
Zymography of equal amounts of protein lysates from RFCs grown in 
3D culture in collagen type I gels for 1 hour, one and five days in the 
absence (F) and presence of 0.5 ng/ml TGFb1 demonstrating uPA 
and PAI-1 activities. uPA, urokinase type plasminogen activator; 
PAI-1, plasminogen activator inhibitor-1. (Lower panel) Reverse zy-
mography of equal amounts of protein lysates from RFCs grown in 
3D culture in collagen type I gels for 1 h, 1 and 5 d in the absence (F) 
and presence of 0.5 ng/ml TGFb1 demonstrating PAI-1 activities. 
PAI-1, plasminogen activator inhibitor-1.
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type III and type II receptor and relatively lower levels of type
I receptor (Fig. 3 A). Freshly trypsinized cells lose surface ex-
pression of these receptors which then reappear after 4 h (data
not shown). Similar experiments with cells grown in 3D cul-
tures gave surprising results. First, there was a significant loss
of type III and type II receptor surface expression but low lev-
els of the type I receptor were maintained (Fig. 3 A). The
TGFb type II receptor to type I receptor ratio in cells grown in
2D cultures compared to cells grown in 3D cultures changed
from 5.560.95:1 to 1.160.33:1 (P , 0.0001)(Fig. 3 B). This
profile was similar in control and TGFb1-treated cells and did
not change with 5 d of culture (data not shown). Hence, re-
organization of RFCs in 3D cultures resulted in the loss of sur-
face expression of TGFb type III and type II receptors. In or-
der to confirm the results from the 125I-TGFb1 cross-linking
studies, we visualized the type I and II TGFb receptors using
specific antisera directed against the types I and II receptors in
Western blots. Fig. 3 C illustrates the expression of type I and
type II TGFb receptors in lysates of RFCs using specific anti-
sera directed against the type I (right lane) and type II (left

lane) receptors (Fig. 3 C). Lysates derived from 2D and 3D
cultures express type I receptors at approximately the same
levels (a 0.260.1 fold increase in type I receptor expression in
3D versus 2D culture, P 5 0.11, n 5 4). In contrast, lysates de-
rived from 3D cultures were noted to exhibit markedly re-
duced levels of the type II receptor compared to lysates de-
rived from 2D cultures (5.7362-fold reduction in type II
receptor expression in 3D cultures compared to 2D cultures,
P 5 0.03, n 5 4) (Fig. 3 D).

Expression of the truncated form of the type II receptor in

RFCs results in loss of inhibitory action of TGFb in 2D prolif-

eration assays. Our studies showed that the anti-proliferative
effect of TGFb1 on RFCs in 3D cultures was associated with
the loss of surface expression of the TGFb type II and type III
receptors. Therefore, we decided to determine if expression of
a dominant negative mutant form of the type II TGFb recep-
tor in RFCs in 2D cultures would render them resistant to the
anti-proliferative effects of TGFb. Expression of a type II re-
ceptor mutated in the kinase domain, but not in the ligand
binding domain would out-compete binding of TGFb1 to the
normal type II receptor, thus reducing signaling via the type II
receptor. To do so, TGFb type II receptor truncated within the
kinase domain (39) was transfected into RFCs, and stable
transfectants were generated by selection with G418. Two
clones, type IIT1 and type IIT3, were selected for further
analysis. Surface expression of the receptors was assessed by
chemical cross-linking with iodinated TGFb1 followed by
SDS-PAGE. A representative clone of RFCs expressing the
truncated form of the type II receptor is shown in Fig. 4. In ad-
dition, the intact and truncated forms of the TGFb type I re-
ceptor were transfected into RFCs, and stable transfectants
were generated. Two clones, ALK54 and ALK58, expressing
the type I receptor and three clones, ALK5D1, ALK5D3 and
ALK5D4, expressing the truncated form of the type I receptor
(33), were analyzed by radioligand binding. The right panel of
Fig. 4 shows an autoradiograph of representative clones of
RFCs overexpressing the intact type I receptor and RFCs ex-
pressing truncated type I and type II receptors. RFCs overex-

Figure 3. Matrix organization modulates the expression of TGFb receptors in microvessel endothelial cells. RFCs grown in 2D culture (RFC 
2D) on coatings of collagen type I and RFCs grown in 3D culture (RFC 3D) in type I collagen gels for 24 h were chemically cross-linked to 100 
pM 125I-TGFb1 followed by analysis by SDS-PAGE and autoradiography as described in Methods. Results were obtained from four separate 
studies. (A) TGFb receptor type II:type I ratios determined from densitometry of iodinated TGFb1 bound to type I and type II receptors in au-
toradiographs obtained from RFCs grown in 2D cultures and 3D cultures for 24 h. The data are means±SD from four separate studies. (P ,  
0.0001). (B) Representative autoradiograph illustrating type III, II, and I TGFb receptors expressed on the surfaces of RFCs grown in 2D cul-
ture (Two-D) and 3D cultures (Three-D). RFCs grown in 2D culture (RFC 2D) on coatings of collagen type I and RFCs grown in 3D culture 
(RFC 3D) in type I collagen gels for 24 h were lysed, followed by analysis by SDS-PAGE and Western blotting using antibodies directed against 
the type I and type II TGFb receptors as described in Methods. Results were obtained from four separate studies. (C) Representative Western 
blot of an RFC lysate illustrating the expression of both type II (IIR) and type I (IR) TGFb receptors. (D) Relative changes in type I and type II 
TGFb receptor expression in RFC grown in 2D culture and 3D culture for 5 d. The data are means6SD from four separate studies. (Change in 
type I receptor 3D vs. 2D P 5 0.11; Change in type II receptor 3D vs. 2D P < 0.03). Representative Western blots illustrating the decrease in 
type II receptor expression in 3D culture are presented in the upper portion of this figure.
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pressing the type I receptor (designated as IOE) showed a
twofold increase in the surface expression of the type I recep-
tor compared to RFCs transfected with the empty vector. In
addition, RFCs expressing the truncated forms of the type I
(designated IT) and type II (designated IIT) receptors respec-
tively, exhibited reduced surface expression of the type I and
type II receptors compared to transfected with vector alone.
More importantly, the proportions of TGFb1 binding between
type II and type I receptors was significantly altered by trans-
fection with the various receptor constructs. The left panel of
Fig. 4 shows a graphical representation of densitometry carried
out on at least two clones from each set of transfectants to de-
termine the ratios of the type II to type I receptors. As indi-
cated in the graph, the ratio of the type II to type I TGFb re-
ceptors changed from 3.6160.33:1 in vector-control cells to
1.6160.34:1 (P , 0.000001) in transfectants overexpressing the
type I receptor. In transfectants containing the truncated forms
of the type I and type II receptors, the ratios changed to
2.6060.76:1 (P ,  0.01) and 1.9260.06:1 (P ,  0.0001), respec-
tively.

Proliferation studies with RFCs grown in 2D cultures ex-
pressing a truncated type II receptor showed that they were re-
sistant to TGFb1 action, by comparison to cells transfected
with intact vector or truncated type I receptor (Fig. 5 A). Fur-
thermore, RFCs transfected with truncated type I receptor did
not exhibit increased Fn protein synthesis after TGFb1 treat-
ment, although Fn protein synthesis increased in TGFb1-
treated cells transfected with vector, intact type I receptor, or

truncated type II receptor. Fig. 5 B shows the densitometry ob-
tained from autoradiographs of biosynthetically-labeled affin-
ity-purified Fn from RFC transfectants with and without
TGFb1 treatment for 24 h. The relative increase in Fn protein
levels changed from 3.5460.84 in vector control cells to
1.1360.25 (P , 0.03) in transfectants containing the truncated
form of the type I receptor and to 3.261.10 (P , 0.854) in
transfectants expressing the full length type I receptor. Al-
though cells transfected with truncated type II receptor
showed less of an increase in Fn production in response to
TGFb1 (1.860.21 fold) in comparison to vector-transfected
cells (3.5460.84 fold), this difference was not statistically sig-
nificant (P , 0.11) (Fig. 5 B).

Similar effects on Fn levels occurred when transfected
RFCs were cultured in 3D, i.e., expression of truncated type I
TGFb receptor prevented the stimulatory effect of TGFb on
Fn protein levels. The increase in Fn protein in RFCs express-
ing the truncated form of type I receptor was 0.860.7 com-
pared to 1.960.83 (P , 0.001) in vector-control RFCs (Fig. 6).
Notably, RFCs expressing the truncated form type II receptor
exhibited a 6.062.1-fold induction of Fn protein compared to a
1.960.83-fold induction in vector-control RFCs (P , 0.0001)
(Fig. 6).

Transfection of RFCs with a type III receptor construct in

the antisense orientation results in a decrease of endogenous

type III receptor expression and blunting of the inhibitory ac-

tion of TGFb2 in 2D proliferation assays. To further investi-
gate the effect of decreased expression of the type III receptor
in RFC noted following institution of 3D culture (Fig. 3 B) we
assessed whether transfection of an antisense construct of the
type III TGFb receptor in RFCs in 2D cultures would render
them more resistant to the anti-proliferative effects of TGFb2.
As illustrated in Fig. 7, RFC transfected with the type III re-
ceptor antisense construct express less type III receptor on
their surfaces compared to vector alone transfected cells as de-
termined by 125I-TGFb cross-linking studies (Fig. 7, upper

panel). No appreciable changes in the expression of type I or
type II receptors were noted (data not shown). Further, when
assessed using proliferation assays in 2D culture, the cells
transfected with the antisense construct exhibited an un-
changed inhibition profile in response to TGFb1 but markedly
decreased sensitivity to TGFb2 compared with control cells
(Fig. 7, lower panel).

Discussion

Angiogenesis plays a central role in development, repair and
tumor growth (1). Although many studies have been per-
formed in 2D culture systems (56), investigating microvascular
endothelial cell behavior in 3D culture systems may allow for
in vitro conditions that will more closely mimic the in vivo en-
vironment. In this paper, we provide evidence for the down-
regulation of the TGFb type III and type II receptor surface
expression during angiogenesis when RFCs are grown in 3D
cultures. Previous data from our laboratory (43) reported a
similar downregulation of the surface expression of the plate-
let-derived growth factor (PDGF) receptor a and b chains in
RFCs during in vitro angiogenesis. Recent studies have dem-
onstrated changes in TGFb receptor profiles during develop-
ment, aging and hormone stimulation in a variety of tissues
(57–62). These findings are very similar to our results in rat os-
teoblast-like cell cultures, where a marked decrease in type II

Figure 4. TGFb receptor profiles of stable RFC transfectants chemi-
cally cross-linked to iodinated TGFb1. (A) Equal numbers of RFC 
transfectants expressing the vector (Vector), intact type I receptor
(I OE), or truncated forms of the type I (I T) and type II (II T) recep-
tors, respectively, were grown on coatings of type I collagen and 
chemically cross-linked to 100 pM of [125I]TGFb1 followed by SDS-
PAGE and autoradiography as described in Methods. (Right panel) 
Autoradiograph showing a representative clone from each set of 
transfectants. (Left panel) Densitometry of iodinated TGFb1 bound 
to type I and type II receptors in autoradiographs obtained from RFC 
transfectants in 2D cultures plated for 24 h. Three clones each of vec-
tor-alone transfectants (V2, V4, V8) and two clones each of ALK5 
(ALK54, ALK58), ALK5D transfectants (ALK5D3, ALK5D4) and 
type IIRT transfectants (typeIIRT1, typeIIRT3) were analyzed. The 
change in the ratios of the TGFb type II/type I are statistically signifi-
cant between the vector control versus the IOE (P , 0.000001), vec-
tor versus IT (P , 0.01), vector versus IIT (P , 0.0001) and IOE ver-
sus IT (P , 0.03) (n 5 4).
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and type III TGFb receptors and a relative increase in type I
TGFb receptors, parallel native and growth factor-induced ex-
pression of differentiated cell function. Loss of TGFb binding
to type II receptors corresponds to a decrease in TGFb-depen-
dent effects on proliferation, while an increase in TGFb bind-
ing to type I receptors results in greater levels of type I col-
lagen synthesis and alkaline phosphatase activity (38).

At this time, the molecular mechanism as to how the extra-
cellular matrix can control the cells’ responsiveness to soluble
growth factors and switch endothelial cells between growth
and differentiation is not well understood. We suggest that one
of the ways in which extracellular matrix organization modu-

Figure 5. (A) Expression of the truncated form of the type II recep-
tor but not the type I receptor in RFCs results in loss of inhibitory ac-
tion of TGFb in 2D proliferation assays. Proliferation assays as de-
scribed in Methods were performed on: control RFC (Control); RFC 
stably transfected with the neomycin resistance gene - “mock” trans-
fected (2D Vector); RFC stably expressing a dominant negative trun-
cation mutant of the type II TGFb receptor (2D type II T); RFC sta-
bly expressing a dominant negative truncation mutant of the type I 
TGFb receptor (2D type I T); RFC stably over-expressing intact type 
I TGFb receptor (2D type I OE) grown for five days in 2D culture on 
coatings of collagen type I; RFC grown in 3D culture in collagen type 
I gels for one day (3D 1 Day); and RFC grown in 3D culture in col-
lagen type I gels for five days (3D 5 Day). Counts were performed on 
quadruplicate samples. The data are means6SD of at least two repre-
sentative clones from each set of transfectants and were obtained 
from two separate studies. (B) Expression of the truncated form of 
the type I receptor but not truncated type II receptor in RFCs results 
in loss of responsiveness to TGFb1 in terms of Fn protein levels. (Up-

per panel) Autoradiograph of affinity-purified [35S]methionine-
labeled Fn from untreated and TGFb1 treated cells. Cells were from 
RFCs containing the vector alone (Vector); RFCs stably transfected 
with intact type I receptor (I OE); RFCs stably transfected with a 
dominant negative truncation mutant of the type I receptor (IT) and 
RFCs stably transfected with a dominant negative truncation mutant 
of the type II receptor (II T). The autoradiograph shows the results 
obtained from a representative clone from each set of transfectants. 
(Lower panel) A Densitometry obtained from autoradiographs of af-
finity-purified [35S]methionine-labeled Fn from RFC transfectants 

grown in 2D cultures on coatings of collagen type I treated with/with-
out 0.5 ng/ml TGFb1 for 24 h. The relative change in Fn protein after 
TGFb1 treatment is statistically significant between the vector versus 
IT (P , 0.03) and IT versus IIT (P , 0.01). The data are a represen-
tative of two replicate samples/condition and were obtained from at 
least two clones from each set of transfectants. Similar effects were 
found in two separate experiments. 

Figure 6. Expression of the truncated form of the type I receptor but 
not truncated type II receptor in RFCs grown in 3D cultures results in 
loss of responsiveness to TGFb1 in terms of Fn protein levels in 
RFCs. (Upper panel) Autoradiograph of affinity-purified [35S]me-
thionine labeled Fn from untreated and TGFb1-treated cells. Equal 
numbers of cells were grown in 3D culture and were from RFCs con-
taining vector-alone (Vector); RFCs stably transfected with wild-type 
type I receptor (IOE); RFCs stably transfected with a dominant nega-
tive truncation mutant of the type I receptor (IT); and RFCs stably 
transfected with a dominant negative mutant of the type II receptor 
(IIT). The autoradiograph shows the results obtained from a repre-
sentative clone from each set of transfectants. (Lower panel) Densi-
tometry obtained from autoradiographs of affinity-purified [35S]me-
thionine-labeled Fn from RFC transfectants grown in 3D cultures 
treated with/without 0.5 ng/ml TGFb1 for 24 h. The relative change in 
Fn protein following TGFb1 treatment is statistically significant be-
tween vector versus IT (P , 0.0004), vector versus IIT (P , 0.0001) 
and IT versus IIT (P , 1.87 3 1026). The data are a representative of 
two replicate samples condition and were obtained from at least two 
clones from each set of transfectants. Similar effects were found in 
two separate experiments.
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lates the behavior of microvessel endothelial cells is by regulat-
ing the surface expression of receptors to growth factors, as we
have shown for both PDGF and TGFb receptors. Several
investigators have provided evidence for the importance of
cell-matrix interactions in the formation of capillary tubes by
microvessel endothelial cells (11, 14, 49, 63). Hence the inter-
action of the cells with the matrix is an important component
of microvessel endothelial cell differentiation and angiogene-
sis. To address this question, we compared the TGFb1 respon-
siveness of RFCs grown in 2D versus 3D cultures. Notably, the
cells grown in 3D cultures were resistant to the anti-prolifera-
tive response by TGFb1 compared to cells grown in 2D cul-
tures. However TGFb1 was still able to modulate the expres-
sion of matrix molecules such as fibronectin in both 2D and 3D
cultures, albeit with different protein synthetic patterns and
activity profiles, depending upon the culture conditions. Al-
though in 2D cultures there was no profound modulation of
either uPA or PAI-1 levels, in 3D cultures, there was a con-
comitant increase in both uPA and PAI-1 activities early dur-
ing the in vitro angiogenic process. Previous data indicated
that TGFb1 upregulates PAI-1 levels and downregulates uPA
levels (22, 64). Most of these studies, however, were carried
out using large vessel endothelial cells in 2D cultures. The con-
comitant increase in both uPA and PAI-1 activities 24 hours
after addition of TGFb1 treatment may indicate recycling of
the uPA receptor since the uPA receptor bound to the uPA-

PAI-1 complex causes internalization and recycling to a new
surface to which uPA can bind and activate proteolysis. The
current hypothesis is that high levels of PAI-1 may be needed
to cause a constant change of uPA receptor position (65, 66); a
situation that is likely to occur during tumor spreading and me-
tastasis and during angiogenesis. 

Our results suggest that the downregulation of the surface
expression of the TGFb type II receptor in the microvessel
cells grown in 3D cultures led to their resistance to the anti-
proliferative effects of TGFb1. Yet these cells were still able to
respond to TGFb1 in terms of elevated matrix production,
such as fibronectin, as well as protease/protease inhibitor ac-
tivities, such as uPA and PAI-1. Thus, the results suggest dif-
ferent signaling pathways mediate TGFb1-induced growth in-
hibition and stimulation of extracellular matrix production in
the microvessel endothelial cells. These findings are summa-
rized in Table 1. We suggest that the change in the ratios of the
surface expression of the TGFb type II to type I receptors in
2D versus 3D cultures may modulate the cells’ responsiveness
to TGFb. There have also been several previous reports that
support different signaling pathways for growth inhibition and
matrix production (39, 54). In complementation analyses using
different cell hybrids, increased type II receptor expression
was associated with growth suppression but not the induction
of several matrix proteins (55). When the truncated form of
the type II receptor was overexpressed in mink lung cells, the
cells became resistant to the antiproliferative effect of TGFb

and were unable to maintain the retinoblastoma protein in the
hypophosphorylated state and yet the induction of plasmino-
gen activator type I (PAI-1) and fibronectin synthesis by
TGFb was unaffected (39). In addition, 293 cells, which lack
detectable levels of the type II receptor and are not responsive
to the antiproliferative activity of TGFb, but have type I re-
ceptor and display a TGFb-induced synthesis of fibronectin
(67). Also, chemically mutagenized bovine endothelial cells
express a resistant phenotype that was found to be a glycosyla-
tion defect in the type II receptor. Although the growth inhibi-
tion response to TGFb was completely lost, the activation of
fibronectin and plasminogen activator inhibitor-1 by TGFb

still occurred (68). Hence, there appear to be at least two dis-
tinct receptor-associated signaling pathways for the type I and
type II receptors; each mediating a separate set of TGFb activ-

Figure 7. Transfection of RFCs with a type III receptor construct in 
the antisense orientation results in a decrease of endogenous type III 
receptor expression and blunting of the inhibitory action of TGFb2 in 
2D proliferation assays. (Upper panel) Equal numbers of RFC trans-
fectants expressing the vector (Vector) or an antisense construct of 
the type III receptor (IIIAS), respectively, were grown on coatings of 
type I collagen and chemically cross-linked to 100 pM of [125I]TGFb1 
followed by SDS-PAGE and autoradiography as described in Meth-
ods. Autoradiograph showing a representative clone from each set of 
transfectants. Note the decreased intensity of the type III receptor in 
the clone containing the IIIAS construct. (Lower panel) Proliferation 
assays of control cultures of RFC (squares and diamonds) and RFC 
transfected with an antisense construct of the type III TGFb receptor 
(circles and triangles) in the presence of TGFb1 (squares and circles) 
or TGFb2 (diamonds and triangles). n 5 3; *P < 0.02.

Table I. Responsiveness of Microvascular Endothelial Cells to 
TGFb1 when Cultured on a Coating of Type I Collagen (2D) 
or in a Three-Dimensional Collagen Gel (3D): Correlation 
with TGFb Receptor Surface Expression

2D 3D

1 TGFb1 1 d 5 d 1 d 5 d

Proliferation Dec. Dec. No D No D

Fn Synthesis 1 111 11 11

uPA Activity No D No D 11 No D

PAI Activity No D No D 11 No D

Type I Receptor No D No D

Type II Receptor No D Dec.

II/I Ratio 5.0 1.0

Dec., decrease; Inc., increase; D, change.1, 11, 111, 1111 5 mini-

mal, modest, moderate, and maximal increases, respectively.
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ities. Differences between our results in endothelial cells (this
report) and in bone cells (38) both mesenchymal tissue-
derived, and those obtained with mink lung epithelial cell cul-
tures (37), may relate to tissue or embryonic cell lineage varia-
tions. Alternately, our studies are performed with low passage
or primary cell isolates, while studies that exhibit type I and
type II TGFb receptor co-dependence were performed in con-
tinuously cultured cells or in cells previously mutated with a
chemical carcinogen. Therefore, different or interrupted down-
stream signalling events may predominate in one or another
tissue culture model.

The data obtained from our stable RFC transfectants ex-
pressing the truncated form of the TGFb type II receptor fur-
ther substantiates our hypothesis. When functional type II re-
ceptor surface expression was reduced in these cells by
expressing a dominant negative mutant, the cells became resis-
tant to the anti-proliferative effects of TGFb1 in 2D cultures,
thus mimicking the situation of these cells in 3D cultures. The
effect appears to be specific since RFCs overexpressing the
TGFb type I receptor and a truncated form of the type I recep-
tor maintained their anti-proliferative response to TGFb1.
Additionally, RFCs overexpressing the truncated TGFb type I
receptor became less responsive to TGFb1 in terms of increase
in Fn protein synthesis, further suggesting different signaling
pathways for proliferation response versus extracellular matrix
synthesis responses. Consistent with these findings, similar ef-
fects on Fn levels were obtained when RFC transfectants con-
taining the truncated form of the type I receptor were exam-
ined in 3D cultures. Notably, 3D cultures of RFCs transfected
with truncated type II receptor expressed even greater levels
of Fn in response to TGFb1 than similar cultures of cells trans-
fected with the vector alone. One likely explanation may be
that cells in 3D culture endogenously down regulate relative
surface expression of the type II TGFb receptor, and thus sig-
nal predominantly through type I receptors. This result is even
further enhanced when these cells express a dominant nega-
tive type II receptor. Within this context, the ratio of func-
tional ligand binding is further skewed to the type I receptor,
accentuating effects that may signal predominantly through
type I receptor complexes. Our transfected cultures exhibit a
phenotype consistent with the changes in the expression of in-
tact or truncated TGFb receptors. Changes in receptor ratios
and downstream events in response to TGFb1 in the trans-
fected cultures are summarized in Table II.

Similar to our findings noted with the type II and type I
truncated receptor expression, the data obtained from our sta-
ble RFC transfectants expressing an antisense construct of the
TGFb type III receptor further substantiates our hypothesis
that changes in receptor expression determines, in part, the
cellular responsiveness to particular growth factor isoforms.
Specifically, the decrease of type III receptor expression (a
TGFb binding protein thought to mediate the binding and pre-
sentation of TGFb2 to the type II receptor in large vessel en-
dothelial cells) (44) elicited the selective loss of the inhibitory
effect of TGFb2 on RFC proliferation, while eliciting no
change in the inhibitory effect of TGFb1 on RFC proliferation.

In conclusion, we have provided evidence that matrix-orga-
nization mediated changes in microvascular cell differentiation
parallel changes in the surface expression of the cells’ TGFb

receptors and modification of the cells’ responsiveness to
TGFb1. The findings that selective expression of dominant
negative mutants of the type I and type II receptors and anti-

sense constructs of the type III receptor specifically affect
TGFb mediated extracellular matrix synthetic or proliferative
events respectively lend support to this concept. The data pre-
sented here and previous work from our laboratory and others
showing modulation of PDGF and TGFb receptors in endo-
thelial cells is consistent with our concept that microvessel en-
dothelial cells exhibit a “plastic” phenotype, displaying a vari-
ety of phenotypes in response to changes in the local
extracellular matrix and soluble factor environments as ob-
served in vitro and in vivo during angiogenesis (1, 41, 43, 49,
69). This ability of microvascular endothelial cells may be im-
portant for microvessel endothelial cells to differentially re-
spond to specific cues from the environment such as release of
growth factors and changes in the matrix composition and or-
ganization that occur during growth, development and wound
healing.
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