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Modulation of Extracellular Matrix Proteins
by Endothelial Cells Undergoing
Angiogenesis In Vitro

M. Luisa Iruela-Arispe, Clement A. Diglio, and E. Helene Sage

Angiogenesis results in part from the response of endothelial cells to the integrated action of
morphogenic factors and extracellular matrix proteins. In this study we identified specific
components of the extracellular matrix that were modulated in endothelial cells derived from
bovine aorta and rat cerebral microvessels, both of which spontaneously form cords and tubes
under standard culture conditions. SPARC (secreted protein, acidic and rich in cysteine) was
upregulated 4.2-fold in aortic and 10-fold in microvascular cultures that had organized into
cords and/or tubes. This Ca’*-binding glycoprotein was synthesized primarily by endothelial
cells in the process of cord formation. Transcription of type I collagen was initiated in aortic
endothelial cells undergoing angiogenesis in vitro and showed a 12-fold increase in similar
cultures of microvascular cells. Type VIII collagen protein was upregulated to a lesser degree
(4.3-fold in aortic and 1.8-fold in microvascular cells). Dense cytoplasmic staining for these two
collagen types was seen in cells directly participating in the organization of cords. In contrast,
the disparate levels of fibronectin observed in both types of endothelium indicated an indirect
or secondary role for this glycoprotein in cord/tube formation in vitro. These results identify
SPARC, type I collagen, and type VIII collagen as extracellular matrix components that are
actively synthesized by endothelial cells undergoing angiogenesis in vitro. Moreover, expression
of these proteins during the formation of tubes and cords appears to follow a biosynthetic
program that is common to endothelial cells from both the macrovasculature and microvas-
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culature. (Arteriosclerosis and Thrombosis 1991;11:805-815)

he inner lining of the cardiovascular system
consists of a single layer of endothelial cells.
Although metabolically quite active, these

cells generally exhibit low rates of turnover. In addi-
tion to performing numerous functions related to
hemostasis and thrombosis, endothelial cells give rise
to new vessels in adult organisms. Under appropriate
stimuli microvascular endothelium initiates a com-
plex repertoire, including degradation of the base-
ment membrane, migration, and proliferation, which
contributes to angiogenesis.! The molecular mecha-
nism(s) initiating the cascade of events that con-
cludes with the formation of new capillaries are
unknown. However, experimental evidence has im-
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plicated 1) growth factors such as basic fibroblast
growth factor?-4 and transforming growth factors-a
and -B,5-9 2) extracellular matrix (ECM) components
including collagens,10-12 laminin,!3!4 and fibronec-
tin,’s and 3) extracellular proteases.t1.16.17 Identifica-
tion of these factors as well as their specific roles and
interactions with endothelial cells will contribute to
our understanding of angiogenesis.

Several experimental models have been used to
explore capillary formation in vitro via the modula-
tion of cell behavior by ECM, growth factors, and
other substances. Endothelial cells from diverse
sources have been cultured in the presence of 1)
tumor-conditioned medium,!8 2) fibrin clots,’? 3)
phorbol esters,2 4) collagen gels or gels of modified
basement membrane components,!321-24 and 5) basic
fibroblast growth factor.? Although these systems
have provided valuable insights into the mechanisms
that direct cell behavior, studies of biosynthetic mod-
ulation can be interpreted more clearly when mor-
phogenesis of capillary-like structures occurs in the
absence of exogenous factors. Spontaneous angio-
genesis under conventional culture conditions has
been reported as an intrinsic characteristic of certain
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strains of endothelial cells. Capillary-like structures
have been described in primary cultures of endothe-
lial cells from umbilical vein,?s calf aorta,26 bovine
adrenal cortex microvessels,?” and adult bovine aor-
ta.28 To understand the specific mechanisms under-
lying the angiogenic process, we have identified ECM
components that are consistently modulated when
endothelial cells from both macrovessels and mi-
crovessels undergo spontaneous formation of capil-
lary-like structures in vitro. In a previous study?® we
demonstrated that type I collagen was induced and
that the secreted Ca?*-binding glycoprotein, SPARC
(secreted protein, acidic and rich in cysteine), was
upregulated when bovine aortic endothelial cells
(BAECs) spontaneously organized into tubular or
cord-like structures in vitro. In the present study we
have investigated whether levels of type I collagen and
SPARC were modulated in a similar manner when
cultured rat brain microvascular (resistance vessel)
endothelial cells (RVECs) spontaneously formed
tubes and/or cords. We also examined the expression
of fibronectin and type VIII collagen as a function of
angiogenesis in vitro. Our data show an upregulation
of SPARC and collagen types I and VIII, but not
fibronectin, in both macrovascular and microvascular
endothelial cells that actively form vascular cords.

Methods
Cell Culture

BAEC:s were isolated as previously described?® and
were characterized by their ability to take up acety-
lated low density lipoproteins and to synthesize von
Willebrand factor. In this study, we used three dif-
ferent BAEC strains that were selected and cloned
based on their propensity to express the sprouting
phenotype.3® RVECs were isolated and character-
ized according to Diglio et al.3! Both cell types were
cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (GIBCO/BRL, Gaithersburg, Md.) con-
taining 10% heat-inactivated fetal calf serum (Flow,
McLean, Va.), 100 units/ml penicillin, 100 ug/ml
streptomycin sulfate, and 250 ug/ml amphotericin B
(Sigma Chemical Co., St. Louis, Mo).

Spontaneous organization of endothelial cords
and/or tubes was monitored by phase-contrast mi-
croscopy. In general, this phenomenon occurred
10-20 days after the cultures reached confluence.
Experiments were performed between passages 3-10
for BAECs and passages 25-30 for RVECs.

Metabolic Labeling and Analysis of Secreted Proteins

Metabolic labeling was performed on cultures of
BAECs and RVECs that exhibited either 80-90%
confluency (subconfluent) or that contained endothe-
lial cords and/or tubes. Initially, the cells were incu-
bated in serum-free DMEM supplemented with 50
pg/ml sodium ascorbate and 64 pg/ml B-aminopro-
pionitrile fumarate for 1 hour. The medium was
aspirated, and the cultures were incubated for 18-20
hours in fresh DMEM containing sodium ascorbate,

B-aminopropionitrite, and 50 uCi/ml L-[2,3,4,5-
‘H]proline (100 Ci/mol, Amersham, Arlington
Heights, I11.).

After this incubation, the medium was processed
at 4°C. Clarification from cells and debris was done
by brief centrifugation; the supernate was transferred
directly into a mixture of proteinase inhibitors to
produce a final concentration of 0.2 mM phenyl-
methylsulfonyl fluoride, 10 mM N-ethylmaleimide,
2.5 mM EDTA,28 and 0.5 pg/ml pepstatin A (Penin-
sula Laboratories, San Carlos, Calif.). The medium
was dialyzed against 0.IN acetic acid and subse-
quently lyophilized. To correlate cell number with
radiolabeled proteins, the cultures were counted by
hemocytometer immediately after the medium was
removed.

Lyophilized proteins were solubilized in sample
buffer containing sodium dodecyl sulfate (SDS)32 and
were counted by scintillation spectrophotometry. A
volume equivalent to 250,000 cells was removed from
each sample, reduced with 50 mM dithiothreitol, and
heated for 1-3 minutes at 90-100°C. Proteins were
resolved by SDS—polyacrylamide gel electrophoresis
(PAGE) on discontinuous polyacrylamide slab gels.32
Protein molecular-weight standards included myosin
(H chain, 200 kd), phosphorylase b (97.4 kd), bovine
serum albumin (68 kd), ovalbumin (43 kd), a-chy-
motrypsinogen (27.5 kd), and lysozyme (14.3 kd).
Gels were stained with Coomassie brilliant blue
R-250, destained, and incubated in Enhance (Du-
Pont, Boston, Mass.) according to the manufacturer’s
instructions. Dried gels were exposed to RP X-Omat
x-ray film (Kodak, Rochester, N.Y.) at —70°C.

Pepsin digestion. To identify type VIII collagen,
lyophilized proteins were resuspended in 0.5 M ace-
tic acid at 4°C, and pepsin (Worthington, Freehold,
N.J.) was added to a final concentration of 50 pg/mi
for 4 hours at 4°C. The reaction was terminated by a
twofold molar excess of pepstatin A. The digest was
immediately frozen at —70°C and lyophilized. Diges-
tion products were subsequently resolved by SDS-
PAGE, and type VIII collagen was identified by
Western immunoblotting.

Immunoblotting

SDS-PAGE gels were transferred to nitrocellulose
(Schleicher & Schuell, Keene, N.H.) in a Bio-Rad
transblotter (Richmond, Calif.) at 500 mA for 4
hours at 4°C. To verify efficiency of transfer, nitro-
cellulose sheets were stained with amido black (0.1%
amido black in a solution of 10% acetic acid and 20%
methanol). Subsequently, the blots were blocked in a
solution of phosphate-buffered saline (pH 7.4) con-
taining 1% nonfat dry milk and 0.05% Tween-20 at
pH 7.8 (MT buffer) for 16 hours at 4°C. Primary
antibodies were rabbit anti-mouse SPARC immuno-
globulin G (IgG) (directed against a synthetic C-ter-
minal peptide of SPARC)3? at 9 ug/ml and rabbit
anti-bovine type VIII collagen IgG3+ at 10 ug/ml
(final concentrations in MT buffer). Incubations were
performed in 10 ml antibody solution for 2—-3 hours
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at room temperature, followed by six washes in MT
buffer (5 minutes each). Blots were then incubated in
10 ml MT buffer containing 5 uCi '®I-Protein A
(NEN, Boston, Mass.). After extensive washes with
MT buffer (eight times, 15 minutes each), the blots
were exposed to x-ray film. A scanning spectropho-
tometer (Beckman Instruments Inc., Fullerton, Cal-
if.) was used to quantify band density within a range
of linear absorbance.

Immunocytochemistry

Cells were cultured on Labtek slides (Nunc, Na-
perville, I1l.) until organization of endothelial cords
was evident by phase-contrast microscopy. Cultures
were then washed three times with serum-free
DMEM and fixed in 3% buffered paraformaldehyde
(pH 7.4) for 30 minutes at 4°C. After fixation, the
cultures were washed in phosphate-buffered saline
and incubated with 70% methanol containing 3%
H,0, for 30 minutes to inactivate endogenous perox-
idases. Treatment with 1% normal goat serum in
phosphate-buffered saline for 3 hours was performed
to minimize nonspecific binding. Cells were then
exposed to one of the following primary antibodies
(final concentrations): rabbit anti-mouse SPARC
IgG (directed against a synthetic N-terminal peptide
of SPARC,3 25 pug/ml); anti-type VIII collagen
IgG,34 30 pg/ml; rabbit anti-bovine fibronectin anti-
serum, 14 pg/ml, absorbed with bovine plasma pro-
teins minus fibronectin (Telios, San Diego, Calif.);
and sheep anti-bovine type I procollagen IgG, 35
ug/ml (provided by Laurie Fouser, University of
Washington). Anti-type I procollagen IgG was af-
finity absorbed on Sepharose-fibronectin followed by
Sepharose-type 1 collagen. Specificity for type I
procollagen was confirmed by Western blotting and
enzyme-linked immunosorbent assay. After incuba-
tion with primary antibody for 2 hours at 4°C, the
cells were rinsed in phosphate-buffered saline (three
times, 30 minutes each), incubated with biotinylated
goat anti-rabbit IgG for 1 hour at 4°C, rinsed in
phosphate-buffered saline, and exposed to an avidin—
biotin-peroxidase complex (Vector Labs, Burlin-
game, Calif.) (30 minutes). A solution of 3-3'-diami-
nobenzidine 4-HCI (1 mg/ml in 0.05 M Tris HCI at
pH 7.6, containing 0.02% H,0,) was used to develop
immune complexes. The reaction was stopped with
tap water, and the cells were counterstained with an
aqueous solution of 1% toluidine blue. Negative
controls included replacement of the primary anti-
body by preimmune rabbit serum. Photography was
performed with a Zeiss Photomicroscope I on Ko-
dak Ektachrome film (160 ASA).

Northern Blot Analysis

Total RNA was extracted, as described by Chom-
cznski and Sacchi35 from cultures of 1) BAECs at
90% confluency, 2) BAECs containing endothelial
cords, 3) RVECs at 90% confluency, and 4) RVECs
containing endothelial cords. Concentrations of
RNA were determined spectrophotometrically.

Seven micrograms of total RNA was denatured in a
formamide/formaldehyde solution at 55°C for 15
minutes, and the samples were resolved on a dena-
turing 1.2% agarose gel.36 After electrophoresis, the
gel was stained with 0.5 ug/ml ethidium bromide in
diethylpyrocarbonate-treated water for 5 minutes
and destained in diethylpyrocarbonate-treated water.
RNA was then transferred to a nitrocellulose sheet
by a Vacuum Blotting System (Pharmacia-LKB, Pis-
cataway, N.J.) and cross-linked by ultraviolet irradi-
ation in a Stratalinker (Stratagene, La Jolla, Calif.).
Prehybridization was performed at 42°C for 16 hours
in a solution containing 50% deionized formamide,
30% of 20x standard saline citrate (1x standard
saline citrate is 0.15 M NaCl/0.015 M sodium citrate),
50 mM NaH,PQ,, 10 ug yeast total RNA, and 4% of
a 50x Denhardt’s solution (1% Ficoll, 1% polyvi-
nylpyrrolidone, and 1.1% bovine serum albumin).
The cDNA probes used in this study were 1) a 557-bp
BamHI-EcoRI fragment of mouse SPARC cDNA37;
2) a 1.1-kb EcoRI-EcoRI fragment of human al(I)
collagen cDNA encoding a protein sequence in-
volved in triple-helix formation38; 3) a 2.2-kb Pst I-Pst
I fragment of human fibronectin cDNA3%; and 4) a
280-bp EcoRI-EcoRI cDNA fragment from bovine
28S rRNA, which shows 99.5% sequence homology
with rat 28S rRNA.

DNA fragments were labeled by a standard nick-
translation protocol with deoxycytidine 5'-[a-*?P]tri-
phosphate (Amersham, 10 mCi/ml) and chromato-
graphed on Sephacryl S-400 (Promega, Madison,
Wis.). Specific activity of probes was between
0.2x10° and 1x10° cpm/ug. Hybridization was per-
formed with excess probe for 16 hours in the solution
previously described for prehybridization containing
10° cpm cDNA/ml. Posthybridization washes were
performed at a final stringency of 0.1x standard
saline citrate in 0.1% SDS at 65°C. Nitrocellulose
sheets were exposed to x-ray film, and the signal was
scanned in a spectrophotometer. Normalization for
loading of RNA was accomplished by scanning den-
sitometry of the signal for 28S rRNA.

Results

Spontaneous formation of endothelial cords and
tubes by adult BAECs?® and RVECs% has been
previously reported. In this study, we characterized
this process and its incipient alterations in ECM
biosynthesis in a strain of rat endothelium derived
from the cerebral microvasculature. Comparison be-
tween aortic and resistance vessel endothelia was
conducted under identical culture conditions for
both types of cells and without exogenous factors
other than those present in DMEM and fetal calf
serum.

Spontaneous organization of endothelial cords by
BAECs and RVECs was evident after 10-15 days in
culture and occurred several days after the cells had
formed a confluent monolayer (Figures 1A and 1D).
BAEC:s required a second pattern of growth, termed
sprouting, before cord formation (Figure 1B, arrow-
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head). In contrast, RVEC cords appeared in culture
without sprouting (Figure 1E). Cords from both cell
types could be maintained in culture for as long as 2
months without overt cellular senescence or necrosis.
Indeed, mitotic indexes from these cultures revealed
a high rate of proliferation, particularly in areas
where cells were contributing to the growth of cords.
The number of cords tended to increase in long-term
cultures, which formed organized arrays of intercom-
municating networks resembling capillary beds in
vivo (Figures 1C and 1F). Although we verified the
presence of lumina in BAECs,28 we have referred to
these capillary-like structures as endothelial cords
rather than endothelial tubes. It is our experience,
however, that in a given culture of BAECs, cords and
tubes coexist, and the formation of cords precedes
that of tubes. RVEC cultures contained predomi-
nantly cords; patent tubes were found to be rare (C.
Diglio et al, unpublished observations).

To compare the proteins secreted by endothelial
cells before and after morphogenesis of tubes, we
metabolically labeled subconfluent cultures and
cord-containing cultures from both BAECs and
RVECs. Figure 2 shows [*H]proline-labeled proteins
secreted into the culture media by BAECs (lanes 1
and 2) and RVECs (lanes 3 and 4). Although the
biosynthetic profiles differed in several respects, the
ECM proteins fibronectin, thrombospondin, and type
IIT collagen could be identified as prominent secre-
tory products of both cell types. A similar analysis
showed that the ECM proteins secreted by subcon-

FIGURE 1. Phase-contrast photomicro-
graphs showing formation of endothelial
cords by bovine aortic endothelial cells
(BAECs) and resistance vessel endothelial
cells (RVECs). Panel A: Confluent mono-
layer of BAECs (3 days in culture). Panel
B: Organization of endothelial cords by
BAECs (arrow). Presence of sprouting cells
is evident (arrowhead) (15 days in culture).
Panel C: Arrays of endothelial cords dis-
played by BAECs (30 days in culture).
Panel D: Monolayer of RVECs (2 days in
culture). Panel E: Endothelial cord of
RVECs (10 days in culture). Panel F: Net-
work of endothelial cords organized by
RVECs (arrows) (17 days in culture).
Bar=100 pum.

fluent and confluent cultures were similar within the
same cell type (data not shown). However, the secre-
tory phenotype was altered after the cultures began
to organize into cords. As shown in Figure 2, cord-
forming RVECsS secreted significantly higher levels of
types I and III procollagen as compared with subcon-
fluent cells (compare lane 3 with lane 4). The marked
upregulation of type I procollagen (and its processed
forms «1[I] and a2[I]) seen in cord-forming BAECs
has been described?® but is shown in lanes 1 and 2 for
comparison with the microvascular cells. The identity
of the collagen chains shown in Figure 2 was con-
firmed by Western blotting (data not presented).

Since the phenomenon of angiogenesis in vitro was
at least partially dependent on the duration of sub-
culture, we performed control experiments on post-
confluent cultures. Thus, strains of BAECs that did
not express the sprouting phenotype were plated for
an equivalent period of time as that needed for
strains undergoing angiogenesis in vitro. The spec-
trum of proteins secreted by the control cultures was
similar to that seen in subconfluent cultures. How-
ever, the level of protein secretion was significantly
lower, and certain proteins such as thrombospondin
and SPARC were selectively diminished (data not
shown). We have used sparsely plated cells rather
than confluent cultures in these studies since the
subconfluent cultures resembled cord-containing cul-
tures more closely with respect to levels of protein
synthesis and mitotic index.
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In this comparative study we wished to address the
changes in matrix production by endothelial cells
undergoing cord formation, with specific emphasis on
cells derived from a microvascular bed. Since we had
observed, in an earlier study, an induction of type I
collagen mRNA and an increase in SPARC mRNA
by cord-forming BAECs,28 we initially chose to ex-
amine these gene products in RVECs in the presence
and absence of cords. The experiments were then
extended to include fibronectin and type VIII colla-
gen. Although both of these proteins have been
characterized as products of endothelial cells, their
participation as endogenous products in cord or tube
formation has not been described in either aortic or
resistance vessel endothelium.

Figure 3 shows representative immunoblots that il-
lustrate the relative changes in type VIII collagen and
SPARC protein in subconfluent and tube-forming
BAECs and RVECs. In cultures that contained cords,
levels of pepsin-treated type VIII collagen were 4.3-
fold higher in BAECs and 1.8-fold higher in RVECs as
compared with the respective subconfluent cultures
(Figure 3A). These values were derived from equal
numbers of cells.

\M ¢

FIGURE 2. Photograph of

3 4 kD SDS-PAGE gels showing secre-
tory phenotypes of bovine aortic

endothelial cells (BAECs) and

resistance vessel endothelial cells

l r< (RVECs) before and after orga-
- 200 nization of endothelial cords in

i E vitro. BAECs and RVECs were

! metabolically labeled with
[2,3,4,5-°H]proline at 80% con-
fluency (lanes 1 and 4) and after
formation of endothelial cords
(lanes 2 and 3). Radiolabeled
proteins, secreted by 250,000
cells/sample, were resolved on a
4%/8% SDS-PAGE gel under
reducing conditions and were vi-
sualized by autoradiography.
Lane 1, subconfluent BAECs;
lane 2, cord-containing BAEC
cultures; lane 3, subconfluent
RVEC cultures; and lane 4,
cord-containing cultures. Globu-
- 43 lar protein molecular-weight
standards are indicated on the

right. Fibronectin (FN), throm-
bospondin (TS), type I and type

HI procollagen chains (pro «),

and type I collagen chains («)

have been identified. Two sepa-

rate gels are shown. SDS-PAGE,

=27  sodium dodecyl sulfate—poly-
. - (f  acrylamide gel electrophoresis;

df, dye front.

1

=i - 97

- 68

el b

We also detected a 4.2-fold increase in the secre-
tion of SPARC by BAECs and a 10-fold increase by
RVECs when these cells were forming cords (Figure
3B). mRNA levels for SPARC showed a similar trend
(Figure 4A). Consistent results were obtained from
replicate dishes within a single experiment, as well as
from independent experiments. The increase in
SPARC mRNA in subconfluent cultures versus cord-
containing cultures was always greater than 3.5-fold
for BAECs and eightfold for RVECs. These values
were obtained from five independent preparations of
RNA and from several different strains of endothe-
lial cells. When confluent cultures rather than sub-
confluent cultures were used to calculate the ratio,
the differences were even greater due to the reduced
levels of SPARC mRNA and protein synthesis in
contact-inhibited endothelial monolayers (data not
shown).

We previously demonstrated the initiation of tran-
scription of the al(I) collagen gene when BAECs
undergo cord formation.2® In support of this finding
Figure 4B shows the presence of al(I) collagen
mRNA in cord-containing cultures but not in sub-
confluent cultures. This figure also indicates a signif-
icant increase in al(I) collagen mRNA in cultures of
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FIGURE 3. Increases in type VIII collagen and SPARC in bovine aortic endothelial cells (BAECs) and resistance vessel
endothelial cells (RVECs) engaged in cord formation. Secreted proteins were resolved on a 5%/10% SDS-PAGE gel, transferred
to nitrocellulose, and treated with anti-type VIII collagen immunoglobulin G (panel A) (in this case, proteins were previously
digested with pepsin) or anti-SPARC peptide 4.2 immunoglobulin G (panel B), followed by 5] labeled protein A. Resulting
autoradiograms are shown, and values determined by scanning densitometry are represented in histograms (lower portion of figure;
mean=SEM). Molecular weight markers are indicated at left. Lane 1, subconfluent BAECs; lane 2, cord-containing BAEC culture;
lane 3, subconfluent RVECs; and lane 4, cord-containing RVEC culture. SPARC, secreted protein, acidic and rich in cysteine;
SDS-PAGE, sodium dodecy! sulfate-polyacrylamide gel electrophoresis; S, control protein (type VIII collagen chain in panel A and
SPARC [SP] in panel B).

RVECs that undergo cord morphogenesis, although gels from four individual experiments revealed an
in this case, the expression of al(I) collagen mRNA average 12-fold increase in al(I) collagen mRNA in
was also observed in subconfluent cultures. Scanned cord-forming cultures of RVECs.
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FIGURE 4. Abundance of SPARC, al(I) collagen, and fibronectin mRNAs during organization of endothelial cords in culture.
Seven micrograms of total RNA from (lane 1) subconfluent bovine aortic endothelial cells (BAECs), (lane 2) cord-containing
BAEC cultures, (lane 3) subconfluent resistance vessel endothelial cells (RVECs), and (lane 4) cord-containing RVEC cultures,
after transfer from an agarose denaturing gel to nitrocellulose and hybridization with cDNA probes to (panel A) SPARC (SP),
(panel B) al(l) collagen (type I), or (panel C) fibronectin (FN). A 285 cDNA probe was used to normalize hybridization signals
for equal loadings of RNA. Values determined by scanning densitometry after normalization are shown in histograms at right
(mean*SEM). In panel C, hybridization signal corresponding to thrombospondin mRNA (TS) is also shown. SPARC, secreted

protein, acidic and rich in cysteine.

From the data shown in Figure 2, fibronectin was
secreted by both BAECs and RVEC:s in the presence
and absence of cords. Levels of fibronectin mRNA did
not show a consistent trend in the two cell types. We

detected a 3.2-fold increase in BAEC cultures contain-
ing endothelial cords and a 10-fold decrease in the
levels of fibronectin mRNA in similar cultures of
RVEGC:s (Figure 4C). These changes reflect the average
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of four independent experiments. Variations of this
sort are most likely due to differences in the regulation
of the fibronectin gene that are cell-type specific.

We performed immunocytochemical studies to de-
termine the distribution of these ECM proteins with
respect to the endothelial cords. In Figures 5A and
SE, the network of BAEC cords was readily delin-
eated by the reaction product, which is seen as a dark
brown precipitate localizing the type I procollagen
immune complex. In RVEC cultures, however, cyto-
plasmic reaction product could be detected in cells
that were not involved in cord formation. These data
are consistent with the fact that RVECs secrete type
I collagen before cord formation. Type VIII collagen,
which appeared to be predominantly intracellular
(Figures 5C and 5G), was associated with the orga-
nized cords in both BAEC and RVEC cultures. This
pattern was similar to that found for type I collagen.

FIGURE 5. Photomicrographs
showing immunolocalization of
extracellular matrix (ECM) pro-
teins in endothelial cord-con-
taining cultures. Bovine aortic
endothelial cells (panels A-D)
and resistance vessel endothelial
cells (panels E-H) were cul-
tured on slides until formation of
endothelial cords was evident by
phase-contrast microscopy. Cul-
tures were fixed as described in
“Methods,” and immunolocal-
ization of ECM proteins was per-
formed by an avidin-biotin—per-
oxidase technique. Toluidine
blue was used as a counterstain.
Panels A and E, antibodies
against type I procollagen dem-
onstrating strong cytoplasmic
Staining in cords (arrows); pan-
els B and F, SPARC preferen-
tially associated with cords and
with cells proximal to cords (ar-
rows); panels C and G, anti-type
VIII collagen antibodies identi-
fying this collagen mainly in
cords (arrows); panels D and H,
anti-fibronectin immunoglobulin
G revealing a fibrillar array be-
tween cells in the monolayer (ar-
row) and those in cords. How-
ever, there was no preferential
association with cords. SPARC,
secreted protein, acidic and rich
in cysteine. Bars=100 um.

Staining for type VIII collagen was also evident in
those cells immediately adjacent to the cords, espe-
cially in BAEC cultures (Figure 5C).

SPARC was associated with both endothelial cords
and notably with sprouting cells in BAEC cultures
(Figure 5B, arrow). By time-lapse videomicroscopy,
we have shown that sprouting BAECs participate in
the initiation and remodeling of tubes and cords
(data not presented). In contrast, a more generalized
staining in RVEC cultures (Figure 5F) suggested that
SPARC was associated with at least two cellular
populations: those in cords and those in an apparent
monolayer surrounding the cords. However, staining
was seen preferentially in the cord-like arrays in
RVEC cultures.

Panels D and H of Figure 5 depict staining for
fibronectin in the cells and matrix of cord-containing
cultures. Fibronectin appeared among these cells in a
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delicate fibrillar pattern. After examining several
cultures, we found that fibronectin was not specifi-
cally or preferentially associated with cords. This
more generalized distribution was also found in
confluent cultures of both types of endothelial cells.

Discussion

Many cellular responses are dictated by the com-
position and organization of the extracellular envi-
ronment. From the early stages of development, a
relation between cells and the ECM is established
and modulated during the complex process of differ-
entiation. Understanding the interactions between
cells and their secreted ECMs will allow us to deter-
mine how specific molecules affect cellular pheno-
type, including those relevant to angiogenesis. In this
article we have identified type I collagen, type VIII
collagen, and SPARC as significant components syn-
thesized by endothelial cells during the organization
of endothelial cords in vitro.

We chose two different types of endothelial cells to
perform these studies. Our results from macrovascu-
lar as well as microvascular cells were coincident with
respect to the regulation of certain ECM proteins by
endothelium. Biosynthetic heterogeneity in the ECM
has previously been shown among arterial, venous,
and capillary endothelial cells.#2-42 For example, type
I collagen was found to be a major secretory product
of capillary endothelium but was not detected in the
culture medium or in cell layers of venous or aortic
endothelial cells.*! The predominant collagen se-
creted by BAECs is an interstitial (type III) colla-
gen,?? while umbilical vein endothelium synthesizes a
basement membrane (type IV) collagen.#? Differ-
ences among arterial, venous, and capillary endothe-
lial cells have also been shown with respect to the
synthesis of coagulant factors.4> Our present results
clearly show, however, that aortic endothelial cells
assume a secretory profile similar to that of capillary
endothelium when both cell types undergo cord
formation in vitro.

We have shown that the expression of type I
collagen is initiated de novo in BAEC cultures that
manifest a secondary morphological phenotype
termed sprouting.28.44 The sprouting cells are respon-
sible for the formation of endothelial tubes in vitro.28
Why certain cultures spontaneously exhibit this
sprouting growth pattern while others maintain a
contact-inhibited monolayer is not understood. Our
data would suggest that the aortic endothelial sheet is
formed by a heterogeneous population of cells. The
organization of cords by some clones and not by
others would support this hypothesis.

Our results have also shown that levels of al(I)
collagen mRNA are increased in RVECs engaged in
cord formation. Furthermore, transcription of a1(I)
collagen mRNA was initiated in BAEC cultures un-
dergoing angiogenesis in vitro. A significant amount of
processing was observed for type I collagen, particu-
larly by BAECs. This activity might also reflect the
increase in collagenases and other protecases that

regulate capillary endothelial cell migration and inva-
sion.# The relevance of type I collagen to angiogenesis
in vivo is presently unclear. Ingber and Folkman!®
have claimed that metabolic reduction of collagen
synthesis induced capillary regression in the chicken
chorioallantoic membrane. Since type I collagen con-
stitutes a major component of pericapillary connective
tissue in vivo, sprouting endothelial cells are exposed
to an ECM rich in type I collagen, which might
provide a necessary substrate for the migration of
endothelial cells during the formation of new capillar-
ies. Alternatively, type I collagen, in concert with a
surface receptor, might modulate a metabolic pathway
in endothelial cells that would activate transcription of
genes requisite to the process of angiogenesis.

The noncollagenous glycoprotein SPARC was also
upregulated in cord-forming cultures of BAECs? and
RVECs (this article). Described as a stress-induced
culture shock protein secreted by endothelial cells in
vitro,*s SPARC was found associated with only certain
kinds of endothelium in vivo.# Although the function
of SPARC in blood vessels is presently unknown, its
role as an inhibitor of cell spreading, as well as its ability
to promote changes in cell shape and to bind to the
ECM,# suggests that this protein might interfere with
cell-matrix interactions. Immunolocalization of
SPARC in cultures containing newly formed endothe-
lial cords showed that cells in the cords as well as cells
in the proximity of these structures expressed high
levels of cytoplasmic SPARC. By time-lapse videomi-
croscopy, we have seen that endothelial tubes and cords
are unstable and undergo continuous remodeling by
disaggregation and incorporation of new cells. Since it
is this active population of cells that expresses high
levels of SPARC, we have proposed that SPARC
promotes changes in focal adhesions and cell shape
that release endothelial cells from their ECM and
intercellular contacts. For example, these changes
would allow the cellular migration necessary for other-
wise contact-inhibited cells to organize into a cord or
tube.

Despite the association of type VIII collagen with
endothelial cords that was shown by immunocy-
tochemistry, negligible increases in the levels of this
protein were found in tube-forming cultures. Since
type VIII collagen is significantly downregulated
after cells reach confluence,*® even the modest in-
creases detected by Western blotting are likely to be
relevant to the phenomenon of angiogenesis. Recent
studies have shown that type VIII collagen is associ-
ated with the developing mammalian and avian car-
diovascular system, particularly in the myocardium
and endocardiac cushions, as well as in embryonic
capillaries® and some large vessels.*® In vitro, type
VIII collagen appears to be preferentially expressed
by proliferating and migrating cells.*® Since we have
shown that type VIII collagen was secreted by grow-
ing capillaries both in vivo and in vitro, we speculate
that this protein might facilitate the assembly of
endothelial cords and tubes.
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McAuslan and colleaguess®s! have described mod-
ulation of fibronectin in cultures of sprouting
BAECs. Although our data show increased mRNA
levels for fibronectin in BAEC cord-containing com-
pared with subconfluent cultures, fibronectin mRNA
was clearly diminished in RVEC angiogenic cultures.
These results reflect cell type-specific differences in
the regulation of this gene. Jaye et al's reported
increased levels of fibronectin mRNA in cord-con-
taining cultures of human umbilical vein endothelial
cells over confluent cultures, and similar results were
described for chick embryonic endothelium in vivo.52
Since it is primarily the microvascular endothelium
that contributes to angiogenesis in the adult animal,
it is likely that cells from these vessels respond to
different stimuli and synthesize additional ECM pro-
teins that subserve an auxiliary role to that of fibro-
nectin. In this regard, Yang and Moses? have recently
shown that transforming growth factor B1, which
stimulates the synthesis of collagen and fibronectin,53
induced larger vessels in the chick chorioallantoic
membrane, but basic fibroblast growth factor stimu-
lated preferentially the formation of small vessels.

In summary, we have identified specific ECM
proteins that appear to be relevant to the phenome-
non of cord formation by macrovascular and micro-
vascular endothelial cells in vitro. Future studies will
establish how these proteins interact with endothelial
cells during the process of angiogenesis in vivo.
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