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Protein Kinase C in the Induction of Endothelial Cell
Vascular Formation

Cynthia M. Davis, Susan C. Danehower, Antonio Laurenza, and ). Leslie Molony

Cell Biology Department, Biology Division, Glaxo, Inc. Research Institute, Research Triangle Park,
North Carolina 27709

Abstract When cultured on a basement membrane substratum, endothehial cells undergo a rapid series of
morphological and functional changes which result in the formation of histotypic tube-like structures, a process which
mimics i vivo angiogenesis. Since this process 1s probably dependent on several cell adhesion and cell signaling
phenomena, we examined the roles of integrins and protein kinase C in endothelal cell cord formation. Polyclonal
antisera directed against the entire vitronectin (a,83) and fibronectin (asB1) receptors inhibited cord formation.
Subunit-spectfic monoclonal antibodres to a,, B3, and B integrin subunits inhibited cord formation, while monoclonal
antibodies to as did not, which implicated the vitronectin receptor, and not the fibronectin receptor, in vascular
formation Protein kinase C inhibitors inhibited cord formation, while phorbol 12-myristate 13-acetate (PMA) caused
endothelial cells to form longer cords. Since the vitronectin receptor has been shown to be phosphorylated in an in vitro
system by protein kinase C, the possible functional link between the vitronectin receptor and protein kinase C during
cellular morphogenesis was examined. The vitronectin receptor was more highly phosphorylated i cord-forming
endothelial cells on basement membrane than in monolayer cells on vitronectin Furthermore, this phosphorylation was
inhibited by protein kinase C inhibitors, and PMA was required to induce vitronectin receptor phosphorylation in
endothelial cells cultured on vitronectin. Colocalization studies were also performed using antisera to the vitronectin
receptor and antibodies to proten kinase C. Although no strict colocalization was found, protein kinase C was locahized
in the cytoskeleton of endothelial cells inttially plated on basement membrane or on vitronectin, and it translocated to
the plasma membrane of C-shaped cord-forming cells on basement membrane. Thus, both the vitronectin receptor and
protein kinase C play a role in in vitro cord formation.  © 1993 wiley Liss, Inc
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The vitronectin receptor (VNr) is a member of
the integrin family of extracellular matrix recep-
tors and consists of an «, subunit, most com-
monly associated with the B3 subunit, although
1t may also form complexes with B, and B5 sub-
units [for review see Horton, 1990]. The VNr
has binding affinities for a number of cell adhe-
sion proteins, including vitronectin, laminin, fi-
bronectin, von Willebrand’s factor, fibrinogen,
and thrombospondin [Horton, 1990]. It is ex-
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pressed predominantly in placenta [Pytela et al.,
1985], osteoclasts [Horton et al., 1985], human
neuroblastoma cells [Gray and Dedhar, 1988],
vascular endothelium [Athanasou et al., 1990],
and cultured endothelial cells [Fitzgerald et al.,
1985; Charo et al., 1986; Plow et al., 1986]. The
receptor may function in the coagulation cas-
cade and with complement factors [Horton,
1990]; it may also be important for osteoclast
function [Chambers et al., 1986] and for the
mediation of phagocytosis of cells undergoing
apoptosis [Savill et al., 1990].

Integrin receptors have been shown to be
phosphorylated in several cell systems. For exam-
ple, the phosphorylation of the fibronectin recep-
tor may regulate its function during cellular
differentiation [Dahl and Graebel, 1989]. The
agB1 laminin binding integrin exhibited phorbol
12-myristate 13-acetate (PMA)-induced phos-
phorylation of the ag subunit, which may facili-
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tate its binding to cytoskeletal elements [Shaw
et al., 1990]. The common B, subunit of the
leukocyte adhesion receptors (CD11/CD18 fam-
ily) also becomes phosphorylated when cells are
treated with PMA [Hara and Fu, 1986]. The
phosphorylation of the CD11/CD18 family may
by constitutive or stimulus-induced on the CD11
and CD18 chains, respectively, in neutrophils
[Buyon et al., 1990] and monocytes [Chatila et
al., 1989]. The Illa (B3) subunit of the platelet
glycoprotein GPIIb/Illa is phosphorylated on
threonine during platelet activation with throm-
bin or PMA [Parise et al., 1990]. Moreover, a
VNr with the subunit composition «,, has been
identified on osteosarcoma cells, of which the B,
subunit was shown to be phosphorylated on
serine when the cells were treated with PMA
[Freed et al., 1989]. This phosphorylation was
protein kinase C (PKC)-dependent, as the B,
subunit was an in vitro substrate for PKC [Freed
et al., 1989]. However, the functional signifi-
cance of the phosphorylation of these integrins
is still unclear.

Endothelial cells have been shown to possess
several integrin receptors [reviewed in van
Mourik et al., 1990; Albelda and Buck, 1990;
Giltay and van Mourik, 1988]. Endothelial cell
integrins include the types I and IV collagen
binding integrin («;B;) [Kramer and Marks,
1989; Kramer et al., 1990], the collagen and
laminin receptor (ayB;) [Languino et al., 1989;
Albelda et al., 1989], the fibronectin/laminin/
collagen receptor (aszB;) [Albelda et al., 1989],
and the fibronectin receptor (asB;) [Dejana et
al., 1988]. In addition, endothelial cells have
been shown to express the VNr .83 [Dejana et
al., 1988; Albelda et al., 1989].

Although human umbilical vein endothelial
cells (HUVECs) will form capillary-like struc-
tures after several weeks in culture on plastic or
gelatin [Kubota et al., 1988; Maciag, 1990], they
will form these structures within 5 h when
plated on basement membrane [Grant et al.,
1989]. We have examined the formation of these
capillary-like structures after 18-20 h of culture
on basement membrane. Because it was not
determined in our work whether these struc-
tures possess lumens, they are referred to here
as cords. Cord formation may be dependent upon
several cell-surface extracellular matrix binding
proteins. This study was designed to determine
the role of the VNr and its possible subunits, as
well as the potential role of PKC in the induc-
tion of cord formation in endothelial cells in

vitro. Our data suggest that the VNr and PKC
play important roles in the induction of endothe-
lial cell cord formation in vitro.

MATERIALS AND METHODS
HUVEC Cell Culture and Cytokine Upregulation

HUVECs (passage 4-10) were obtained from
Clonetics (San Diego, CA) and cultured in endo-
thelial growth medium-umbilical vein (EGM-UV)
containing 10% fetal bovine serum (ICN/Flow
Laboratories, McLean, VA), epidermal growth
factor (10 ng/ml), hydrocortisone (1 pg/ml), bo-
vine brain extract (4 ml/1), and heparin (all four
from Clonetics). Gelatin-coated 100 mm dishes
were routinely used for passaging HUVECs.
Cells were maintained in a 37°C incubator with
10% CO,. For plating onto vitronectin (Telios
Pharmaceuticals, San Diego, CA), the vitronec-
tin was diluted in sterile water to 50 pg/ml per
well in a 6-well plate.

Concentrations of kinase modulators and cyto-
kines were determined in separate assays and as
described in Molony and Armstrong [1991]. PMA
(5 wg/ml) (Sigma Chemical Co., St. Louis, MO),
Calphostin C (10-7 M) (Kamiya Biomedical Co.,
Thousand Oaks, CA), 4 a-phorbol (10-7 M) (Cal-
biochem, La Jolla, CA), staurosporine (0.013 M)
(Upstate Biotechnology, Inc., Lake Placid, NY),
tumor necrosis factor-a (TNF-a; 10 U/ml) (Gen-
zyme Corporation, Cambridge, MA), and inter-
leukin-1p (IL-1B; 100 U/ml) (Genzyme) were
added to cells diluted in media at the time of
plating.

Immunolocalization Assays

HUVECs were plated onto glass coverslips
(Carolina Biological Supply Co., Burlington, NC)
coated with extracellular matrix substrata and
allowed to attach 5-8 h at 37°C. Cells on cover-
slips were then washed in phosphate-buffered
saline (PBS) and fixed in 3.7% formaldehyde for
10 min. Coverslips were washed in Tris-buffered
saline (TBS; 0.005 M Tris-HCI; 0.03 M NaCl;
0.001% sodium azide) and cells were permeabil-
ized in 0.2% Triton X-100 in PBS for 2-3 min,
followed by washing in PBS. Primary antisera to
the VNr (Telios) were diluted 1:100 and incu-
bated on coverslips 1 h at 37°C, followed by
washing in PBS. Antibodies to PKC (Mab 1.9)
recognize all of the isozymes of PKC [Mochly-
Rosen and Koshland, 1987] and were from Gibco
(Grand Island, NY). Fluorescein-conjugated sec-
ondary antibodies (Cappell, Malvern, PA) were
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diluted 1:500 and incubated with cells on cover-
slips 1 h at 37°C. Coverslips were then washed in
TBS, then water, and were mounted onto slides
with gelvatol. Microscopy and photography were
performed with a Nikon Diaphot inverted photo-
microscope with T-Max 400 film.

Cord Formation Assay

The design of the cord formation assay was
based on Grant et al. [1989]. A basement mem-
brane matrix ‘‘Matrigel”’ (Collaborative Re-
search, Inc., Bedford, MA), derived from the
Englebreth-Holm-Swarm mouse tumor-secreted
extracellular matrix, was diluted 1:5 in sterile
water and allowed to polymerize at 37°C for 1 h
to overnight. Excess liquid was pipetted off prior
to plating of the cells. HUVECs were seeded
onto basement membrane-coated plates at 3.5 X
104 cells per well in a 48-well plate. For the in-
hibition studies, the following antisera and anti-
bodies were used at a 1:50 to 1:100 dilution (100
and 50 pg/ml, respectively): polyclonal antisera
to the VNr (Chemicon International, Inc., Tem-
ecula, CA, or Telios Pharmaceuticals, San Diego,
CA) and fibronectin receptor (FNr) (Telios),
monoclonal antibodies to the o, subunit of the
VNr (Telios) [Freed et al., 1989; Vogel et al,,
19901, the B3 subunit (AMAC, Inc., Westbrook,
ME), and the ; subunit (AMAC), and the adhe-
sion blocking antibody to the as subunit (Telios)
[Wayner et al., 1988]. Each assay was repeated
three times with six replicates of each treat-
ment.

Digital Analysis of Cord Formation

Cord formation assays were quantitated using
a digitizer tablet with the SigmaScan program
(Jandel Scientific, Corte Madera, CA). Photo-
graphs of each treatment of each cord formation
assay were taken on 35 mm film and prints were
made. The lengths of the cords in each of the
prints were then measured. The program auto-
matically calculated the average lengths and
standard errors for each of the treatments. These
values were then corrected for actual microme-
ters (um) of the cords.

Cell Viability Assays

Cell viability assays were performed as previ-
ously described in Plumb et al. [1989]. The
water-soluble dye 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) is re-

duced only by viable cells to a purple formazan
product. After the cord formation assays were
performed and photographed, 0.2 mg/ml MTT
was added to the cells in media and incubated
for 3 h at 37°C and 10% CO,. The medium was
removed and the metabolized product was solu-
bilized in 400 pl dimethylsulfoxide and 50 pl
Sorensen’s glycine buffer (0.1 M glycine; 0.1 M
NaCl, pH 10.5) [Plumb et al., 1989]. The absor-
bance was read at 570 nm in a microplate reader.

Phosphate Labeling of Cells

HUVECs were plated overnight on the matri-
ces of interest, followed by incubation of the
adherent cells with phosphate-free Dulbecco’s
Modified Eagle’s Media (Irvine Scientific, Santa
Ana, CA) in the presence of 10% dialyzed fetal
calf serum for 30 min. [3?Plorthophosphate was
then added to the cells at 1 mCi per ml together
with the cytokines or the PKC modulators at the
above concentrations. After 18 h, cells were har-
vested in RIPA buffer (50 mM Tris-HCI, pH 7.5;
150 mM NaCl; 1% Nonidet P-40; 0.25% deoxy-
cholate; 1 mM PMSF; 100 U/ml aprotinin; 50
ng/ml leupeptin; 10 wg/ml a2-macroglobulin; 1
mM Na; VO4; 0.2 mM EGTA) and lysates were
subjected to immunoprecipitation as described
below. This experiment was repeated five times.

Immunoprecipitation Assays

HUVECs were lysed in RIPA buffer (see above)
and incubated with VNr antisera (Telios or
Chemicon) diluted 1:100 for 1 h at 4°C. Then 25
wl of a 1:1 slurry of Protein A Sepharose beads
previously washed in TBS and blocked with BSA
was added to lysates and incubated at 4°C with
end-over-end rocking. Protein A beads with the
antigen-antibody complexes were then washed
extensively in RIPA buffer. Antigen-antibody
complexes were removed from the Protein A
beads under reducing conditions and boiling for
2 min. The beads were pelleted by centrifuga-
tion and the samples were separated by 7.5%
sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) [Laemmli, 1970]. Mo-
lecular weight markers were from Bio-Rad Lab-
oratories (Richmond, CA) and represented the
following molecular weights: 200,000, 116,000,
92,500, 67,000, 45,000, 31,000, 21,500, and
14,000 D. Immunoprecipitated proteins were
visualized by Coomassie blue staining and expo-
sure to hyperfilm autoradiography film (Amer-
sham Corp., Arlington Heights, IL).
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Fig. 1. Immunolocalization of the VNr in HUVECs plated on vitronectin- and basement membrane-coated glass
coverslips for 4 h. HUVECs were labeled with rabbit anti-human VNr antisera, followed by washing and incubation
with fluorescein-conjugated goat anti-rabbit IgG. (A) HUVECs plated on vitronectin; (B) HUVECs plated on basement
membrane. Arrowheads indicate some of the adhesion plaques with VNr localization. Arrows indicate basement
membrane material into which endothelial cells are spreading. Bar = 10 pm.

RESULTS
Immunolocalization of the VNr

In order to affirm that the VNr is present in
endothelial cells cultured on basement mem-
brane, and to visualize that localization within
the cells, immunolocalization assays were per-
formed (Fig. 1). The VNr, which is usually found
in focal contacts when cells are grown on vitro-
nectin (Fig. 1A, arrowheads), was also found in
focal contacts when the cells were cultured on
basement membrane at the early stages of cord
formation (Fig. 1B, arrowheads). Note that the
cells on vitronectin appear more spread out in
morphology (Fig. 1A), while those on basement
membrane appear to be invading the basement
membrane (Fig. 1B, fluorescent material at ar-
rows).

Inhibition of Cord Formation by Integrin Antisera
and Antibodies

To assess the roles of the VNr and FNr in
endothelial cell cord formation, antisera di-
rected against each receptor complex were used
(Fig. 2). Note that in untreated cells, or cells in
the presence of normal rabbit serum, a cord
network formed (Fig. 2A,B, respectively). Anti-
sera to the entire a3 molecule (Fig. 2C), and to
the entire a5, receptor complex (Fig. 2D), inhib-
ited cord formation as seen by the lack of an
anastomotic network. To further define this in-
hibition at the subunit level, antibodies directed
against the a,, B3, a5, and B, subunits were used
(Fig. 2E,G,F,H, respectively). The antibodies to
the «, and B, subunits inhibited cord formation

most effectively (Fig. 2E,H, respectively), while
antibodies to the B3 subunit inhibited somewhat
(Figure 2G). However, antibodies to the a5 inte-
grin subunit did not inhibit cord formation, as
seen by the formation of a full network of cords
(Fig. 2F). Furthermore, antibodies to PKC and
tubulin (both directed against intracellular anti-
gens, and thus considered controls) had no effect
on in vitro cord formation (data not shown).

To further quantitate the inhibition of cord
formation observed in Figure 2, photographs
were taken from six replicates of each treatment
from three separate experiments, and the length
of each cord was measured using a digitizing
tablet and averaged for each treatment (Fig. 3).
Untreated cells (NT) formed cords with an aver-
age length of 34 pm, as did cells in the presence
of normal rabbit serum (NRS) (Fig. 3). Note
that antisera to both the VNr and FNr com-
plexes decreased the average length of the cords
to about 18-19 pm (Fig. 3). The VNr subunit-
specific antibodies to «, and B3 both resulted in
similar lengths of 18 and 20 pm, respectively
(Fig. 3). Addition of the B, antibodies resulted in
shorter cords, with average lengths of 15 pm
(Fig. 3). However, antibodies to the FNr oy
subunit resulted in lengths of cords which were
gimilar to controls at 34 pm, which correlates
with the finding in Figure 2 in which no inhibi-
tion of cord formation was seen with this anti-
body (Fig. 3). Note that a decrease in length
from 34 to 15 um represents about a 50% inhibi-
tion of cord formation, while 18 to 10 pm long
cords are about 45% shorter than controls (Fig.
3).
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Fig. 2. Cord formation assay Cells were plated onto basement
membrane-coated surfaces and allowed to attach and form
cords for 18 h in the presence of various antibodies or antisera,
all diluted 1 50 1n media (A) No antibodies or antisera, (B)
normal rabbit serum (C) antisera to the VNr, (D) antisera to the
FNr (E) antibody to «,, (F) antibody to as, (G) antibody to Bs,
(H) antibody to B integrin subunit Note that cellsin A, B, and F
have formed an anastomotic network of cords, while cells in C,

D, and G were partially inhibited from forming cords Cells in E
and H were slightly more inhibited than those in C, D, and G
Arrows In A, B, and F indicate cells which have formed an
anastomotic network without inhibition Arrowheads in C—E, G,
and H indicate cells which have been inhibited from making the
necessary connections to form a network Each cord formation
assay was performed three times with six replicates of each
treatment Bar = 40 pm
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Fig. 3. Quantitation of cord formation assay Photographs of
each replicate of each treatment from Figure 2 were taken and
lengths of the cords were measured using a digitizing tablet on
the Jandel SigmaScan program NT, not treated, NRS, normal
rabbit serum, VNr, antisera to the vitronectin receptor, a,,
antibody to the o, integnn subunit, B3, anttbody to the Bs
integrin subunit, FNr, antisera to the fibronectin receptor, as,
antibody to the as integrin subunit, By, antibody to the B,

Effects of PKC Modulators on In Vitro Cord
Formation

The cord formation assay was also performed
in the presence of PKC activators and inhibitors
(Fig. 4). HUVECs in the presence of the control
phorbol ester 4a-phorbol had a similar appear-
ance to the untreated cells (Fig. 4C,A, respective-
ly). These cells formed anastomotic networks of
cords, which are indicated by arrows (Fig. 4A—
C). PMA appeared to cause a lengthening of the

integrin subunit Note that the lengths of cells in the presence of
normal rabbit serum and the a5 subunit antibody were similar
to the controls, while antisera to the VNr, FNr, and antibodies to
the a, and B; subunits decreased cord length by about 45%
Antibodies to the B subunit decreased cord lengths by about
50% Three different experiments, including six replicates each,
were digitized, and their values were averaged to obtain the
lengths for the histogram

cords (Fig. 4B). PDBu had an effect similar to
PMA (data not shown). The PKC inhibitor Cal-
phostin C at 0.1 pM appeared to inhibit cord
formation (Fig. 4D), as implied by the absence of
a complete cord network and by the presence of
rounded-up cells (Fig. 4D, arrowheads). Stauro-
sporine at 0.013 M also inhibited to the same
degree as Calphostin C (data not shown). It is
important to note that this inhibition is not due
to toxicity as shown by a cell viability assay (see
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Fig. 4. Cord formation assay. HUVECs were tested for inhibi-
tion of cord formation in the presence of PKC inhibitors and
stimulators. (A) Untreated cells; (B) PMA-treated cells; (C) 4
a-phorbol-treated cells; (D) Calphostin C-treated cells. Note
that the cords in the PMA-treated wells appear longer than in
controls (B vs. A). Untreated and 4 a-phorbol-treated cells
appeared similar in the amount of cord formation (A and C,

Materials and Methods) performed after the cord
formation assays. Cell viability was not de-
creased by any of the treatments used at the in-
dicated concentrations.

The lengths of the cords in Figure 4 were
analyzed and quantitated in the same manner
as described for Figure 3 (Fig. 5). Untreated
cells (NT) in this series of experiments typically
formed cords with average lengths of 34 pm, as
was also the case in Figure 3. The control 4
a-phorbol-treated cells also formed cords of about
34 pm (Fig. 5). Addition of PMA increased the
average lengths of the cords to 47 pm (Fig. 5).
The addition of Calphostin C resulted in a de-
crease in average cords length to 15 pm (Fig. 5),
which was 50% shorter than the cords found in
controls.

Phosphorylation of the VNr

Since the VNr and PKC appear to be media-
tors of in vitro cord formation, combined with
the data of Freed et al. [1989] which indicated

respectively), and Calphostin C appeared to perturb cord forma-
tion in that a complete network is absent and many cells appear
rounded and not elongated as in the controls (D and A, respec-
tively). Arrows in A and C indicate cells which have formed
cords in an anastomotic network. Arrowheads in D indicate
cells which were inhibited from forming a network. Bar = 40
pm.

that PKC phosphorylates the VNr B, subunit in
vitro, the phosphorylation of the VNr was exam-
ined in endothelial eells on plated vitronectin or
on basement membrane in the presence of vari-
ous modulators of PKC (Fig. 6). It is important
to note that this autoradiograph was overex-
posed to bring up any band which may be pre-
sent in the endothelial cells cultured on vitronec-
tin and that normal rabbit serum controls did
not have the 105,000 band (data not shown),
which appears smeared due to the overexposure
of the autoradiograph to the gel (Fig. 6). In
untreated cells on basement membrane, the level
of phosphorylation of the VNr was increased
(Fig. 6A, lane 1) over that found in untreated
endothelial cells on vitronectin (Fig. 6B, lane 1).
The addition of PMA or 4 a-phorbol to endothe-
lial cells on basement membrane had little effect
on this already high level of phosphorylation
(Fig. 6A, lanes 2 and 3). However, Calphostin C
eliminated this phosphorylation completely on
both matrices (Fig. 6A,B, lane 4). In order to see
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Fig. 5. Quantitation of cord formation. The lengths of the cords were measured as in Figure 3.
NT, not treated; PMA, phorbol 12-myristate 13-acetate-treated. Note that untreated and 4
a-phorbol-treated cells had similar lengths (34 um), while PMA actually increased the lengths of
the cords form 34 to 47 um. Calphostin C decreased the lengths of the cords by about 50%.

any phosphorylation of the VNr on vitronectin,
the cells were treated with PMA (Fig. 6B, lane
3). The addition of PMA to endothelial cells on
gelatin (Fig. 6B, lane 3) brought the levels of
VNr phosphorylation up to those seen in un-
treated cells on basement membrane (Fig. 6A,
lane 3). When TNF-a and IL-18 were added to
endothelial cells on basement membrane, VNr
phosphorylation levels were similar to those seen
in untreated cells (Fig. 6A, lanes 5 and 6 com-
pared with lane 1). When endothelial cells were
cultured on vitronectin, IL-1B increased recep-
tor phosphorylation, but to a lesser degree than
PMA (Fig. 6B, lane 6 compared with lane 3).

Immunolocalization of the VNr and PKC

Since both the VNr and PKC appear to be
important for cord formation, combined with
the result that a PKC inhibitor inhibits the
phosphorylation of the VNr in endothelial cells
on basement membrane, double immunolocaliza-
tion of the VNr and PKC was performed (Fig. 7).
The antibodies to PKC have specificity for all of
the isozymes of PKC [Mochly-Rosen and Kosh-
land, 1987]. Untreated cells were cultured on
vitronectin or basement membrane-coated cov-
erslips for 5, 8, or 18 h, followed by double-
labeling with the VNr and PKC antisera and
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Fig. 6. Phosphorylation of the VNr. Cells were labeled with
[32P], followed by lysis in RIPA buffer (see Materials and Meth-
ods) and immunoprecipitation with the VNr antisera and SDS-
PAGE. (A) Cells cultured on basement membrane (Matrigel); (B)
cells cultured on vitronectin. (Lane 1) Untreated cells; (lane 2)
4 a-phorbol-treated cells; (lane 3) PMA-treated cells; (lane 4)
Calphostin C-treated cells; (lane 5) TNF-a-treated cells; (lane 6)
IL-1B-treated cells. Lines at left indicate molecular weight mark-
ers (Bio-Rad): 116,000, 92,500, and 67,000. The phosphory-
lated 105,000 B; band is indicated at right. The autoradiograph
was intentionally overexposed to obtain the few bands found in
B. This figure is representative of one of five times this experi-
ment was repeated.

antibodies (Fig. 7). In the cells cultured on vitro-
nectin and on basement membrane for 5 h and
not yet forming cords, PKC appeared to be local-
ized with the cytoskeleton (Fig. 7A,C). However,
in the cells which were cultured in basement
membrane for 8 h that were beginning to form
cords, PKC appeared to translocate to the plasma
membrane, thus indicating its activation (Fig.
7C, arrows). Once the cords were formed at 18
h, PKC appeared to extend the length of the
cells, possibly associating with the cytoskeleton
again (Fig. 7E, arrows). Note that the VNr did
not colocalize with PKC at the time points exam-
ined (Fig. 7B,D,F). On vitronectin, the receptor
appeared in adhesion plaques (Fig. 7B); on cord-
forming cells on basement membrane, it was
less organized and present throughout the cell
(Fig. 7D). In cells which have already formed
cords, the VNr appeared again at the adhesion
plaques at the tips of the cells in cords (Fig. 7F,
arrowheads).

DISCUSSION

The aim of the present study was to investi-
gate potential roles of the VNr and PKC in
endothelial cell cord formation in vitro. Antibod-
ies to the VNr inhibited cord formation, as did
inhibitors of PKC. Furthermore, these two phe-
nomena may be linked, as the VNr B subunit has
been shown to be phosphorylated by PKC in
vitro [Freed et al., 1989; Parise et al., 1990]. Our
results indicated that the induction of VNr phos-
phorylation by basement membrane was inhib-
ited by PKC inhibitors and that phosphoryla-
tion of the receptor was induced by PMA when
endothelial cells were cultured on vitronectin.
Although the VNr and PKC did not colocalize in
double immunolocalization studies, PKC did
translocate to the plasma membrane in cells
which were forming cords, further indicating
that PKC is activated during that process. These
findings are important not only for the under-
standing of vascular formation, but also for the
understanding of cellular differentiation and
morphogenesis in the phosphorylation of cell
adhesion receptors when cells are placed on an
in vivo-like substrate.

Basement membranes contain mostly lami-
nin, type IV collagen, entactin/nidogen, hepa-
ran sulfate proteoglycan, and several growth
factors [Kleinman et al., 1986]. Endothelial cells
may adhere to and spread upon this predomi-
nantly laminin-containing matrix by more than
one mechanism. For example, bovine aortic en-
dothelial cells possess laminin binding proteins
[Yannariello-Brown et al., 1988], and HUVECs
may utilize laminin as a substrate in vitro for
cell adhesion and cord formation on a basement
membrane [Grant et al., 1989]. It is also proba-
ble that HUVECs adhere to laminin through the
VNr, although other binding mechanisms can-
not be ruled out and are likely to exist in addi-
tion to the VNr. The adhesion of microvascular
endothelial cells to laminin via «a,B3 has been
studied [Kramer et al.,, 1990]. These studies
examined 1) microvascular endothehal cell bind-
ing to laminin and found that it was inhibited by
antisera to the VNr «, subunit, and 2) laminin-
Sepharose affinity chromatography of receptor
complexes and found that the o,B3 receptor com-
plex bound well to laminin via an RGD-insensi-
tive manner [Kramer et al., 1990]. Thus, endo-
thelial cells may bind laminin through two or
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Fig. 7. Immunolocalization of PKC and the VNr in HUVECs.
Cells were plated onto vitronectin or basement membrane-
coated coverslips for 5 h, followed by fixation and permeabiliza-
tion. Cells were double-labeled with rabbit polyclonal antisera
to the VNr or mouse monoclonal antibodies to PKC, followed
by fluorescein-conjugated goat anti-rabbit and rhodamine-
conjugated goat anti-mouse IgG. (A,B) Cells cultured on vitro-
nectin; (C-F) cells cultured on basement membrane. (A,C,E)
PKC localization; (B,D,F) VNr localization on the same cells as

more mechanisms: integrins and non-integrin
laminin binding proteins.

The VNr «, subunit has classically been be-
lieved to associate with the B3 subunit [Horton,
1990]. However, it has also been shown to asso-
ciate with 8, [Bodary and McLean, 1990; Dedhar
and Gray, 1990; Vogel et al., 1990], B5s [Ramaswa-
my and Hemler, 1990; Smith et al., 1990], B,

in A, C, and E. Note that PKC localization is cytoskeletal on cells
still in a monolayer (A). In cells forming cords, PKC translocated
to the plasma membrane (E, arrows). Note that the VNr appears
in plaques before and after cord formation (B and F, respective-
ly), while it is less organized in the cord-forming cells (D).
Arrowheads in F indicate VNr localization to adhesion plaques
at the tips of cord-forming cells. M, Matrigel (fluorescent mate-
rial). Bar = 10 um.

[Cheresh et al., 1989], and B, [Freed et al,,
1989]. It is possible that the VNr interacts with
either the B; or B; subunit, as antibodies against
both inhibited cord formation to a similar ex-
tent. This does not rule out the possibility that
other subunits are interacting with the 3, sub-
unit and playing a role in cord formation. More-
over, the adhesion blocking antibody to the a;
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subunit [Wayner et al., 1988] did not inhibit
cord formation, further suggesting that the ac-
tion of B, is separate from o5 and the FNr in this
assay.

Since PKC inhibitors inhibited both cord for-
mation and VNr phosphorylation, a role for VNr
phosphorylation in cord formation is possible.
VNr phosphorylation could play a role in the
changes in integrin-cytoskeleton interactions
which must occur during cord formation. Inte-
grins have been shown to interact with the
cytoskeleton [Burridge et al., 1987]. For exam-
ple, the FNr was shown to interact with talin
[Horwitz et al., 1986] and the B; integrin sub-
unit has been shown to interact with a-actinin
[Otey et al., 1990]. Furthermore, phosphoryla-
tion of integrins has been postulated to regulate
their interactions with the cytoskeleton, as well
as with extracellular matrix adhesion in a num-
ber of cell types [Shaw et al., 1990; Dahl and
Graebel, 1989; Buck and Horwitz, 1987; Dani-
lov and Juliano, 1989]. Phosphorylated integrin
has a lower binding affinity for fibronectin and
talin [Buck and Horwitz, 1987], suggesting al-
tered cell adhesive and intracellular interactions
due to its phosphorylation. Regulation of cyto-
skeletal interactions by phosphorylation has not
yet been demonstrated for the VNr, although
the B3 subunit has been shown to colocalize with
vinculin and talin [Zambonin-Zallone et al.,
1989]. Some phosphoproteins did coprecipitate
with the VNr in cells cultured on basement
membrane in the phosphorylation studies pre-
sented here; these proteins could be cytoskeletal
proteins. Perhaps matrix-regulated phosphory-
lation of the VNr in turn regulates its associa-
tions with cytoskeletal proteins involved in cell
motility.

In support of a role of PKC in cellular differen-
tiation on basement membrane, PKC is translo-
cated to the plasma membrane of endothelial
cells forming cords from a largely cytoskeletal
localization in cells grown in a monolayer on
vitronectin. Activation of PKC is often accompa-
nied by its translocation to the plasma mem-
brane [Nelsestuen and Bazzi, 1991], presum-
ably to phosphorylate proteins present there.
The translocation of PKC from the cytoskeleton
to the plasma membrane indicates that it is
activated during cord formation. Since it has
been shown that PKC activation is involved in
basement membrane-induced neural growth
cone extension [Bixby, 1989], it may play a role
in a number of cellular differentiation events

observed in cells on basement membranes, in-
cluding cord formation. It has also heen shown
that PKC activators suppress bovine endothelial
cell proliferation, and thus PKC activation may
promote endothelial cells to cease dividing and
begin differentiating into non-growing tubes dur-
ing angiogenesis [Doctrow and Folkman, 1987].
Recently, this role of PKC in endothelial cell
cord formation has been confirmed by another
group using inhibitors and activators of PKC
[Kinsella et al., 1992]. It is also important to
note that the PKC antibodies we used had a
broad specificity for PKC isozymes [Mochly-
Rosen and Koshland, 1987].

In conclusion, both the VNr and PKC play
important roles in endothelial cell cord forma-
tion in vitro. Whether phosphorylation of the
VNr regulates its associations with intracellular
cytoskeletal components or signal transduction
pathways are critical questions whose answers
may provide insights into basic cellular morpho-
genesis.

ACKNOWLEDGMENTS

The authors thank Dr. Carol Shores for the
protocols for the phosphorylation and immuno-
precipitation experiments.

REFERENCES

Albelda SM, Buck CA Integrins and other cell adhesion
molecules FASEB J 4 2868-2880, 1990

Albelda SM, Daise M, Levine EM, Buck CA Identification
and characterization of cell-substratum adhesion recep-
tors on cultured human endothelial cells J Clin Invest
83 1992-2002, 1989

Athanasou NA, Quinn J, Horton MA, McGee JO New sites
of normal vitronectin receptor immunoreactivity detected
with osteoclast-reacting monoclonal antibodies Bone Min
8 7-22, 1990

Bixby JL. Protein kinase C 1s involved in laminin stimula-
tion of neurite outgrowth Neuron 3 287-297, 1989

Bodary SC, McLean JW The mtegrin 3; subunit associates
with the vitronectin receptor o, subunit to form a novel
vitronectin receptor 1n a human embryonic kidney cell
line J Biol Chem 265 5938-5941, 1990

Buck CA, Horwitz AF Integrin, a transmembrane glycopro-
tein complex mediating cell-substratum adhesion J Cell
Se1 Suppl 8 231-250, 1987

Burridge K, Molony L, Kelly T Adhesion plaques Sites of
transmembrane interaction between the extracellular ma-
trix and the actin cytoskeleton Ann Rev Cell Biol 4 487—
525, 1987

Buyon JP, Slade SG, Retbman J, Abramson SB, Phillips MR,
Weissman G, Winchester R Constitutive and induced
phosphorylation of the « and B chains of the CD11/CD18
leukocyte integrin family J Immunol 144 191197, 1990

Chambers TJ, Fuller K, Darby JA, Pringle JAS, Horton MA
Monoclonal antibodies against osteoclasts inhibit bone
resorption in vitro Bone Min 1 127-135, 1986



VNr and PKC in Cord Formation 217

Charo IF, Fitzgerald LA, Stemner B, Rall SC, Bekeart LS,
Phillips DR Platelet glycoproteins IIb and I1la Evidence
for a family of immunologically and structurally related
glycoprotemns 1n mammalian cells Proc Natl Acad Sc
USA 83 8351-8355, 1986

Chatila TA, Geha RS, Arnout MA Constitutive and stimulus-
induced phosphorylation of CD11/CD18 leukocyte adhe-
sion molecules J Cell Biol 109 3435-3444, 1989

Cheresh D, Smith JW, Cooper HM, Quaranta V. A novel
vitronectin receptor integrin (a,By) 1s responsible for dis-
tinct adhesive properties of carcinoma cells Cell 57 59—
69, 1989

Dahl SC, Graebel LB Integrin phosphorylation 1s modu-
lated during the differentiation of F-9 teratocarcinoma
cells 108 183-190, 1989

Danilov YN, Juliano RL Phorbol ester modulation of inte-
grin-mediated cell adhesion A postreceptor event J Cell
Biol 108 1925-1933, 1989

Dedhar S, Gray V Isolation of a novel integrin receptor
mediating arg-gly-asp-directed cell adhesion to fibronectin
and type I collagen from human neuroblastoma cells
Association of a novel B;-related subunit with a, J Cell
Biol 110 2185-2193, 1990

Dejana E, Colella S, Confort1 G, Abbadimi M, Gabol M,
Marchisio PC Fibronectin and vitronectin regulate the
organization of their respective arg-gly-asp adhesion recep-
tors in cultured human endothelial cells J Cell Biol 107
1215-1223, 1988

Doctrow 8R, Folkman J Protein kinase C activators sup-
press stimulation of capillary endothelial cell growth by
angiogenic endothelial mitogens J Cell Biol 104 679-687,
1987

Fitzgerald LA, Charo IF, Philips DR Human and bovine
endothelial cells synthesize membrane proteins similar to
human platelet glycoproteins IIb and IIla J Biol Chem
260 10893-10896, 1985

Freed E, Gailit J, van der Geer P, Ruoslahti E, Hunter T A
novel integrin B subunit 1s associated with the vitronectin
receptor a subunit (o) 1n a human osteosarcoma cell line
and 1s a substrate for protein kinase C EMBO J 8 2955
2965, 1989

Giltay JC, van Mourik JA Structure and function of endo-
thelial cell integrins Haemostasis 18 376-389, 1988

Grant DS, Tashiro K-I, Segui-Real B, Yamada Y, Martin GR,
Kleinman HK Two different laminin domains mediate
the differentiation of human endothelial cells into capillary-
like structures in vitro Cell 58 933-943, 1989

Gray V, Dedhar S Isolation of a type I collagen, fibronectin
and vitronectin binding B3 integrin complex from two
human neuroblastoma cell lines J Cell Biol 107 804a,
1988

Hara T, Fu SM Phosphorylation of a,  subunits of 180/
100-Kd polypeptides (LFA-1) and related antigens In
Remherz EL, Nadler LM, Haynes BF, Bernstein ID (eds)
“Leukocyte Typing,” Vol 3 New York Springer-Verlag,
1986, pp 77-84

Horton MA Vitronectin receptor Tissue specific expression
or adaptation to culture? Int J Exp Pathol 71 741-759,
1990

Horton MA, Lewis D, McNulty K, Pringle JAS, Chambers
TJ Monoclonal antibodies to osteoclastomas (giant cell
bone tumors) Definition of osteoclast-specific antigens
Cancer Res 45 5663-5669, 1985

Horwitz A, Duggan K, Buck CA, Beckerle MC, Burridge K
Interactions of plasma membrane fibronectin receptor

with talin—A transmembrane linkage Nature 320 531
533, 1986

Kinsella JL, Grant DS, Weeks BS, Kleinman HK Protein
kinase C regulates endothehal cell tube formation on
basement membrane matrix, Matrigel Exp Cell Res 199
56-62, 1992

Kleinman HK, McGarvey ML, Hassell JR, Star VL, Cannon
FB, Laurie GW, Martin GR Basement membrane com-
plexes with biological activity Biochemistry 25 312-318,
1986

Kramer RH, Marks N Identification of integrin collagen
receptors on human melanoma cells J Biol Chem 264
4686-4688, 1989

Kramer RH, Cheng Y-F, Clyman R Human microvascular
endothelial cells use B, and B3 integrin receptor complexes
to attach to laminin J Cell Biol 111 1233-1243, 1990

Kubota Y, Kleinman HK, Martin GR, Lawley TJ Role of
laminin and basement membrane 1n the morphological
differentiation of human endothehal cells into capillary-
like structures J Cell Biol 107 1589-1598, 1988

Languino LR, Gehlsen KR, Wayner E, Carter WG, Engvall
E, Ruoslahti E Endothelial cells use asB; integrin as a
laminin receptor J Cell Biol 109 2455-2462, 1989

Maciag T Molecular and cellular mechamisms of anglogene-
s1s Important Adv Oncol 65-98, 1990

Mochly-Rosen D, Koshland DE Domain structure and phos-
phorylation of protein kinase C J Biol Chem 262 2291-
2297, 1987

Molony JL, Armstrong LA Cytoskeletal reorganizations in
human umbilical vein endothelial cells as a result of
cytokine exposure Exp Cell Res 196 40-48, 1991

Nelsestuen GL, Bazzi MD Activation and regulation of
protein kinase C 1sozymes J Bioenerg Biomembr 23 43~
61, 1991

Otey CA, Pavalko FM, Burridge K An interaction between
a-actinin and the By integrin subunit in vitro J Cell Biol
111 721-729, 1990

Parise LV, Criss AB, Nanmzz1 L, Wardell MR Glycoprotein
I11a 1s phosphorylated 1n intact human platelets Blood
75 2363-2368, 1990

Plow EF, Loftus JC, Levin EG, Fair DS, Dixon D, Forsyth J,
Gisberg MH Immunologic relationship between platelet
membrane glycoprotein GP 1Ib/II1a and cell surface mole-
cules expressed by a variety of cells Proc Natl Acad Sa1
USA 83 6002-6006, 1986

Plumb JA, Milroy R, Kaye SB Effects of the pH dependence
of 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium
bromide-formazan absorption on chemosensitivity deter-
mined by a novel tetrazolium-based assay Cancer Res
49 4435-4440, 1989

Pytela R, Pierschbacher MD, Ruoslaht1 E A 125/115-kDa
cell surface receptor for vitronectin interacts with the
arginine-glycine-aspartic acid adhesion sequence derived
from fibronectin Proc Natl Acad Sc1 USA 82 57665770,
1985

Ramaswamy H, Hemler ME Cloning, primary structure
and properties of a novel human integrin 3 subunit
EMBO J 9 1561-1568, 1990

Sawvill J, Dransfield I, Hogg N, Haslett C Vitronectin recep-
tor-mediated phagocytosis of cells undergoing apoptosis
Nature 343 170-173, 1990

Shaw LM, Messier JM, Mercurio AM The activation adhe-
sion of macrophages to laminin 1nvolves cytoskeletal an-
choring and phosphorylation of the agB; mntegrin J Cell
Biol 110 2167-2174, 1990



218 Davis et al.

Smith JW, Vestal DJ, Irwin SV, Burke TA, Cheresh DA
Purification and functional characterization of integrin
o,Bs An adhesion receptor for vitronectin J Biol Chem
265 11008-11013, 1990

van Mourik JA, von dem Borne AEGKr, Giltay JG Patho-
physiological significance of integrin expression by vascular
endothelial cells Biochem Pharmacol 39 233-239, 1990

Vogel BE, Tarrone G, Gianotti FG, Gailit J, Ruoslahti E A
novel fibronectin receptor with an unexpected subunit
composition (a,B1) J Biol Chem 265 5934-5937, 1990

Wayner EA, Carter WG, Piotrowicz RS, Kunicki TJ The
function of multiple extracellular matrix receptors in me-
diating cell adhesion to extracellular matrix Preparation
of monoclonal antibodies to the fibronectin receptor that

specifically 1nhibit cell adhesion to fibronectin and react
with platelet glycoproteins Ic-Ila J Cell Biol 107 1881—
1891, 1988

Yannariello-Brown J, Wewer U, Liotta L, Madr1 JA Distri-
bution of a 69-kD laminin-binding protein 1n aortic and
microvascular endothehal cells Modulation during cell
attachment, spreading, and migration J Cell Biol 106
1773-1786, 1988

Zambonin-Zallone A, Tet1 A, Grano M, Rubinacc1 A, Ab-
badin1 M, Gabolh M, Marchisio PC Immunocytochemical
distribution of extracellular matrix receptors in human
osteoclasts A B3 integrin 1s co-localized with vinculin and
talin in the podosomes of osteoclastoma giant cells Exp
Cell Res 182 645-652, 1989



