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Expression of vascular endothelial growth factor (VEGF), an angiogenic factor and endothelial cell- 
specific mitogen, is induced by hypoxia in various cell lines as well as in solid tumors. In this study, we 
report that cell density has a profound effect on the expression of VEGF in human glioblastoma cells 
(U87) and human fibrosarcoma cells (HT1080), an effect that is independent of hypoxia. Northern blot 
analysis revealed that VEGF mRNA levels were four- to eightfold higher in cells seeded at high density 
compared to cells seeded at low density. This upregulation of VEGF message in response to seeding at 
high density was not seen with other mRNAs such as those for TGF-/31 or GAPDH. Conditioned medium 
switch experiments between sparse and dense cells suggested that soluble factor(s) may not account for the 
observed changes in VEGF expression. Incubation with genistein, a protein tyrosine kinase inhibitor, for 
3 h following seeding resulted in the reduction of the VEGF mRNA levels in highly confluent cultures but 
not in sparse cultures. To identify protein tyrosine kinases involved in the upregulation of the steady-state 
levels of VEGF mRNA in highly dense cultures, we analyzed the phosphorylation state of the c-src tyrosine 
kinase, in high versus low confluency cultures of U87 and HT1080 cells. Interestingly, an increased 
phosphorylation at Tyr416 of c-src was noted in high compared to low confluency, suggesting the activation 
of c-src in highly confluent cultures. Because extracellular signal-regulated kinases (ERKs) such as MAP 
kinase have been shown to be activated by extracellular stimuli and act downstream of c-src, we examined 
their possible involvement in this process. We found that the tyrosine phosphorylation level of MAP 
kinase is higher in dense compared to sparse cultures and, moreover, 6-thioguanine (6-TG), a potent 
inhibitor of ERKs, reduced VEGF mRNA levels in high but not low confluency. Furthermore, reintroduc
tion of wild-type, but not mutant, von Hippel-Lindau (VHL) gene product in 786-0 cells (a renal carci
noma cell line) specifically abrogated the induction of VEGF mRNA due to high cell density. Taken 
together, these data suggest that VEGF gene expression is regulated by cell density, and the proto
oncogene c-src and the tumor-suppresser VHL are modulators of this regulation.
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ANGIOGENESIS, the development of a micro- 
vascular bed, plays an important role in physio
logical as well as pathological conditions: in nor
mal growth and development, in the female 
reproductive cycle, in wound healing, in diabetic

retinopathy, in solid tumor growth, and in the 
expansion of metastatic colonies (1,8-10,21,25, 
26). New capillaries provide nourishment to a 
growing tumor and also allow the tumor cells to 
establish continuity with the vasculature of the
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host. Angiogenesis is a complex process, involving 
the interaction of cells, soluble factors, and extra
cellular matrix components (8). Several factors, 
both peptide and nonpeptide, have been shown to 
induce angiogenesis in vivo. Recently, an endothe
lial cell-specific mitogen, known as vascular endo
thelial growth factor (VEGF) or vascular perme
ability factor (VPF), has been characterized (2, 
17). Overexpression of VEGF by gene transfection 
in xenografted tumor lines enhances tumor growth 
and vascular density (28). Moreover, systemic ad
ministration of antibodies to VEGF has been 
shown to inhibit tumor growth in vivo (13). Fur
thermore, the dominant-negative mutant of Flk-1 
(which is specifically expressed in endothelial cells 
and acts as a receptor for VEGF) can prevent tu
mor growth (20).

Hypoxia can induce VEGF in several cell types 
in vitro as well as in solid tumors leading to ische
mia-mediated angiogenesis (23,24). Recently, we 
have characterized an intracellular signaling path
way by which hypoxia induces VEGF expression. 
In brief, we defined VEGF as a new downstream 
target for c-src and suggested a role for Src in 
promoting angiogenesis (22). During the course 
of these studies, we noted that cell density also 
regulates VEGF expression, which is independent 
of hypoxia-mediated signaling. Here, we describe 
how cell density influences VEGF expression and 
define part of the signaling pathway involved.

MATERIALS AND METHODS 

Cell Culture
Human glioblastoma-astrocytoma cells U-87 

MG (U87; ATCC HTB-14) and human fibrosar
coma cells (HT1080; ATCC CCL 121) were main
tained in Dulbecco’s modified Eagle medium 
(DMEM) with 10% fetal bovine serum (HyClone 
Laboratories) and 1 mM sodium pyruvate (only 
for U87 cells). 786-0 renal carcinoma subclones 
stably transfected with pRC/CMV, pRC/CMV- 
VHL (wt-VHL), and pRC/CMV-VHL (1-115) 
(AVHL) plasmids were grown as described else
where (12). These cell lines are a generous gift 
from Dr. W. G. Kaelin. Cells were grown to 50- 
60% confluence, trypsinized, and seeded at differ
ent densities as described, and incubated for 3-4 h 
or as described. Cells were harvested for total cel
lular RNA samples or protein samples as neces
sary.

Northern Blot Analysis
RNA, isolated by the single-step acid phenol 

extraction method (4), was separated on a formal

dehyde-agarose gel, transferred to GeneScreen 
(DuPont) membrane using 10 x SSC, and probed 
with random primer labeled cDNAs in a solution 
containing 0.5 M sodium phosphate (pH 7.2), 7% 
SDS, 1% bovine serum albumin (BSA), 1 mM 
EDTA, and sonicated herring sperm DNA (50 /xg/ 
ml) at 68 °C. Blots were washed three times with a 
solution containing 40 mM sodium phosphate (pH
7.2), 0.5% SDS, 0.5% BSA, 1 mM EDTA at 
68°C, and then exposed to Kodak X-OMAT film.

Western Blot Analysis

Cells were plated at high or low densities for 
different time points (as indicated). Cells were 
washed twice with 10 ml cold buffered saline 
(PBS), lysed with ice-cold lysis buffer (50 mM 
Tris, pH 7.5, 1% NP-40, 150 mM NaCl, 1 mM 
Na3V 0 4, 2 mM EGTA, 1 mM phenylmethylsulfo- 
nyl fluoride, 10 jug/ml leupeptin, 0.5% aprotinin, 
2 mM pepstatin A), incubated for 10 min on ice, 
and centrifuged for 10 min at 4°C. Immunopre- 
cipitations were carried out using 0.5 mg of total 
protein with c-src (Upstate Biotechnology Inc.) or 
ERK (Santa Cruz Co.) monoclonal antibody (4 
^g) at antibody excess. Immunocomplex capture 
was accomplished by protein A agarose beads 
(BioRad) suspended in a buffered solution con
taining 200 mM HEPES (pH 7.0), 10% (v/v) glyc
erol, and 0.1% NP-40. Western blot analysis with 
antiphosphotyrosine 416 Src antibody, c-src mono
clonal antibody, or antiphosphotyrosine mono
clonal antibody (ICN) and ERK monoclonal 
antibody was done on split samples. The antiphos
photyrosine 416 Src antibody was a kind gift 
from Andy Laudano. To generate this antiserum, 
the peptide arginine - leucine - isoleucine - glutamic 
acid-aspartic acid-asparagine-glutamic acid-phos- 
photyrosine -1h reonine - alanine - arginine - glutamine - 
glycine-alanine-lysine (sequence derived from the 
Src catalytic domain) was coupled to bovine serum 
albumin and injected into rabbits. The resulting 
polyvalent serum was adsorbed sequentially with 
a nonphosphorylated version of the peptide and 
with free phosphotyrosine. Subsequently it was 
purified by binding to the above phosphorylated 
peptide using an Affigel column. This antibody 
reacts against Src protein phosphorylated on tyro
sine 416 (22).

RESULTS AND DISCUSSION 

Regulation o f  VEGF by Cell Density

It is known that hypoxia upregulates VEGF in 
solid tumors as well as in cell culture (23,24). Here
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we examined whether cell density can influence 
VEGF expression. U87 cells were grown in T-225 
flasks at close to 90% confluent. The cells were 
then seeded at low (L) or high (H) densities as 
described in Materials and Methods and in the 
figure legends. Figure 1A shows that the higher 
density cells expressed sevenfold more VEGF 
mRNA as determined by Northern blot analysis

compared to cells grown at lower density. To ex
amine whether this effect was a result of a hypoxic 
microenvironment surrounding highly dense cells, 
we subjected both highly densed and sparse cul
tures to hypoxic conditions, in parallel. Figure la 
shows the effect of hypoxia on the expression of 
VEGF in high and low confluent cultures. Hy
poxia produced an additional increase of the
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FIG. 1. Effect of cell density on the steady-state levels of VEGF mRNA. (A) Total RNA (5 /xg) was extracted from 
low confluency (L, 5 x 105 cells in a 100-mm TC plate) and high confluency (H, 3 x 106 cells in a 60-mm TC 
plate) U87 cells incubated in normoxic or hypoxic (95% N2 and 5% C 0 2) conditions (3 h). The blot was hybridized 
to human VEGF and GAPDH (for normalization) cDNAs. Lower panels show ethidium bromide-stained RNA 
samples before transfer; ribosomal RNA markers (18S and 28S) are indicated. (B) U87 cells were seeded to different 
densities in 60-mm plates. Cells were grown for 3 h and then total RNA was extracted and VEGF mRNA levels 
were determined by Northern blotting. Total RNA (5 \xg) was loaded per lane, transferred to nylon membranes, 
and hybridized to VEGF or GAPDH cDNA probes. Autoradiograms were quantified by scanning densitometry 
and data were presented as fold activation over levels of VEGF mRNA measured at the lowest confluency. (C) U87 
cells were seeded at low (4 x 105 cells/60-mm plate) or high (H, 3 x 106 cells/60-mm plate), incubated for 3 h, and 
total RNA was extracted and probed with a 32P-labeled VEGF probe by Northern analysis (lanes 1 and 2). Lanes 3- 
5 represent the results obtained by Northern analysis of RNA extracted from 2 x 105, 4 x 105, or 1.5 x 106 cells/ 
60-mm plate, respectively. All three subcultures were derived from a highly confluent culture (H, 3 x 106 cells/ 
60-mm plate) similar to the one represented in lane 2. Similar results were obtained in two independent experiments.
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VEGF mRNA levels in highly confluent cultures, 
whereas the mRNA levels of GAPDH (Fig. la) or 
TGF-jSl (data not shown) were unaffected. These 
results suggest that the upregulation of VEGF 
mRNA levels in densed cultures is independent of 
hypoxia. Next we examined the expression of 
VEGF mRNA at various cell densities. Figure lb 
shows that VEGF message was cell density depen
dent. By increasing the number of cells plated, 
VEGF expression levels increased in a sigmoidal 
fashion, with a major inflection occurring be
tween 6 and 30 x 105 cells per 60-mm dish and 
corresponding visually to tight packing of cells at 
the higher density. These data suggest that differ
ent levels of cell-cell contact (high versus low con- 
fluency) may affect VEGF mRNA levels.

To examine whether the effect of cell density 
on the steady-state levels of VEGF mRNA was 
reversible, highly densed cell cultures (3 x 106 
cells/60-mm plate) were split 3 h following seed
ing, to different cell densities (2 and 4 x 105 and
1.5 x 106 cells/60-mm plate). These subcultures 
were grown for 3 h, cells were harvested, and 
VEGF mRNA levels were assayed by Northern 
blotting. Figure lc shows that the level of VEGF 
mRNA seen at 3 x 106 cells/60-mm plate was re
duced to 12.5% when these cells were split and 
then seeded at 2 x 105/60-mm plate (Fig. lc, 
lanes 2 and 3). However, VEGF mRNA level was 
linearly increased as increasing number of cells 
were plated (Fig. lc, lanes 3-5). These results 
show that the regulation of VEGF expression by 
cell density is reversible and may not involve long
term changes of cellular phenotypes.

Possible Mechanisms o f the Cell Density Effect

To investigate the mechanisms by which cell 
density affects VEGF gene expression, we consid
ered three distinct possibilities. First, soluble fac
tors) may be differentially secreted in high versus 
low confluency. Second, placing of cells at high 
versus low confluency may result in changes of cell 
shape that could be responsible for the different 
VEGF mRNA levels seen in high versus low con
fluent cultures and, finally, cell-cell contact di
rectly or indirectly may regulate VEGF message. 
A direct regulation of VEGF by cell-cell contact 
may be a result of the activation of a signaling 
pathway triggered by a cell adhesion molecule. An 
indirect regulation could occur when cells packed 
together and cell surface molecules come in close 
proximity. Such ligand-receptor interactions may 
signal VEGF mRNA upregulation. To test the 
first hypothesis, we added conditioned medium

from higher density cells (following a 3-h incuba
tion) to lower density cells and vice versa. Figure 2 
shows that there was no significant change in 
VEGF expression levels as a result of the condi
tioned medium switch, suggesting that soluble fac
tors) were not sufficient to account for the cell 
density effect. To examine whether changes in cell 
shape were responsible for the regulation of 
VEGF mRNA levels in high versus low conflu
ency, we seeded the cells in bacterial dishes versus 
tissue culture dishes at low density. By plating cells 
onto bacterial plates, cells assume a spherical mor
phology that is distinct from the regular shape of 
adherent cells grown as monolayers. No signifi
cant changes of VEGF mRNA levels were seen 
when U87 or HT1080 cells were plated either on 
bacterial or tissue culture dishes (Fig. 3).

Because the production and secretion of soluble 
factors and/or changes of cell shape may be con
sidered long-term effects, our results —showing 
that soluble factors or changes of cell shape are 
not sufficient to account for increased VEGF 
mRNA in high density cultures —are in good 
agreement with our previous data showing that the 
cell density effect on VEGF mRNA is reversible 
and not the result of long-term changes of cellular
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FIG. 2. Conditioned medium switch experiment. U87 cells 
were seeded at low confluence (L, 5 x 105 cells in a 100-mm 
TC plate) or high confluence (H, 3 x 106 cells in 60-mm TC 
plate), incubated for 3 h; total RNA was extracted and ana
lyzed by Northern blot (lanes 1 and 2). Conditioned media (3 
h) from these cells were added to a new set of L and H plates. 
The L plate received conditioned medium from the previously 
harvested H culture and vice versa. L and H plates were incu
bated with the conditioned media for 3 h and levels of VEGF 
mRNA were determined by Northern blotting. The blot was 
hybridized to VEGF and TGF-/31 (for normalization) cDNAs, 
and quantified as described previously.
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FIG. 3. Effect of a bacterial plate and a tyrosine kinase inhibitor on cell density-mediated VEGF 
expression. U87 and HT1080 cells were seeded at low and high confluences as described. The cells 
at lower confluence were plated on a bacterial plate to assess the role of cell shape in VEGF 
induction. Different amounts of genistein were added to high confluence cells for 3 h. Total RNA 
were extracted and analyzed by Northern blot hybridization. Blots were hybridized to VEGF and 
TGF-/31 cDNAs and quantified as described. The results shown here were repeated and similar 
data obtained.

phenotypes. However, the possibility of a com
bined effect of cell shape, soluble factor(s), and 
cell-cell contact cannot be excluded.

Involvement o f Protein Kinases

To dissect the signaling events responsible for 
high cell density-mediated VEGF induction, we 
utilized genistein, a tyrosine kinase-specific inhibi
tor. Figure 3 shows that, in both U87 cells and 
HT1080 cells, genistein blocked VEGF upregula- 
tion seen at high cell density in a dose-dependent 
manner. Our previous studies have shown hypoxia 
induces c-src activation, which results in VEGF 
induction, and this c-src activation by hypoxia ap
peared to correlate with an increased phosphoryla
tion of Tyr416. Thus, we used a specific antibody 
that recognizes phosphorylated Tyr416 to compare 
the phosphorylation status of Tyr416 in dense ver
sus sparse cultures. Figure 4 shows that the phos
phorylation at Tyr416 is increased in high compared 
to low density cultures without a significant in
crease Src protein. Because there is a correlation 
between the phosphorylation of the 416Y residue 
of c-src and c-src activation, these data indicate a

role for c-src in high cell density-mediated VEGF 
induction.

ERKs belong to a family of kinases that have 
been shown to respond to a variety of extracellular 
stimuli and may act downstream of Src. Because 
our studies suggest a potential activation of c-src 
in high cell density, we further investigated 
whether ERKs have a role in this signaling cas
cade. First, we examine the tyrosine phosphoryla-
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FIG. 4. Phosphorylation of Src 416Y by cell density. U87 cells 
and HT1080 cells were seeded at low and high cell density as 
described. After 3 h cells were lysed with cell (VPS) as de
scribed in Materials and Methods. Western blot analysis with 
antiphosphotyrosine-416 Src antibody and c-src monoclonal 
antibody as determined on split samples.
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tion status of MAP kinase, a member of the ERK 
family, in high versus low confluency. MAP ki
nase was immunoprecipitated from dense or 
sparse cultures of U87 cells and then its phosphor
ylation status was determined by immunoblotting 
using a monoclonal antiphosphotyrosine anti
body. Figure 5A shows an increase in the tyrosine 
phosphorlyation level of MAP kinase in high com
pared to low confluency cells extracts. This in
crease in the tyrosine phosphorylation level does 
not reflect an increase at the protein level (Fig. 
5A, lower panel). To correlate this potential acti
vation of ERKs by high confluency with the

(A) L H

Erk^
Ptyr Wb

ErkW b

(B) 6-TG-
L- 
H-

VEGF- * *  fc #

Fold Activation 1 2 7.5

FIG. 5. Effect of ERKs in cell density-mediated VEGF induc
tion. U87 cells were seeded at low (L, 5 x 105 cells in a 100-mm 
TC plate) and high (H, 3 x 106 cells in a 60-mm TC plate) cell 
densities. (A) Upper panel: ERK was immunoprecipated as 
described in Materials and Methods, and protein tyrosine phos
phorylation was evaluated by anti-phosphotyrosine immu
noblotting. Lower panel: Western blot analysis with ERK anti
body as determined by split samples. (B) Total RNA (5 /xg per 
lane) was extracted from the low, high, and high confluence 
cells treated with 6-thioguanine (100 /*M) for 3 h, the blot 
hybridized with VEGF and TGF-/31 cDNAs, and quantified as 
described.

upregulation of VEGF observed in high conflu
ency, we used 6-thioguanine (6TG), a potent in
hibitor of ERKs. Incubation of high confluency 
cultures of U87 cells with 100 jiiM 6TG for 3 h 
resulted in 70% reduction of VEGF induction, 
which suggests a potential role of ERKs in this 
signaling pathway (Fig. 5B).

Recently, it has been shown that germline mu
tations of the von Hippel-Lindau (VEIL) gene sup- 
presser exhibit a heredity cancer syndrome, which 
is characterized by the development of highly vas
cularized tumors such as renal cell carcinomas 
(RCC), hemangioblastomas, and pheochromocy- 
tomas (3,5,11,15,19). These highly vascularized 
tumors overproduce the angiogenic cytokine, 
VEGF (27). It is also noteworthy to mention that 
the localization of VHL gene product appears to 
be at the nuclear versus the cytoplasm depending 
upon cell density (16). Because the VEGF mRNA 
level is upregulated in high cell density, where 
VHL is expected to be mainly accumulated in the 
cytoplasm, it tempted us to examine the status of 
VEGF expression in the wt-VHL-containing cell 
line at higher cell density. For this purpose, we 
utilized 786-0 cell lines, which are stably transfec
ted with wt-VHL, mutant VHL (a naturally occur
ring deletion mutation), and empty vector cas
sette, and seeded those cell lines in low and high 
cell density as described earlier. Northern blot 
analysis was performed using VEGF cDNA as a 
probe and fold activation was measured by densi
tometry using GAPDH mRNA expression as a 
normalization control. Interestingly, the cell line 
containing wt-VHL transfectants could not induce 
VEGF mRNA level due to high cell density, 
whereas, neo-cassette and mutant VHL-containing 
cell lines clearly showed seven- to eightfold induc
tion of VEGF mRNA (Fig. 6). These data suggest 
VHL is one of the key components of high cell 
density-mediated VEGF induction in RCC cell 
lines. Of importance, VHL could not block VEGF 
induction due to hypoxia (data not shown).

In large solid tumors, hypoxia-mediated VEGF 
expression plays a critical role in promoting angio
genesis (23,24). It is not yet clear how angiogenesis 
is induced in smaller tumors or early metastatic 
colonies where hypoxia is less likely to be the criti
cal instigating event. Tumors less than 1-2 mm 
in diameter can receive nutrients by diffusion but 
further growth depends on an adequate blood sup
ply established through angiogenesis (8-10). Of 
importance, it has been shown recently that hu
man colon cancer cells with metastatic potential 
expressed higher levels of VEGF compared to 
nonmetastatic cells (6). The cell density effect on 
VEGF expression described here may serve as a
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FIG. 6. Wild-type VHL gene product inhibits high cell density-mediated VEGF 
induction in stably transfected renal cell carcinoma lines. RCC lines were grown 
in low (5 x 105 cells in a 100-mm TC plate) and high (3 x 106 cells in a 60-mm 
TC plate) cell densities. Total RNA (5 /*g) were extracted from the cells and 
Northern blot analysis was done using VEGF and GAPDH cDNAs as probes. 
Fold activation over levels of VEGF mRNA measured at low confluency was 
assayed by scanning densitometry using GAPDH expression as a normalization 
control. The results shown here were repeated an additional time with similar 
data.

model system for angiogenesis in a “small” meta
static colony that occurs in the absence of hypoxia
(7,18). Moreover, because the cell density and hy
poxia effects on VEGF expression are additive, it 
is possible that the cell density effect also plays a 
role in larger tumors, where cell density may vary 
somewhat within the tumor mass.

Note: In the process of revision of this manu
script, Koura et al. also showed that regulation of 
VEGF expression is cell density dependent (14).
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