












Figure 3. Representative images of morphology of early passage control late outgrowth endothelial progenitor cells in complete angiogenic
medium containing dimethyl sulfoxide (10 μl/ml; A), late passage OECs (B), control early passage OECs after 3 days of inhibition with 10
μM SU5416 (C), and 3 days after returning SU5416 treated cells to EGM-2MV without inhibitor (D) are shown. Representative images of
senescence-associated beta-galactosidase staining (blue color) in early passage control OECs (E), late passage OECs (F) and early-passage
OECs treated with either 10 uM SU5416 (G), 100 nM Wortmannin (H) or 1 uM Bisindolylmaleimide I (I) for 3 days are shown.
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VEGF and EGM-2MV medium of naturally senescent OECs
and OECs rendered prematurely senescent by SU5416
treatment was significantly reduced compared to

nonsenescent OECs (Figure 6B). While there was a trend
toward reduced migration to SDF-1 attractant, a statistically
significant difference between treatment groups could not be

Figure 4. Analysis of telomerase activity
as assayed by the telomeric repeat
amplification protocol. A: Telomerase
activity was detected in early passage
nonsenescent late outgrowth endothelial
progenitor cells (OECs) and Human
Umbilical Vein Endothelial Cells
(HUVEC) cultured in complete
angiogenic medium (EGM-2MV).
Negative control represents telomerase
activity of heat-inactivated OEC
samples, positive control corresponds to
the tumor cell sample provided by the
manufacturer (TeloTAGGG
Telomerase PCR ELISA, Roche
Applied Science, Indianapolis, IN). NS
denotes not statistically significant
difference in telomerase activity
between HUVEC and OECs. B:
Telomerase activity is decreased in
OECs treated with 3, 6 and 10 μM
SU5416 for 3 days compared to control
EGM-2MV (with the addition of 10 μl
DMSO/ml, 0 μM SU5416). C:
Telomerase activity is decreased in
OECs treated with EGM-2MV
supplemented with inhibitors SU5416
(6 μM), ZM323881 (10 μM), KRN633
(4 μM), Wortmannin (100 nM), Ly
294002 (5 μM) and
Bisindolylmaleimide I (1 μM) for 3 days
compraed to control medium
(EGM-2MV with the addition of 10 μl
DMSO/ml). D: Recovery of telomerase
activity is dose-dependent. Telomerase
activity was assessed for control OECs
at day 0 and 7, OECs inhibited for 7 days
with SU5416 3 μM and 6 μM and for
OECs returned to EGM-2MV without
inhibitor for another 3 days after 7 days
of inhibition. Graphs A and C represent
the mean±SEM telomerase activity, B
and D the mean percentage in
telomerase activity as compared to
control (medium without inhibitor in B,
medium without inhibitor after 10 days
of culture in D), for three independent
experiments each (OECs derived from
three different patients). Student’s t-test
for paired data was used for statistical
comparison between control and
inhibitory conditions. * indicates a
statistically significant difference
(p<0.05) as compared to control.
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Figure 5. Analysis of telomere length,
cell cycle proteins p21 and p53 and cell
cycle status. A: A representative
Southern blot analysis of telomere
length of control Human Umbilical
Vein Endothelial Cells (HUVEC) and
late outgrowth endothelial cells (OECs)
(in EGM-2MV or EGM-2MV with the
addition of 10 μl DMSO/ml) and
HUVEC and OECs inhibited with
SU5416 at 3 and 6 μM for 7 days is
shown. B: A representative western blot
analysis is given for p21 and p53 in
OECs treated with different inhibitory
conditions: control=EGM-2MV with
the addition of 10 μl DMSO/ml,
EGM-2MV supplemented with
inhibitors SU5416 at 3 and 10 μM,
KRN633 (4 μM), ZM323881 (10 μM),
Wortmannin (100 nM),
Bisindolylmaleimide I (1 μM) and Ly
294002 (5 μM). Upper lane represents
p21, second lane represents p53 and
lower lane represent corresponding
beta-actin loading controls. C: Presents
a representative flow cytometric cell
cycle analysis of OECs treated with
SU5416, using Vybrant DyeCycle
green. Left graph represents control
OECs (EGM-2MV with the addition of
10 ul DMSO/ml), right graph represents
OECs treated with SU5416 (6 μM) for 7
days. Green=G0/G1 peak area, blue=G2
peak area.
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revealed. Migration assays involving HUVEC gave similar
results (data not shown).

DISCUSSION
The results of this study indicate that blocking of the VEGF
receptor-2 signaling with the potent, selective, and long-
lasting compound SU5416 inhibits survival of OECs isolated
from patients with nvAMD as well as HUVEC by inducing
apoptosis upon short-term exposure and premature
senescence and cell-cycle arrest upon long-term exposure.
The mechanism by which SU5416 as well as other VEGFR-2
TKIs accelerate OEC senescence appears to occur through
telomerase inactivation as early as 3 days after initiation of

inhibition. Possibly, telomerase inactivation is mediated
through the PI3K/Akt and PKC pathways, as inhibition of
PI3K/Akt or PKC similarly results in senescence in these
cells. Replicative senescence or premature senescence
induced by inhibitors is accompanied by impairment of OEC
activity, as evidenced by a significantly reduced migratory
ability.

Apoptosis and premature senescence seem to be two
parallel outcomes activated after cells suffer irreparable
damage. How the cells choose between these two responses
may be dependent on the cell type, cell-cycle phase [46], the
degree of stress [47], or the age of cells [48].

Figure 6. Effect of senescence on
antigen expression and migration of late
outgrowth endothelial cells (OECs) and
Human Umbilical Vein Endothelial
Cells (HUVEC). A: Expression of
different antigens by control
nonsenescent OECs, OECs treated with
SU5416 (6 μM) for 7 days and late-
passage naturally senescent OECs was
detected by flow cytometry. The graphs
represent the mean±Standard error of
the mean (SEM) percentage of positive
cells for OECs derived from three
different patients. * indicates a
statistically significant difference
(p<0.05) as compared to control OECs.
B: Migration of control OECs, OECs
treated with SU5416 (6 μM) for 7 days
and late-passage naturally senescent
OECs to Vascular Endothelial Growth
Factor (VEGF), Stromal Cell derived
Factor-1 (SDF-1) and complete
angiogenic medium (EGM-2MV) is
shown. The graphs represent the mean
±SEM percentage of migrated cells (as
compared to cells migrated to EBM-2
basal medium without the addition of
serum or growth factors) for OECs
derived from three different patients. *
indicates a statistically significant
difference (p<0.05) as compared to
control OECs.
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Accelerated or premature senescence is increasingly
found to be a response of tumor cells to several
chemotherapeutic agents and radiation (for review see [49]).
Inhibition of telomerase activity, which is activated in tumor
cells, seems to be an attractive target in cancer therapy [50,
51]. Once thought to be cancer-cell specific, telomerase
activity was found to be upregulated in endothelial cells too,
leading to a delay in replicative senescence of these cells
[23,24,52]. Moreover, VEGF-dependent activation of
telomerase was also observed in vivo where it was required
for development of new capillaries in ischemic tissue [53].
Therefore, induction of premature endothelial cell senescence
might be an interesting target in anti-angiogenic therapy, e.g.,
for nvAMD.

Several previous studies have demonstrated acceleration
of senescence and proliferation arrest of EPCs and mature
endothelial cells in response to different stimuli [25,54-56].
Mechanisms that were identified in replicative as well as in
prematurely induced senescence included inactivation of
telomerase activity [25,54,56], inhibition of PI3K/Akt [25],
modulation of cell-cycle regulatory proteins [56,57], and cell-
cycle arrest [57]. We herein demonstrate that induction of
premature senescence of OECs by SU5416 involves reduction
of telomerase activity, increased expression of p21, and G1
cell-cycle arrest. After 7 days of inhibition, shortening of
telomeres was not yet observed in this study. We also
demonstrate that direct inhibition of PI3K/Akt and PKC,
which are downstream signal transducers of VEGF and
mediate proliferation and survival signals in endothelial cells
[16,58], similarly induce premature senescence, reduction of
telomerase activity, and increased expression of p21. These
results suggest that induction of premature senescence by
SU5416 and the other TKIs that were used in this study may
be through inhibition of these intracellular mediators.

It remains to be determined whether premature
senescence is mediated by selective inhibition of VEGFR-2
phosphorylation. SU5416, although considered to be a
selective TKI, also exhibits concentration-dependent
inhibition of other growth factor receptors, such as the
fibroblast growth factor (FGF) receptor, VEGF receptor 1
(flt-1) [59], insulin-like growth factor I receptor, Stem Cell
Factor Receptor c-kit [60], and hepatocyte growth factor
receptor as well as intracellular kinases, such as sarcoma (Src)
[35,61]. Thus, SU5416 and the other TKIs may well induce
premature senescence by acting on several growth factor-
mediated pathways or even by other unknown mechanisms
independent of the tyrosine kinases.

Following irreversible growth arrest, little is known about
the fate of senescent endothelial cells. First, it is not clear how
premature senescence and apoptosis relate to each other. In
one report, senescent HUVEC, arrested in the G1 phase of the
cell cycle, displayed a considerable increase in spontaneous
apoptosis [57] and were also more prone to drug-induced

apoptosis [62], suggesting that senescence may facilitate
apoptosis. In another report, the baseline rate of apoptosis
remained unchanged during the process of senescence [63].
Second, do senescent cells remain metabolically active and do
they retain functional properties? Senescent fibroblasts mixed
with transformed epithelial cells stimulated the growth of the
latter in vitro and in tumor models [64]. Tumor cells senescing
in response to chemotherapy secreted proteins with anti-
apoptotic, mitogenic, and angiogenic activities [65]. On the
positive side, senescent cells may also inhibit growth of tumor
or other neighboring nonsenescent cells by secreting growth
inhibitory substances [65,66]. Microarray analysis
demonstrated overexpression of inflammatory and immune-
response genes in early-passage HUVEC, while those genes
were repressed at senescence [67]. We have shown that
senescent OECs have decreased levels of VEGFR-2 and
CXCR-4, which could result in a lesser responsiveness to the
ligands, as demonstrated by reduced migratory ability to
EGM-2MV and to VEGF alone. In senescent OECs, we did
not find changes in endothelial adhesion molecules, such as
ICAM-1, a key protein in leukocyte transendothelial
migration previously reported to accumulate in senescent
endothelial cells [68].

Finally, whether senescence is a feature of endothelial
cells in advanced CNV and whether treatment directed against
nvAMD may induce premature senescence of the endothelial
subtypes within active CNV has not been studied to date.
Therefore, further studies will be directed at analyzing
features of senescence in endothelial cells inside experimental
CNV as well as a possible induction of premature senescence
in vivo by different treatment strategies, especially those
directed against the VEGF/VEGFR-2 signaling pathway.

Presumably, induction of premature senescence in
endothelial cells involved in the development of CNV may be
an important therapeutic target and/or a determinant of
treatment response in nvAMD.
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