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Figure 3. Expression of total VEGFR-1 in cells at 24 (A) and 48 (B) hours post transfection. Effect of selective SiRNA 
inhibition of VEGF isoforms, VEGF receptors, and/or IGF-I on sVEGFR-1 levels in the media of proliferating human 
retinal endothelial cells (HRECs) at 24 (C) and 48 (D) hours post transfection. Data are expressed as mean ± SEM 
(n=12 samples/group; *P<0.05, ***P<0.01 vs. control). Images were captured at 20× magnification.

Figure 4. Expression of total IGF-I in cells at 24 (A) and 48 (B) hours post transfection. Effect of selective SiRNA 
inhibition of VEGF isoforms, VEGF receptors, and/or IGF-I on IGF-I levels in the media of proliferating human retinal 
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well. Figure 5A shows more migration and 
appearance of tube formation. Figure 5B shows 
less migration. Decreased migration and tube 
formation capacities occurred with selective 
inhibition of VEGF189 isoform alone and in com-
bination with IGF at 24 hr. (Figure 5C). However, 
at 48 hr. we noted a nonsignificant increase in 
migration capacity, when VEGF165, V121, and 
VEGFR-1 were knocked down (Figure 5D). 
Knockdown of the lower isoforms may increase 
the expression of the higher isoform, VEGF189 
thus causing more migration. 

Sphere-forming capacity

Figure 6 represents a single well showing EC 
sphere formation. Spheres were determined if 
the cells formed complete or almost complete 
circles. The number of circles were counted 
and presented as the mean number of spheres 

per well. Figure 6A shows three complete cir-
cles or spheres. Figure 6B shows no spheres 
and was counted as zero. Our data showed 
decreased sphere-forming capacity at 24 hr. 
with all knockdowns except IGF-I (Figure 6C) 
and this finding was consistent at 48 hr (Figure 
6D). 

Lipid peroxidation

Figure 7 represents cells assessed for lipid per-
oxidation using the Image-iT lipid peroxidation 
assay kit. Normal non-SiRNA exposed cells at 
24 and 28 hours are represented in Figure 7A 
and 7B, respectively. These cells show no lipid 
peroxidation as evidenced by green color. In 
contrast, cells exposed to VEGF SiRNA showed 
increased green color at 24 hours (Figure 7C), 
an effect that intensified at 48 hours (Figure 
7D). 

endothelial cells (HRECs) at 24 (C) and 48 (D) hours post transfection. Data are expressed as mean ± SEM (n=12 
samples/group; *P<0.05, **P<0.01, ***P<0.001 vs. control). Images were captured at 20× magnification.

Figure 5. Representative sample of migration capacity of human retinal endothelial cells (HRECs) at 24 (A) and 48 
(B) hours post VEGF transfection. Cells were stained with calcein AM fluorescent dye, the plates were imaged, and 
the number of cells that migrated to the bottom was determined at 24 (C) and 48 (D) hours. Data are expressed 
as mean ± SEM (n=4 samples/group; *P<0.05, **P<0.01 vs. control). Images were captured at 4× magnification.
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Figure 6. Representative sample of tube formation capacity of human retinal endothelial cells (HRECs) at 24 (A) 
and 48 (B) hours post transfection. Cells were resuspended in serum-free media and seeded onto 96 well plates. 
The plates were placed incubated under their growth conditions for 7 days and scored for the presence or ab-
sence of spheres at 24 (C) and 48 (D) hours. Data are expressed as mean ± SEM (n=96 samples/group; *P<0.05, 
**P<0.01, ***P<0.001 vs. control). Images were captured at 20× magnification.
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VEGF signaling

At 24 hours, most genes were robustly upregu-
lated with VEGF189+IGF-I, VEGF165+IGF-I and 
VEGF121+IGF-I (Table 1). SiRNA of the total VEGF 
gene combined with IGF-I moderately upregu-
lated affected only MAPK-3, PKCβ, and PKCγ. 
These same genes were upregulated with 
SiRNA of all genes except total VEGF and 
VEGF189. At 48 hours, most genes were down-
regulated, particularly MAPK-3, PKCβ, and 
PKCγ which were mostly affected by VEGF189 
and VEGF165. In contrast, NP-1, IGF-I and 
VEGF189+IGF-I caused upregulation of most 
genes although the effect was less robust than 
at 24 hours (Table 2).

Discussion

In this study we present data showing a signifi-
cant inhibition of sphere-forming capacity with 
selective VEGF isoforms knockdown. The most 
profound effect occurred with VEGF189 and 
VEGF165. This demonstrates that inhibition of 
selective VEGF isoforms may be an effective 
targeting strategy for the control of abnormal/
hypervascularization in the development of dis-
eases such as ROP. We further showed that 
proliferating HREC under normoxia (or normal 
conditions) produce significant amounts of 
sVEGFR-1 as compared with total VEGF produc-
tion, suggesting that sVEGFR-1 is an important 
by-product of proliferating retinal ECs. This find-
ing corroborates those of Chappell et al. [29] 
who demonstrated that sVEGFR-1 is necessary 
for local sprout guidance and pushing of emerg-
ing sprouts away from the parent vessels. High 
levels of sVEGFR-1 may neutralize the VEGF 
gradient which could account for the low levels 
observed. As a corollary, low VEGF levels in the 
media may be due to retention of higher iso-
forms to their membrane receptors. We also 
showed a differential effect among VEGF iso-
forms alone and in combination with IGF-I with 
respect to the ability of HRECs to form spheres. 
The levels of VEGF were not appreciably affect-
ed by selective knockdown of individual iso-
forms but was significantly increased with 
VEGFR-2 and inhibited with tVEGF+IGF-I at 
24-hr. Together, these findings lead us to spec-

ulate that sVEGFR-1 may be a more important 
regulator of angiogenesis in proliferating HRECs 
in vitro. 

Few studies have examined the role of individu-
al VEGF isoforms and its receptors in HREC 
angiogenesis [16, 30, 31] despite the develop-
ment and use of anti-VEGF medications with 
unknown long-term side effects. The findings 
we present in this paper suggest the possibility 
of minimizing side effects by developing target-
ed therapies to selectively inhibit at least one of 
the VEGF isoforms. It is known that VEGF iso-
forms differ by the presence or absence of 
sequences encoded by exon 6 and 7 [32]. 
VEGF189 is tightly bound to the ECM while 
VEGF165 is partially bound and VEGF121 is freely 
diffusible. The relative solubility of VEGF iso-
forms influences their specific bioactivities 
[33]. Our data show that manipulation of 
VEGF121 has little influence on HREC production 
of growth factors or their migration and tube 
forming capacities, except for decreasing IGF-I 
levels at 48 hr. Our findings suggest that unlike 
VEGF165 and VEGF189, VEGF121 may not be vital 
for normal angiogenesis of HRECs. 

The observation that sVEGFR-1 level was pre-
dominantly expressed in the media of prolifer-
ating HRECs may be linked to its role in cell 
migration, a process that is essential in the ini-
tiation of angiogenesis. The trigger for guided 
vessel network patterning is provided by sever-
al signaling pathways [26, 34-36]. It seems 
plausible that newly proliferating HRECs require 
initiation of migration in order for the template 
of new vessels to be laid down as the first step 
of angiogenesis. Therefore, the levels of sVEG-
FR-1 are upregulated at this stage as an essen-
tial step in the process of normal physiological 
angiogenesis. Relatively low VEGF levels in the 
media surrounding proliferating HRECs may be 
important for curtailing extrinsic vessel pat-
terning by overwhelming production of sVEG-
FR-1 to regulate local sprout guidance [37]. This 
process of VEGF regulation may be required to 
achieve normal angiogenesis. Our findings 
emphasize and support the notion that sVEG-
FR-1 is more important than VEGF for initiation 
of angiogenesis.

Figure 7. Representative sample of oxidative stress in of human retinal endothelial cells (HRECs) at 24 (C) and 48 
(D) hours post VEGF transfection. Panels (A and B) represent control non-transfected cells at 24 and 48 hours, re-
spectively. Oxidative stress was determined using the Image-It lipid peroxidation assay. Images show intense green 
staining in the SiRNA exposed cells suggesting lipid peroxidation. Images were captured at 20× magnification.
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Table 1. Gene expression of angiogenic growth factors in human retinal endothelial cells in response to 24-hour SiRNA exposure
Genes of 
Interest

Total 
VEGF VEGF189 VEGF165 VEGF121 VEGFR-1 VEGFR-2 NP-1 NP-2 IGF-I IGF-2 IGF-IR IGF-2R Total 

VEGF+IGF-I VEGF189+IGF-I VEGF165+IGF-I VEGF121+IGF-I

Casp 9 2.4 3.2 8.8 1.6 1.8 1.3 3.5 1.7 -2.0 2.2 1.2 7.4 -1.1 17.5* 76.4 74.5*

Cav 1 1.0 -1.2 -1.3 -1.1 -1.4 -1.6 -2.2 -1.2 -1.5 -1.2 -1.7 -2.1 -1.8 -1.4 -1.1 -1.6
COX-2 1.2 1.0 -2.0 1.4 1.5 1.6 -1.3 2.0 -4.7 1.5 2.5 1.6 1.8 3.8 16.5* 16.1*

eNOS -1.0 1.1 1.1 2.4 -3.0 1.2 1.2 -1.3 1.2 1.3 2.3 -1.0 1.0 1.6 6.9 6.7
HIF1α -1.1 1.1 1.1 1.3 1.2 -1.3 1.1 1.2 -1.2 -1.0 1.2 -2.5 -1.1 -1.7 2.6 2.5
MAPK 1 -1.0 1.1 1.2 1.6 -2.0 -1.1 -1.0 -1.2 -1.2 1.0 -1.1 -1.7 -1.1 -1.2 2.8 2.7
MAPK 3 1.1 2.1 21.3* 4.2 11.1 2.5 26.0* 13.3* 5.3 2.5 18.3* 74.5* 13.5* 122.4* 2553* 553.7*

NP-1 1.1 1.4 2.1 1.7 1.4 1.2 -3.0 1.2 -1.4 1.1 1.4 4.1 1.2 4.6 69.7 45.6*

NP-2 1.5 1.2 1.2 1.5 -1.0 -1.0 1.2 -1.3 1.2 -1.1 1.7 -4.3 1.3 -3.1 1.4 1.4
PDGF 1.2 2.2 5.0 3.2 -1.3 -1.3 1.6 -1.3 1.0 -1.2 1.3 3.3 1.9 7.8 44.6 33.1*

PKCα -1.1 1.6 -1.0 2.0 2.0 -1.1 2.0 1.5 1.22 -1.0 1.2 2.1 1.1 3.4 14.9 14.5*

PKCβ 1.4 3.0 35.2* 4.9 12.8* 5.2 41.8* 11.7* 20.3* 4.2 23.8* 108.7* 37.8* 299.9* 1691* 3852*

PKCγ -1.4 1.8 28.6* 4.8 19.4* 4.1 38.5* 18.3* 5.4 -1.1 13.5* 81.2* 9.8 191.3* 835.5* 814.2*

VEGF A 1.2 1.3 -1.4 -1.1 1.6 1.3 1.8 2.6 -3.9 -1.0 2.0 4.0 -2.2 9.1 39.8* 38.8*

VEGF B -1.0 1.1 -1.5 1.2 1.4 1.2 -1.2 -3.0 1.5 1.2 1.2 -2.8 -3.0 -1.2 3.6 3.5
VEGF C -1.2 -1.6 1.4 1.5 1.2 1.0 1.9 -1.3 -1.5 1.2 1.7 5.0 1.8 7.2 31.6* 30.8*

VEGF D -1.3 1.5 19.9* 2.6 9.2 2.4 23.0 11.0* 3.0 1.1 7.5 36.8* 7.1 110.4* 311.4* 401.4*

VEGFR-1 1.2 1.0 -3.0 1.1 -4.3 -2.2 -1.0 -1.5 -1.3 -1.6 -1.2 -1.0 -8.5 2.3 10.0* 9.8
VEGFR-2 1.0 1.0 1.7 1.3 -1.3 -2.0 1.0 1.1 -1.1 -1.8 1.0 3.0 -2.2 3.3 8.8 7.2
VEGFR-3 1.1 1.7 1.2 1.7 -1.5 -2.3 1.5 4.7 1.5 1.0 2.7 2.8 -1.6 6.6 188.2* 27.9*

Data are fold change from control (no knockdown). All data were corrected using 5 different housekeeping genes. Genes are selected from a profile of 84 genes. Genes of interest 
are: Casp 9, caspase 9; Cav 1, caveolin-1; COX-2, cyclooxygenase-2; eNOS, endothelial cell nitric oxide synthase; HIF1a, hypoxia inducible factor 1a; MAPK, mitogen-activated protein 
kinase; NP, neuropilin; PDGF, platelet-derived growth factor; PKC, protein kinase C; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor. *p<0.05 versus control.
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Table 2. Gene expression of angiogenic growth factors in human retinal endothelial cells in response to 48-hour SiRNA exposure 
Genes of 
Interest

Total 
VEGF VEGF189 VEGF165 VEGF121 VEGFR-1 VEGFR-2 NP-1 NP-2 IGF-I IGF-2 IGF-IR IGF-2R Total 

VEGF+IGF-I VEGF189+IGF-I VEGF165+IGF-I VEGF121+IGF-I

Casp 9 -1.2 -1.2 -5.0 -3.5 -2.3 3.4 11.9* -1.6 17.4* -1.3 -6.7 2.6 -2.1 8.0 2.5 -2.7
Cav 1 1.3 1.4 1.8 1.0 1.8 1.3 -1.7 -1.4 -1.2 -1.5 1.2 1.4 -1.1 -1.1 1.0 -1.3
COX-2 1.8 1.1 -1.7 -2.7 -3.9 3.1 11.9* -1.6 17.4* -1.3 1.0 1.8 -2.1 8.0 2.5 1.3
eNOS -1.6 1.2 2.0 -2.4 -2.2 2.2 8.5 1.7 12.4* -1.8 -1.3 1.3 1.0 5.7 1.8 1.6
HIF1α -3.3 -1.4 -1.4 -2.5 -2.4 -2.5 1.2 -1.5 1.7 -1.4 1.8 -5.4 -2.0 -1.3 -1.6 -1.6
MAPK 1 -3.7 -2.0 -2.7 -2.0 -1.7 -2.4 -1.1 -2.0 1.4 -3.0 -2.0 -2.0 -2.7 -1.6 -1.3 -2.6
MAPK 3 2.0 -21.0* -26.9* -4.7 -4.3 9.5 21.8* -1.3 1.4 -1.2 -10.4* 1.5 -2.0 7.0 10.6* -2.1
NP-1 -1.3 -1.1 -1.5 -1.8 -1.8 1.7 20.8* -2.4 1.1 1.7 -1.7 2.3 1.2 14.1* 5.0 1.0
NP-2 -1.0 4.6 4.0 1.0 1.4 2.5 3.3 -1.0 5.6 2.2 4.8 -1.6 1.1 2.2 -1.4 5.7
PDGF -1.5 -2.0 -1.2 -1.7 -1.4 4.0 8.8 -2.2 12.9* 1.5 -2.7 1.3 -3.0 5.9 4.5 -2.5
PKCα 1.3 -1.5 -1.2 -1.8 1.6 2.3 8.8 1.7 12.9* 1.1 -1.2 1.3 -2.3 8.9 3.2 -2.2
PKCβ 1.5 -54.7* -17.9* -9.1 -2.4 1.4 6.8 -1.1 44.5* 2.5 -24.9* -1.3 -4.9 15.0* 6.3 -2.2
PKCγ -1.2 -23.6* -5.1 -6.2 -4.0 3.1 11.9* -1.6 17.4* -1.3 -10.8* 1.8 -2.1 8.0 2.5 -2.7
VEGF A -1.2 -3.0 -5.1 -6.2 -4.0 3.1 11.9* -1.6 17.4* -1.3 -1.6 1.8 -2.1 8.0 2.5 -2.7
VEGF B -9.0 -2.0 -1.6 -1.4 -1.3 -2.7 1.4 -3.0 2.1 1.7 -1.4 -2.4 -1.9 -1.0 -1.0 1.0
VEGF C -1.2 -5.0 -2.5 -1.4 -4.0 3.0 11.6* -1.6 17.0* -1.3 -2.2 1.8 -2.2 7.9 2.5 -1.2
VEGF D -1.1 -14.2* -3.9 -5.2 -3.0 3.4 14.7* -1.0 29.4* 1.4 -7.0 2.5 -1.5 10.8* 2.5 -2.0
VEGFR-1 -1.2 1.4 1.2 -5.0 1.0 3.1 11.9* -1.1 17.4* -1.3 -1.2 1.8 1.1 8.0 2.5 -1.3
VEGFR-2 -3.8 -1.2 -2.7 -9.0 -2.0 3.7 6.2 1.1 12.6* -1.2 -4.2 -2.0 -3.0 6.5 5.2 -2.6
VEGFR-3 -1.2 -1.4 1.2 -5.1 -4.0 3.1 12.0* -1.6 17.4* -1.3 -1.4 1.8 -2.1 8.0 2.9 -2.7
Data are fold change from control (no knockdown). All data were corrected using 5 different housekeeping genes. Genes are selected from a profile of 84 genes. Genes of interest 
are as described in Table 1. *p<0.05 versus control.
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IGF is known as a permissive factor for VEGF 
activity, and in settings were IGF level is low, 
angiogenesis is abnormal [18-20]. The increase 
of IGF determines increase in VEGF with sec-
ondary over-vascularization (premature infants 
with low IGF have worse ROP). We have shown 
that both VEGF and sVEGFR-1 production is 
decreased by manipulation of IGF-I and its 
receptor. These findings concur with previous 
reports demonstrating that normal IGF levels 
are necessary for normal angiogenesis. 

VEGF interacts with two high affinity tyrosine 
kinase receptors on endothelial cells, VEGFR-1 
and VEGFR-2, which have differential roles in 
angiogenesis [9]. The pathway activation of 
VEGFR-2 by VEGF in cells lacking VEGFR-1 
results in a mitogenic response, while activa-
tion of VEGFR-1 does not induce cell prolifera-
tion. Though VEGF signaling through VEGFR-2 is 
well understood, the role of VEGFR-1 is less 
clear; however, genetic loss of VEGFR-1 leads 
to vessels dysmorphogenesis and overgrowth 
[38], a key finding in ROP. The manipulation of 
VEGFR-2 and IGF had a significant impact on 
VEGF expression. VEGFR-2 inhibition resulted 
in an initial increase in VEGF expression at 24 
hours, with the effect disappearing by 48 h. 
This observation may be due to an initial 
release of VEGF from ECM by decreasing 
VEGFR-2 binding ability. In contrast, manipula-
tion of IGF or its receptor determined a 
decrease of VEGF. Interestingly, these cells pre-
served their ability to differentiate and form 
spheres, further implying a lesser role of VEGF 
than sVEGFR-1 in proliferating cells.

It was interesting to note that knockdown of 
selective isoforms plus IGF-I induced the upreg-
ulation of apoptosis gene, caspase-9, suggest-
ing that IGF-I is important for VEGF signaling 
and HREC viability. MAPK3 and PKC were 
upregulated by knockdown of most genes. 
MAPKs play an important role in inflammatory 
conditions of the retina [39] and PKC is involved 
in vascular permeability and loss of tight junc-
tion proteins in retinal vessels [40]. Their upreg-
ulation with VEGF165, NP, IGFR and VEGF+IGF-I 
knockdown demonstrate the importance of 
these genes in EC integrity and may suggest 
alternative pathways for targeted therapies in 
vasoproliferative retinopathies. These observa-
tions strongly imply that the primary response 
of HRECs to knockdown of VEGF, its receptors 
and/or IGF-I is apoptosis. Despite the clinical 

importance of this study, one limitation is that 
the experiments were conducted under nor-
moxic conditions, and therefore the effects do 
not accurately represent hyperoxic and/or 
hypoxic conditions that are known to contribute 
to ROP [41]. In addition, the temporary nature 
of selective gene silencing should also be con-
sidered when results are interpreted at 24 or 
48 hours. Collecting data at shorter intervals to 
show a true longitudinal time course of effects 
is warranted and would have significant clinical 
value. 

In light of current attempts at treating patho-
logic angiogenic conditions such as ROP with 
complete VEGF inhibition, our work may be rel-
evant in three ways. First, our results indicate 
that whole inhibition may be counter-produc-
tive, in as much as it may lead to an actual 
increase in sVEGFR-1 and IGF, and not impede 
sphere formation. Second, targeted inhibition 
is likely to be preferable because it could mini-
mize side effects associated with complete 
VEGF inhibition, and our results show that such 
selective inhibition can be effective in sup-
pressing sphere formation. Finally, by identify-
ing the particular isoforms that are most effec-
tive in suppressing sphere formation, future 
research on the side-effects of VEGF suppres-
sion therapy could be easier to pursue as they 
need to focus only on the subset of isoforms/
receptors we identified as most effective in 
suppression. Targeted obliteration of VEGF189 
rather than non-selective VEGF inhibition may 
be a more desirable therapy for ROP to prevent 
unwanted side effects. IGF-I is a key factor reg-
ulating VEGF signaling and should be consid-
ered when anti-VEGF medication is contem- 
plated. 
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