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Abstract: Vascular endothelial growth factor (VEGF) is a potent mitogen that regulates proliferation, migration, and
tube formation of endothelial cells (EC). VEGF has recently become a target for severe retinopathy of prematurity
(ROP) therapy. We tested the hypothesis that a specific VEGF isoform and/or receptor acts synergistically with
insulin-like growth factor (IGF)-I to alter normal retinal microvascular EC angiogenesis and RNA interference can be
used to reverse VEGF effects. We used small interfering RNA (SiRNA) transfection to target VEGF isoforms, IGFs, and
their receptors in human retinal microvascular endothelial cells (HRECs). Media was collected at 24 and 48 hours
post transfection for measurement of VEGF, sVEGFR-1 and IGF-1 levels; and HRECs were assessed for migration,
tube formation, VEGF signaling genes, oxidative stress, and immune-reactivity. At 24 hours post transfection VEGF
increased with VEGFR-2; sVEGFR-1 decreased with VEGF, _, VEGFR-2, and IGF-1R; and IGF-l increased with VEGF .,
VEGFR-1, IGF-2R, IGF+VEGF165, and IGF+VEGF . IGF-I transfection with each VEGF isoform reduced sphere- form-
ing and migration capacities with robust upregulation of caspase-9, COX-2, MAPK, PKC, and VEGF receptors. At 48
hours, the effects were reversed with a majority of genes downregulated, except with IGF-1 and NP-1 transfection.
Using RNA interference for targeted inhibition of VEGF isoforms in conjunction with IGF-I may be preferable for sup-
pression of HREC overgrowth in vasoproliferative retinopathies such as ROP.

Keywords: Angiogenesis, insulin-like growth factor, retinal endothelial cells, small interfering RNAs, vascular endo-
thelial growth factor

Introduction with VEGF, .. mediating the most potent angio-

165
genesis [9]. The lower isoform, VEGFm, lacks

Vascular endothelial growth factor (VEGF) is a heparin binding, is not bound to the extracellu-

potent endothelial mitogen and trophic factor
that promotes proliferation, migration and tube
formation leading to angiogenic growth of new
blood vessels [1, 2]. The VEGF family and its
receptor system (VEGFR-1, VEGFR-2, VEGFR-3,
and neuropilin or NP) are fundamental regula-
tors in cell signaling of angiogenesis [2]. VEGF
is the main growth factor involved in retinal ves-
sel growth with a primary role in both phases of
retinopathy of prematurity (ROP) [3-8]. To date,
six isoforms of human VEGF have been identi-
fied: VEGF121 (VEGF in rodents), VEGF145,
VEGF,, (VEGF,,, in rodents), VEGF ., (VEGF,,
in rodents), VEGF, .., and VEGF,; they are pro-
duced by alternate splicing of the VEGF gene.
VEGF VEGF and VEGF, _. are the most

121’ . 165’ 189 X
abundant isoforms expressed by all retinal cells
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lar matrix (ECM), is freely diffused over consid-
erable areas within tissues, and plays a major
role as a long range attractant [10, 11]. The
higher isoforms VEGF ., is tightly heparin-
bound, serves as a spatially restricted stimula-
tory cue, and can compensate for loss of the
lower isoforms during development [11, 12].
Mice expressing only VEGF,,, die perinatally,
with simplified vasculature whereas mice
expressing only VEGF .. displayed abnormal
vessel branching with excessively thin and dis-
organized branches, and mice expressing only
VEGF,, were normal [13].

VEGF mediates its actions via different recep-
tors, which are expressed on endothelial cells
(ECs) and are required for angiogenesis. VEGF
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signaling through VEGFR-2 induces permeabili-
ty, proliferation, migration, and EC survival [14].
VEGFR-1 has a high affinity for VEGF, however,
its activity is 10-fold lower than that of VEGFR-2
and therefore only weakly stimulates EC prolif-
eration [15]. The splice variant of VEGFR-1, sol-
uble VEGFR-1 (sVEGFR-1), functions as a decoy
or VEGF sink by limiting the action of VEGFR-2
and retaining VEGF in the plasma membrane. It
also acts to guide emerging vessel sprouts
away from the parent vessel [16]. VEGFR-3 is
mainly expressed in lymph-ECs and regulates
lymph angiogenesis [15]. Neuropilin (NP)-1 and
-2 are co-expressed only with VEGFR-2 to
increase its potency [14]. Furthermore, NPs
have been implicated in regulation of vessel
sprouting [16, 17]. Multiple studies have shown
that IGF-1 acts as a permissive agent in VEGF-
mediated angiogenesis [18-20]. The relation-
ship between VEGF isoforms, IGF-1, and their
receptor in angiogenesis is still poorly under-
stood, but appears to play a key role in the
development of ROP [18, 19].

Recently, there has been increased use of anti-
VEGF therapy (intravitreal bevacizumab or
ranibizumab) in extremely low birth weight
(ELBW) neonates with severe ROP. This thera-
peutic intervention is highly invasive and results
in many complications [21-25] including recur-
rence of severe ROP and late detachment, myo-
pia, cytokine derangements and reduction of
systemic VEGF for up to 2 months after intravit-
real administration [26]. Because of the com-
plexity of the VEGF gene and its interaction with
other factors as well as its involvement in the
vascular development of other organs, targeted
therapy against specific isoforms is more desir-
able in order to prevent or mitigate side effects.
In this study, we tested the hypothesis that a
specific VEGF isoform and/or receptor acts syn-
ergistically with IGF-I to alter normal angiogen-
esis in human retinal endothelial cells (HRECs).
To test our hypothesis, we evaluated the effects
of targeted SiRNA transcription of VEGF iso-
forms, IGFs, and their receptors on cell viability;
VEGF, sVEGFR-1, IGF-I production; sphere-form-
ing and migration capacities; and VEGF signal-
ing in HRECs.

Material and methods
Cells

HRECs (ACBRI-181) were purchased from Cell
Systems (Kirkland, WA) in a flask of proliferat-
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ing cells at 80% confluence (1.5x10° cells). The
cells were allowed to acclimatize for 2-3 hours
in an incubator at 37°C, 5% CO,, after which
the transport medium was discarded and the
cells were plated in P75 flasks in specialized
medium warmed to 37°C and activated with
culture boost containing growth factors, Bac-
Off containing antibiotics, and 5% amphotericin
B. The media was changed every 2 days until
confluence. At 80% confluence, the cells were
passaged. After 4 passages (24 flasks), the
cells were seeded onto 24-well plates (4x10*
cells in 0.5 mL media/well) coated with attach-
ment factor, an ECM product that promotes cell
attachment, and incubated at 37°C, 5% CO,,
100% humidity, as previously described [27,
28].

Transfection

The cells were transfected 24 hours post seed-
ing onto 24-well plates. Total VEGF, VEGF,,
VEGF,,, VEGF,,,, VEGFR-1, VEGFR-2, NP-1,
NP-2, IGF-I, IGF-2, IGF-IR, IGF-2R and positive
and negative control SiRNAs were purchased
from Qiagen (Valencia, CA). Custom and Qiagen-
ready SiRNAs were diluted to a concentration of
37.5 ng and 1.5 L added to 100 pL culture
medium without antibiotics to give a final SIRNA
concentration of 5 nM after addition to the
cells. Three pL HiPerfect transfection reagent
(Qiagen) was added to the diluted SiRNA and
mixed by vortexing. The mixture was incubated
at room temperature for 10 minutes to allow
formation of a transfection complex, which was
added as one drop (20 L) per well onto the
cells. The cells with the transfection complexes
were incubated under these growth conditions
for 24 and 48 hours. A total of 19 groups were
studied: 1) control (no SiRNA); 2) total VEGF; 3)
VEGF,,,; 4) VEGF ,,; 5) VEGF,,,; 6) VEGFR-1; 7)
VEGFR-2; 8) NP-1; 9) NP-2; 10) IGF-I; 11) IGF-2;
12) IGF-IR; 13) IGF-2R; 14) Total VEGF+IGF-I;
15) VEGF,*IGF-I; 16) VEGF +IGF-I; 17)

189

VEGF,, +IGF-I; 18) positive control; and 19)

1.21
negative control.

Sample collection

Media and cells were collected at 24 and 48
hours post transfection and frozen at -80°C
prior to assay. In each group, two wells were
pooled for a total of 12 media samples and 4
wells were pooled for a total of 3 cell samples.
Cells from the remaining 12 wells were pooled,
and re-plated for tube formation and migration
assays.

Am J Transl Res 2018;10(7):1990-2003
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SiRNA transfection optimization

To obtain the highest transfection efficiency
and low non-specific effects, various concen-
trations of SiIRNA and Lipofectamine RNAIMAX
complexes were tested. Similarly, a transfec-
tion efficiency test was performed with varying
concentrations of SiRNA and HiPerfect trans-
fection reagent according to the manufactur-
er's HiPerfect Transfection Reagent Handbook.
A BLOCK-IT transfection optimization kit was
purchased from ThermoFisher Scientific in
order to determine the optimal amount of Oligo
required to obtain a strong fluorescent signal
according to the manufacturer’s protocol. High
transfection efficiency was verified with fluores-
cent siRNA, fluorescent Block-IT. Validation of
siRNA and functional assays were performed at
24, and 48 hours post-transfection.

Immunofluorescence

Cells were plated at the same time onto sterile
16-well culture slides (Fisher Scientific, Pitts-
burgh, PA) and exposed to similar conditions as
described above for the 24-well plates. At the
end of each experimental time, the slides were
washed, fixed in 4% paraformaldehyde, perme-
abilized and incubated with primary antibodies
(Santa Cruz Biotechnology, Dallas, TX); and Ale-
xa Fluor fluorescent secondary antibodies (Life
Technologies, Grand lIsland, NY). Cells were
imaged at 20x magnification using an Olympus
IX73 inverted microscope system and CellSens
imaging software (Olympus, Center Valley, PA).

Lactate dehydrogenase assay

Cell viability was assessed using the in-vitro
lactate dehydrogenase (LDH) activity kit pur-
chased from Sigma-Aldrich (St. Louis, MO)
according to the manufacturer’s protocol. The
LDH assay is a simple and accurate method
that yields reproducible results. The amount of
LDH activity was used as an indicator of rela-
tive cell viability and membrane function
integrity.

Assay of VEGF, sVEGFR-1 and IGF-I

VEGF, sVEGFR-1 and IGF-I levels in the media
were assayed using commercially-available
human sandwich immunoassay kits (R&D Sys-
tems, Minneapolis, MN, USA). The VEGF assay
predominantly binds the monomeric VEGF,
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but will also detect the VEGF,,, isoform. The
assay utilizes a monoclonal anti-VEGF, anti-
sVEGFR-1, or anti-IGF-I detection antibody con-
jugated to horseradish peroxidase and color
development with tetramethylbenzidine/hydro-
gen peroxide (TMB solution). All assays were
performed according to the manufacturer’s
protocol. The coefficient of variation from inter-
and intra-assay precision assessment was less
than 10% for all assays.

Migration capacity

Becton Dickinson (BD)-BioCoat Angiogenesis
System-EC tube formation 96-well plates (BD
Biosciences, Bedford, MA) were used for migra-
tion assays according to the manufacturer’s
protocol. Cells from each group were plated at
2x10% in 50 uL media in each well. The plates
were incubated for 16-18 hours at 37°Cand 5%
CO, atmosphere after which the plates were
labeled with BD calcein AM fluorescent dye (BD
Biosciences). The plates were imaged and the
number of cells that migrated to the bottom
was determined.

Sphere-forming capacity

Cells from each group were resuspended in
serum-free media containing 20 ng/mL epider-
mal growth factor and 20 ng/mL fibroblast
growth factor (warmed to 37°C), and seeded
onto 96 well plates. The plates were placed
incubated under their growth conditions for 7
days and scored for the presence or absence of
spheres.

Lipid peroxidation

Lipid peroxidation generally refers to the oxida-
tive degradation of cellular lipids by reactive
oxygen species. Lipid peroxidation plays a key
role in pathological processes and it is often
the cause of free radical-mediated damage in
cells. We used the Image-iT lipid peroxidation
assay (ThermoFisher Scientific, Waltham, MA,
USA), a sensitive fluorescent reporter for lipid
peroxidation. Upon oxidation in live cells, fluo-
rescence shifts from red to green. Live cells
were treated with Image-iT lipid peroxidation
Sensor at a final concentration of 10 uM, incu-
bated for 30 minutes at 37°C, washed with
PBS, fixed in 4% PFA, washed and counter
stained with DAPI. Cells were imaged at 20x
magnification.

Am J Transl Res 2018;10(7):1990-2003
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Figure 1. Uptake of VEGF SiRNA at 24 (A) and 48 (B) hours post transfection. Effect of selective SiRNA inhibition of
VEGF isoforms, VEGF receptors, and/or IGF-I on lactate dehydrogenase activity, 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 4x magnification.

Real-time PCR

Cells from 4 wells per group were harvested for
extraction of total RNA and real-time PCR
arrays. Total RNA was extracted using RNA Pro
solution (MP Bio, Solon, Ohio) using the
FastPrep-24 instrument (MP Bio) according to
the manufacturer’'s protocol. Cleanup of the
RNA was performed using RNEasy mini cleanup
kits (Qiagen, Valencia, CA) followed by on-col-
umn treatment with DNase | (Qiagen). Reverse
transcriptase was performed using a RT? First
Strand kit purchased from SABiosciences
(Frederick, MD), a Qiagen company. The real-
time PCR arrays were carried out in duplicate
using the human VEGF Signaling PCR Arrays
(SABiosciences/Qiagen) using a BioRad 1Q5
real-time instrument (BioRad, Hercules, CA).
Each PCR array plate consisted of a panel of 5
housekeeping genes to normalize the PCR
array data; replicate genomic DNA controls to
detect non-transcribed genomic DNA contami-
nation with a high levels of sensitivity; replicate
reverse transcription controls to test the effi-
ciency of the RT? first strand reaction; and repli-
cate positive PCR controls to test the efficiency
of the PCR reaction itself using a pre-dispensed
artificial DNA sequence and the primer set that
detects it. The replicate controls also test for

1993

inter-well and intra-plate consistency. Calcula-
tions were made by exporting the data into an
Excel spreadsheet using the Qiagen PCR Array
Data Analysis Excel Template and uploading
the real-time amplification data into the
SABiosciences RT? Profiler PCR Array Data
Analysis web portal.Quantitative PCR was
based on the cycle threshold (C) value. A gene
was considered not detectable if the C, value
was >35. The AC, for each gene was calculated
as C, (gene of interest) - C, (housekeeping gene).
Expression changes were quantified by fold
regulation; and differences that were 10-fold
greater than control were determined to be
significant.

Statistical analysis

One-way analysis of variance was used to deter-
mine differences among the groups for normal-
ly-distributed data, and Kruskal-Wallis test was
used for non-normally-distributed data follow-
ing Bartlett’s test for equality of variances. Post
hoc analysis was performed using the Dunnet’s
tests for significance comparing all groups ver-
sus control. Significance was set at P<0.05 and
data are reported as mean + SEM. All analyses
were two-tailed and performed using SPSS ver-
sion 16.0 (IBM Analytics - Chicago IL).

Am J Transl Res 2018;10(7):1990-2003
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Figure 2. Expression of total VEGF 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 VEGF levels in the media of proliferating human reti-
nal endothelial cells (HRECs) at 24 (C) and 48 (D) hours transfection. Data are expressed as mean + SEM (n=12
samples/group; *P<0.05, ***P<0.001 vs. control). Images were captured at 20x magnification.

Results
Cell viability

There was a significant increase in LDH activity,
and implicitly cell death, with selective inhibi-
tion of VEGF and VEGF isoforms at 24 hr. (Figure
1A). At 48 hr. LDH activity increased with
knockdown of IGF and combination IGF and
VEGF isoforms (Figure 1B).

Effects on VEGF

VEGF levels were generally low in the media
and were higher at 24 hr. (Figure 2A) compared
to 48 hr. (Figure 2B). At 24 hr. VEGF levels were
significantly higher with VEGFR-2 knockdown
alone. At 48 hr. VEGF levels were higher with
IGF-I knockdown suggesting a role for IGF in
VEGF retention to the ECM. VEGF levels were
lower with knockdown of VEGF ,, in combina-
tion with IGF. This isoform lacks heparin-bind-

ing domains and is not bound to the ECM.

Effects on sVEGFR-1

The levels of sVEGFR-1 (an endogenous nega-
tive regulator of VEGF), in the media were about

1994

800-fold higher than that of VEGF. At 24 hr.,
knockdown of VEGF165, VEGFR-2, and IGF-1R
caused a decrease in SVEGFR-1 (Figure 3A). In
contrast, knockdown of NP-2 and combined
IGF-1 with VEGFlSQ, or VEGF121 increased sVEG-
FR-1 levels. At 48 hr., sVEGFR-1 levels remained
suppressed with IGF-1R knockdown (Figure

3B).
Effects on IGF

IGF levels were increased at 24-hours with
knockdown of VEGF, .., VEGFR-2, and combina-
tion IGF-I with VEGF,,_ and VEGF .. IGF-I levels
were dramatically decreased to almost zero
with knockdown of the VEGF ,, (Figure 4A). At
48, IGF levels were decreased with knockdown
of VEGF isoforms and VEGFR-2, but remained
elevated with IGF-I alone and combination with

VEGF, .., and VEGF, .. (Figure 4B).

189’

189’ 165 (

Migration capacity

Figure 5 represents a single well showing EC
migration using fluorescence staining. Migra-
tion capacity was determined by the number of
cells that migrated to the bottom of the wells
and presented as the mean number cells per

Am J Transl Res 2018;10(7):1990-2003
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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-1 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 20x magnification.
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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-l on IGF-I levels in the media of proliferating human retinal
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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 20x magnification.

C [ No KD (control)

24-hour

~
o
<
=
N

*p<0.05; p<0.01 vs control

~N
=

-
=]

Mean Cell Migration
>

EX IGF+IVEGF
E3 IGF+Vv189
BEE IGF+V165
3 IGF+Vv121

D

3 No KD (control)
VEGF
V189

V165

viz21

VR-1

VR-2

NP-1

NP-2

IGF-1
IGF-2
IGF-1R
IGF-2R
IGF+IVEGF
IGF+V189
IGF+V165
IGF+V121

48-hour

Mean Cell Migration

LN ENEREEEEREDNE:

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 4x magnification.

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 VEGF ., 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 VEGF ., V ,, and
VEGFR-1 were knocked down (Figure 5D).
Knockdown of the lower isoforms may increase
the expression of the higher isoform, VEGF
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
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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 Kkit. 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).

Am J Transl Res 2018;10(7):1990-2003
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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 20x magnification.
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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 20x magnification.

VEGF signaling

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

189

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 VEGF,,, and
VEGF,,.. 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 sSVEGFR-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-
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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].
VEGF . is tightly bound to the ECM while
VEGF . is partially bound and VEGF ,, is freely
diffusible. The relative solubility of VEGF iso-
forms influences their specific bioactivities
[33]. Our data show that manipulation of
VEGF_,, 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
VEGF . and VEGF ., VEGF , 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.
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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 Total Total

Interest  VEGE VEGF,,, VEGF,, VEGF, VEGFR-1 VEGFR-2 NP-1 NP-2 IGF-l IGF-2 IGFIR IGF-2R VEGF+IGF VEGF . +IGF-I VEGF  +IGF-I VEGF , +IGF-l
Casp9 24 3.2 8.8 1.6 1.8 1.3 3.5 1.7 20 22 1.2 7.4 11 17.5* 76.4 74.5"
Cav 1 1.0 -1.2 -1.3 -1.1 -1.4 -1.6 22 -12 -15 -12 -17 21 -1.8 -1.4 14 -1.6
COX-2 1.2 1.0 -2.0 1.4 1.5 1.6 -1.3 20 47 15 25 1.6 1.8 3.8 16.5" 16.1"
eNOS 1.0 11 11 2.4 -3.0 1.2 1.2 13 12 13 23 -10 1.0 1.6 6.9 6.7
HIF 1x 11 11 11 1.3 1.2 -1.3 11 1.2 -12 -10 12 -25 1.1 -1.7 2.6 2.5
MAPK1 -1.0 1.1 1.2 1.6 -2.0 1.1 -10 -12 -12 10 -11 -17 -1.1 -1.2 2.8 2.7
MAPK3 1.1 2.1 21.3" 4.2 11.1 25 26.0" 13.3* 53 25 183" 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 12 14 11 14 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 -13 12 -11 17 43 1.3 -3.1 1.4 1.4
PDGF 1.2 2.2 5.0 3.2 -1.3 -1.3 16 -13 10 -12 13 3.3 1.9 7.8 44.6 33.1°
PKCa 1.1 1.6 -1.0 2.0 2.0 -1.1 2.0 1.5 122 -10 1.2 2.1 1.1 3.4 14.9 14.57
PKCB 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"
PKCy 1.4 1.8 28.6" 4.8 19.4" 41 385" 183" 54 -11 135" 81.27 9.8 191.3" 835.5" 814.2F
VEGFA 1.2 1.3 -1.4 1.1 1.6 1.3 1.8 26 -39 -10 20 4.0 2.2 9.1 39.8" 38.8"
VEGFB -1.0 1.1 -1.5 1.2 1.4 1.2 12 30 15 12 12 -2.8 -3.0 -1.2 3.6 3.5
VEGFC -1.2 -1.6 1.4 1.5 1.2 1.0 19 -13 -15 12 17 5.0 1.8 7.2 31.6" 30.8"
VEGFD -1.3 1.5 19.97 2.6 9.2 2.4 23.0 11.0° 3.0 11 75 36.8° 71 110.4" 311.4" 401.4"
VEGFR-1 1.2 1.0 -3.0 1.1 4.3 2.2 -1.0 -15 -13 -16 -12 -10 -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 11 -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 47 15 10 27 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 Total Total

Interest  VEGF VEGF,,, VEGF, . VEGF, VEGFR-1 VEGFR-2 NP-1 NP-2 IGF-l IGF-2 IGFIR IGF-2R VEGF+IGF VEGF , +IGF-I VEGF  +IGF-| VEGF , +IGF-l
Casp9 -1.2 -1.2 -5.0 -3.5 2.3 34 119" -16 174" -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 14 12 -15 1.2 1.4 -1.1 -1.1 1.0 -1.3
COX-2 1.8 1.1 -1.7 2.7 -3.9 31 119" 16 174" -1.3 1.0 1.8 2.1 8.0 2.5 1.3
eNOS 16 1.2 2.0 2.4 2.2 2.2 85 1.7 124" -1.8 -1.3 1.3 1.0 5.7 1.8 1.6
HIF 1x 3.3 14 -1.4 2.5 2.4 2.5 1.2 -15 17 -14 18 5.4 -2.0 -1.3 -1.6 -1.6
MAPK 1 -3.7 -2.0 2.7 -2.0 -1.7 24 -11 20 14 -30 -20 -20 2.7 -1.6 -1.3 -2.6
MAPK3 2.0 -21.0° -26.9° -4.7 4.3 95 21.8 -1.3 14 -12 -104° 15 -2.0 7.0 10.6* 2.1
NP-1 1.3 11 -1.5 -1.8 -1.8 1.7 208 24 11 17 17 2.3 1.2 14.17 5.0 1.0
NP-2 -1.0 4.6 4.0 1.0 1.4 2.5 33 -1.0 56 22 48 -1.6 1.1 2.2 -1.4 5.7
PDGF -1.5 2.0 -1.2 -1.7 -1.4 4.0 88 -22 129" 15 -2.7 1.3 -3.0 5.9 4.5 2.5
PKCa 1.3 -15 -1.2 -1.8 1.6 2.3 88 1.7 129" 11 -1.2 1.3 2.3 8.9 3.2 2.2
PKCB 1.5 -54.7° -17.9" 941 2.4 1.4 6.8 -1.1 445" 25 -249° -13 -4.9 15.07 6.3 2.2
PKCy -1.2 -23.6° 5.1 -6.2 -4.0 31 119" -16 174" -1.3 -10.8° 1.8 2.1 8.0 2.5 2.7
VEGFA -12 -3.0 5.1 -6.2 -4.0 31 119" -16 174" -1.3 -1.6 1.8 2.1 8.0 2.5 2.7
VEGFB 9.0 -2.0 -1.6 -1.4 -1.3 2.7 1.4 30 21 17 -14 -24 -1.9 -1.0 -1.0 1.0
VEGFC -1.2 -5.0 2.5 -1.4 4.0 30 116" -16 170" -1.3 -2.2 1.8 2.2 7.9 2.5 -1.2
VEGFD -1.1 -14.2° -3.9 5.2 -3.0 34 147" -1.0 294" 14 -70 2.5 -1.5 10.8" 2.5 -2.0
VEGFR-1 -1.2 1.4 1.2 -5.0 1.0 31 119" -11 174" 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 62 11 126" -1.2 -42 -20 -3.0 6.5 5.2 -2.6
VEGFR-3 -1.2 -14 1.2 5.1 -4.0 341 12.0° -16 174" -1.3 -14 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-l induced the upreg-
ulation of apoptosis gene, caspase-9, suggest-
ing that IGF-1 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 VEGF ., 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

2001

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 VEGF,
rather than non-selective VEGF inhibition may
be a more desirable therapy for ROP to prevent
unwanted side effects. IGF-1 is a key factor reg-
ulating VEGF signaling and should be consid-
ered when anti-VEGF medication is contem-
plated.
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