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Abstract
VEGF secretion by the human retinal pigment epithelium (hRPE) plays an important role in retinal
and choroidal neovascularization. In this study, transforming growth factor-β2 (TGF-β2)-induced
vascular endothelial growth factor (VEGF) gene expression was investigated in hRPE cells.
Treatment of hRPE cells with TGF-β2 for 24 and 48 hr as compared to 8 hr resulted in markedly
increased VEGF secretion by 5-fold and 9-fold, respectively. Induced VEGF mRNA peaked within
3 hr of stimulation and remained above the basal at 36 hr. Stimulation of VEGF expression by TGF-
β2 was blocked by cycloheximide, suggesting that de novo protein synthesis is required. Induced
VEGF production was strongly inhibited by anti-inflammatory agents, dexamethasone and
cyclosporin A. Despite of the weak stimulation of VEGF expression by TNF-α or bFGF alone, co-
administration of either of these two cytokines synergized the effect of TGF-β2 on VEGF mRNA
expression and protein production. Quantitative RT-PCR revealed that the synergy was
predominantly at the level of VEGF transcription. Moreover, TGF-β2-induced RPE VEGF secretion
was significantly reduced by inhibitors of mitogen-activated protein (MAP) kinase (MEK) (U0126),
p38 (SB202190), c-Jun NH2-terminal kinase (JNK), Sp600125, protein tyrosine kinase (PTK)
(Genistein), and phosphatidylinositol 3-kinase (PI3K) (Ly294002). Induced VEGF expression was
completely abrogated by inhibitors of protein kinase C (PKC) (Ro318220), nuclear factor-κB (NF-
κB) [caffeic acid phenethyl ester (CAPE)], and reactive oxygen species (ROS) [N-acetyl-cysteine
(Nac) and diphenyleneiodonium (DPI)]. These results suggest that MEK, p38, JNK, PI3K, and NF-
κB as well as multiple essential signaling intermediates, including PKC, PTK and ROS, are involved
in hRPE VEGF upregulation by TGF-β2.
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1. Introduction
Human retinal pigment epithelium (hRPE) cells are strategically interposed between the
neurosensory retina and the choroid, and play a major role in retinal and choroidal
neovascularization. A number of angiogenic factors, prominent among which is vascular
endothelial growth factor (VEGF), are involved in the initiation and development of choroidal
and retinal neovascularization. VEGF protein predominantly exists as a homodimer of four
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alternative spice variants VEGF121, VEGF165, VEGF189, and VEGF206 of a single gene (Keck
et al., 1989). VEGF121 and VEGF165 are soluble proteins, whereas VEGF189 and VEGF206
are bound to heparin-containing proteoglycans on cell surfaces or in basement membranes
(Houck et al., 1992). VEGF is an endothelial cell-specific mitogen, promoting vascular
permeability (Keck et al., 1989). A clear temporal and spatial relationship has been found
between VEGF and ocular neovascularization (Miller et al., 1994). VEGF stimulates
neovascularization in corneal micropocket assays (Connolly et al., 1989) and in chicken
chorioallantoic membranes (Wilting et al., 1992). It has been known that the intraocular VEGF
levels are elevated in humans with proliferative diabetic retinopathy (PDR) (Adamis et al.,
1994). Significantly increased VEGF immunoreactivity has been reported in retinal vascular
endothelium, blood vessel walls, choriocapillaris endothelium, choroidal neovascular
endothelium, and migrating human RPE cells in diabetic subjects (Lutty et al., 1996). In
addition, the VEGF levels detected in vitreous from patients with active PDR have also been
shown to be 15 to 30 times higher than that of patients with nonproliferative or quiescent
diabetic retinopathy or nondiabetic control (Aiello et al., 1994).

An important function of hRPE cells, like that of endothelial cells and Müller cells, is to secrete
VEGF (Adamis et al., 1993). Expression of VEGF has been known to be induced by various
stimuli, including hypoxia (Aiello et al., 1995), mechanical stress, advanced glycation
endproducts (AGE), vasopressor hormones such as angiotensin II and vasopressin, and
cytokines such as interleukine-1 (IL-1), transforming growth factor-beta (TGF-β), basic
fibroblast growth factor (bFGF) and platelet-derived growth factor (PDGF) (Chiarelli et al.,
2000a).

TGF-β is a multifunctional regulator mediating cell proliferation, differentiation, apoptotic
death and angiogenesis. However, the molecular mechanism of TGF-β–mediated angiogenesis
remains poorly understood. TGF-β is mitogenic in some circumstances, but anti-mitogenic in
others (Sporn and Roberts, 1992). Recent studies have demonstrated that TGF-β1, 2 and 3 all
induce VEGF expression in several cell types including hRPE cells (Nagineni et al., 2003).
Despite of the fact that TGF-β alone is able to induce VEGF expression, little has been known
whether TGF-β may work in concert with other angiogenic cytokines such as PDGF, tumor
necrosis factor-alpha (TNF-α) and bFGF in VEGF gene expression (Tolentino and Adamis,
1998). In addition, most of previous reports have focused on TGF-β1, not TGF-β2 or TGF-
β3. In contrast to TGF-β3 which is functionally similar to TGF-β1, TGF-β2 appears distinct
(Merwin et al., 1991a, b). TGF-β2 is the predominant form of TGF-β in ocular tissues (Pfeffer
et al., 1994). Depending on the cell types and experimental conditions (Merwin et al.,
1991b), the cellular responses to TGF-β2 differ from that to TGF-β1 in proliferation, migration
and in vitro angiogenesis. In this study we investigated the effects of TGF-β2 alone and in
combination with TNF-α or bFGF on hRPE VEGF mRNA expression and protein secretion,
and examined the signaling pathways involved in VEGF expression in hRPE cells.

2. Materials and Methods
2.1. Materials

Recombinant human IL-1β, TNF-α, bFGF, PDGF, TGF-β2 was purchased from R&D System
(Minneapolis, MN). U0126 was obtained from Promega (Madison, WI), SB202190,
Sp600125, Ly294002, Genistein, Ro318220, and AG490 from Calbiochem (San Diego, CA),
CAPE (caffeic acid phenethyl ester) from BIOMOL (Plymouth Meeting, PA), Nac (N-acetyl-
cysteine) and DPI (diphenyleneiodonium chloride) from Sigma-Aldrich Company (St. Louis,
MO). Antibodies against actin, phosphorylated p38, and protein kinase C (PKC) were
purchased from Cell Signaling Technology (Beverly, MA). Affinity purified polyclonal
antibodies against phosphorylated-PKCβ1 was obtained from the Sigma-Aldrich Company.
The polyclonal anti-TGF-β2 antibody was purchased from R&D System, which has been
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selected for its ability to neutralize the biological activity of TGF- β2, but not TGF-β1, TGF-
β3, or TGF-β5. All other reagents were obtained from Sigma-Aldrich Company. The signal
transduction inhibitors used in this study are summarized in Table 1.

2.2. Cell isolation and culture
The hRPE cells were isolated within 24 hr of death from the donor eyes obtained from the
Midwest Eye Bank as previously described (Elner et al., 1992). In brief, the sensory retina
tissue was separated gently from the hRPE monolayer, and the hRPE cells were removed from
Bruch's membrane with papain (5 U/ml). The hRPE cells were cultured in Dulbecco's modified
essential medium (DMEM), containing 15% fetal bovine serum, penicillin G (100 U/ml),
streptomycin sulfate (100 μg/ml), and amphotericin B (0.25 μg/ml) in Falcon Primaria culture
plates to inhibit fibroblast growth. The hRPE monolayers exhibited uniform
immunohistochemical staining for cytokeratin 8/18, fibronectin, laminin, and type IV collagen
in the chicken-wire distribution characteristic for these epithelial cells. Cells were subcultured,
grown to reach confluency, and used for experiments. The cells were in culture up to four to
six passages,

2.3. VEGF ELISA
The levels of antigenic VEGF in the serial dilutions of hRPE supernatants were quantitated by
modification of a double ligand ELISA method as previously described (Bian et al, 2004).
Standards included 0.5 log dilutions of recombinant VEGF (R&D Systems) from 5pg to 100
ng/well.

2.4. Quantitative real-time PCR (qRT-PCR) for VEGF
Total cellular RNA was isolated from nearly confluent cultures of hRPE cells using TRIzol
reagent according to the manufacturer's procedure (Invitrogen, Carlsbad, CA). Then total RNA
was treated with RQ1 RNase-Free DNase (Promega, Madison, WI) to remove genomic DNA
contamination. First-strand cDNA was synthesized by reverse transcriptase from 5 μg total
RNA with oligo-d (T) primers. Real-time PCR was performed by using iCycler IQ real-time
PCR detection system (Bio-Rad, Hercules, CA) to measure the fluorescence produced by
SYBR Green I dye (Molecular Probes, Eugene, OR) that intercalates into PCR product (Yu et
al., 2003). The PCR reactions were performed in triplicate on each cDNA template along with
triplicate reactions of a housekeeping gene, β-actin. Negative control was obtained by
performing PCR without cDNA. The synthetic oligonucleotide primers were 5’-
TTGCCTTGCTGCTCTACCTC-3’ (sense) and 5’-
AAATGCTTTCTCCGCTCTGA-3’ (antisense) for human VEGF (Kanuga et al., 2002), and
5’-GTGGGGCGCCCCAGGCACCA-3’ (sense) and 5’-
GCTCGGCCGTGGTGGTGAAGC-3’ (antisense) for human β-actin. The thermal cycling
conditions were: 3 min at 95°C, followed by 45 cycles at 95°C for 30 sec, 57°C for 30 sec, and
72°C for 30 sec. All PCR reaction products were verified by melting curve analysis and agarose
gel electrophoresis. The VEGF mRNA expression levels were quantified by calculating the
average value of triplicate reactions, normalized by the average value of triplicate reactions
for the housekeeping β-actin gene (Yu et al., 2003).

2.5. Western Blot Analysis of human RPE cells
For preparation of whole-cell extracts, the hRPE cells were lysed in lysis buffer, containing 50
mM HEPES (pH 7.4), 1% Triton X-100, 0.15 M sodium chloride, 10% glycerol, 1.5 mM
magnesium chloride, 1 mM EDTA, and protease inhibitors by sonication and centrifugation.
The protein concentrations were determined with a commercial kit (Sigma-Aldrich Company).
Western blot analysis of the cellular extracts from hRPE cells was carried out according to the
manufacturer's procedure. Briefly, the samples containing 20 to 50 μg of proteins were
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analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
then were electrotransferred to nitrocellulose membranes. For signal protein detection, samples
were blocked with a solution of Tris-buffered saline (PH 7.4) containing 5% dry milk and 0.1%
Tween-20 (TBST) at room temperature for 1 hr and then incubated at 4°C overnight with
appropriate rabbit polyclonal antibodies. After the washes in TBST, the membranes were
incubated with horseradish peroxidase-conjugated polyclonal anti-rabbit secondary antibodies
for 1 hr at room temperature and washed three additional times with TBST. The membranes
were then visualized using an enhanced chemiluminescent (ECL) technique, according to the
manufacturer's instructions.

2.6. Statistic Analysis
The mean VEGF concentration ± SEM was determined for each assay condition. Various assay
conditions were compared using ANOVA and t-test in Statview, and p<0.05 was considered
to be statistically significant.

3. Results
3.1. TGF-β2 Induces hRPE VEGF mRNA Expression and Protein Production

To examine stimulated VEGF secretion, hRPE cells were challenged by 10 ng/ml of TGF-β2.
The growth medium was harvested at the time points ranging from 0 to 48 hr after stimulation.
As shown in Fig. 1A, TGF-β2 induced time-dependent, statistically-significant increases in
VEGF secretion. The induced VEGF expression appeared at 8 hr and increased substantially
at 24 and 48 hr after the stimulation. When compared to 8 hr, the VEGF levels at 24 and 48 hr
after stimulation were further increased by 5-fold and 9-fold, respectively. We next induced
VEGF secretion by various concentrations of TGF-β2 (2, 10, 20 ng/ml) for 24 hr. As compared
to the low basal level of VEGF in unstimulated RPE cells, TGF-β2 clearly induced dose-
dependent, statistically-significant increases in VEGF protein, although the additional increase
at concentrations from 10 to 20 ng/ml of TGF-β2 was small (Fig. 1B). Induction of VEGF
expression by TGF-β2 was completely abrogated by cycloheximide (Fig. 2), indicating that
TGF-β2 induced de novo synthesis of VEGF in hRPE cells. Moreover, the stimulated VEGF
secretion was markedly neutralized with highly specific anti-TGF-β2 antibody, suggesting that
the increased VEGF expression was TGF-β2–specific (Fig. 2).

To determine if the stimulation of VEGF secretion by TGF-β2 is at transcriptional and/or
translational levels, steady-state VEGF mRNA was quantified by real-time PCR. As seen in
Fig. 1C, TGF-β2-induced VEGF mRNA level was barely detectable up to 1.5 hr after the
stimulation, and the induction reached peak levels at 3 hr after the stimulation with expression
level about 6-fold higher than the basal. Following peak induction, the levels of induced VEGF
mRNA dropped slightly, but remained significantly above the basal for at least 36 hr.

3.2. Suppression of TGF-β2-induced VEGF expression by anti-inflammatory agents
Dexamethasone is widely used as an immunosuppressive drug and cyclosporin A as an
immunomodulating agent. Both suppress VEGF production and exhibit anti-angiogenic
properties (Renner et al., 2002; Cho et al., 2002). Therefore, we hypothesized that these agents
might also suppress TGF-β2-induced VEGF expression in hRPE cells. Consistent with
previous observations that dexamethasone suppresses TGF-β-stimulated VEGF production in
pituitary cells (Renner et al., 2002) and cyclosporin A in rheumatoid synovial fibroblasts (Cho
et al., 2002), we observed that both dexamethasone (1 μM) and cyclosporin A (30 ng/ml)
blocked TGF-β2 induced-hRPE VEGF secretion by 50% and 100%, respectively (Fig. 2).
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3.3. Synergistic induction of VEGF expression by TGF-β2 in combination with TNF-α and
bFGF

Inflammatory mediators and angiogenic cytokines are known to co-exist during retinal and
choroidal neovascularization. We first evaluated effects on hRPE VEGF secretion by
individual proinflammatory factors, IL-1β, TNF-α, and angiogenic factors, PDGF, bFGF, as
well as lipopolysaccharide (LPS). IL-1β at 2 ng/ml and TNF-α at 20 ng/ml induced small but
statistically significant increases in hRPE VEGF production (Fig. 3A). PDGF and bFGF at
10ng/ml only slightly stimulated hRPE VEGF production, and LPS at concentrations as high
as 1 μg/ml was ineffective (Fig. 3 A, B). To assess the role of TGF-β2 in combination with
these proangiogenic factors, we examined VEGF induction by TGF-β2 in combination with
each of these factors. Of these factors only TNF-α and bFGF synergized with TGF-β2 inducing
hRPE VEGF. As shown in Fig. 3B, both TGF-β2 plus TNF-α and TGF-β2 plus bFGF caused
increases in hRPE VEGF protein production that were higher than the sum of each factor alone.
As measured by quantitative real-time PCR, TGF-β2, TNF-α and bFGF alone increased hRPE
VEGF mRNA synthesis by 14-, 2.7- and 3.2-fold, respectively, whereas combinations of TGF-
β2 plus TNF-α and TGF-β2 plus bFGF increased hRPE VEGF mRNA by 29- and 22-fold,
respectively (Fig. 3C).

The synergistic increase in VEGF mRNA production by co-administration of TGF-β2 and
TNF-α might have resulted from increased VEGF mRNA transcription and/or increased VEGF
mRNA stability. To address the latter possibility we measured VEGF mRNA stability
following stimulation by TGF-β2 alone and in combination with TNF-α. In the presence or
absence of TNF-α, the half-live of the TGF-β2-induced hRPE VEGF mRNA were close,
measuring 5.2 and 4.5 hr, respectively (data not shown). These results suggest that the synergy
between TGF-β2 and TNF-α was mainly at transcription level and not the result of increased
VEGF mRNA stability.

3.4. Multiple signal transduction pathways involved in hRPE VEGF mRNA expression.
A valuable method used to detect the signal pathways responsible for inducing the expression
of a gene is to examine effects of the inhibitors specific for individual signal pathway or
molecule (Table 1). Activation of mitogen-activated protein kinase (MAPK) pathways [signal-
regulated kinase (ERK), p38 and c-Jun NH2-terminal kinase (JNK)], nuclear factor-κB (NF-
κB), and phosphatidylinositol 3-kinase (PI3K) pathways are known to be involved in hRPE
chemokine mRNA expression (Bian et al., 2003;2004). Therefore, we investigated whether
these pathways are also required for TGF-β-induced hRPE VEGF mRNA expression.
Ly294002 (50, 10 μM), a PI3K inhibitor, U0126 (20, 10, 2 μM), an inhibitor of MEK (the
signal molecule upstream from ERK), SB202190 (30, 10, 3 μM), a P38 inhibitor, Sp600125
(20 μM), a JNK inhibitor, and CAPE (25, 10, 5μg/μl), a NF-κB inhibitor, were added to human
RPE cells before and during 24 hr stimulation with 10 ng/ml TGF-β2. ELISA assays of the
culture media showed that the TGF-β-induced human RPE VEGF protein production was
strongly reduced by Ly294002 at 50 μM, U0126 at 10 μM, SB202190 at 10 μM and CAPE at
25 μg/ml by 68, 78, 70, and 98%, respectively, and the inhibition was dose dependent (Fig. 4
A, B, C). In addition, a moderate inhibition (30%) was observed with Sp600125 (Fig. 4 D).
These data suggest that PI3K, NF-κB and MAPK pathways are involved in regulation of VEGF
expression by TGF-β2. The TGF-β2-stimulated human RPE VEGF protein production was
also very sensitive to genistein, a protein-tyrosine kinase (PTK) inhibitor, at both 12.5 and
25μg/ml, Ro318220, a PKC inhibitor, at 10 μM, N-acetyl-cysteine (Nac) and
diphenyleneiodonium chloride (DPI), both inhibitors of reactive oxygen species, exhibiting
inhibition by 60 to 70, 90, 85 and 95%, respectively. Ro 318220 at 5 and 10 μM, and genistein
at 12.5 and 25 μg/ml showed dose-dependent inhibition (Fig. 4 B, C and D). These results
suggest that activation of PTK, PKC, and reactive oxygen species are also required for up-
regulation of VEGF expression by TGF-β2. By contrast, AG490, a specific Janus kinase (jak)
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2 inhibitor, was ineffective, although this pathway has been shown involved in MCP-1
expression in hRPE cells in our previous study (Fig. 4 D) (Bian et al. 2001).

To further investigate the role of p38 and PKC signaling in hRPE VEGF mRNA expression,
activation of p38 and PKC proteins (phosphorylation) was assessed by Western blotting using
antibodies against the active (phospho) forms of p38 and PKC proteins. As shown in Fig. 5A
and Fig 6B, TGF-β2 (10 and 20 ng/ ml) induced dose- and time-dependent increases in
phosphorylation of p38 protein and PKC up to 3 hr. The phosphorylation of p38 and PKC was
detected at 0.5 hr and peaked at 1 to 1.5 and 1 hr for p38 and PKC, respectively. At a high
TGF-β2 concentration (20ng/ml), the levels of phosphorylated p38 showed further increases,
while only slight additional increase was observed for phosphorylated PKC. Moreover, the
enhanced phosphorylation decreased at 3 hr after the stimulation, indicating that activation of
p38 and PKC was transient. Consistent with synergistic induction of hRPE VEGF, TGF-β2 in
combination with cytokines bFGF or TNF-α also synergized p38 phosphorylation with
increases higher than the sum by each factor alone (Fig. 5B). While p38 inhibitor SB202190
partly (around half) inhibited VEGF production when stimulated by TNF or TGF-β2 alone, it
inhibited almost 90% of VEGF protein production when stimulated by TNF plus TGF-β2 (Fig.
4 E). In addition, Ro318220, an inhibitor of the four PKC isozymes, PKC β, PKCα, PKCγ and
PKCε, blocked not only VEGF protein production, but also VEGF mRNA synthesis (Fig. 6A).
Multiple isozymes have been identified in RPE cells (Wood et al, 1998). Western blots using
antibody against phosphorylated PKC β1 revealed that TGF-β2 induced PKC β1
phosphorylation, and the induction of which was blocked by the PKC inhibitor Ro318220 (Fig.
6 C).

4. Discussion
In this study, we showed that TGF-β2 strongly induced VEGF mRNA expression and protein
secretion in hRPE cells, while growth factors bFGF and TNF-α stimulated VEGF very weakly.
The latter results were consistent with previous observations in hRPE cells (Nagineni et al.,
2003). However, our data also demonstrated that these two angiogenic factors synergized TGF-
β2-induced VEGF mRNA expression and protein secretion. Synergies between TGF-β plus
TNF-α and TGF-β plus bFGF have been reported for other cellular functions. For example,
bFGF synergizes TGF-β2-stimulated cell proliferation of articular chondrocytes (Okazaki et
al., 1996). TNF-α also synergizes TGF-β1-induced apoptosis of human umbilical vein
endothelial cells (Emmanuel et al., 2002).

Numerous cytokines and growth factors participate in ocular diseases. These factors may derive
from the serum as a consequence of blood-ocular barrier breakdown, or from infiltrating
leucocytes and resident cells in diseased ocular tissue. Several different cell types are found in
active preretinal neovascular membranes and choroidal subretinal membranes, e.g.
macrophages, choroidal fibroblasts, RPE cells and vascular endothelial cells. These cells serve
as sources of cytokines and growth factors such as VEGF, TNF-α, and bFGF. VEGF plays a
pivotal role in both nonproliferative and proliferative retinopathy (Chiarelli et al., 2000b;
Katsura et al., 1998). Although LPS, PDGF and bFGF have been shown to stimulate VEGF
expression in other cell types (Morozumi et al., 2001; Finkenzeller et al., 1997; Hata et al.,
1999), they have little function on hRPE VEGF expression. Several angiogenic factors have
been known co-existing within vitreous, retina, preretinal and choroidal neovascular
membranes. TNF-α has been detected in the vitreous of patients with diabetic retinopathy
(Spranger et al., 1995), infiltrating leukocytes, and extracellular matrix of PDR fibrovascular
membranes in human eyes (Limb et al., 1996). TNF-α is the major cytokine produced by
macrophages which are often present at the sites of active neovascularization (Penfold et al.,
1984). In addition to TNF-α, various growth factors are produced at onset of ocular
neovascularization and have been detected in vitreous (Sivalingam et al., 1990) and epiretinal
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membranes (Malecaze et al., 1994; Armstrong et al., 1998; Ambati et al., 1997). Human RPE
cells are strongly immunoreactive for aFGF/bFGF and TGF-β in choroidal neovascular
membranes of age-related macular degeneration (AMD), but not in normal human eyes (Amin
et al., 1994). bFGF is believed to play an important role in the development of choroidal
neovascularization (Ogata et al., 1996) and increased in hyperglycemia, suggesting its role in
PDR (Nakamura et al., 1993). All these proangiogenic cytokines, TGF-β, bFGF and TNF-α
have been shown to be produced by RPE cells and macrophages (Sternfeld et al., 1989; Amin
et al., 1994). Our current results showed that bFGF and TNF-α potentiated TGF-β–stimulated
hRPE VEGF secretion and may, therefore, be pathophysiologicaly relevant in the
neovascularization of retina and choroids.

The RPE-Bruch's membrane-choroid complex contains approximately 10 times more TGF-β
than the neurosensory retina. TGF-β2 is the predominant isoform of TGF-β in the neural retina,
RPE-choroid and vitreous with β2:β1 ratio of 6:1 in the retina-choroid and 425:1 in vitreous
of the monkey eye (Pfeffer et al., 1994). TGF-β2, but not TGF-β1, accumulates over time in
conditioned media of first passaged hRPE cultures. TGF-β2 is the isoform detected
immunohistochemically in photoreceptors and RPE cells in tissue sections (Pfeffer et al.,
1994). Therefore, TGF-β 2 is likely to be the isoform involved in the site-specific retinal and
choroidal responses (Pfeffer et al., 1994). In addition, RPE cells produce high levels of TGF-
β2, the expression of which is up-regulated by serum-free culture conditions and altered as
function of RPE proliferation rate in cultured human RPE cells and monkey eye (Kvanta,
1994, Pfeffer et al., 1994). It is thus possible that RPE cells under metabolic stress in diseased
states, such as AMD, may produce high levels of TGF-β2. Sequentially, the enhanced TGF-
β2 expression stimulates RPE VEGF production in autocrine and paracrine fashions, triggering
angiogenic events.

RPE TGF-β2 expression and TGF-β2 responses have been shown in experimental models of
retinal disease. TGF-β2 has been detected in RPE cells in regions of neovascularization during
experimental choroidal neovascularization (Ogata et al., 1997). While TGF-β2 promotes
neovascularization by stimulating VEGF, TGF-β1 itself has both pro- and anti-angiogenic
effects (Bein et al., 2004). TGF-β1 promotes angiogenesis in vivo and endothelial tube
formation in vitro, while inhibiting endothelial cell proliferation in vitro. Retinal endothelial
cells proliferation has been shown significantly inhibited by TGF-β2 that is released from
Müller cells (Eichler et al., 2004). The pro-angiogenic role of TGF-β could be direct and
indirect. The direct differential pro-angiogenic effects of TGF-β1 and TGF-β2 may depend on
two distinct receptors (Goumans et al., 2002). The possible indirect effects of TGF-β on
neovascularization may involve inflammatory cell-induced neovascularization since TGF-β is
one of the most potent chemotactic agents for monocytes. Monocytes are required for in vivo
neovascularization of many tissues including retinal tissue (Wahl et al., 1987). Furthermore,
TGF-β also has other effects by stimulating hRPE phagocytosis (Sheu et al., 1994) and
contraction of collagen gels (Choudhury et al., 1997).

Seven VEGF splice variants have been reported by GenBank (NM_001025366, NM_003376,
NM_001025367, NM_001025368, NM_001025369, NM_001025370 and NM_0011033756).
The primers used in our study are expected to be able to detect all variants except for variant
6 (NM_001025370). However, consistent with previous notion that these primer pairs only
produce predominate 424 nucleotide (VEGF165) species (Kanuga et al., 2002). It has been
known that there are two isofoms of VEGF165, VEGF165a and VEGF165b. VEGF165a has potent
angiogenic properties, whereas VEGF165b has anti-angiogenic properties (Churchill et al.,
2006). Therefore, it is interesting to further study which isoform of VEGF165 is induced by
TGF-β2 in hRPE cells.
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Various signal transduction pathways including TGF-β-specific Smad pathway and pathways
such as ERK, p38, PI3K, PKC, NFkB, ROS, JNK and jak3 for TGF-β have been reported either
induced or cross-talked with TGF-β signaling in various cell types (Yue & Mulder, 2001; Ten
Dijke & Hill, 2004; Massague et al., 2000), but little is known about these pathways in hRPE
cells while stimulation by TGF-β2 (Osusky et al., 1994; Nagineni, et al., 2003; Kimoto et al.,
2004). The cross-talk of Smad signaling pathway with other signaling pathways remains poorly
understood (Kim et al., 2006). Recently, the signal transduction pathways for TGF-β-induced
VEGF mRNA expression have been reported in many cell types (Chua et al., 2000; Nagineni
et al., 2003; Kim et al., 2002). Upon binding to its receptors, TGF-β activates Smad proteins.
The activated Smad proteins form complexes that are translocated to the nucleus and interact
with other nuclear molecules to regulate expression of the target genes (Moustakas et al.,
2001). We found that treatment of hRPE cells with TGF-β2 resulted in phosphorylation of
Smad 2 and 3 (data not shown). However, the synergistic stimulation of VEGF by TGF-β2
plus TNF-α or plus bFGF did not further enhance Smad2/3 phosphorylation, suggesting that
other pathways may mediate the synergistic enhancement of TNF-α and bFGF stimulation by
TGF-β2.

A series of previous reports have indicated that TGF-β not only actives Smads, but also trigers
other signal pathways. For example, MAP kinases can be rapidly activated by TGF-β in a
manner that is highly dependent on the cell type and conditions (Massague et al., 2000). In
fact, TGF-β/Smad pathway is integrated into a signaling network, a variety of components
function at different levels of the pathway. It is unclear if Smad pathway cross interacts with
the signal pathways studied by the present study. In fact the downstream effector VEGF by
TGF-β2 have been well known upregulated by various signal pathways such as PTK, PKC,
PI3K and NF-κB. In this study, p38 appeared to be an important pathway for hRPE VEGF
expression. We found that p38 pathway is required for induction of hRPE VEGF expression
either by TGF-β2 alone or in combination with TNF-α. These results were consistent with
previous observation for TGF-β2-induced expression of type I collagen (COL1) and TGF-β1-
induced expression of VEGF (Kimoto et al., 2004; Nagineni et al., 2003) with some important
differences. For example, the previous study by Nagineni et al (2003), showed that TGF-β1-
induced VEGF expression does not require activation of the ERK MAPK pathway, thus in
contrast to our present study. The discrepancies could be a result thatTGF-β1 activates VEGF
differently from that by TGF-β2.

Activation of NF-kB or PKC has also been investigated for VEGF induction by TGF-β1 in
hRPE cells (Nagineni et al., 2003), however, PKC and NF-κB pathways appear not involved
in VEGF expression by TGF-β1. In contrast to this report, we found that activation of NF-kB
and PKC is important for TGF-β2 induction of VEGF in hRPE cells, suggesting that TGF-β2
regulates VEGF expression differently from TGF-β1. It should be noted that TGF-β may either
increase or decrease NF-κB activity, depending on the cell type (Yue & Mulder, 2001). In
addition, we found that ROS and other cytoplasmic signaling proteins, such as PTK and PI3K,
are involved in TGF-β2 stimulation of VEGF in hRPE cells. The involvement of ROS, PTK,
and PI3K in TGF-β signaling in human RPE cells has been variably reported in other cell types
(Jardine et al., 2002; Vinals & Pouyssegur, 2001; Kucich et al., 2001).

Dexamethasone and cyclosporine A are well known anti-inflamma tory agents. The
concentrations used in this study were 10−6 M and 10−7 M for dexamethasone, and 3 and 30
ng/ml for cyclosporine A that are comparable to the intraocular concentrations achieved with
systemic and topical administration of these drugs (Kurtz et al., 1997). Inhibition of VEGF
production by dexamethasone has been reported in mononuclear phagocytes (Li et al., 2002),
astrocytes (Yoshida et al., 2002), pituitary tumor cells (Lohrer et al., 2001), brain vascular
endothelial cells (Fischer et al., 2001), and chondrocytes (Koedam et al., 2002). The inhibitory
effect is at both transcriptional and post-transcriptional levels. Dexamethasone suppresses
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neovascularization and VEGF expression in the rat cornea (Edelman et al., 1999). Laser-
induced choroidal neovascularization, in which enhanced expression of VEGF and its receptors
occurs, is inhibited in a dose-dependent fashion by dexamethasone (Edelman and Castro,
2000). Our results also support the therapeutic usefulness of corticosteroids for posterior ocular
neovascularization by inhibiting VEGF production. In contrast, inhibition of VEGF expression
by cyclosporine A has been less well characterized, but supported by our data. In addition to
its immunomodulating effect, cyclosporine A has been demonstrated to have anti-angiogenic
ability (Oliver et al., 1995; Hernandez et al., 2001). Specifically, cyclosporine A was found to
inhibit human fibroblast VEGF expression induced by TGF-β (Cho et al., 2002). Further
investigation of hRPE signal pathways are likely to provide a means of suppressing VEGF and
neovascularization in retinal disease by specific drug intervention.
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Figure 1.
Time-and dose-dependent effects of TGF-β2 on hRPE VEGF mRNA synthesis and protein
secretion. A, hRPE cells were incubated with TGF-β2 (10 ng/ ml) for 0, 4, 8, 24, 48 hr. B,
hRPE cells were stimulated in the media containing various concentrations of TGF-β2 (0 to
20 ng/ml) for 24 hr. The conditioned media were assayed for VEGF using ELISA. The values
represent means ± SEM (n=3). C, qRT-PCR analysis of time-dependent VEGF mRNA
expression that was induced by TGF-β2 in hRPE cells. The hRPE cells were incubated with
TGF-β2 (10 ng/ ml) for 0, 1.5, 3, 7, 24, 36 hr. The total RNA was isolated, reverse transcribed,
and subjected to RT PCR. Relative expression units of samples were calculated by their
threshold cycle differences from control level at 0 hr, which was arbitrarily assigned as value
of 100. These representative data are from two independent experiments.
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Figure 2.
Effects of selected inhibitors on hRPE VEGF secretion that were induced by TGF-β2. The
hRPE cells were incubated with TGF-β2 (10 ng/ml) for 24 hr in the presence or absence of
cycloheximide (CHX) (5μg/ml), anti-TGF-β2 antibody (10μg/ml), cyclosporine A (CSA30,
CSA at 30 ng/ml and CSA3, CSA at 3ng/ ml), and dexamethasone (Dex 1, 'Dex at 1μM, 'Dex
0.1, Dex at 0.1μM). The unstimulated hRPE cells were used as control (Con). The conditioned
media were assayed for VEGF using ELISA. The values shown represent means ± S.E.M.
(n=3). The significance of increases in VEGF secretion is presented by p values (*p<0.05,
**p<0.01, ***p<0.001) as compared to cells stimulated by TGF-β2 (10 ng/ ml) alone.
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Figure 3.
The effects of proinflammatory cytokines and relative growth factors on hRPE VEGF mRNA
synthesis and protein secretion. The hRPE cells were incubated with IL-1β (IL-1), TNF-α
(TNF), LPS, PDGF (A), and TNF-α, bFGF, TGF-β2 (TGF), TGF-β2 plus TNF-α or bFGF
(B) for 24 hr. The unstimulated hRPE cells were used as control. The conditioned media were
assayed for VEGF using ELISA. Values represent means ± SEM (n=3) in ELISA assay. The
significance of increases in VEGF secretion is presented by p values (*p<0.05, **p<0.01,
***p<0.001) as compared to unstimulated cells (A) or compared to stimulated hRPE cells by
TGF-β2 (10 ng/ml) alone (B). C, Quantitative RT-PCR analysis of the hRPE VEGF mRNA
expression induced by TGF-β2 or co-administration of TGF-β2 with TNF-α or bFGF. The cells
were incubated with TGF-β2 (10 ng/ml), TNF-α (TNF) (20 ng/ ml), bFGF (10 ng/ ml), TGF-
β2 plus TNF-α and TGF-β2 plus bFGF for 3 hr. The total RNA was isolated, reverse transcribed,
and subjected to real time PCR. The relative expression units were calculated by their cycle
differences from control (unstimulated cells). The control level of VEGF expression was
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arbitrarily assigned as a value of 100. The data shown were means from two independent
experiments.
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Figure 4.
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Inhibition of TGF-β2- and TGF-β2 plus TNFα-stimulated VEGF production. The cells were
pretreated with CAPE (25, 10, 5 μg/ml) and Ly294002 (Ly) (50,10μM) (Fig. 4A), SB202190
(SB) (30, 10, 3μM) and Ro318220 (Ro) (10, 5μM) (Fig. 4B, E), U0126 (20, 10, 2μM) and
genistein (Ge) (25, 12.5 μg/ml) (Fig. 4C), Sp600125 (20 μM), AG490 (50μM), Nac (25mM),
and DPI (25 μM) (Fig. 4D), and then stimulated with or without TGF-β (10 ng/ ml), TNF-α
(20ng/ml), TGF-β 2 plus TNF-α (Fig. 4) for 24 hr in the continued presence or absence of the
inhibitors. Secretion of VEGF was determined by ELISA of the medium. Media from
unstimulated hRPE cell cultures were used as control (Un or control). Values represent are
means ± SEM (n=3).
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Figure 5.
Western blotting analysis of p38 phosphorylation by TGF-β2, TGF-β2 plus TNF-α, and TGF-
β2 plus bFGF. The whole-cell lysates were obtained from the hRPE cell cultures unstimulated
(control), exposed to TGF-β2 (10 or 20 ng/ ml) for 0.5, 1, 1.5, 3 hr. (A), and incubated with
TGF-β2 (10 ng/ ml), TNF-α (TNF) (20 ng/ ml), bFGF (10 ng/ml), TGF-β2 plus TNF-α or TGF-
β2 plus bFGF for 30 min (B). The levels of p38 activation were detected by probing with anti-
phosphorylated p38 antibody. Anti-actin antibody was used as the control probe to monitor
equal lysate loading in each lane.
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Figure 6.
Involvement of PKC in TGF-β2-induced VEGF expression in hRPE cells. A, Quantitative RT-
PCR analysis of hRPE VEGF mRNA expression that was induced by TGF-β2 in the presence
of PKC inhibitor Ro31−8220. The cells were exposed to TGF-β2 (10 ng/ ml) alone or pretreated
and co-incubated with Ro31−8220 (10 μM) for 3 hr. The total RNA was isolated, reverse
transcribed, and subjected to real time PCR. The relative expression under various conditions
was calculated by the threshold cycle differences from control (unstimulated cells), the level
of which was arbitrarily assigned as a value of 100. The data were means from two independent
experiments. B, Western blotting analysis of phosphorylation of PKC. C, Western blotting
analysis of phosphorylation of PKCβ1. The whole-cell lysates were made from the
unstimulated hRPE cells (Control), the cells exposed to TGF-β2 (10 or 20 ng/ ml) for 0.5, 1,
1.5, 3 hr, and the cells pre-treated with Ro31−8220 (10 μM), and then exposed to TGF-β2 in
the presence of the inhibitor for an additional 30 min. The blots were probed with specific
antibodies to anti-phosphorylated PKC β1 and phosphorylated PKC to determine the levels of
PKC activation. Anti-actin antibody was used as the control probe to monitor equal loading of
each lane with cell lysates.
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Table 1
Inhibitors used to study pathways for hRPE VEGF expression.

Inhibitor Protein Target

U0126 MEK
SB202190 P38
Sp600125 JNK

AG490 Jak2
Genistein PTK
Ro318220 PKC

CAPE NF-κB
Ly294002 PI3K

Nac ROS
DPI ROS

* MEK, mitogen-activated protein kinase; JNK, c-Jun NH2-terminal kinase; jak2, Janus kinase 2; PTK, protein tyrosine kinase; PKC, protein kinase C;
NF-κB, nuclear factor-κB; PI3K, phosphatidylinositol 3-kinase; Nac, N-acetyl-cysteine; DPI, diphenyleneiodonium chloride; ROS, reactive oxygen
species.
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