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Summary
Vascular endothelial growth factor A (VEGFA; hereafter referred to as VEGF) is a key regulator
of physiological and pathological angiogenesis. Two families of VEGF isoforms are generated by
alternate splice-site selection in the terminal exon. Proximal splice-site selection (PSS) in exon 8
results in pro-angiogenic VEGFxxx isoforms (xxx is the number of amino acids), whereas distal
splice-site selection (DSS) results in anti-angiogenic VEGFxxxb isoforms. To investigate control
of PSS and DSS, we investigated the regulation of isoform expression by extracellular growth
factor administration and intracellular splicing factors. In primary epithelial cells VEGFxxxb
formed the majority of VEGF isoforms (74%). IGF1, and TNFα treatment favoured PSS
(increasing VEGFxxx) whereas TGFβ1 favoured DSS, increasing VEGFxxxb levels. TGFβ1
induced DSS selection was prevented by inhibition of p38 MAPK and the Clk/sty (CDC-like
kinase, CLK1) splicing factor kinase family, but not ERK1/2. Clk phosphorylates SR protein
splicing factors ASF/SF2, SRp40 and SRp55. To determine whether SR splicing factors alter
VEGF splicing, they were overexpressed in epithelial cells, and VEGF isoform production
assessed. ASF/SF2, and SRp40 both favoured PSS, whereas SRp55 upregulated VEGFxxxb (DSS)
isoforms relative to VEGFxxx. SRp55 knockdown reduced expression of VEGF165b. Moreover,
SRp55 bound to a 35 nucleotide region of the 3′UTR immediately downstream of the stop codon
in exon 8b. These results identify regulation of splicing by growth and splice factors as a key
event in determining the relative pro- versus anti-angiogenic expression of VEGF isoforms, and
suggest that p38 MAPK-Clk/sty kinases are responsible for the TGFβ1-induced DSS selection,
and identify SRp55 as a key regulatory splice factor.
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Introduction
The growth of new blood vessels is a fundamental requirement for survival of new tissue in
embryonic development, and in the mature adult, new vessel formation is required for
wound healing, placental development, cyclical changes within the endometrium, muscle
growth, and fat deposition (Folkman, 1985). However, angiogenesis is also the underlying
pathological process in all the major diseases of the developed world. It is a prominent
feature of cancer, vascular disease - atheromatous plaque development requires proliferation
of the vaso vasorum (Celletti et al., 2001), diabetes, rheumatoid arthritis and proliferative
retinopathy (Ferrara and Davis-Smyth, 1997).

The formation of new vessels is a complex process involving over 50 interdependent growth
factors, receptors, cytokines and enzymes (Carmeliet, 2000), many from the vascular
endothelial growth factor A (VEGFA; hereafter referred to as VEGF), angiopoietin and
ephrin families. Although complex, VEGF signalling often represents a crucial rate-limiting
step in angiogenesis and is therefore the focus of intense investigation. However, there are at
least 12 splice isoforms of VEGF (Fig. 1), some with pro-angiogenic and some with anti-
angiogenic properties (Perrin et al., 2005). In contrast to the well-described regulation of
VEGF transcription, however, almost nothing is known about the regulation of splicing. Of
the more than 24,000 manuscripts published on VEGF, only a few have investigated the
regulation of splicing (Cohen et al., 2005; Dowhan et al., 2005; Li et al., 2004).

VEGF pre-mRNA is differentially spliced from eight exons to form mRNAs encoding at
least six proteins (Neufeld et al., 1999) that have been widely studied and accepted as pro-
angiogenic pro-permeability vasodilators. The dominant form is generally considered to be
VEGF165, which has 165 amino acids in the final structure. In 2002, an alternative isoform,
VEGF165b, was identified (Bates et al., 2002), generated by differential splice-acceptor-site
selection in the 3′UTR within exon 8 of the VEGF gene (Fig. 1B), thus resulting in two sub-
exons, termed exon 8a and exon 8b, in keeping with the nomenclature for exon 6 (Houck et
al., 1991). Distal splicing into the splice acceptor site for exon 8b results in an open-reading
frame of 18 bases. The open-reading frames of exons 8a and 8b both code for six amino
acids; exon 8a for Cys-Asp-Lys-Pro-Arg-Arg and exon 8b for Ser-Leu-Thr-Arg-Lys-Asp.
This alternative splicing predicted an alternate family of VEGF isoforms (complementary to
the existing isoforms) expressed as multiple proteins in human cells and tissues, of which
VEGF121b, VEGF165b, VEGF145b and VEGF189b have now been identified (Perrin et al.,
2005). The family has been termed VEGFxxxb, where xxx is the amino acid number. This
alternate C-terminus enables VEGF165b to inhibit VEGF165-induced endothelial
proliferation, migration, vasodilatation (Bates et al., 2002), and in vivo experimental and
physiological angiogenesis and tumour growth (Cebe Suarez et al., 2006; Qiu et al., 2007;
Woolard et al., 2004). These effects were shown to be specific for VEGF, because
VEGF165b does not affect fibroblast growth factor (FGF)-induced endothelial cell
proliferation (Bates et al., 2002). Moreover, unlike other VEGF isoforms, VEGF165b is
downregulated in cancers investigated so far, including renal-cell (Bates et al., 2002),
prostate (Woolard et al., 2004) and colon carcinoma (Varey et al., 2008) and malignant
melanoma (Pritchard-Jones et al., 2007). Furthermore, the expression of VEGF splice
variants is altered in angiogenic microvascular phenotypes of proliferative eye disease and
pre-eclampsia (Bates et al., 2006; Perrin et al., 2005). The receptor-binding domains are still
present in VEGF165b and, hence it acts as a competitive inhibitor of VEGF165, it binds to the
receptor but does not stimulate the full tyrosine phosphorylation of the VEGFR activated by
VEGF165 (Woolard et al., 2004; Cebe Suarez et al., 2006). This isoform therefore appears to
be an endogenous anti-angiogenic agent formed by alternative splicing and, as such, inhibits
angiogenesis-dependent conditions, such as tumour growth (Rennel et al., 2008a; Varey et
al., 2008) and proliferative retinopathy (Konopatskaya et al., 2006). Recent studies have
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shown that this family of isoforms forms a substantial proportion of the total VEGF (Perrin
et al., 2005), ranging from 1% in placental tissues (Bates et al., 2006) to over 95% in normal
colon tissue (Varey et al., 2008).

Alternative splicing is a mechanism of differential gene expression that allows the selection
of alternate splice sites, inclusion or exclusion of specific exons or intron retention resulting
in the production of structurally and functionally distinct proteins from a single coding
sequence (Kalnina et al., 2005; Smith, 2005). It is widely accepted that alternative splicing
of VEGF, which results in the conventional pro-angiogenic family, is fundamental to the
regulation of its bioavailability; the inclusion and exclusion of exons 6 and 7, which contain
the heparin-binding domains, affect the generation of diffusible proteins (Houck et al.,
1991). Moreover, VEGF gene expression is transcriptionally regulated by a diversity of
factors including hypoxia (Shweiki et al., 1992), growth factors and cytokines (Goad et al.,
1996) (Kotsuji-Maruyama et al., 2002) (Patterson et al., 1996) (Asano-Kato et al., 2005),
hormones (Sone et al., 1996) (Charnock-Jones et al., 2000), oncogenes and tumour
suppressor genes (Rak et al., 1995) (Mukhopadhyay et al., 1995). Despite evidence that
there is a switch between pro- and anti-angiogenic VEGF isoforms in a variety of disease
states (Bates et al., 2002; Bates et al., 2006; Perrin et al., 2005; Schumacher et al., 2007;
Woolard et al., 2004), little is known about the molecular and cellular pathways that regulate
alternative splicing of VEGF pre-mRNA in general and of the exon 8a/8b alternative 3′
splice site in particular.

The present study aimed to determine the role of environmental stimuli in the alternative
splicing event that cause this angiogenic switch between pro- and anti-angiogenic isoforms
of VEGF. Growth factors, such as insulin-like growth factor 1 (IGF1) and transforming
growth factor β1 (TGFβ1) have previously been shown to increase total VEGF expression
(Finkenzeller et al., 1997; Goad et al., 1996; Li et al., 1995; Pertovaara et al., 1994), but
their effects on terminal exon splice-site selection are unknown. It is clear, however, that
signal transduction pathways initiated by growth factors can influence alternative splicing
(Blaustein et al., 2005). We have therefore addressed the hypothesis that growth factors (e.g.
IGF1, TNFα, TGFβ1) differentially affect expression of the VEGFxxx and VEGFxxxb
isoform families.

Pre-mRNA splicing occurs during transcription (Misteli et al., 1997) mediated by the
spliceosome (Caceres and Kornblihtt, 2002). Splicing is regulated, however, by splicing
regulatory factors (SRFs). These include the SR proteins (e.g. 9G8, ASF/SF2, SRp40,
SRp55, among others) that regulate binding to exon-splicing enhancers and silencers (ESEs
and ESSs, respectively) and intronic enhancers and silencers (ISE and ISS) in the pre-
mRNA (Caceres and Kornblihtt, 2002). General mechanisms of splicing can be regulated
genetically: base sequences in the transcript influence splice-factor affinities (Matlin et al.,
2005), and promoters can also influence alternative splicing through the selective
recruitment of splice factors to the C-terminal domain of RNA polymerase II (Kornblihtt,
2005). A sequence mutation in tumours could theoretically result in altered splicing, but as
splicing from VEGF165 to VEGF165b has previously been demonstrated upon differentiation
of glomerular epithelial cells (Cui et al., 2004), this splicing is unlikely to be mutation
dependent.

Pre-mRNA has intronic and exonic sequences that bind SRF enhancers and silencers (Hertel
et al., 1997). Exon splicing depends upon the balance of SR protein activities. These include
ASF/SF2 and SRp40, which have previously been shown to favour proximal splice-site
selection in other pre-mRNAs, SRp55 and 9G8. Neither binding of these splicing factors to
VEGF pre-mRNA nor their interaction with VEGF pre-mRNA sequences have been
investigated, but they have been implicated in growth-factor-mediated alternate splice-site

Nowak et al. Page 3

J Cell Sci. Author manuscript; available in PMC 2009 January 02.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



selection (Blaustein et al., 2005). Of all splicing factors, the distribution of these consensus
sequences led us to investigate the potential role of SRp40, ASF/SF2, SRp55 and 9G8 (the
latter as a factor in which no consensus sequences were present) in VEGF terminal-exon
splicing. We therefore addressed the hypothesis that known splicing factors (SRp40, ASF/
SF2, SRp55, 9G8) would also differentially affect expression of the VEGFxxx and
VEGFxxxb isoform families.

VEGFxxxb isoforms are rarely expressed in transformed cell lines. Therefore, we have used
two cell types that constitutively produce both VEGFxxx and VEGFxxxb isoforms (Cui et al.,
2004). We show here that retinal pigmented epithelial (RPE) cells express more VEGF165b
than VEGF165, whereas human proliferating conditionally immortalised podocytes (PCIP)
express predominantly VEGF165 (Cui et al., 2004). We have used these two cell types to
investigate the downregulation of VEGF165b (RPE cells) and upregulation of VEGF165b
(podocytes) by growth factors.

Results
Retinal pigmented epithelial cells express both VEGFxxx and VEGFxxxb

RPE cell supernatant was collected after 72 hours incubation in serum-free medium.
VEGFxxxb and VEGFtotal concentrations in the supernatant were detected by ELISA. RPE
cells from four different primary human donors expressed 87±28 pg/ml (mean ± s.e.m.) of
VEGFxxxb in the supernatant, and 117±60 pg/ml of VEGF, demonstrating that, on average,
74% of the total VEGF was the VEGFxxxb isoform.

IGF1 and TNFα switch splicing from anti-angiogenic to pro-angiogenic VEGF isoforms
Growth factors such as IGF1, TNFα and TGFβ1 have previously been shown to increase
total VEGF expression (Finkenzeller et al., 1997; Goad et al., 1996; Li et al., 1995;
Pertovaara et al., 1994), but their effect on terminal exon splice-site selection is not known.
In both epithelial cell types tested, RPE cells and podocytes, treatment with IGF1
significantly upregulated total VEGF expression, but this upregulation was confined to the
pro-angiogenic, VEGFxxx, isoforms (Fig. 2). In RPE cell lysate, IGF1 resulted in a dose
dependent increase in VEGFtotal from 217±112 pg/mg total protein to 1656±527 pg/mg
protein at 100 nM IGF1 (n=6, P<0.001 ANOVA, Dunnett’s). This increase was due to an
increase in VEGFxxx to 1592±526 pg/mg protein, and a downregulation of VEGFxxxb to
64±16 pg/mg protein. Thus, IGF induced a switch in expression such that cells that were
originally producing 80±32% of their VEGF as VEGFxxxb, after IGF1 treatment produced
only 5±1.9% of their VEGF as VEGFxxxb. To determine whether switching of isoforms
could be induced by other cytokines, RPE cells were incubated in 50 ng/ml TNFα, and
protein collected (Fig. 2B). TNFα induced an upregulation of VEGFtotal from 258±122 pg/
mg protein to 1037±248 pg/mg protein (P<0.05), a mean increase of 7.8±3.0 fold (n=5). By
contrast, 50 ng/ml TNFα, significantly downregulated VEGFxxxb isoforms (P<0.05) from
109±20 pg/mg to 38±10 pg/mg protein, a decrease of 64±6%. To determine whether isoform
switching could be demonstrated in another epithelial cell type, we investigated podocytes.
When these cells were treated with IGF, they showed a decrease in VEGFxxxb levels with a
significant increase in total VEGF levels compared with control (Fig. 2C). To determine
whether IGF1 altered regulation of the VEGF165 and VEGF165b isoforms of their respective
families, western blotting was used. Fig. 3 shows that 100 nM IGF1 downregulated
VEGF165b in RPE cell lysates (Fig. 3A), while resulting in an increase in total VEGF
relative to loading control (β-actin, Fig. 3B). The cells produced VEGFs that are
predominantly of higher molecular mass than recombinant protein because they are
glycosylated fully [recombinant VEGF165 and VEGF165b are 38 kDa (unglycosylated) and
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41.6 kDa (partially glycosylated) (Rennel et al., 2008b; Keck et al., 1997) as dimers,
compared with 46 kDa for the endogenously produced protein (Rosenthal et al., 1990)].

TGFβ1 switches splicing to anti-angiogenic VEGF isoforms in podocytes
In contrast to IGF1 and TNFα, incubation with TGFβ1 at 0.5 nM and 1 nM for 48 hours
significantly increased the level of VEGFxxxb protein (2.15±0.56 fold and 2.49±0.4 fold,
respectively, P<0.01 Dunnett’s test) and total VEGF protein expression (1.13±0.01 and
1.52±0.1 fold, respectively, P<0.05 Dunnett’s test, (Fig. 4A). Thus VEGFxxx expression
levels fell by 70±7% at 1 nM TGFβ1. To determine whether the VEGF165b isoform of the
VEGFxxxb was being regulated by TGFβ1, (i.e. the qualitative nature of the alteration in
splice family isoforms), western blotting was carried out on the cell lysate. Fig. 4B shows
that the VEGF165b isoform was upregulated 1 nM TGFβ1. Fig. 4C shows densitometry of
the blots, revealing statistically significant upregulation of VEGF165b by TGFβ1. To
confirm that the changes seen by TGFβ1 were at the mRNA level, amplification of mRNA
from podocytes was carried out using primers that detect both splice isoforms, the proximal
(130-bp product) and distal (65-bp product) isoform. RT-PCR showed that TGFβ1 treatment
(1 nM) resulted in an increase in relative density of the lower (VEGFxxxb) band (Fig. 4C).

Intracellular mechanisms through which VEGF165b splicing is regulated by cytokines
TGFβ1 has previously been shown to activate the p38 MAPK pathway (Herrera et al., 2001)
(Bakin et al., 2004), which has also been involved in mechanisms of regulation of splicing
(e.g. van der Houven van Oordt et al., 2000; Lin et al., 2007). To determine whether this
signalling pathway is activated by TGFβ1 in podocytes, cells were treated with the p38
MAPK inhibitor SB203580 (Lechuga et al., 2004), or two other kinase inhibitors PD98059
(p42/p44 MAPK inhibitor) and TG003 (inhibitor of the CDC-like kinases 1 and 4 splicing
factors Clk1 and Clk4).

To determine whether there was an effect of inhibitors on splicing, reverse transcriptase
(RT)-PCR was carried out using primers that detect both proximal splice isoforms
(VEGFxxx, 130-bp band) and distal splice isoforms (VEGFxxxb, 64-bp band). The increase
in intensity of the lower band induced by 1 nM TGFβ1 (see Fig. 4C) was inhibited by
SB203820 but not by PD98059 (Fig. 5A). Interestingly, TG003 also inhibited the TGFβ1-
mediated increased intensity of the VEGFxxxb band. Densitometric analysis confirmed that
the relative intensity of the VEGF165b band was significantly upregulated by TGFβ1, but
not in the presence of SB203820 or TG003 (Fig. 5A). These findings were confirmed by
western blotting (Fig. 5B). Densitometric analysis of the bands indicated that, whereas
TGFβ1 resulted in a significant increase in density relative to control (P<0.01) even in the
presence of PD98059 (P<0.05), there was no significant upregulation in the presence of
TG003 or SB203820 (P>0.1, ANOVA on difference in intensity between TGFβ1 and
respective control). This was confirmed quantitatively by ELISA. Fig. 5C shows that TGFβ1
increased VEGFxxxb expression by ∼60% compared with untreated control but, in the
presence of SB203580 or TG003, TGFβ1 did not increase VEGFxxxb expression compared
with respective drug-treated control. PD98059, however, did not affect the VEGFxxxb
upregulation induced by TGFβ1. To confirm that p38 MAPK was involved in the TGFβ1-
mediated upregulation of VEGF, podocytes were transfected with a dominant-negative p38
MAPK construct, and subsequently treated with TGFβ1. This resulted in a reduction in the
increase in VEGF165b expression from 353 pg/ml in control transfected cells to 6 pg/ml in
cells transfected with the p38 MAPK dominant-negative construct (Fig. 5C). To confirm
that the treatment of podocytes with TGFβ1 resulted in increased phosphorylation of both
p42/p44 MAPK and p38 MAPK, immunoblotting using phosphospecific antibodies was
carried out (Fig. 5D). p38 MAPK phosphorylation was increased by TGFβ1, and this was
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inhibited by SB203580. p42/p44 MAPK phosphorylation was inhibited by PD98059 (Fig.
5D).

Alteration of splicing by transfection of RPE cells with known splicing factors
Clk1/sty has been shown to result in phosphorylation of three known splicing factors ASF/
SF2, SRp55 and SRp40. (Prasad et al., 1999; Lai et al., 2003). The distribution of known
ESE consensus sequences for these splicing factors in the 3′ end of VEGF pre-mRNA,
generated from ESE Finder (rulai.cshl.edu/tools/ESE) are displayed in Fig. 6. There is a
strong cluster of SRp55-binding sites just distal to the distal splice sites, and a strong cluster
of ASF/SF2 and SRp40 sites adjacent to the proximal splice site. To determine whether
these splice factors can regulate VEGF terminal exon splice-site selection, we transfected
RPE cells with splicing factor cDNAs in expression vectors, and protein from cell lysate
(quantified by Bradford assay and equally loaded) and analysed by western blotting
(densitometrically, Fig. 7). ASF/SF2 did not significantly increase the amount of VEGF165b
in the cell lysate, but increased the amount of VEGFtotal (mean ± s.e.m., n=3 41.4±6.9%,
P<0.05, Fig. 7A). Neither 9G8 nor SRp40 significantly increased VEGFxxxb or VEGFtotal
levels in the cell lysate (Fig. 7B). SRp55 increased the amount of VEGFxxxb (104.5±18.0%,
P<0.05) but did not increase VEGFtotal (e.g. Fig. 7A). To determine the effect of these
changes on overall relative expression levels, the concentration of VEGFxxxb to VEGFtotal
was calculated (Fig. 7C). It can be seen that SRp55 results in a significant switch in splicing
towards the anti-angiogenic VEGF isoforms. These results indicate that splicing factors,
such as ASF/SF2 and SRp55, regulate the alternative splicing of the VEGF pre-mRNA,
which determines the C-terminus of VEGF. To further identify the role of SRp55 in the
regulation of distal splice-site selection, overexpression and knockdown experiments were
performed. Fig. 8A shows that overexpression of SRp55 in RPE cells resulted in clear
upregulation of SRp55 and VEGF165b levels. By contrast, two different small hairpin RNAs
(shRNAs) targeting SRp55 demonstrated a significant downregulation of both SRp55 and
VEGF165b (Fig. 8B shows the fold change in SRp55 and Fig. 8C the fold change in
VEGF165b, P<0.01 ANOVA), without affecting β-actin. To determine whether SRp55 can
bind directly to the distal splice site RNA, we used the MS2-MBP system to pull down
proteins that can interact with the RNA. Fig. 8D shows that SRp55 is present in both crude
nuclear extract and in the pull down of nuclear extract incubated with an RNA containing
the MS2-binding-domain RNA fused to a 88 nucleotide fragment that contains the terminal
35 nucleotides of exon 8a, the coding sequence of exon 8b and 35 nucleotides of 3′UTR. By
contrast, SRp55 was not seen in the pull down of nuclear extract incubated with the mRNA
that did not have the 35 nucleotides of exon 8b 3′UTR, or incubated with the MS2-binding
domain itself, indicating that SRp55 can bind directly to a 35 nucleotide fragment of exon
8b downstream of the stop codon.

Discussion
The balance of the VEGFxxx (pro-angiogenic) and VEGFxxxb (anti-angiogenic) families,
derived from the same gene, may have a crucial role in the control of angiogenesis in health;
an imbalance could underpin pathological angiogenesis. Understanding the properties,
expression and control of the VEGFxxxb family might therefore have wide-ranging
therapeutic implications in diseases as diverse as cancer, vascular disease, arthritis, diabetes,
renal disease and psoriasis. Therapies that inhibit angiogenesis have been approved after
major phase-III clinical trials in cancer and age-related macular degeneration (AMD)
(Gragoudas et al., 2004; Hurwitz et al., 2004). Phase-II and -III trials show significant
efficacy of anti-VEGF therapies in colorectal (Hurwitz et al., 2004; McCarthy, 2003) and
renal-cell carcinomas (Yang et al., 2003) and in AMD (Eyetech Study Group, 2003).
However, the concept of alternate splicing of the VEGF gene resulting in anti-angiogenic as
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well as pro-angiogenic isoforms indicates that it might be insufficient simply to measure the
quantitative changes of the VEGF molecule in cancer and other diseases; a quantitative
characterisation of the balance of each isoform family might be essential to define the
optimal therapeutic option and dosing.

Despite the fact that there are 12 splice variants of VEGF that have been identified so far
(Fig. 1) - with varying bio-availability and activity - very few studies have considered the
mechanisms of pre-mRNA splicing of VEGF. This is the first study to examine the effect of
known splicing factors and other agents on pre-mRNA splicing that affects the C-terminus
of VEGF, a process that might profoundly influence the angiogenic phenotype of a tissue.
We found splicing factors (particularly SRp55) and growth factors (especially TGFβ1) that
can preferentially select for the distal splice site - in the case of SRp55 through direct
binding to the RNA - although the potential interaction of these agents is unknown.

However, SRFs are regulated by specific signalling molecules, either directly (SR protein
kinases, such as Clk1 or SRPKs), or indirectly (MAPKs and PKC). SRPKs phosphorylate
ASF/SF2, which favours proximal splicing. VEGF has been shown to be upregulated by
many conditions and factors, such as hypoxia (Shweiki et al., 1992), and interleukin 1β (Li
et al., 1995), IGF1 (Goad et al., 1996), TGFβ1 (Pertovaara et al., 1994) and PDGF
(Finkenzeller et al., 1997). Moreover, VEGF can be inhibited by hyperoxia (Perkett and
Klekamp, 1998), IL10 and IL13 (Matsumoto et al., 1997), but the detailed influence these
factors have on the VEGFxxx and VEGFxxxb sub-family switch in general is still unknown.

Our discussion clearly does not cover areas such as transcriptional control of splicing
(Cramer et al., 1999). Splicing factors are recruited to the transcriptional machinery because
of their interaction with the C-terminal domain of RNA polymerase II and its processivity at
the 5′ end of the mRNA (Hirose et al., 1999; Koenigsberger et al., 2000). Alternate 5′
transcriptional start sites have been demonstrated for VEGF (Neufeld et al., 1996). These
might result in recruitment of different splice factors and, hence, alternative splicing. Other
factors and mechanisms, such as exon-splicing silencers and poly-pyrimidine tract-binding-
protein-mediated repression of splicing, are also likely to be regulators of VEGF splicing.

Regulation of alternative splicing is unlikely to be an event within the angiogenic phenotype
that is unique to VEGF. Many other proteins in the angiogenic cascade have alternate,
inhibitory splice variants, which suggests that the common mechanisms and coordinated
alteration in the splicing of genes, such as VEGF, VEGF-R1, thrombospondin, HIF1,
collagen, fibronectin and others, might be fundamental in the regulation of angiogenesis,
vascular remodelling and disease processes in many pathologies of the Western world,
including cancer, diabetes and heart disease.

The human foetus and the fully grown adult possess the same species-specific genome.
However, it is the isoform-specific and temporarily specific proteome, not the genome, that
characterises the differing phenotypes. The proteome determines health and disease and, in
disease, the clinical picture, and the response to treatment and prognosis. More specifically,
in many circumstances, it is the isoform- and time-specific pattern of alternative splicing
that determines the phenotype. For example, abnormalities of splice-variant-expression
patterns of a wide variety of proteins have been highlighted as a characteristic of malignant
change (Venables, 2006), and with the pro-angiogenic phenotype that is associated with
cancer and other conditions (Bates et al., 2002). This is most clearly demonstrated in the
human vitreous. In non-diabetic human vitreous VEGFxxxb (anti-angiogenic) comprises
60% of VEGF. In diabetics suffering from proliferative retinopathy, this proportion drops to
16% - a pro-angiogenic phenotype therefore predominates (Perrin et al., 2005).
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In summary, the C-terminal VEGF angiogenic switch might be a fundamental control
mechanism for neo-vascularisation. Understanding this splicing switch will enhance our
understanding of blood-vessel growth in normal tissues and in pathological states as diverse
as diabetes and cancer. Furthermore, the potential manipulation of the splicing control, in
conjunction with unaltered promoter activity - to promote distal (exon 8b - anti-angiogenic)
rather than proximal (exon 8a - pro-angiogenic) splice-site selection - would promote a
therapy that, in the cancer example, may encourage the tumor to switch off its own nutrient
supply. Indeed, the more hypoxic the tumour becomes, the more effective this therapeutic
switch might be. A greater understanding of VEGF splicing might enable us to change many
molecules, not just VEGF, from tumour-supporting pro-angiogenic to tumour-killing anti-
angiogenic variants.

Materials and Methods
Plasmids

SRp40, ASF/SF2, SRp55, 9G8 in pCGTVP16C were a kind gift of Javier Caceres,
University of Edinburgh, UK. SRp55 shRNA was a kind gift of Gilbert Cote, M. D.
Anderson Cancer Centre, University of Texas, TX (Jin and Cote, 2004). Dominant-negative
p38 MAPK (pMEVHA-P38-K53M) was purchased from Biomyx (San Diego, CA).

RPE cell culture
Human donor eyes were obtained within 10-30 hours post-mortem from the Bristol Eye
Bank. Choroid-RPE sheets dissected from ocular globes were fragmented in a small amount
of DMEM:F12 (1:1) supplemented with GlutaMAX (Gibco), and RPE cells were isolated by
digestion with 0.3 mg/ml collagenase (Gibco) for 15 minutes at 37°C. RPE cells were
initially cultured for 5 days in the presence of 2.5% v/v foetal bovine serum (FBS; Gibco) to
prevent proliferation of fibroblasts and until the cell cultures became established. After the
first passage cell culture was maintained in DMEM:F12 (1:1), supplemented with 10% v/v
FBS and antibiotic-antimycotic solution (Sigma). The once-passaged cells were
homogeneous and contained only RPE as characterised by immunohistochemistry with anti-
cytokeratin monoclonal antibody (Sigma). RPE cells were routinely subcultured by
trypsinisation (trypsin/EDTA, Sigma). RPE cells at passage 3-4 were plated onto 12.5-cm2

Petri dishes (Nunc). Having reached 70-80% confluency, RPE cells were cultured in freshly-
replaced medium in the absence of FBS for 24 hours prior to agonist stimulation to
determine the effects of agonists. IGF1 (Sigma) and TNFα (Sigma) were prepared in serum-
free medium and were added to the volume of 2 ml at various concentrations, as indicated.
No changes in cell morphology were noticed after stimulation. 24 hours later, conditioned
medium of cells in all experimental treatments was collected, spun down to remove debris
and placed immediately into −80°C until ELISA. The RPE cells were washed three times
with ice-cold PBS and lysed in Laemmli buffer for western blotting.

Podocyte cell culture
Proliferating conditionally immortalised podocytes (PCIPs; kindly donated by Moin Saleem,
University of Bristol, UK) were derived from cell lines that had been conditionally
transformed from normal human podocytes with temperature-sensitive mutant of
immortalised SV-40 T-antigen. At the permissive temperature of 33°C the SV-40 T-antigen
is active and allows the cells to proliferate rapidly (Saleem et al., 2002). PCIPs were
cultured in T75 flasks (Greiner) using RPMI-1640 medium (Sigma) with 10% FBS, 1% ITS
(insulin-transferrin-selenium) (Sigma), 0.5% penicillin-streptomycin (Sigma) and grown to
95% confluency. Cells were then split to six-well plates (1×105 cells per well) and grown
until 95% confluent. We investigated time- and dose-dependent effects of IGF1, and TGF1
on production of VEGF isoforms from cultured PCIPs. Twenty-four hours before treatment,
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cultured medium was replaced with serum-free RPMI-1654 medium (Sigma) containing 1%
ITS (Sigma) and 0.5% penicillin-streptomycin. Subsequently, the medium was replaced with
fresh serum-free RPMI-1610 medium (Sigma) containing 1% ITS (Sigma), 0.5% penicillin-
streptomycin and increasing concentrations of IGF1 (Sigma) or TGF1 (Sigma).

RT-PCR
1 ml of Trizol reagent was added to each well of a six-well plate and mRNA extracted using
the method described by Chomczynski and Sacchi (Chomczynski and Sacchi, 1987). 50% of
the mRNA was reverse transcribed using MMLV reverse transcriptase, RNase H Minus,
Point mutant (Promega) and polyd(T) (Promega) as a primer. 10% of the cDNA was then
amplified using primers designed to pick up proximal and distal splice forms (Fig. 1). 1 μM
of a primer complementary to exon 7b of VEGF (5′-
GGCAGCTTGAGTTAAACGAAC-3′) corresponding to nt −24 to −13 from the end of
exon 7, and 1 μM of a primer complementary to 3′UTR (5′-
ATGGATCCGTATCAGTCTTTCCTGG-3′ equivalent to the last three amino acids of the
open reading frame for exon 8b and the stop codon, underlined is the complementary
sequence) and PCR Master Mix (Promega) were used. Reactions were cycled 30 times, with
denaturing at 95°C for 60 seconds, annealing at 55°C for 60 seconds and extending at 72°C
for 60 seconds. PCR products were run on 2.5% agarose gels containing 0.5 μg/ml ethidium
bromide and visualised under a UV transilluminator. This reaction consistently resulted in
one amplicon at ∼130 bp (consistent with VEGFxxx), and one amplicon at ∼64 bp,
consistent with VEGFxxxb isoforms. PCR blots are representative of at least two different
experiments.

Assessment of protein production following transfection of candidate splicing factors
RPE cells were grown in six-well plates, each seeded with 3×105 cells and subsequently
transfected with 1 μg of SRp40, ASF/SF2, SRp55, 9G8 in pCGTVP16C or an empty
expression vector using Lipofectamine (Invitrogen). Following incubation at 37°C for 48
hours, conditioned medium was collected and cells were lysed in buffer containing: 20 mM
Tris, pH 7.4, 1.5% w/v Triton X-100, 150 mM NaCl, 10% w/v glycerol and protease
inhibitor cocktail (Sigma). VEGF isoforms were measured in cell lysate or conditioned
medium was measured using ELISA and protein production assessed via western blotting, as
outlined below.

Assessment of protein production following transfection with genetic inhibitors
Cells were grown in six-well plates, each seeded with 3×105 cells per well cells and
subsequently transfected with 1 μg of shRNA against SRp55, dominant-negative p38
MAPK or an empty expression vector using GeneJuice® (Novagen). Following incubation
at 33°C for 48 hours (with shRNA), or after the appropriate treatment with TGFβ1 (with
p38MAPK-DN), cell lysate was extracted with RIPA buffer.

VEGF measurements
Total VEGF concentrations were measured using a first-generation DuoSet VEGF ELISA
(R&D Systems) according to manufacturer’s instruction. We have previously described this
kit as having a lower affinity for VEGF165b than for VEGF165 and, so, total VEGF levels
were calculated as previously described (Varey et al., 2008). VEGFxxxb was determined
with a similar sandwich ELISA, using for detection a monoclonal biotinylated mouse anti-
human antibody raised against the terminal nine amino acids of VEGF165b (R&D Systems;
clone 264610/1), and a standard curve for this assay was built with recombinant human
VEGF165b (R&D Systems) (Varey et al., 2008). This antibody is an affinity-purified mouse
monoclonal IgG1 antibody.
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The levels of VEGFxxxb found free in the cell supernatant were sometimes at or below the
limit of the detection threshold, particularly after downregulation with growth factors.
Therefore, the total protein in conditioned medium was precipitated with trichloroacetic acid
(TCA) for the VEGFxxxb ELISA. For this purpose, 250 μl ice-cold TCA (24%) and 6.25 μl
sodium deoxycholate (12%) were added to 700 μl conditioned medium and left on ice for 15
minutes. After centrifugation at 5000 g for 10 minutes, pellets were collected and re-
suspended in lysis buffer, which contained 20 mM Tris, pH 7.4, 1.5% w/v Triton X-100, 150
mM NaCl, 10% w/v glycerol and protease inhibitor cocktail (Sigma). The pH in the pelleted
samples was adjusted to 7.4 with 1.5 M Tris (pH 8.8). The total protein content in the pellet
was measured using Bradford Assay (Bio-Rad).

Western blotting
Protein samples were dissolved in Laemmli buffer, boiled for 3-4 minutes and centrifuged
for 2 minutes at 20,000 g to remove insoluble materials. 30 μg protein per lane were
separated by SDS-PAGE (12%) and transferred to 0.2 μm nitrocellulose membrane. The
blocked membranes were probed overnight (4°C) with the following antibodies: panVEGF
(R&D Systems; MAB 293, 1:500), anti-VEGFxxxb (R&D Systems; MAB3045; 1:250), anti-
phospho-p38 MAP kinase (Thr180-Tyr182) antibody (Cell Signaling 9216), anti-phospho-
p44/p42 MAPK (Thr202-Tyr204) (Cell Signaling 9106), anti-p44/42 MAPK (Cell Signaling
9102) and anti-β-tubulin (Sigma; 1:2000). Western blotting has previously shown that all the
proteins recognised by the anti-VEGFxxxb antibody are also recognised by commercial
antibodies raised against VEGF165. It binds recombinant VEGF165b, and can be used to
demonstrate expression of VEGF165b, VEGF189b, VEGF121b VEGF183b and VEGF145b
(collectively termed VEGFxxxb) but does not recognise VEGF165, which conclusively
demonstrates that this antibody is specific for VEGFxxxb (Woolard et al., 2004).
Subsequently, the membranes were incubated with secondary HRP-conjugated antibody,
and immunoreactive bands were visualised using ECL reagent (Pierce). The immunoreactive
bands corresponding to panVEGF and VEGFxxxb in each treatment were quantified by
ImageJ analysis and normalised to those of β-tubulin. Blots are representative of at least
three experiments. Densitometry was carried out by scanning gels and using ImageJ to
determine grey levels of bands and background.

Construction of plasmids
The VEGF sequence of interest (from 35 upstream of exon 8a till 35 bp downstream of exon
8b) was amplified from a BAC DNA template using 50 ng of BAC DNA, 10 μM of each
primers (see Table 1), 10 μM dNTP mix (Promega) and Taq Polymerase (Promega). A
modified ADML-MS2 plasmid was digested with EcoR1 and BamH1 and PCR products
ligated into the vector and subsequently transformed. Colonies were selected and plasmid
extraction (Qiagen) was performed. The identities of the plasmids were confirmed by
sequencing.

Expression of the MS2-MBP fusion protein
MS2-maltose-binding protein (MBP) fusion protein (a gift from Robin Reed, Harvard
University, Boston, MA) was expressed in E.coli DH5α. The cells were grown to an OD600
of 0.5 at and induced for expression for 3 hours with 0.2 mM IPTG. The MS2-MBP protein
was purified by amylose beads according to manufacturer’s protocol (NEB, Beverly, MA).
Protein was dialysed with 10 mM sodium phosphate pH 7 overnight at 4°C to remove salts
and further purified over a heparin Hi Trap column by using a NaCl gradient (GE
Healthcare). Immunoblot analysis was performed on the purified fusion-proteins using
rabbit anti-MS2 antibody (gift from Peter Stockley, Leeds University, Leeds, UK) to
confirm the identity of the protein.
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Assembly of the MS2-MBP system
1 μg of the VEGF-MS2 plasmids was linearised with Xba1 and in-vitro transcribed with T7
RNA polymerase (NEB) in 0.5 mM rNTP (Ambion), 40 mM Tris-HCL, 6 mM MgCl2, 10
mM dithiothreitol, 2 mM spermidine at 40°C for 1 hour to make VEGF-MS2 RNA. A 100-
fold molar excess of MS2-MBP fusion protein and VEGF-MS2 RNA were incubated in a
buffer containing 20 mM HEPES pH 7.9 and 60 mM NaCl on ice for 30 minutes. 75 μg of
HEK-293-cell nuclear extract was added to the MS2-MBP-VEGF RNA mix in 0.5 mM
ATP, 6.4 mM MgCl2, 20 mM creatine phosphate for 1 hour at 30°C. Proteins that bound to
the MS2-MBP-VEGF-MS2 RNA complex were affinity selected on amylose beads by
rotating for 4 hours at 4°C and eluted with 12 mM maltose, 20 mM HEPES pH 7.9, 60 mM
NaCl, 10 mM β-mercapthoethanol and 1 mM PMSF.

Statistical analysis
Statistical analyses were carried out on raw data using the Friedman test (Dunnett’s post t-
test) and P<0.05 was considered statistically significant. Values are expressed as the means
± s.e.m. For all data, n represents the number of independent RPE cell populations deriving
from different donors.
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Fig. 1.
Exonic structure of the VEGF gene and identified splice variants of VEGF-A. (A) Full-
length VEGF gene with two alternative exon 8 splice sites. (B) Two families of VEGF
isoforms, VEGFxxx and VEGFxxxb.
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Fig. 2.
Effect of IGF1 on expression of VEGFxxxb and VEGFxxx proteins. (A) Cell lysates from
RPE cells that had been treated with increasing concentrations of IGF1 for 48 hours, and
total VEGF and VEGFxxxb concentrations measured by ELISA. (B) Effect of TNFα on
VEGF and VEGFxxxb levels in RPE cells. (C) VEGF and VEGFxxxb concentrations in
podocytes treated with IGF1, *P<0.05, ***P<0.001 vs respective control, one-way
ANOVA, Dunnett’s test, n=3.
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Fig. 3.
(A,B) Effect of IGF1 on expression of (A) VEGF165b and (B) VEGF165/VEGF165b in RPE
cells. Cell lysates from RPE cells that had been treated with 100 nM IGF for 48 hours or left
untreated were resolved by SDS-PAGE and immunoblotted using (A) monoclonal antibody
against VEGF165b or (B) a pan-VEGF antibody. Blots were stripped and re-probed with
anti-actin antibody. (C) Density of bands (mean ± s.e.m.) demonstrating a significant
downregulation of VEGF165b (n=4) and upregulation of VEGF165 vs VEGF165b (n=5) in
RPE cells (*P<0.05 compared with control, paired t-tests)
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Fig. 4.
Effect of TGF1 on expression of VEGFxxxb and VEGFtotal in podocytes. (A) ELISA of
podocyte cell lysate for VEGFxxxb and VEGFtotal treated with TGFβ1. *P<0.05, **P<0.01
vs respective control, one-way ANOVA, Dunnett’s test, n=5. (B) Lysates of podocytes
treated with TGF1 resolved by western blot using antibodies that detect VEGFxxxb.
Densitometry of western blots show VEGF165b to be upregulated relative to control (n=3).
(C) RT-PCR of cells exposed to 1 nM TGFβ1. The lower band, corresponding to VEGF165b
is increased in intensity relative to the upper band (VEGF165). Densitometry (n=5) indicates
a significant upregulation of VEGF165b relative to VEGF165 (**P<0.01, paired t-test).
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Fig. 5.
Regulation of distal splice-site selection by p38 MAPK and p42/p44 MAPK, and Clk1 and
Clk4. Podocytes were treated with the p38 MAPK inhibitor SB203580 (10 μM), the p42/
p44 MAPK inhibitor PD98059 (10 μM) or the Clk/Sty inhibitor TG003 (1 μM) in the
presence or absence of 1 nM TGF1. (A) mRNA from cells treated as above were subjected
to RT-PCR using primers that detect both isoform families of VEGF, *P<0.05 compared
with control, +P<0.05 compared with TGF alone. (B) Proteins were resolved by
immunoblotting. (C) Quantitative ELISA for VEGFxxxb and VEGFtotal. TGF1-mediated
upregulation of distal splicing was not seen in the presence of SB203580, DN-p38MAPK or
TG003 but was present during PD98059 treatment. ***P<0.001 compared with vehicle,
*P<0.05 compared with drug control. (D) TGFβ1 induces phosphorylation of p38 MAPK
and p42/p44 MAPK in human podocytes was inhibited by SB203580 and PD98059,
respectively.
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Fig. 6.
Distribution of ESE consensus sequences in the C terminus of the VEGF gene. The SRp55
sites were associated with distal splicing whereas the SF2/ASF and SRp40 sites were more
associated with the proximal splice sites.
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Fig. 7.
Effect of overexpression of splicing factors on VEGF isoform production. (A) Retinal
pigmented epithelial cells were transfected with splicing factors and distal splicing isoforms
(VEGFxxxb) and total VEGF levels determined by SDS-PAGE and western blotting. (B)
Densitometry of cell lysates showing expression of VEGF165b and total VEGF after
transfection with splice factors. (C) The difference in VEGF expression between VEGFxxxb
and total VEGF is shown relative to controls for splice factors. Solid line indicates an equal
balance between the two sets of isoforms. Values below the line indicate anti-angiogenic
balance, above a pro-angiogenic balance (*P<0.05 compared with untreated, ANOVA,
Dunnett’s test. n=3).
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Fig. 8.
SRp55 regulates VEGF splice-site selection in exon 8. (A) RPE cells were transfected with
SRp55 or shRNA targeting SRP55, and VEGF165b expression measured by immunoblotting.
siRNA targeting SRp55 downregulated both SRp55 and VEGF165b. (B) Densitometry
indicated that both shRNAs targeting SRp55 inhibited SRp55 expression (n=4). (C) shRNAs
targeting SRp55 also inhibited VEGF165b expression (n=3, *P<0.05, **P<0.01 compared
with control, ANOVA, Dunnett’s test). (D) MS2-MBP assay for RNA-binding sites of
HEK-cell nuclear extract. SRp55 was detected by immunoblotting in nuclear extract (NE)
and when bound to a RNA construct containing the 35 nucleotides downstream of the stop
codon for exon 8b (construct X), but not when this region was deleted (construct Y) or MS2
RNA (construct Z).
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