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buffer. We use Electro-Fast Gel Systems for electrophoresis. A loading buffer is not required and the reaction mixture can be
directly loaded.

TROUBLESHOOTING

(B) SNP typing by direct sequencing.

(i) Add 20 pl 1.5x DNA loading buffer to the PCR product.

(if) Run S-ul aliquot of the PCR. mixture on a 1.5% (w/v) agarose gel to verify amplification,

TROUBLESHOOTING

(i) Precipitate DNA by adding 3 ul 3 M NaOAc (pH5.2) and 100 p! ethanol to the remaining 25 ul PCR mixture.

(iv) Centrifuge the tubes at maximum speed for 10 min, rinse and dry the precipitate,

(v) Dissolve the precipitate in 30 ul TE and sequence with either of the SNP typing primers.

Kuroyanagi et al. 27142

TIMING

Steps 1-16, Cloning ic DNA fi into Entry vectors: 2~3 weeks.

Step 17, Modification of genomic DNA fragment cassettes (Optional): 2~4 weeks.

Step 18(A), Constructing Destination vectors by inverse a#tB-PCR and BP cloning; 2~3 weeks.

Step 18(B), Constructing Destination vectors by ligating a promoter fragment to pDEST-PL vector: 2~3 weeks.
Steps 19-24, Constructing Expression clones: 1~2 weeks.

Steps 25-31, Generation of transgenic worms: 3~4 weeks.

Steps 32-43, Checking splicing patterns of mini-gene-derived mRNAs: 2~3 weeks.

Steps 44-45, Observation of cell-type-specific alternative splicing patterns: 2 days.

Steps 46-53, Integration of the extrachromosomal array: 3~4 weeks, For out-crossing the integrated line, it will take additional 3~4 days per
generation.

Steps 54-63, Mutant screening: 3~4 weeks. For out-crossing the mutant line, it will take additional 3~7 days per generation,

Steps 64-75, SNP mapping and mutation search: 2~4 months.

BOX 1, Testing antibiotic-resistance: 1~2 days

BOX 2, SNP typing: 1~2 days

Kuroyanagi et al. 28/42
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ANTICIPATED RESULTS

Here we summarize our success rate of each step in mini-gene construction. In amplifying genomic DNA fragments for cloning the
genomic fragment cassettes in Entry vectors, most of the fragments were <3 kb and were specifically amplified from N2 genomic DNA
(steps 1~7). These arfB-PCR products were successfully cloned by BP II reaction (steps 10~16), although the probability of clones carrying
the correct insert varies from 10% to 90% probably due to variable amount of co-amplified non-specific PCR products. Sometimes we
found that the genomic DNA sequences of the N2 worms in our laboratory are different from the reference N2 genomic DNA sequences in
GenBank/EMBL/DDBJ databases (Acc. No. NC_003279~NC_003284). We reasoned this is due to mis-calling in the sequencing process
of the reference or to spontaneous mutations during the maintenance of the strain, and we use the fragments as they are. Site-directed

mutagenesis (step 17) is achieved with 60%~80% of the success rate, although 10~30% of the clones contain errors in the oligo DNA

sequences. Construction of Destination vectors by inverse a##B-PCR (step 18A) is less efficient; the rate of the correct clones is <10%~30%.

Therefore, specific amplification of the vector fragment (steps 18A(i)~(iv)) and pre-screening by antibiotic-resistance (steps
18A(xiii)}~(xiv)) are important for higher success probability. Assembling the mini-genes by LR II Plus reaction (steps 19~24) is efficient;
60%~90% of the carbenicillin-resistant clones in step 21 carry the correct expression constructs. We have not experienced sequence
modification in the a#/B homologous recombination sites or in the inserts by the LR X Plus reaction.

Construction of the fluorescence reporter mini-genes (steps 1~24), generation of the transgenic worm lines (steps 25~31) and
imaging of the fluorescent reporter worms (steps 44~45) should provide data on the spatiotemporal distribution of alternative splicing
events in [iving worms. We usually use ubiquitous or broadly-expressing promoters first to outline expression profiles in vive. In most
cases, each tissue expresses either or both of the fluorescent proteins. In some cases of mutually exclusive alternative splicing reporters,
however, expression of the fluorescent proteins was not detected in certain tissues, probably due to double inclusion or double skipping of
the alternative exons. We narrow down tissues where the fluorescence reporter mini-genes are driven in further genetic analyses as
described below.

It is recommended to confirm that the expression profile of the alternative splicing reporter is consistent with that of the
endogenous gene. In the case of the egl-15 gene %, there was a genetic evidence that egl-15(54) isoform specifically functions in sex
myoblasts that differentiate into vulval muscles in hermaphrodites °, We confirmed that vulval muscles properly expressed exon SA-RFP

isoform of the egl-15 reporter, and the reporter showed muscle-specificity when expressed under various tissue-specific promoters 2%, In the

case of the lethal (lef)-2 gene, previous promoter analysis had demonstrated that fer-2 is expressed in the body wall muscles and two distal
tip cells (DTCs) *°. As the number and total mass of the body wall muscles are much more than those of the DTCs, we reasoned that
developmentally regulated switching of the Jer-2 alternative splicing ** occurs in body wall muscles. When the Jer-2 reporter was expressed
under a ubiquitous promoter, all the tissues expressed the embryonic form (GFP) in embryos and young larvae, while only the body wall
muscles turned the reporter expression to the adult form (RFP) during development (Figure 4a), suggesting the presence of tissue-specific
and developmental regulation in this event. By utilizing a body wall muscle-specific promoter, we successfully visualized the
developmental switching as shown in the previous study ” and in Figure 4b. In cases of alternative splicing events whose spatiotemporal
distributions are unknown, expression profiles of the fluorescence splicing reporter may be confirmed when mutants isolated by the
phenotype in the reporter expression also show the same defect in the splicing pattern of the endogenous gene,

In the screening for mutants defective in the muscle-specific expression of the eg/-15 reporter, we utilized the color of the body
wall muscles %, although expression of the endogenous egl-15 gene was hardly detected in the body wall muscles %2, We pooled about three
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hundred PO worms in total in two independent screening using two independent integrated alleles. We isolated fifteen alternative splicing
defective (asd)-1 and ten suppressor (sup)-12 alleles *?®, The number of asd-I alleles was more than expected, and we reasoned that asd-/
null mutants are viable and ASD-1 coding region has many CAA and CAG codons, encoding glutamine, which turn into nonsense codons
TAA and TAG by EMS treatment *°, Although the sup-72 null mutants are sterile in the egl-15 reporter-homozygous background, we
successfully established the sup-12 alleles in the reporter heterozygous background %, Various missense mutations in the RNA-binding
domain of SUP-12 caused weaker color phenotypes, suggesting involvement of these residues in RNA-binding *, ASD-1 and SUP-12,
isolated in this way, turned out to be involved in the regulation of the endogenous egl-15 gene in the vulval muscles??,

In the screening for mutants of the Jet-2 reporter expression, we mutagenized an integrated allele expressing the Jer-2 reporter only
in the body wall muscles. We utilized an epifluorescence dissection microscope MZI6FA and a dual band-pass filter set and successfully
isolated six asd-2 mutant alleles, all of which remain expressing the embryonic form (GFP) in adulthood (Figure 4¢). In search for
cis-elements involved in the ASD-2-mediated regulation, we disrupted CTAAC repeats in intron 10 of the pair of the /et-2 reporter
mini-genes, since the repeats almost matched the bipartite consensus sequence for QKI **, a mammalian homolog of ASD-2. The mutant
let-2 reporter showed the same phenotype as the asd-2 mutants and recombinant ASD-2 protein specifically bound to the CUAAC repeats
in vitro ¥, Fusthermore, the mutant let-2 reporter no longer responded to overexpression of ASD-2, confirming that ASD-2 functions via
binding to the CUAAC repeats .

Despite our accumulating experience, about half of the fluorescence alternative splicing reporters we generated showed little or no
fluorescence. In most of them, the alternative exons themselves encode hydrophobic stretches and this property may have caused
aggregation or affected folding of the fluorescent proteins: For the rest, the transcripts from the reporter were not detected and we could not

specify the reason for that, We are therefore focusing on the reporters that work well.
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Tables

Table 1. Entry vectors for fluorescent proteins.

Vector Name Description
pENTR-L5-ECFP-L2 cyan
pENTR-LS-EGFP-L2 green
pENTR-LS5-HcRed-L2 red
pENTR-L5-mRFP-L2 red
pENTR-LS5-Venus-L2 yellow
pENTR L5-(-1)EGFP-L2 frame-shift
pENTR L5-(+1)EGFP-L2 frame-shift
pENTR LS3~(-1)mRFP-L2 frame-shift
pENTR L5-(+1)mRFP-L2 frame-shift

Sequence information of these vectors is available in Supplementary Sequence Archive. Further information about these vectors is

available upon request to HK,
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Table 2. Destination vectors for expression in C elegans.

Vector Name Description

pDEST-PL promoter-less
pDEST-aex-3p pan-neuronal
pDEST-che-2p amphid sensory neurons

pDEST-dpy-7p

hypodermal cells

pDEST-cat-4p glutamatergic neurons
pDEST-eft-3p ubiquitous
pDEST-elt-2p intestine
pDEST-F25B3.3p pan-neuronal
pDEST-ges-1p intestine
pDEST-gon-2p intestine
pDEST-gst-42p intestine
pDEST-gtl-1p intestine

pDEST-hspl6-2p

heat-shock-inducible

pDEST-hspl6-41p

heat-shock-inducible

pDEST-mec-7p

touch receptor neurons

pDEST-myo-2p

pharyngeal muscles

pDEST-myo-3p

body wall muscles, vulval muscles

pDEST-sdf-9p

XXKLR

pDEST-unc-4p

subset of motor neurons DA, VA, VC, SAB

These vectors are available upon request to HX..
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Table 5. SNPs for

pping genes to chr

Chromosome allele Primers Restriction Enzyme
I pkP1101 CGCGTTTCGTAATGTATCG Eco Rl
GAACTTCCAGGTCACTCTGG
1 pkP1119 CTCCATTTTGGAACTCCCAG EeoR1L
TCAAATTTGGCACGTCATCAG
I pkP2107 TCCACACTATTTCCCTCGTG Dral
GAGCRATCAAGAACCGGATC
I pkP3093 CGCTGAAATTGAGGAGCAG Avall
TGGGCTTAACAATGATGGG
jing pkP3102 CATTAGGAAGTGATGCARAGTGG Ava Tl
TGGATTTGAGAGGTGTCCATAG
v pkP4071 CCAAACAACCTACAGAARATGC Dral
AARGATATTCATGCGTCGTAGTG
v pkP5076 CGGARARATTGCGACTGTC Dral
ATTAGGACTGCTTGGCTTCC
v pkP5097 TAGTGTTCATAGCATCCCATTG Dral
GTGCTAATTCCAGAAATGATCC
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Vascular endothelial growth factor (VEGF) is produced either
as a pro-angiogenic or anti-angiogenic protein depending upon
splice site choice in the terminal, eighth exon. Proximal splice
site selection (PSS) in exon 8 generates pro-angiogenic isoforms
such as VEGF, 45, and distal splice site selection (DSS) results in
anti-angiogenic isoforms such as VEGF, gsb. Cellular decisions
onsplice site selection depend upon the activity of RNA-binding
splice factors, such as ASF/SF2, which have previously been
shown to regulate VEGF splice site choice. To determine the
mechanism by which the pro-angiogenic splice site choice is
mediated, we investigated the effect of inhibition of ASF/SF2
phosphorylation by SR protein kinases (SRPXK1/2) on splice site
choice in epithelial cells and in i# vive angiogenesis models. Epi-
thelial cells treated with insulin-like growth factor-1 (IGF-1)
increased PSS and produced more VEGF, ¢ and less VEGF,gsb.
This down-regulation of DSS and increased PSS was blocked by
protein kinase C inhibition and SRPK1/2 inhibition. IGF-1
treatment resulted in nuclear localization of ASF/SF2, which
was blocked by SPRK1/2 inhibition. Pull-down assay and RNA
immunoprecipitation using VEGF mRNA sequences identified
an 11-nucleotide sequence required for ASF/SF2 binding. Injec-
tion of an SRPK1/2 inhibitor reduced angiogenesis in a mouse
model of retinal neovascularization, suggesting that regulation
of alternative splicing could be a potential therapeutic strategy
in angiogenic pathologies.

Vascular endothelial growth factor (VEGE-A, hereafter
referred to as VEGF)® is a key regulatory component in physi-
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ological and pathological angiogenesis. Inhibition of VEGF has
shown to be effective in cancer (1) and ocular angiogenesis (2),
and it is up-regulated by a number of growth factors also impli-
cated in these conditions, including insulin-like growth fac-
tor-1 (IGF-1) (3). VEGE is generated as multiple isoforms by
alternative splicing’ (4). There are two principal families of
VEGF isoforms, the pro-angiogenic VEGE, isoforms, gener-
ated by proximal splice site selection in the terminal exon, exon
8a (5), and the anti-angiogenic VEGE,,,b isoforms (6), gener-
ated by use of a distal splice site 66 bp further into exon 8,
generating mRNA isoforms that contain exon 8b. As the stop
codon for the protein is encoded in exon 8, these two isoforms
contain alternate six amino acids at the C terminus (Fig. 14).
The pro-angiogenic isoforms such as VEGF, ¢ encode a termi-
nal six amino acid sequence of CDKPRR, and the anti-angio-
genic isoforms such as VEGF, ;b encode SLTRKD (7). Many
normal tissues, including the eye generate both isoforms (8),
and previous studies have shown that the anti-angiogenic iso-
forms dominate in non-angiogenic tissues such as the normal
colon (9) and the vitreous (8). However, there is a splicing
switch in angiogenic conditions such as proliferative diabetic
retinopathy (8), colon (9), prostate (10), renal (7), and skin can-

cers (11), and in Denys Drash Syndrome (12). In contrast, in

non-angiogenic conditions where VEGF is up-regulated, such
as glaucoma and rhegmatogenous retinal detachment associ-
ated with proliferative vitreoretinopathy (13) or glaucoma (14),
the anti-angiogenic isoforms are up-regulated. We have previ-
ously shown that IGF-1 can switch splicing in cultured epithe-
lial cells from anti-angiogenic to pro-angiogenic isoforms (15).
As IGF-1 has been implicated in a number of angiogenic con-
ditions including diabeti¢ retinopathy and colon cancer, we
hypothesized that the mechanism through which IGF-1 medi-
ates this change in splicing may be a potential therapeutic target
to prevent angiogenesis. To this end, we have investigated the
signaling pathways, the splicing factors involved, and the pos-
sibility of therapeutic intervention in the pathway in an animal
model of diabetic retinopathy. ' '

maltose-binding protein; PSS, proximal splice site selection; OIR, oxygen-
induced retinopathy; UTR, untranslated region; ITS, insulin transferrin sele-
nium; PMA, phorbol myristate acetate; HEK, human embryonic kidney.
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Splicing Regulation from Pro- to Anti-angiogenic VEGF Isoforms

TABLE1
Primer sequences
Construct A Forward:5’ -GAATTCCTCATCGCCAGGCCTCCTCACTTG-3'
Reverse:5’ -GGATTCCCTTCGCCGGAGTCTCGCCCTC-3'
Construct B Forward:5' ~GAATTCCGCCCTAACCCCAGCCTTTGTTTTCCATTTCCC-3"
Reverse:5'-GGATCCGGACTGTTCTGTCGATGGTG-3'
Construct C Forward:5’ -GAATTCCGCCCTAACCCCAGCCTTPGTTTTCCATTTCCC 3"
Reverse:5’-GGATCCTGGTTCCCGAAACCCTGAGCG~3'
Construct D Forward:5’'-GATTCCGAGGAAGGAAGGAGCCTCCCTCAGGG-3'
Reverse:5'-GGATCCGGACTGTTCTGTCGATGGTG-3'
Construct E Forward:5' -GAATTCATGTGACAAGCCGAGGCGG-3"

Reverse:5’ ~GGATCCCTGGTTCCCGARACCCTGAGCG-3'

Mouse VEGF-A ex 7 F
Mouse VEGF-A ex 8a R
Mouse VEGF-A ex2 F

Forward 5’ GTTCAGAGCGGAGARAGCAT-3'
Reverse 5'PCACATCTGCAAGTACGTTCG-3'
Forward 5’ AAGGAGAGCAGAAGTCCCATGA-3'

Mouse VEGF-Aex3R Reverse 5’ CTCAATCGGACGGCAGTAGCT-3’
B-Actin F Forward 5' AGCCATGTACGTAGCCATCC-3’
B-ActinR Reverse 5' CTCTCAGCTGTGGTGGTGAA-3'

EXPERIMENTAL PROCEDURES

Proliferating Podocytes—PCIPs (courtesy of Moin Saleem,
University of Bristol, Bristol, UK) were derived from a cell line
conditionally transformed from normal human podocytes with
a temperature-sensitive mutant of immortalized SV-40 T-anti-
gen. At the permissive temperature of 33 °C, the SV-40 T-anti-
gen is active and allows the cells to proliferate rapidly (16).
PCIPs were cultured in T75 flasks (Greiner) in RPMI 1640
medium (Sigma) with 10% fetal bovine serum, 1% ITS (insulin
transferrin selenium) (Sigma), 0.5% penicillin-streptomycin
solution (Sigma), and grown to 95% confluency. Then cells were
split into 6-well plates (2 X 10° cells per well) and grown until
95% confluency.

Treatments with IGF-1 and Pharmacological Inhibitors—To
investigate the inhibitory effect of IGF-1 on VEGF,,,b mRNA
and protein synthesis, pharmacological inhibitors and IGF-1
with PKC-BIMI (Calbiochem), and SRPK1/2 (SR protein
kinases 1 and 2)-SRPIN340 (SR protein phosphorylation inhib-
itor 340) (17) were used, 24 h before treatment, cultured
medium was replaced with serum-free RPMI 1640 medium
(Sigma) containing 1% ITS (Sigma) and 0.5% penicillin-strep-
tomycin (Sigma). Subsequently, the medium was replaced with
fresh serum-free RPMI 1640 medium (Sigma) containing 1%
ITS, 0.5% penicillin-streptomycin, and either 2.5 uM BIMI
(bisindolylmaleimide 1) or 10 pm SRPIN340 for 60 min before
treatment with IGF-1. 12 h after stimulation, RNA was
extracted, and 48 h after stimulation, proteins were extracted.

RT-PCR—1 pg of mRNA was reverse transcribed using
MMLYV RT, RNase H Minus, point mutant (Promega), and
oligo(dT), s (Promega) as a primer. The reaction was carried out in
Bio-Rad cycler for 60 min at 40 °C, and then the enzyme was
inactivated at 70 °C for 15 min. Ten percent of the cDNA was
then amplified using primers designed to pick up proximal and
distal splice forms. 1 um of each primer (exon 7b 5'-GGCAG-
' CTTGAGTTAAACGAAC-3', exon 8b 5'-ATGGATCCGTA-
TCAGTCTTTCCTGG-3") and PCR Master Mix (Promega)
were used in reactions cycled 30 times, denaturing at 95 °C for
60 s, annealing at 55 °C for 60 s, and extending at 72 °C for 60 s.
PCR products were run on 2.5% agarose gels containing 0.5
wg/ml ethidium bromide and visualized under a UV transillu-
minator. This reaction usually resulted in one amplicon of 130
bp (VEGF,.) and one amplicon of 64 bp (VEGF,,b). For
HEK?293 and HeLa cells, RT-PCR was performed using primers
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specific to exon 7a and the 3'-untranslated region of the VEGF
mRNA. The primers used were 5'-GTAAGCTTGTACAAGA-
TCCGCAGACG-3’ and 5 -ATGGATCCGTATCAGTCTTT-
CCTGG-3'. The reaction was set up in a 20-pul reaction using
the 2X FastStart Universal SyBR Master Mix (Roche, cat. no:
04913850001) and 1 um each primer. The reaction was per-
formed on the ABI 7000 cycler for 95 °C for 10 min, followed by
30 cycles of 95 °C for 15 s and 55 °C for 30 s.

Western Blotting—Protein samples were dissolved in Lae-
mmli buffer, boiled for 3—4 min, and centrifuged for 2 min at
20,000 X g to remove insoluble materials. 30 p.g of protein per
lane were separated by SDS/PAGE (12%) and transferred to a
0.2-um nitrocellulose membrane. The blocked membranes
were probed overnight (4 °C) with antibodies against panVEGF
(R&D; MAB 293, 1:500), VEGF, b (R&D Systems; MAB3045;
1:250), ASF/SF2 antibody (Santa Cruz Biotechnology; sc-
10254; 1:1000), and B-tubulin (Sigma, 1:2000). Western blotting
has previously shown that all the proteins recognized by the
VEGE,,,b antibody are also recognized by commercial anti-
bodies raised against VEGF, 4. It binds recombinant VEGF, b,
and can be used to demonstrate expression of VEGF,b,
VEGF, gob, and VEGF,,;b (collectively termed VEGF,,.b) but
does not recognize VEGF;, conclusively demonstrating that
this antibody is specific for VEGE,,,b (6). Subsequently, the
membranes were incubated with secondary horseradish perox-
idase-conjugated antibody, and immunoreactive bands were
visualized using ECL reagent (Pierce). Immunoreactive bands
corresponding to panVEGF and VEGF,,,b in each treatment
were quantified by ImageJ analysis and normalized to those
of B-tubulin or B-actin. Blots are representative of at least
three experiments. Densitometry was carried out by scan-
ning in gels and using ImageJ to determine gray levels of
bands and background.

Construction of Plasmids—The VEGF sequence of interest
(from 35-bp upstream of exon 8a to 35-bp downstream of exon
8b) was amplified from a BAC DNA template using 50 ng of
BAC DNA, 10 um of each primers (see Table 1), 10 mm 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 trans-
formed. Colonies were selected, and plasmid extraction (Qia-
gen) was performed. The identities of the plasmids were con-
firmed by sequencing.
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Splicing Regulation from Pro- to Anti-angiogenic VEGF Isoforms

Expression of the MS2-MBP (Maltose-binding Protein)
FEusion Protein—MS2-MBP (a gift from Robin Reed, Harvard
University) was expressed in Escherichia coli DH5a. The cells
were grown to an optical density of ~0.5 at 600 nm and induced
for expression for 3 h with 0.2 mum isopropyl-1-thio-B-D-galac-
topyranoside. The MS2-MBP protein was purified by amylose
beads according to the manufacturer’s protocol (NEB, Beverly,
MA). The protein was dialyzed with 10 mm sodium phosphate,
pH 7, overnight at 4 °C, to remove existing salts that are present
and further purified over a Heparin Hi Trap column using a
NaCl gradient (GE Healthcare). An immunoblot analysis was
performed on the purified fusion proteins using rabbit anti-
MS2 antibody (gift from Peter Stockley, Leeds University) to
confirm the identity of the protein.

Assembly of the MS2-MBP System—1 pg of the VEGE-MS2
plasmid was linearized with Xbal and in vitro transcribed with
T7 RNA. polymerase (NEB) in 0.5 mm rNTP (Ambion), 40 mm
Tris-HCl, 6 mM MgCl,, 10 mu dithiothreitol, 2 mM spermidine
at 40 °C for 1 h 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 min. 75 mg of HEK293 nuclear extract
were added to the MS2-MBP fusion protein/VEGF-RNA mix in
0.5 mm ATP, 6.4 mm MgCl,, 20 mwm creatine phosphate for 1 h
at 30°C. Proteins that bound to the MS2-MBP/VEGF-MS2
RNA complex were affinity selected on amylose beads by rotat-
ing for 4 h at 4 °C and eluted with 12 mum maltose, 20 mm HEPES
pH 7.9, 60 mm NaCl, 10 mm B-mercaptoethanol, and 1 mm
phenylmethylsulfonyl fluoride.

RNA Immunoprecipitation—HEK293 cells were transfected
with plasmid containing the last 131 nt of intron 7 and the first
152 nt of exon 8 inserted downstream of the CMV promoter in
pTARGET. Two variants of this were generated by site-di-
rected mutagenesis: a deletion of 11 nucleotides upstream of
the PSS from —4 to —24 nt, and the second is a mutation of the
sequence CTTTGTTTTCCATTTC to GGGGGGGGGGCA-
GGGG. Cells were cross-linked for 10 min at 4°C with 1%
formaldehyde in phosphate-buffered saline and blocked by the
addition of glycine, pH 8, at a final concentration of 250 mM.
The cells were washed twice with PBS, and the cell pellet resus-
pended in 500 pl of radioimmune precipitation assay buffer (50
mM, Tris-Cl, pH 7.5, 150 mm NaCl, 1 mm EDTA, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.05% SDS) and incubated on
ice for 20 min. The cells were sonicated three times for 15 s with
an XL ultrasonic homogenizer (setting 5) and incubated on ice
for 2 min between each sonication. The extract was centrifuged
for 10 min at 10,000 rpm and precleared by a 1-h incubation at
room temperature with protein A-agarose beads (previously
coated with 0.5 mg/ml bovine serum albumin and 0.2 mg/ml

herring sperm DNA). The antibodies mouse IgG (vector I-200)
" or anti-ASF/SF2 (5C96, Santa Cruz Biotechnology) were incu-
“bated for 1 h at room temperature with protein A-agarose beads
(Sigma, coated as above). ASF/SF2-containing complexes were
pulled down after a 2-h incubation of the precleared extract
with the antibody/beads and washed six times for 10 min each
in 50 mm Tris-Cl, pH 7.5, 1 M NaCl, 1 mM EDTA, 1% Nonidet
P-40, 1% sodium deoxycholate, 0.1% SDS, 1.5 M urea. The com-
plexes were eluted and cross-link reversed by treatment for 45
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min at 70 °C with 50 mm Tris-Cl, pH 7.5, 5 mM EDTA, 10 mMm
dithiothreitol, and 1% SDS. RNA was then extracted with Tri-
reagent solution (Ambion) according to the manufacturer’s
protocol, precipitated with 0.8 volumes of isopropyl alcohol in
the presence of glycoblue (Ambion), the pellet resuspended in
water, and subjected to DNase treatment for 1 h at 37 °C and
reverse transcription for 1 h at 42 °C using MMLV (Promega)
and oligo(dT),s. PCR was carried out using the Master Mix
from Promega and specific primers for the plasmid VEGF
sequence. 5'-CTAGCCTCGAGACGCGTGAT-3' and 5'-GGC-
AGCGTGGTTTCTGTATC-3" or GAPDH.

Oxygen-induced Retinopathy (OIR)—The OIR model was
performed as previously described (18, 19) with minor modifi-
cations. Neonatal C57/Bl6 mice and nursing CD1 dams were
exposed to 75% oxygen between P7 and P12. Return to room air
induced hypoxia in the ischemic areas. On P13, mice received
either HBSS or SRPIN340 (10 pmol) in Hank's-buffered solu-
tion in a 1-ul intraocular injections using a Nanofil syringe fit-
ted with a 35-gauge needle (WP, Sarasota, FL) into the left eye
under isoflurane anesthesia. On P17, both eyes were dissected,
fixed in 4% paraformaldehyde overnight at 4 °C, and retinas
were dissected. Retinas were permeabilized in PBS containing
0.5% Triton X-100 and 1% bovine serum albumin, stained with
20 pg/ml biotinylated isolectin B4 (Sigma Aldrich) in PBS, pH
6.8, 1% Triton X-100,0.1 mm CaCl,, 0.1 mm MgCl,, followed by
20 pg/ml ALEXA 488-streptavidin (Molecular Probes, Eugene,
OR) and flat mounted in Vectashield (Vector Laboratories,
Burlingame, CA). Retinas were examined under a Nikon
Eclipse 400 epifluorescence microscope and areas of neovascu-
larization identified under a 4X objective. Images were cap-
tured and imported into Image J, and neovascular, ischemic,
and normal areas were traced and measured. Imaging was done
by investigator, blinded to treatment.

Real-time PCR on Mouse OIR Retina—HBSS or 100 pmol of
SRPIN340 in 1 pl was injected intraocularly into OIR pups on
day 13 (day 7-12 in 75% O,), and after 48 h, the eyes were
enucleated and placed in RNAlater (Sigma Aldrich), and the
retinae were excised. Total RNA was extracted using RNAeasy
(Qiagen) according to the manufacturer’s manual, and 0.3 ug of
DNase-digested total RNA was reverse transcribed using the
oligo(dT,;) primer. Real-time PCR was performed on a Ceph-
eid Real time thermocycler using ABsolute QPCR SYBR green
mix (Thermo Scientific) and 70 nMm primers specific for
VEGE, ¢ (exon 7/8a) or total VEGF (exon 2/3) at 95 °C for 15
min, then 95 °C for 15 s, and 60 °C for 30 s X 40 cycles or for the
housekeeping gene (B-actin) 95 °C 15 min, at 95 °C for 15 s,
55 °C for 30s, 72 °C for 30 s X 40 cycles.

Immunocytofluorescence—Cells were washed with PBS, fixed
for 5 min with 4% (w/v) PFA, washed with PBS in 0. 05% Triton

X (PBS-T) blocked in 5% horse serum in PBS-T (1 h), washed
three times, and incubated overnight with 2 pg/ml of anti-ASF/
SE2 (SC10255) or a nonspecific goat IgG, washed, and incu-
bated with donkey anti-goat Alexa Fluor 594 for visualization
and counterstained for the nucleus with Hoechst. Images were
taken at 40X magnification with the Nikon Eclipse 400 epifluo-
rescence microscope of 60X on a Perkin Elmer Ultraview-Fret
H confocal microscopy system.
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FIGURE 1. Inhibition of PKC by BIM1 prevents the down-regulation of VEGF, b by IGF. A, exon structure of
the VEGF pre-mRNA. Alternative splicing of exon 8 to either 8a or 8b results in use of proximal (PSS) or distal
splice sites (DSS) resulting in shorter mRNA for distal splicing. Because the last stop codon is missing, the final
sixamino acid open reading frame is replaced by an identically sized open reading frame encoding six different
amino acids. The primer position is shown by horizontal arrows. B~D, podocytes were treated with BIM1 (2.5 um)
alone or in combination with IGF-1 (100 nm). B, RT-PCR showed that BIM1 reduced the VEGF, , .VEGF, bratioat
the RNA level. C, Western blot demonstrating that BIM1 inhibited the {GF-mediated down-regulation of
VEGF, b expression at the protein level. D, ELISA results confirming that BIM1 specifically attenuated the
IGF-1-dependent down-regulation of VEGF b, but does not affect endogenous expression of VEGF, . b. **,

p < 0.01 compared with untreated.
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FIGURE 2. Proximal splicing is activated by protein kinase C. A-C, treat-
mentof podocytes with the PKC activator PMA reduced VEGF, g;b expression,
but increased expression of total VEGF as measured by Western blot (4) and
ELISA (B). Thisresults in a change of relative expression from 60% {(anti-angio-
genic) to just under 50% (angiogenic) ().

© Statistical Analysis—Statistical analyses were carried out on
raw data using the Friedman test (Dunnet post-test), and a p
value of less than 0.05 was considered statistically significant.
Values are expressed as means £ S.E. For all data, # represents
the number of independent cell populations or derived from
different donors.
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macological inhibitors of PKC
(BIMI). Treatment with 100 nm
IGF-1 and 2.5 pM BIMI, the PKC
inhibitor, followed by RNA extrac-
tion and RT-PCR using primers that
detect both proximal (VEGF,,,,
130-bp amplicon) and distal splice
isoforms (VEGF.b, 64 bp ampli-
con) was carried out. Treatment
with IGF-1 increased the relative
intensity of the VEGE, (upper)
band to the VEGF, b band (lower)
from1.39 = 0.42t04.84 £ 0.65 (p <
0.01, Fig. 1B). Treatment with 100
nMIGF-1and 2.5 um BIMI, the PKC
inhibitor, resulted in a VEGF,
VEGF, b density of 2.12 * 0.39,
which was lower than treatment
with IGF-1 alone (4.84 * 0.65,
p < 0.05) but was not different
from treatment with BIMI alone
(1.62 £ 0.76, p > 0.05, Fig. 1B).

To determine whether IGF-1-mediated regulation of splic-
ing was apparent at the protein level, podocytes were incubated
with the pharmacological inhibitors of PKC (BIMI), and ELISA
carried out on the protein extracted from the cells. Treatment
with 100 nMm IGF-1 and 2.5 pm BIMI, the PKC inhibitor,
resulted in cells producing 0.47 = 0.03 pg/ung of VEGF, b,
which was significantly greater than cells treated with IGF-1
alone (0.12 * 0.02 pg/ug, p < 0.001) but was not different from
treatment with BIMI alone (0.40 £ 0.06 pg/ug, p > 0.05, Fig.
1D). This was confirmed by Western blot (Fig. 1C).

PKC Activation Induces Proximal Splice Site Selection—To
determine whether the PKC activation was sufficient to cause
proximal splice site selection, cells were treated with 100 nM
phorbol myristate acetate (PMA), which is known to induce
PKC activation. PMA treatment resulted in a significant
increase in VEGF expression as determined by Western blot,
but a decrease in VEGF, 4b expression (Fig. 24). To confirm
this quantitatively, ELISA was performed on protein extracted
from these cells, and a significant reduction in VEGF,¢b but
increase in total VEGF was seen (Fig. 2B). This results in a
decrease in the relative VEGF, b levels (Fig. 2C).

SRPK1/2. Inhibition Prevents the Down-regulation of
VEGF,, b by IGF-1—There are a number of splicing factor
kinases that are activated by PKC, including the SR protein
kinases SRPK1 and SRPK2 (20, 21). To test the effect of
SRPIN340, an inhibitor of SRPK1/2, on IGF-1-mediated down-
regulation of VEGF,__b at the protein and mRNA level, cells
were treated with SRPIN340 (10 pMm) alone and then in combi-

-+ IGF-1(100 nM)
+  + BIMI(25uM)
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A.RT-PCR
+ IGF-1 (100 nM)
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B. Immunoblot

- Untreated cells (Fig. 44) contained
both nuclear and cytoplasmic ASF/

. + IGF-1 {100 nM) SF2, whereas after treatment with

133 bp VEGF 165 - - +  +SRPIN340 (10pM) IGE-1, ASF/SF2 localized specifi-
66 bp VEGF (55b ' . VEGF.b cally to the nucleus (Fig. 4B). This
a 40 . R localization was inhibited by
W5, 1 SRPIN340 (Fig. 4, B versus D), indi-
gg | Bractin cating that IGF1-mediated activa-
%8 2 tion of SRPK1/2 was responsible for
t5 310 the nuclear localization of ASF/SF2.
£ 6o It has previously been demonstrated
- + - + |GF-1 (100 nM) that ASE/SF2 can be shuttled from
- - * + SRPIN340 (10 i) v the nucleus to. the cytoplasm in
C.ELISA = D. ELISA SRPK transfection HeLa cells, but is predominantly
2 E) 3 nuclear. We therefore investigated
%6 1.4 g 2501 2$Egg p ASE/SF2 localization in these and
s8s12 = 200 =" another cell type, HEK293 cells. Fig.
g8 10 £ 4, E and F shows that whereas in
€208 g 180 ’
52T 06 £ 100- HEK?293 cells there is a strong cyto-
W 04 ‘ w plasmic localization for the ASF/
Y 02l g% ' SF2, in HeLa cells expression is pre-
00" P S SRPK1«M P dominantly nuclear, as previously

+ [GF-1 (100 nM)
) . + + SRPIN340 (10 uM)

FIGURE 3. Inhibition of SPRK1/2 by SRPIN340 prevents the down-regulation of VEGF,.b by IGF. A-D, cells
were treated with SRPIN340 (10 um) alone or in combination with IGF-1 (100 nm). A, RT-PCR showed that SRPIN340
reduced the VEGF s VEGF¢5b ratio at the RNA level. B, Western blot demonstrating that SRPIN340 inhibited the
IGF-mediated down-regulation of VEGF, b expression at the protein level. C, ELISA results confirming that
SPRIN340 specifically attenuates the IGF-1-dependent down-regulation of VEGF,.b, but did not affectendogenous
expression of VEGF,..b. D, ELISA of the protein extract shows that SRPK1 transfection reduces VEGF, b expression,
and total VEGF expression. SRPK2 reduces total expression, but did not affect VEGF b expression. ’

GControl

described. This subcellular localiza-
tion of ASF/SF2 was confirmed by
the use of a second ASF/SF2 anti-
body. Furthermore, high resolution
gel electrophoresis -showed = that
whereas podocyte cytoplasmic pro-
tein contains a single molecular

nation with IGF-1 (100 nm). Amplification of cDNA from podo-
cytes showed that IGF-1 treatment with 10 um SRPIN340, the
SRPK1/2 inhibitor resulted in a relative VEGF, VEGF, b
density of 1.26 = 0.22, which was lower than treatment with
IGE-1 alone (4.84 = 0.65, p < 0.01) but was not different from
treatment with SRPIN340 alone (1.45 £ 0.30,p > 0.05, Fig. 3A).
At the protein level, SRPIN340 inhibited IGF-1-dependent
down-regulation of VEGF, b from 0.12 * 0.02 pg/png to 0.50 =
0.05 pg/ug (» < 0.001), but not when SRPIN340 was used alone
(0.45 *+ 0.01 pg/pg), indicating that SRPK inhibition did not
affect endogenous expression of VEGF, b (0.42 £ 0.02 pg/ug,
p > 0.05) (Fig. 3C). This was again confirmed by Western blot
(Fig. 3B). To confirm the involvement of SRPK1 or SRPK2 in
the terminal splice site choice, epithelial cells were transfected
with expression vectors to overexpress SRPK1 and SRPK2. Fig.
3D shows that overexpression of SRPKI1, but not SRPK2,
resulted in reduced distal splice site selection and hence
reduced overall VEGF levels. By itself, it was not sufficient to
simply switch the splicing but resulted in inhibition of
VEGF, 4.b without increased VEGF,4;. Interestingly, SRPK2
overexpression did not affect VEGF ;b production, althoughit
did reduce total VEGF expression.

- IGF1 Treatment Resulted in Nuclear Localization of ASF/
SF2, which Was Blocked by SPRK1/2 Inhibition—SRPK1 has
been shown to phosphorylate ASF/SF2, which we have previ-
ously shown to favor proximal splice site selection. To deter-
mine whether IGE-1 altered ASF/SF2 localization, podocytes
were treated with 100 nm IGF and stained for ASF/SF2.
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~ weight ASF/SF2, an additional higher
molecular weight band is seen in podocyte nuclei (data not
shown), confirming that in podocytes ASF/SF2 is both cyto-
plasmic and nuclear. We also investigated VEGF; b mRNA
expression in these two additional cell types. Fig. 4G shows that
HEK cells (with cytoplasmic ASF/SE2) express VEGEF 4sb,
whereas HelLa cells (nuclear ASF/SF2) only express VEGF ;.
This is consistent with the cytoplasmic location of ASF/SF2
being associated with VEGF¢:b expression.

ASF/SF2 Requires a 35-nt Region around the Proximal Splice
Site of Exon 8 to Bind to VEGF mRNA—To determine whether
ASF/SF2 could bind directly to the proximal splice site RNA, we
used the MS2-MBP system to pull-down proteins that could
interact with the RNA. Fig. 54 shows that ASF/SF2 was present
both in crude nuclear extract and in the pull-down of nuclear
extract incubated with an RNA containing the MS2 binding
domain RNA fused to an 88-nt fragment containing the initial
35 nucleotides upstream of exon 8a, the coding sequence of
exon 8a, and 35 nucleotides of 3'-UTR. In contrast, less ASF/
SF2 was seen in the pull-down of nuclear extract incubated with
the mRNA that did not have the 35 nucleotides upstream of
exon 8a and did not bind the MS2 binding domain by itself,
indicating that ASF/SF2 required a 35-nt fragment of exon
8a upstream of the proximal splice site to most efficiently
bind the VEGF pre-mRNA. To determine whether binding of
ASF/SF2 was PKC-dependent and whether this was SRPK1-de-
pendent, HEK293 cells were treated with the PKC activator
PMA in the presence or absence of the SRPK inhibitor
SRPIN340, and then the protein run on an MS2-MBP column
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A Vehicle

,D IGF+SRPIN340

HEK293 Hela

FIGURE 4. Nuclear localization of ASF/SF2 is increased by IGF-1. A-F, cells were treated with vehicle or IGF in
the presence or absence of SRPIN340 and stained for ASF/SF2 and counterstained with Hoechst. A, podocytes
show expression of ASF/SF2 in the nucleus and in the cytoplasm. B, IGF induces nuclear localization of cyto-
plasmic ASF/SF2. C, SRPIN340 by itself does not affect localization of ASF/SF2. D, SRPIN340 inhibited this
IGF-mediated localization. E, HEK cells also show cytoplasmic localization of ASF/SF2. F, in contrast, Hela cells
have nuclear ASF/SF2 localization. G, RT-PCR of mRNA from HEK cells shows VEGF,4sb expression, but not in

Hela cells. MWM, molecular weight marker.

with the VEGF exon 8 construct. Fig. 5B shows that in cells
treated with PMA, more ASF/SF2 binds to the VEGF construct
than in untreated cells. This increase was inhibited by treat-
ment with 10 um SRPIN340 or by treatment with the phospha-
tase PP1. The sequence 35 nucleotides upstream of the PSS
contains ASF/SF2 and U2AF65 consensus binding sequences.
To determine more precisely the sequence required for ASF/SF2
binding to the RNA, a short sequence upstream of the proximal
splice site was mutated (14 nt) or deleted (11 nt) in a plasmid con-
taining just the terminal part of intron 7 and the proximal part of
exon 8. Fig. 5D shows that the three constructs express the recom-
binant VEGF RNA (total cell extract, TCE). However, only the
wild-type RNA was pulled-down with the ASF/SF2 protein, sug-
gesting that the region we have mutated or deleted is required for
ASF/SF2 binding to the VEGF pre-mRNA. -
SRPK1/2 Inhibition Inhibits Angiogenesis in a Mouse Mod-
el of Retinal Neovascularization—To determine whether
the inhibition of proximal splice site selection by blocking
SRPK1/2, and hence increased anti-angiogenic VEGE, b pro-
duction, we used a mouse model of retinal neovascularization

R ETEN

FEBRUARY 19, 2010+ VOLUME 285-NUMBER 8

where angiogenesis is driven by
hypoxia, a process known to favor
proximal splice site selection. Injec-
tion of SRPIN340 into mouse retina
resulted in a significant inhibition of
neovascular area of the retina, as
well as a significant reduction in
ischemic area (Fig. 6, C, D, and F).
This resulted in a significant
increase in the normally vascular-
ized area, a result that is qualita-
tively consistent with injection of
recombinant VEGF, b into the vit-
reous in this model (Fig. 6, E and F).
To determine whether VEGF levels
were altered by SRPIN340 treat-
ment, mRNA was extracted from
the retinae and subjected to Q-PCR
for all VEGF isoforms using primers
in exon 2 and 3. Treatment of eyes
with SRPIN340 made no difference
in overall VEGF levels (2.3 = 0.5%
of actin compared with 2.2 *
2.0%). However, exon 8a containing
mRNA was alteredfrom 1.1 = 0.5 to
0.3 % 0.2% of actin).

DISCUSSION

VEGF induction by IGF-1 occurs
via different signaling pathways
including PKC (22) and PI3-K (23—
25). There is increasing evidence
that transducing components that
link the cell surface with the
nuclear splicing machinery impli-
cate signaling pathways such as
PKC (26), PI3-K (27, 28), or PKB/
Akt (29, 30). IGF-1 modulates splic-
ing of VEGF isoforms by preferential use of the PSS to
increase expression of pro-angiogenic isoforms (15). Moreover,
previously we have shown that ASF/SF2 overexpression preferen-
tially increases usage of the proximal splice site (15) and gives the
same effect as IGE-1. SRPK1 has been shown specifically to phos-
phorylate 12 serines of the RS domain in ASF/SF2 (31), and SRPK2
has been involved in the localization of ASF/SF2 within the
nucleus. Thus, in this report, we have investigated the link between
the splicing machinery and IGF-1 signaling.

We have shown that the IGF-1-mediated increase in VEGF
isoforms using the proximal splice site is inhibited by blocking
PKC and SRPK1/2, and that this can be overcome by the use of
a PKC inhibitor or mimicked by a PKC agonist or overexpres-
sion of SRPK1. This firmly suggests that this kinase cascade is
involved in splice site selection in the VEGF gene. We have used
RT-PCR, ELISA, and Western blotting to investigate VEGE
splicing. VEGF isoform mRNA expression depends on tran-
scription, splicing, and degradation of mRNA, and protein
expression additionally depends upon translational rate and
degradation rate. The finding that the mRNA and protein iso-
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A ) 66bp
VEGF Intron 7 Exon 8a Exon 8b
constructs . .
PSS TGA DSS TGA _ Ms2
A | sont | ORFsa [Exon8a3UuTR| ORF8b | 146 LR
B [ 35n | ORF8a |Exon8a3UTR| ORF8b | asnt |99
¢ [ sm | orrea | aem  L99%
=
D [ 350t | ORFBb | 3snt l-m
E [ orFea | st |
sequence
required for —m
ASF/SF2 binding
B. I8: ASF/SF2 HEK 293
NE A B C D E F
Bound |
ASF/SF2 MS2 Bound
Unbound
AgF?ggz Flow through

C. MS2 - construct G PMA+ PMA+
IB: ASF/SF2 Untrealed  PMA  'SRPIN340 PP1
ASF/SF2 MS2 Bound

D. RNAIP: ASF/SF2
intron 7 deletion, 11nt

RT-PCR VEGF Intron 7 mutant intron 7
GCCTTTGTTITCCATTTCCCT GC..CT GCGGGGGEEEGGECAGEGGCCT
ASFISF2 ASF/SF2 ASF/SF2
TCE IgG mAb TCE. 1I1gG mAb TCE 1gG mAb
VEGF-RNA
GAPDH

FIGURE5.ASF/SF2-1binds a 35-nt region of VEGF pre-mRN‘A upstream of the proximal splice site ofexon

8. A, constructs were generated containing fragments of the exon 7/exon 8 boundary, fused to a sequence
encoding the stem loop structures recognized by the MBP-MS2-binding protein, which can bind maltose.
These were transcribed in vitro. B, Western blot of HEK cell crude nuclear extract (NE) or NE incubated with
mRNA constructs as above and run over a maltose column to isolate proteins that bind to the RNA constructs
and probed with an ASF/SF2 antibody. Whereas mRNA containing the 5’ regions of the intron 7/exon 8
boundary contained ASF/SF2 immunoreactivity, RNA encoding the exon 8 region did not, identifying the
binding site for ASF/SF2 in the intron 7/exon 8a boundary. C, immunoblot of HEK cell NE of cells treated as
shown incubated with the RNA construct C and run over the M52-MBP column.-PMA activation increased
binding, and this was blocked by SRPIN340 and phosphatase treatment. D, RNA immunoprecipitation of
ASF/SF2 in cells expressing constructs with a mutated or deleted intron 7 sequence. The top shows RT-PCR of
total cell extract (TCE) or immunoprecipitated RNA using a nonspecific mouse IgG (IgG), or using a mouse
monoclonal antibody to ASF/SF2 using primers to detect the VEGF sequence. The bottom blot shows the same
treatments subjected to GAPDH amplification. The wild-type sequence showed a stronger band in the ASF/SF2
IP, whereas the mutants showed no difference between mouse IgG and ASF/SF2.

- SR+ proteins can

have two alternate transcription
start sites. Although there is no
evidence to date to show that these
are differentially used for the dif-
ferent exon 8 isoforms, they do
confer different exon 7 inclusion
(32). If alternate transcription
start sites are used, the splicing
machinery would still need to be
different in order for the tran-
scription complex to recognize the
different exon 8 splice sites. It is
possible that these two different
isoform families are differentially
degraded, and that IGF mediates a
decrease in degradation of mRNA
encoding the proximal splice site.
This is a possibility that we have
not as yet excluded. However, the
finding that ASF/SF2, a known
splicing factor, requires the pres-
ence of a specific short sequence in
the polypyrimidine tract upstream of
the proximal splice site and that
ASF/SF2isinduced to nuclearlocal-
ization by SRPK1 activation and
IGF-1 activation strongly suggest
that this is a splicing mechanism
rather than a degradation mecha-
nism. We have shown that ASF/SF2
requires this sequence, which con-
tains both a U2AF65 and consensus
ASF/SF2 sequence, for binding to
the VEGF pre-mRNA, but does not
demonstrate that this is the
sequence it binds to. ASF/SF2 bind-
ing to a region upstream of a splice
site is generally considered a splic-
ing repressor. There is evidence that
interact with
sequences upstream of the splice
site that act as intronic splicing
enhancer or silencer regions (re-
viewed in Ref, 33); for instance in
the FGFR2 gene mutations in 50%
of the sequential 6 nucleotide
sequences in the intronic region
upstream of the splice site resulted
in altered splicing (34). However, an
alternative explanation is that ASF/
SF2 requires the U2AF65 consensus
sequence adjacent to exon 8a to be

forms are both altered in a similar way by each intervention
suggests that this is an mRNA switch, at least in part. As the
mRNAs are generated by alternative splicing it is unlikely
that differential isoform production is due to differential
transcription, as both isoforms are transcribed from the
same promoter region. However, VEGF has been shown to

5538 JOURNAL OF BIOLOGICAL CHEMISTRY

present in order for it to bind to consensus sequences down-
stream and repress distal splice site selection, and hence when
mutated or deleted DSS repression is lifted resulting in prefer-
ential proximal splice site selection. More research is required
to pinpoint the exact mechamsm of splicing regulation by
ASF/SE2.
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D. Neovascular E. Ischemic F.
40 40 1 Normal
60 1
p<0.05
30 30 501
£ £ 240
o,.1 0 3 =0.013 b
520 m 52 307
= * ®207
101 10
107 p=0.0013
0

0 0
Control  SRPIN340 Control  SRPIN340

eye. Neo, neovacular; isch, ischemia; Norm, normal.

Itis still not clear if the IGE-1 system plays a direct role in the
growth of new blood vessels. However, there are increasing
examples that IGF-1 indirectly increases angiogenesis by up-
regulation of VEGF (22, 25, 35). Moreover, IGF-1 induces
angiogenesis in the rabbit cornea (36) and stimulates migration,
proliferation (37), and tube formation of human endothelial
cells (38). IGE-1 is also widely implicated in pathological angio-
genesis. Expression of IGF-1 was increased in the vitreous of
patients with diabetic retinopathy (39). There is a positive cor-
relation between elevated VEGF-A and IGF-1 in different types
of cancers such as colorectal cancer (40), breast cancer (41), and
head and neck squamous cell carcinomas (25).

Moreover, the SERSI gene, encoding ASF/SF2, fulfills the
- criteria of a proto-oncogene (42). Overexpression of ASF/SF2
in immortalized rodent fibroblasts resulted in formation of
high-grade sarcomas after injection into nude mice (43).
Knock-down of ASF/SF2 in lung carcinoma, which has high
expression of that molecule, inhibited tumor formation in nude
mice (43).

There are increasing examples that manipulation of the
splicing machinery can be used as new therapeutic targets (44).
Small molecules that can target splicing factors and kinases
involved in splicing are promising candidates for drugs (17,
45-47). Alternatively, the use of antisense oligonucleotides
such as morpholinos, which can bind to the specific splice sites
to modulate aberrant splicing has been investigated (48, 49).

BEDE.

FEBRUARY 19, 2010-VOLUME 285-NUMBER 8

Control  SRPIN340

FIGURE 6. Neovascularization induced by hyperoxia is inhibited by a single dose of SRPK inhibitor,
SRPIN340. A, low power fluorescence micrograph of FITC-labeled lectin staining of retinal whole mounts with
areas of NV (white) and ischemic (orange) outlined. B, higher power view of a single retinal quadrant, with
angiogenic areas highlighted by arrowheads. C, high power view of retinal angiogenic area showing sprouting
endothelial cells. D, quantification of neovascular areas shows a small but significant inhibition by a single
injection of 1 ul of 10 um SRPIN340 1 day after removal from oxygen. £, ischemic area was also reduced in these
mice. F, normal area was consequently increased. G, data shown as relative to control, uninjected contralateral

SRPK1 seems to be a relatively new
target for future cancer therapies
but is receiving more attention
recently as higher expression of

SRPK1 has been observed in breast

and colonic tumors, and its

increased expression is associated
with the grade of a tumor (50).
Moreover, it has been shown that
known anticancer drugs such as
gemcitabine and cisplatin increase
cell apoptosis with a much stronger
effect when phosphorylation of SR
proteins was inhibited by using
siRNA against SRPK1 (51). SRPK2
is able to bind and phosphor-
ylate acinus, an SR protein, and
_ moves it from nuclear speckles to
the nucleoplasm, resulting in the
activation of cyclin Al (52). More-
over, overexpression of acinus or
SRPK2 increased leukemia cell pro-
liferation. SRPK2 and acinus were
also overexpressed in human acute
myelogenous leukemia patients and
correlate with elevated cyclin Al
expression levels (52). These two
kinases are able to phosphorylate
the splicing factor, ASE/SF2 and all
these components are involved
in the choice of the PSS in VEGF.

The inhibitor of SRPK1/2 kinase,
SRPIN340 prevents the down-regulation of the VEGE,,b iso-
forms. Moreover, SRPK1 and SRPK?2 are known to phosphory-
late the ASF/SF2 splicing factor with high specificity (21, 31,
53). These results indicate that an overactivity of SRPK1 can
cause phosphorylation of ASF/SF2. However, SRPKs have
other targets, including those known to up-regulate VEGF,.b
such as SRp55 (15), and the contribution of SRp55 phosphory-
Jation to IGF-mediated effects (perhaps by inhibiting its bind-
ing to the distal splice enhancer region) cannot be ruled out. It
thus appears likely that SRPK1-mediated phosphorylation of
ASE/SF2 could support an activation of the PSS and increased
production of pro-angiogenic isoforms.

The overexpression findings, however, suggest that whereas
SRPKs are necessary, they are not sufficient for proximal splice
site selection. Thus these findings indicate that SRPK1 inhibi-
tors may be potentially anti-angiogenic, and to that end we set
out to investigate this in a model of angiogenesis in the eye. A
single dose of SRPIN340 resulted in significant inhibition of
angiogenesis and increased normal vascularization. Whereas,
we have not measured VEGF, ;b levels in these eyes, there is a
discrepancy between total and exon 8a-containing isoforms
that is most likely a result of altered splicing. The angiogenesis
is known to be mediated by pro-angiogenic VEGF and can be
inhibited by anti-angiogenic VEGF,4zb (18); thus, allowing us
to draw a parallel between anti-angiogenic splice forms and
inhibition of splice factors that cause pro-angiogenic splicing in
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the same retinal angiogenesis model. These data suggest that
anti-SRPK1 inhibitors may be useful anti-angiogenic agents,
suggesting a use in cancer as well as diabetic retinopathy or
age-related macular degeneration.
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ABSTRACT

Viruses use alternative splicing to produce a broad
series of proteins from small genomes by utilizing
the cellular splicing machinery. Since viruses use
cellular RNA binding proteins for viral RNA
processing, it is presumable that the splicing of
cellular pre-mRNAs is affected by viral infection.
Here, we showed that herpes simplex virus type 2
(HSV-2) modifies the expression of promyelocytic
leukemia (PML) isoforms by altering pre-mRNA
splicing. Using a newly developed virus-sensitive
splicing reporter, we identified the viral protein
ICP27 as an alternative splicing regulator of PML
isoforms. ICP27 was found to bind preferentially to
PML pre-mRNA and directly inhibit the removal of
PML. intron 7a in vitro. Moreover, we demonstrated
that ICP27 functions as a splicing silencer at the 3’
splice site of the PML intron 7a. The switching of
PML isoform from PML-Il to PML-V as induced by
ICP27 affected HSV-2 replication, suggesting that
the viral protein modulates the splicing code of
cellular pre-mRNA(s) governing virus propagation.

INTRODUCTION

As many as two-third of human genes produce two or
more isoforms from one gene by alternative pre-mRNA
splicing - (1,2). Alternative splicing is strictly regulated
across cell and tissue types, sex determinations, signal-
regulated changes and developrmental stages to provide a
varjety of gene functions depending on the situation (3,4).
Alternative splicing also contributes to viral proteomic
diversity (5). In the case of human immunodeficiency

virus type 1, primary RNA transcripts are alternatively
spliced to generate more than 40 different mRNAs (6).
As viral RNA processing is often catalyzed by cellular
RNA-binding proteins such as serine-arginine rich (SR)
proteins (7,8), virus infection sometimes affects the host
RNA processing factor (9,10). However, the effects of
viral proteins on cellular mRNA splicing have poorly
been investigated.

Herpes simplex virus type 2 (HSV-2) is a nuclear
replicating DNA " virus and a highly adapted human
pathogen with rapid lytic replication cycle. When the
viral capsid makes its entry into the host cell nucleus,
HSV-2 genome DNA localizes to discrete nuclear foci
called promyelocytic leukemia nuclear bodies (PML-
NBs), also known as nuclear domain 10 (NDI10) or
PML oncogenic domain (POD) (11). PML was originally
characterized as part of a fusion protein with RAR«
cloned from acute PML patients (12-14). PML is
expressed in all normal tissues as well as tumor cell
lines; however, its expression is reduced in some
progressed tumors, (15). The size of PML-NBs varies
from 0.2 to 1um, and their frequency depends on cell
type, cycle, and status (16-19). PML-NBs consist of
many kinds of proteins involved in various functions
(20,21), and are implicated in various cell processes,
including apoptosis, DNA repair, transcription,
senescence, cell proliferation, signal transduction and
viral pathogenicity (19,20,22-29). PML-NBs have been
thought to contribute to intrinsic antiviral defense on
the interferon pathway (30). However, recent reports
have indicated that PML-NBs provide scaffolds for
DNA viruses and promote efficient viral propagation
(11,24,31). Thus, a simple model is not sufficient to accom-
modate all accumulated evidence.

The human PML gene consists of nine major exons,
and several alternatively spliced PML transcripts lead to
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the expression of a multitude of different PML isoforms
(32,33), as shown in Figure 1A. PML exon 1 to exon 4,
which are common to all isoforms, are translated into the
tripartite motif (TRIM) including the RING finger, B-box
and coiled-coil domain. On the other hand, PML exon
5 to exon 9 can be alternatively spliced, generating mul-
tiple PML isoforms such as PML-I containing the putative
exonuclease III domain (34). Furthermore, PML exon 6
contains the nuclear localization signal, and can be
excluded for the expression of the cytoplasmic PML-VII
isoform, which is essential for TGF-§ signaling (27,33).
Thus, the PML gene utilizes alternative pre-mRNA
splicing for the functional diversity of its own protein
products.

In this study, we hypothesized that the conflicting host—
virus interactions at PML-NBs may reflect the differential
functions of PML isoforms. Consequently, we found that
the expression of PML splicing isoforms was switched
during HSV-2 infection by alternative splicing. Our
group has recently developed a splicing reporter capable
of visualization of alternative splicing events in vivo and
has also identified novel #rans-acting factors (35,36). Here,
we newly developed a virus-sensitive splicing reporter
whose fluorescent protein expression is changed in HSV-
2-infected cells, and we identified infected cell protein 27
(ICP27) as an alternative splicing regulator. ICP27 prefer-
entially interacted with PML pre-mRNA and suppressed
intron 7a removal presumably by modulating 3’ splice site
(ss) recognition of the cellular zrans-acting factor.

MATERIALS AND METHODS
Construction of plasmids ‘

‘We constructed the reporter minigene PML E6-7b by
amplifying the PML genomic DNA fragments spanning
from exon 6 to exon 7b and cloning to a pcDNA3 vector
(Invitrogen). Constructs expressing myc-tagged HSV-2
¢DNAs and Flag-tagged ICP27 were prepared by
inserting PCR products from the cDNA of HSV-2-
infected HEK293 cells into the pcDNA3 vector. A con-
struct for the preparation of the T-REx293/Flag-ICP27
stable cell line was prepared by inserting PCR
products from the cDNA of HSV-2-infected HEK293
cells into the pcDNAS/FRT vector in accordance with
the manufacturer’s protocol (Invitrogen). Constructs
expressing RFP-PML-II and RFP-PML-V were prepared
by inserting PCR products from the cDNA of HEK293
cells into the pmRFP-C1 vector (Clontech). The
constructs of ICP27 mutant M15, PML-small interference
(siRNA)-resistant mutants, PML intron 7a-deletion
mutant d1 and PML 3’ ss mutants ml-m4 were made
using a QuikChange II XL kit (Stratagene). The cloning
primers are shown in Supplementary Table S1.

RT-PCR

RNA was isolated from intact, HSV-2-infected cells, and
transfected cells with sepasol RNA [ (Nacalai). For
reverse transcription, 500ng of total RNA from each
sample was incubated with oligo (dT)y and Superscript
II reverse transcriptase (Invitrogen). PCR products were

analyzed by 2% agarose gel electrophoresis, followed by

_ethidium bromide staining. As shown in Figure 1C, semi-

quantitative PCR products were analyzed using the 2100
Bioanalyzer (Agilent Technologies) following the protocol
stated in the manuals. The PCR primers are shown in
Supplementary Table S2.

Viruses and antibodies

HSV-2 strain G [HSV-2 (G)] and Venus-HSV-2 strain
YK381 were used at multiplicities of infection (MOI)
based on their plaque-forming unit titers in Vero cells.
Anti-Flag M2 antibody, anti-c-myc antibody, anti-ICP27
(8.F.137B) and Pan-PML antibody (H-238) were
purchased from Sigma, Nacalai, Abcam and Santa Cruz,
respectively. PML-II- and PML-V-specific sera were a
kind gift from H. de The (18).

Construction of YK381 expressing Venus fluorescent
protein

In pRB5198 (37), a. region containing the bidirectional
polyadenylation [poly(A)] signais of HSV-1(F) UL21
and UL22 was cloned into. pBluescript II KS(+)
(Stratagene). To construct p26.5-Venus, a Sacl-BstEIl
fragment of pRB4090 (a kind gift from Dr Bernard
Roizman) containing the promoter region of HSV-1(F)
UL26.5 and a BamHI-EcoRI fragment of Venus/pCS2
(38) containing the entire open reading frame of Venus
were subsequently cloned into pRB5198. The resultant
plasmid contains a Venus expression cassette driven by
the UL26.5 promoter. The BamHI fragment, 8.2kb,
encoding WUL1 to a part of ULS of the HSV-2 186 viral
genome was cloned into pBluescript II KS(+) to yield
p2UL3-4. p2UL3-4pac, in which the Pacl site was
introduced into the region between poly (A) signals for
HSV-2 186 UL3 and UL4 genes, was generated by site-
specific mutagenesis. p26.5-Venus in 2UL3-4 was
constructed by cloning the Sacl-Kpnl fragment of
p26.5-Venus containing the Venus ‘expression cassette
into the Pacl site of p2UL3-4pac and used as a transfer
plasmid for the generation of a recombinant virus YK381
expressing Venus fluorescent protein driven by the UL26.5
promoter, as described previously (38). YK 381 exhibits an
identical phenotype to wild-type HSV-2 186 in cell
cultures and mouse models (T.M. and Y.K., unpublished
observation).

Virus infection

HelLa and HEK?293 cells were seeded into 6-well plates,
and cells reaching 100% confluence were infected with
HSV-2(G), as stated in the relevant figure legend. To
examine the role of PML in HSV-2 replication, HeLa
cells were transfected with PML siRNA for 48 h before
the viral infection. For the PML splicing isoform rescue
experiments shown in Figure 8F, Hela cells were
transfected with PML siRNA and then with plasmids
containing either the siRNA-resistant RFP-PML-II
mutant or RFP-PML-V mutant on the next day. HelLa
cells were infected with HSV-2(G) for 24 h after- plasmid
transfection. The production of infectious HSV-2 was
assessed by plaque assay in- Vero cells (39). Vero cells



