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| PROTOCOL

BOX 1 | TESTING RESISTANCE OF BACTERIAL CLONES TO MULTIPLE ANTIBIOTICS
® TIMING 1-2 D

1. Draw a grid on the bottom surface of each LB agar plate containing a single or combination of antibiotic(s). Label each square with
clone numbers.

2. Pick a single colony from a transformation plate with a single sterile micropipette tip and sequentially streak all the test plates with
the tip in the squares assigned to the clone.

A CRITICAL STEP The LB plate containing the antibiotic(s) to which the clones are resistant should be streaked last; growth of the
bacteria on this last, positive-control plate at Step 4 indicates that the other plates were also inoculated with enough bacteria and
incubated for sufficient time.

3. Repeat Step 2 to test the desired number of clones.

4. Incubate all plates at 37 °C for 8-12 h until the bacteria grow on the positive-control plates.

5. Check the growth of each clone on each plate to analyze antibiotic resistance.

6. Store the positive-control plate with the grown bacteria as a master plate at 4 °C for up to 1 month. The master plate is used to set
up liquid cultures for plasmid preparation.

A CRITICAL STEP E. coli strains with an F” episome must be used for transformation to select destination clones. These
strains contain the ccdA gene and will survive in the presence of the ccdB gene.
A CRITICAL STEP Carbenicillin is a more stable analog of ampicillin and can be used interchangeably here and elsewhere
in this protocol. As colony formation is slow on LB-carbenicillin+chloramphenicol plates, use LB-carbenicillin plates in
this step and test chloramphenicol resistance in Step 18A(xiv).
7 TROUBLESHOOTING

(xiv) Test resistance of 8-16 carbenicillin-resistant colonies from Step 18A(xiii) to carbenicillin +chloramphenicol and
kanamycin by streaking the bacteria onto LB-kanamycin and LB-carbenicillin+chloramphenicol agar plates (Box 1) to
select for carbenicillin- and chloramphenicol-resistant and kanamycin-sensitive clones.
A CRITICAL STEP Destination vectors should have both ampicillin-resistance and chloramphenicol-resistance genes
as schematically shown in Figures 2c and 3. From experience, we have found that some carbenicillin-resistant
clones from Step 18A(xiii) are also resistant to kanamycin and contain aberrant plasmids, which can be excluded
in this step.
8 PAUSE POINT Store the LB-carbenicillin+chloramphenicol master plates at 4 °C for 1 month until use in the
next step.

(xv) Set up separate 2-ml LB-carbenicillin+chloramphenicol liquid cultures for approximately six individual carbenicillin- and
chloramphenicol-resistant clones from Step 18A(xiv). Grow at 37 °C in a shaker incubator for 16 h with rocking at
maximum speed.

(xvi) Purify the plasmid DNA and check the identity and sequence of the plasmids (see Steps 14-16).
(B) Constructing destination vectors by ligating a promoter fragment to the pDEST-PL vector. @ TIMING 2-3 weeks
(i) Design and synthesize GSPs for amplifying a promoter fragment (see REAGENT SETUP).
(ii) Prepare the PCR mixture as tabulated below. We usually use PrimeSTAR HS DNA polymerase, but other proofreading
polymerases can also be used.

Amount per Final concentration/
Reagent 50 ul reaction amount
N2 genomic DNA 200 ng 100-200 ng
Polymerase buffer (5x) 10 pl 1x
dNTP mixture (2.5 mM each) 4l 0.2 mM each
Forward GSP (2.5 piM) 5l 0.25 UM
Reverse GSP (2.5 uM) 5 ul 0.25 uM
PrimeSTAR HS (2.5 U ul™*) 0.5 pl 0.025 U pl~?
ddH,0 Make up to 50 pl
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PROTOCOL |

(iif) Run the PCR in a thermal cycler using the following parameters:

Cycle Denature Anneal Extend

1 94 °C, 2 min

2-26 (or up to 31) 98 °C, 10 s 55°C, 55 72 °C, 1 min per kb
Final 72 °C, 5 min

(iv) Verify amplification by running a 5-ul aliquot of the PCR product on a 1% (wt/vol) agarose gel.
(v) Purify the PCR product with PCR-M or by using an equivalent DNA purification column.
(vi) Digest the PCR product and pDEST-PL with appropriate restriction endonucleases.
(vii) Run a 1/20th aliquot of the pDEST-PL digestion mixture on a 1% (wt/vol) agarose gel to confirm the digestion.
(viii) Run the entire digestion mixtures on a 1% (wt/vol) agarose gel and purify the PCR product and digested pDEST-PL with
the Wizard SV gel and PCR Clean-Up System or an equivalent gel purification column.
(ix) Run a 1-pl aliquot of the PCR product and digested pDEST-PL together with a DNA ladder on a 1% (wt/vol) agarose gel
to estimate the concentration by comparing to the ladder.
B PAUSE POINT Store the purified PCR product and pDEST-PL vector at 4 °C for weeks or at —20 °C for months until use
in the next step.
(x) Prepare the ligation mixture as tabulated below in a 1.5-ml microcentrifuge tube and mix well by briefly vortexing or
tapping. We usually use the DNA Ligation Kit Ver.2.1, but other ligases can also be used.

Amount per Final concentration/
Reagent 10 pl reaction amount
Digested pDEST-PL 50 ng 50 ng
Digested PCR product 50-150 ng 50-150 ng
ddH,0 Make up to 5 pl
Solution I (DNA ligation kit) 5 ul 1x

(xi) Incubate the ligation mixture at 16 °C for 1 h or more.

(xii) Transform E. coli strain DB3.1 or ccdB Survival with 1-3 pl of the ligation mixture by a standard method according to
the manufacturer’s instructions. Plate-transform the cells on LB-carbenicillin plates and grow at 37 °C overnight to
select for carbenicillin-resistant clones.

A CRITICAL STEP E. coli strains with an F” episome must be used for transformation to select destination clones. These
strains contain the ccdA gene and will survive in the presence of the ccdB gene.

(xiii) Test resistance of the carbenicillin-resistant colonies to chloramphenicol by streaking the bacteria onto LB-carbenicillin+
chloramphenicol plates. Optionally, check the insertion of the promoter fragment by performing colony PCR with GoTaq
Green Master Mix (or EmeraldAmp PCR Master Mix) following manufacturers’ instructions when the insert is >3 kb and
the probability of carrying the insert is low.

B PAUSE POINT Master plates can be stored at 4 °C for up to 1 month until use in the next step.

(xiv) Set up separate 2-ml LB-carbenicillin+chloramphenicol liquid cultures for approximately six individual clones resistant
to both carbenicillin and chloramphenicol (from Step 18B(xiii)). Grow by rocking vigorously at 37 °C for 16 h.

(xv) Purify the plasmid DNAs and check the identity of the plasmids (see Steps 14-16).

Constructing expression clones @ TIMING 1-2 weeks
19| Prepare the LR reaction mixture as tabulated below in a 1.5-ml microcentrifuge tube and mix well by briefly vortexing

or tapping.

Reagent Amount per 5 pl reaction
Destination vector (see Table 2) 75 ng

Genomic fragment cassette in pENTR-L1-R5 15-100 ng
Fluorescent protein cassette in pENTR-L5-L2 15-100 ng

ddH,0 Make up to 4 pl

LR Clonase II Plus enzyme mix 1pul
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| PROTOCOL

20| Incubate the LR reaction mixture at 25 °C or at room temperature overnight. Although it is included in the manufacturer’s
manual for LR Clonase II Plus, we usually omit the proteinase K digestion because we find that its inclusion does not make
any difference in the number of colonies obtained in Step 21.

21| Transform E. coli strain DH5c (or others) with 1-3 pl of the reaction mixture by a standard method*. Plate-transform
the cells on LB-carbenicillin plates and grow at 37 °C overnight to select for carbenicillin-resistant clones.

A CRITICAL STEP E. coli strains with an F” episome cannot be used to select expression clones. These strains contain the
ccdA gene and will prevent negative selection with the ccdB gene in the destination vectors.

7 TROUBLESHOOTING

22| Test the resistance of six to eight carbenicillin-resistant colonies (from Step 21) to chloramphenicol, kanamycin and
carbenicillin (Box 1) by re-streaking the bacteria on three different LB agar plates, each containing one of the antibiotics,
to select for carbenicillin-resistant and chloramphenicol- and kanamycin-sensitive clones.

A CRITICAL STEP Expression clones should have the ampicillin-resistance gene and should have neither chloramphenicol- nor
kanamycin-resistance genes, as schematically shown in Figure 2a. From experience, we have found that some carbenicillin-
resistant clones from Step 21 are also resistant to chloramphenicol and/or kanamycin and contain aberrant plasmids,
which can be excluded in this step.

B PAUSE POINT Store the LB-carbenicillin master plates at 4 °C for up to 1 month until use in the next step.

23| Set up separate 2-ml LB-carbenicillin liquid cultures for 2-3 individual carbenicillin-resistant clones from Step 22.
Grow by rocking vigorously at 37 °C for 16 h.

24| Purify the plasmid DNAs and check the identity and attB1, attB2 and attB5 sequences of the plasmids (see Steps 14-16).

Generation of transgenic reporter worms by a standard microinjection method @ TIMING 3-4 weeks

25| Mix a transformation marker DNA, (in-15(+), and equal amounts of a pair or a set of reporter minigenes at a total DNA
concentration of 100 ng ul-? in 1x injection buffer. We prepare 100 ng pl-! solution for each plasmid DNA, mixing the
components in the given ratio.

26| Filter the injection mixture with a centrifugal filter device. We use the Ultrafree-MC Durapore PVDF with a 0.22-um pore

diameter.
B PAUSE POINT The injection mixture can be stored at 4 °C or at —20 °C for weeks until use in the next step.

27| Inject 20-30 lin-15(n765ts) adult hermaphrodites grown at 15 °C with the injection mixture.
28| Recover the injected (P,) worms on an NGM plate at 15 °C overnight.

29| Transfer the P, worms to a fresh NGM plate and leave them to lay eggs at 20 °C. Repeat this step twice a day. Culture F,
worms at 20 °C.

30| Isolate fluorescent or non-Muv F, worms and culture them further at 20 °C. As the temperature-sensitive Muv phenotype
of the lin-15(n765ts) mutant is fully penetrant, rescue of the Muv phenotype or expression of the fluorescent proteins in the
F, generation indicates that the worms carry the injected constructs.

31| Establish transgenic lines that express fluorescent proteins or remain non-Muv at 20 °C for at least 3-5 generations.

B PAUSE POINT Collect freshly starved worms with M9 buffer in a 2-ml cryotube and leave them in 1x worm freezing solution
at room temperature for 30-60 min, and then freeze worms at -80 °C. Worms can be stored for years at -80 °C.

? TROUBLESHOOTING

Checking splicing patterns of minigene-derived mRNAs & TIMING 2-3 weeks
32| Harvest well-fed worms of mixed stages from a 90-mm NGM plate with M9 buffer and transfer to a 1.5-ml tube. Wash two
to three times with M9 buffer to remove bacteria.

33| Freeze 30-100 pl of the packed worms from Step 32 in liquid nitrogen in a mortar and grind them to powder with a
pestle and the mortar. If necessary, occasionally add liquid nitrogen to the mortar to keep the worms frozen.
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34| Immediately add 600 l of RLT buffer ~ TABLE 6 | Minigene-specific forward and reverse primers.
(from RNeasy Mini kit) supplemented

with 1% (vol/vol) 2-mercaptoethanol to Primer Sequence Use

the frozen powder of worms, grind the attBladapterF  See Table 4 Minigene-specific forward
frozen reagent to powder and continu- GSP-attB1F See Table 4 Minigene-specific forward
ously mix until thawed, EGFPY#2 5-TGTGGCCGTTTACGTCG-3" ECFP/EGFP /venus-specific reverse
35| Optionally, shear the suspension EGFP#60-attB2R 5-AGAAAGCTGGGTTTTACTTGTACAGCTCGT-3"  ECFP/EGFP/venus-specific reverse
with QIAshredder Spin Columns. This mRFPseqR 5'-GGAGCCGTACTGGAACTGAG-3” mRFP1-specific reverse

step reduces the viscosity of the lysate.  mprp#2-gttB2R  5'-AGAAAGCTGGGTCTTAGGCGCCGGTGGAGT-3' mRFP1-specific reverse

36| Transfer the homogenate to a 1.5-ml
microtube and rock vigorously on a mixer for 5 min at room temperature.
B PAUSE POINT The worm homogenate can be stored at —80 °C for months until use in the next step.

37| Extract total RNA from the worms by using RNeasy Mini and DNase according to the manufacturer’s instructions.

38| Check the concentration of extracted total RNA with a NanoVue or an equivalent spectrophotometer.
& PAUSE POINT Total RNA can be stored at —80 °C for months until use in the next step.

39| Verify the quality and quantity of total RNA by running 1-2 pug of total RNA on a 1% (wt/vol) agarose gel after heat
denaturation at 70 °C for 5 min. Check integrity of the 28S and 18S ribosomal RNAs by ethidium bromide staining and UV
illumination. Run a DNA ladder in the same gel as a marker of size and amount.

A CRITICAL STEP Ensure that 28S and 18S ribosomal RNAs are extracted without degradation.

40| Perform reverse transcription (RT). We usually use 1-2 g of total RNA for reverse transcription with the PrimeScript II
or Superscript II kits and oligo(dT) primers according to manufacturers” instructions.
B PAUSE POINT The RT product can be stored at —20 °C until use in the next step.

41| Perform PCR using the reaction mixture and reaction conditions tabulated below. We usually use nonproofreading polymer-
ases such as Ex Taq and BIOTAQ. Standard conditions are described below. As transgenic worms carry hundreds of copies of
reporter minigenes and are expected to express a high level of minigene-derived mRNAs, 18-22 PCR cycles are sufficient in most
cases. We use minigene-specific forward and reverse primers (see Table 6) to specifically amplify minigene-derived mRNAs.

Amount per Final concentration/
Reagent 20 pl reaction amount
RT reaction mixture 1ul
Ex Taq buffer (Mg plus, 10x) 2 ul 1x
dNTP mixture (2.5 mM each) 1.6 pl 0.2 mM each
Forward primer (2.5 uM) 2ul 0.25 uM
Reverse primer (2.5 uM) 2 ul 0.25 uM
Ex Tag (5 U pul-?) 0.2 ul 0.05 U pl?
ddH,0 11.2 pl
Cycle Denature Anneal Extend
1 94 °C, 3 min
2-19 (or up to 23) 94 °C, 30s 55 °C, 45s 72 °C, 1 min per kb
Final 72 °C, 5 min

42| Verify amplification and patterns by running a one-fifth to one-half aliquot of the RT-PCR product on a 1% (wt/vol) agarose gel.

43| To analyze RT-PCR products, directly sequence the purified products, or clone the products in TA-vectors such as pGEM-T
Easy, and sequence several clones.
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Observation and imaging of cell type-specific alternative splicing patterns @ TIMING 2 d

44 Paralyze worms on an NGM plate with a drop of 10 mM sodium azide. Observe expression patterns and acquire images
of fluorescent proteins in the living transgenic worms with a high-magnification dissection microscope equipped with an
epifluorescence system (see EQUIPMENT SETUP).

45| Optionally, observe expression patterns of the fluorescent proteins in single cells with a laser-scanning confocal micro-
scope equipped with DIC optics. A high-magnification view with laser-scanning microscopy will be necessary to look into
small tissues or identify cells when analyzing the reporter expression profiles in detail or when fluorescent reporter proteins
are unexpectedly localized to subcellular domains.

Integration of extrachromosomal arrays by UV irradiation @ TIMING 3-4 weeks
46| Culture an extrachromosomal Line on a sufficient number of 90-mm NGM plates for >500 well-fed fluorescent young adult worms.
Synchronization is not necessary but may be convenient to prepare such a large number of well-fed fluorescent young adult worms.

47| Directly irradiate all the worms on culture plates with 300 J m=? (= 300 x 100 pJ cm~?) UV light (254 nm) with the
plate lids open. We use a UV crosslinker that can be preset to monitor the energy of UV to be irradiated.

48| Recover worms at 15 °C with enough food for 3-6 h.

49| Pool P, adult hermaphrodites on fresh 90-mm NGM plates using a fluorescence stereoscope. We typically place ten fluorescent
and active young-adult hermaphrodites per plate and prepare 10-20 plates. Culture the P, worms at 20 °C for 2-3 d.

50| Select 100-200 fluorescent late-larval-stage F, worms from the plates in Step 49 and place them individually on separate
35-mm NGM plates. Culture the F worms at 20 °C for 2-3 d.

A CRITICAL STEP F, worms are heterozygote candidates and should express the fluorescent reporter throughout the body in
a promoter-dependent pattern.

51| Screen and select F, plates with >75% fully fluorescent F, worms by using a fluorescence stereoscope.

52| Isolate 3-5 fully fluorescent F, worms individually on separate 35-mm NGM plates, each with a single worm, from each
of the F, plates selected in Step 51. Culture the F, worms at 20 °C for 3-4 d.

53| Screen and select F, plates with 100% fully fluorescent progeny using a fluorescence stereoscope. Lines derived from the
same F, plates should be considered to contain the same integrant alleles.
? TROUBLESHOOTING

EMS mutagenesis and screening @ TIMING 3-4 weeks
54| Culture a parental strain on a sufficient number (usually 3-5) of 90-mm NGM plates to support the growth of thousands
of well-fed adult worms. Synchronization is useful for preparing a large number of worms at one time.

55| Harvest the well-fed worms from NGM plates with M9 buffer and transfer to a 1.5-ml or 15-ml tube. Wash the worms two
to three times with M9 buffer to remove bacteria and young larvae. Resuspend the worms in 1 ml of M9 buffer.

56| Add 3 ml of M9 buffer to a 15- to 20-ml glass tube. Add 20 pl of EMS (final concentration 47 mM) and mix completely by swirling.
¥ CAUTION EMS is carcinogenic. Wear protective clothing and gloves. Avoid breathing vapors, mist or gas. Prepare and use EMS solu-
tions in a fume hood. All EMS-treated labware should be discarded after inactivation with >2 N of NaOH for >24 h in the fume hood.

A CRITICAL STEP EMS treatment should be carried out in a glass tube. EMS-treated worms stick to plastic tubes and pipettes,
and can be seriously damaged or lost.

57| Add 1 ml of the worm suspension prepared in Step 55 to the glass tube containing M9 buffer and EMS from Step 56.
Mix by swirling.

58| Incubate the tube from Step 57 at room temperature for 4 h with occasional swirling.

59| Wash the worms three times with M9 buffer in the glass tube.
T CAUTION All EMS-containing reagents should be discarded after inactivation with >2 N of NaOH for >24 h in a fume hood.
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60| Transfer worms to fresh 90-mm NGM plates using a glass pipette.
A CRITICAL STEP Use a glass pipette. EMS-treated worms stick to plastic pipettes, and can be seriously damaged or lost.

61| Recover worms at 15 °C for 6-12 h.

62| Pool either P adult hermaphrodites (option A) or F, embryos (option B) in fresh 90-mm NGM plates and culture at
15 or 20 °C for 4-8 d until a large number of F, worms grow. The more worms are pooled per plate, the earlier the worms on
the plate will starve, thus preventing the growth of F, worms into adults. Therefore, the number of worms or embryos per
plate and the number of plates to be prepared should be optimized and determined for each parent strain according to the
expected phenotype of the mutant worms.
(A) Pooling P, adult worms
(i) Pick up and transfer about ten gravid P, adult hermaphrodites per 90-mm NGM plate from the recovery plates in Step 61.
Prepare 50-100 plates and incubate them at 15 or 20 °C until the plates are filled with tens of thousands of F, worms. Note
that F, or F, worms are not synchronized with this method and that the worms will be starved when most of the F, worms
are at larval stages. This option, Step 62A(i), is recommended if the parent worms were not synchronized in Step 54.
(B) Collecting F, embryos
(i) Collect P, gravid adult hermaphrodites from the recovery plates in Step 61 with M9 buffer and transfer to fresh 90-mm
NGM plates.
(if) Leave the worms at 20 °C to lay eggs for 3-6 h, then remove the P, adult worms with M9 buffer and move them to fresh
plates. Repeat this step to prepare the required number of plates and incubate them at 15 °C or 20 °C until F, worms grow.
(iii) Optionally, if F, worms are to be synchronized or grown to adulthood for screening, remove F, adult worms after each of
them lay tens of eggs by washing out plates with M9 buffer.

63| Screen the F, progeny for worms with altered expression profiles of fluorescent proteins under a fluorescence stereoscope
equipped with an appropriate dual band-pass filter set (see EQUIPMENT SETUP). Isolate all candidate mutant worms, one
worm per NGM plate, and culture for 3-4 d to confirm that the color phenotype is inheritable.

7 TROUBLESHOOTING

SNP mapping @ TIMING 2—-4 months
64| Cross mutant hermaphrodites with males of the Hawaiian wild-type strain CB4856. We usually cross five L4 mutant her-
maphrodites with 10-15 CB4856 males on a spot of 10-ul OP50 liquid culture on a 60-mm NGM plate at 20 °C overnight.

65| Isolate the parental mutant hermaphrodites on individual fresh 60-mm NGM plates. Culture plates at 20 °C for 2-3 d.

66| Pool F, L4 hermaphrodites from the plates in Step 65 on fresh 90-mm NGM plates using a fluorescence stereoscope. We
place ten F, worms per plate and prepare 10-20 plates. Culture plates at 15 or 20 °C for 2 d. Remove F, hermaphrodites for
use in Step 67 and culture the plates for another 2-4 d.

A CRITICAL STEP Pool only crossed F, hermaphrodites at L4 stage. Adult F, hermaphrodites may be crossed with F, males;
this will result in contamination of the F, generation with males, leading to contamination of F, hermaphrodites in Step 68
with sperm from F, males. The color phenotype should be suppressed in the crossed F, progeny if the mutation is recessive. If
all F, males, but not hermaphrodites, show the mutant phenotype, the gene is linked to the X chromosome.

67| Transfer F, hermaphrodites from Step 66 to fresh 90-mm NGM plates. Culture plates at 20 °C for 4-5 d. This step will
roughly synchronize the F, generation in Steps 66 and 67 so that F, worms can be easily discriminated from the F, generation
of worms by body size in Step 68.

68| Pick individual F, gravid adult worms showing the mutant phenotype from the F, pool plates (from Steps 66 and 67) and
transfer them into 10 pl of worm lysis solution. We usually use 0.2-ml PCR strip tubes, adding one worm per tube.

4 CRITICAL STEP Select gravid worms showing an unambiguous mutant phenotype. Contamination with a heterozygous worm
will significantly affect the reliability of mapping. Theoretically, 3/16 of F, worms will show a recessive color phenotype.
Younger worms have fewer germline cells than gravid adults and they contain insufficient genomic DNA for SNP-typing of
single worms. Note that mutant worms often grow significantly more slowly than their siblings with heterozygous or wild-type
background and may need more time to grow into gravid adults.

69| Lyse the worms at 50 °C for 60 min. Inactivate the lysis buffer at 83 °C for 5 min. We program a thermal cycler to carry
out these incubations.
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70| Add 30 ul of Tris-EDTA (TE) buffer to the lysate from Step 69 and mix well by pipetting (this yields 40 ul of worm lysate
in TE buffer per tube).

71| Repeat Steps 64-70 to obtain enough single-worm lysates from F, worms showing a mutant phenotype. With >400 F,
lysates, the candidate region for mutant phenotypes will be narrowed down to 1-2 Mb.
B PAUSE POINT Single-worm lysates can be stored at 4 °C for weeks until use in subsequent steps.

72| Prepare a pool of the F, lysates collected in Steps 70 and 71. We collect 2 pl each from at least 48 single-worm lysates.
Note that Steps 72 and 73 are not necessary if the gene of interest is found to be linked to the X chromosome in Steps 64-66.

73| Analyze one or two SNP(s) per chromosome of the pooled lysate from Step 72 to map the chromosome, as described in Box 2.
Allele names, primers and restriction enzymes for typing SNPs are listed in Table 7. Use N2 and (B4856 lysates as controls.

BOX 2 | SINGLE-NUCLEOTIDE POLYMORPHISM (SNP) TYPING

1. Synthesize SNP-typing primers for amplifying a genomic fragment.
2. Prepare the PCR mixture as tabulated below. We use BIOTAQ DNA polymerase, but other proofreading polymerases may also be used.

Reagent Amount per 10 pl reaction Final concentration/amount
Single-worm lysate (pool) 3ul 3/40 ul of 1 worm

NH4 buffer (Mg-free; 10x) 1l 1x

MgCL, (50 mM) 0.5 ul 2.5 mM

dNTP mixture (2.5 mM each) 0.8 ul 0.2 mM each

Primer mixture (1 puM each) 2 ul 0.2 pM each

BIOTAQ DNA Polymerase (5 U ul?) 0.1 ul 0.05 U pl-?

ddH,0 2.6 ul

A CRITICAL STEP We recommend testing several available DNA polymerases by typing SNPs of single N2 and CB4856 adult worms
according to the method described here before choosing a DNA polymerase for SNP typing.
3. Run the PCR in a thermal cycler using the following parameters:

Cycle Denature Anneal Extend

1 95 °C, 3 min

2-36 95°C, 40's 58 °C, 40's 72°C, 40s
37 72 °C, 7 min
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4. Type the SNPs by either restriction fragment length polymorphism (RFLP) analysis (A) or by direct sequencing (B).
(A) SNP typing by RFLP analysis
(i) Premix the digestion mixture as tabulated below.

Reagent Amount per reaction Final concentration/amount
Restriction enzyme buffer (10x) 2.5l 1x

Sucrose (15% (wt/vol))/Orange G (0.05% (wt/vol)) 5 ul 3%/0.01%
Restriction enzyme (8-20 U pl-?) 0.5 pl 4-10 U

ddH,0 7ul

(ii) Add 15 pl of digestion mixture to the PCR product from Step 3 and mix it by pipetting several times. Incubate the mixture at
37 °Cfor >2 h.

(iii) Run a 10-pl aliquot of the digestion mixture on a 2% (wt/vol) SYNERGEL + 0.7% (wt/vol) agarose gel in Tris-borate-EDTA buffer. We
use the Electro-Fast Gel System 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 of 1.5x DNA loading buffer to the PCR product.

(ii) Run a 5-pl aliquot of the PCR mixture together with a DNA ladder on a 1.5% (wt/vol) agarose gel to verify amplification of a
single genomic fragment of expected size. We detect the band by ethidium bromide staining and UV illumination.
7 TROUBLESHOOTING

(iii) Precipitate DNA by adding 3 pl of 3 M sodium acetate (pH 5.2) and 100 pl of 100% (vol/vol) ethanol to the remaining 25 ul of
PCR mixture transferred to a 1.5-ml tube.

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

(v) Dissolve the precipitate in 30 pl of TE and sequence with either of the SNP-typing primers.
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74| Analyze SNPs of individual worms TABLE 7 | SNPs for mapping genes to chromosomes.
by either restriction fragment length

: : ; Restriction
polymorphism analysis or direct ?
: op . Chromosome Allele Primers enzyme
sequencing of PCR-amplified genomic
fragments as described in Box 2. 1 pkP1101 5’-CGCGTTTCGTAATGTATCG-3’ EcoRI
7 TROUBLESHOOTING 5"-GAACTTCCAGGTCACTCTGG-3"

X . I kP1119 -CTl GGAACTCCCAG-3” RI
75| Amplify genomic fragments from i 5’ CTCCATTTT ¢ . eo
candidate loci and sequence them to 5"-TCAAATTTGGCACGTCATCAG-3
search for mutations. In most cases, II pkP2107 5’-TCCACACTATTTCCCTCGTG-3” Dral
mutatjons are found in exonic regions. 5/-GAGCAATCAAGAACCGGATC-3
or splice sites. ENS treatment predomi- pkP3093 5'-CGCTGAAATTGAGGAGCAG-3' Avall
nantly causes GC-AT transitions. Dele- , i
tion of a short stretch of sequence also 5'-TGGGCTTAACAATGATGGG-3
occurs at a lower frequency. 111 pkP3102 5’-CATTAGGAAGTGATGCAAGTGG-3 Avall

5’-TGGATTTGAGAGGTGTCCATAG-3’
* HHING v kP4071 5’-CCAAACAACCTACAGAAAATGC-3" Dral
Steps 1-16, Cloning genomic DNA frag- P ) ;
ment cassettes into entry vectors: 2-3 5'-AAGATATTCATGCGTCGTAGTG-3
weeks Vv pkP5076 5’-CGGAAAATTGCGACTGTC-3" Dral
Step 17, Modification Of: genomic DNA 5’-ATTAGGACTGCTTGGCTTCC-3"
fragment cassettes (optional): 2-3 weeks pkP5097 5-TAGTGTTCATAGCATCCCATTG-3" Dral

Step 18(A), Constructing destination
vectors by inverse attB-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 minigene-derived mRNAs: 2-3 weeks

Steps 44 and 45, Observation of cell type-specific alternative splicing patterns: 2 d

Steps 46-53, Integration of the extrachromosomal array: 3-4 weeks (outcrossing the integrated line will take an additional
3-4 d per generation)

Steps 54-63, Mutant screening: 3-4 weeks (outcrossing the mutant line will take an additional 3-7 d per generation)
Steps 64-75, SNP mapping and mutation search: 2-4 months

Box 1, testing antibiotic resistance: 1-2 d

Box 2, SNP typing: 1-2 d

5’-GTGCTAATTCCAGAAATGATCC-3’

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 8.

TABLE 8 | Troubleshooting table.

Step Problem Possible reason Solution

12, 18A(xiii) Few or no colonies  Inappropriate primers Make sure that each attB-flanked PCR primer is properly designed
obtained from BP or selected
reaction

Inappropriate host strains Use DB3.1 or ccdB Survival competent cells in constructing
destination vectors

21 Few or no colonies  Poor purity of plasmid DNAs  Purify miniprep plasmid DNAs with a standard DNA purification column
obtained from LR II
Plus reaction

31 Little or no expres-  Low expression levels If you obtain many marker-positive and non-fluorescent transgenic
sion of fluorescent lines, check mRNA expression levels as described in Steps 32-43.
proteins If mRNA is not detected, try other promoters to drive the minigenes

(continued)
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TABLE 8 | Troubleshooting table (continued).

Step Problem Possible reason Solution

mRNAs are degraded by NMD  Check the design of the minigenes, and reconstruct new minigenes

Aberrant splicing of the Check splicing patterns of the minigene-derived mRNAs as described

minigene-derived mRNAs in Steps 32-43. Genomic fragments inserted in the minigenes
usually undergo proper splicing. If aberrant splicing is detected, trim
the genomic fragment (Steps 1-16) or remove the cryptic splice sites
by site-directed mutagenesis (Step 17)

Aberrant translation of the  Check expression of the fluorescent proteins by western blotting with

minigene-derived mRNAs anti-GFP and/or anti-RFP antibodies. If expected mRNAs but few
proteins are detected, optimize the preferred initiation codons and
remove unnecessary ATGs out of frame

Aberrant folding or insta- N-terminal tags such as GST may improve the expression of the reporter.
bility of the fluorescent Repeated trial and error may be required to establish a reporter
proteins reflecting the alternative splicing pattern of the endogenous gene
53 No integrant line Low efficiency in integrant ~ Use extrachromosomal lines with lower transmission rates; it will be
obtained screening easier to distinguish integrated lines from parental lines. Irradiate

as many fluorescent worms as possible and isolate as many uniformly
fluorescent F, worms as possible

63 No mutant lines Sterility or lethality of the  If sterile or arrested F, worms with apparent color phenotypes are found,
established mutant try mutagenesis with reporter heterozygotes or extrachromosomal lines.
If dead F, embryos with apparent color phenotypes are found, alternative
splicing regulator of the minigene may be essential for worm develop-
ment. One may establish weaker alleles in further screening

Inappropriate screening If no F, worms with aberrant color phenotypes are found, reconsider
strategy the screening strategies, e.g., the tissues in which the reporter is
expressed or the structures of the reporter minigenes
74 Responsible locus  Inappropriate crossing or Make sure that crossed F, progeny is pooled in Step 66. Make sure that
cannot be narrowed ambiguous F, phenotypes single-worm lysates are collected from F, hermaphrodites showing the
down mutant phenotype in Step 68

The responsible gene may be It is important to outcross the integrated reporter lines before
within a rearranged region ~ mutagenesis. Use other integrated alleles for mutagenesis

The responsible gene is Use other integrated alleles for mutagenesis
close to the locus of the
integrated reporter

BOX 2, No or little ampli-  The isolated F, worms are Collect single-worm lysates from gravid F, hermaphrodites. Mixing of
Steps 4A(iii) fication of genomic too young lysates in Step 70 may be insufficient
and 4B(ii) fragments by PCR
Ambiguous pattern  Contamination of the F, Pool the F, hermaphrodites at L4 stage in Step 66
of RFLP or sequenc- hermaphrodites collected
ing in Step 68 with sperm from
F, males

ANTICIPATED RESULTS

Here we summarize our success rates for each step in minigene 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 ampli-

fied from N2 genomic DNA (Steps 1-7). These attB-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 because of a variable amount
of coamplified nonspecific PCR products. Sometimes, we found that the genomic DNA sequences of the N2 worms in our
laboratory were different from the reference N2 genomic DNA sequences in the GenBank/EMBL/DDBJ databases (accession
nos. NC_003279-NC_003284). We reasoned that this was the result of incorrect base calling in the sequencing process of the
reference sequence or of spontaneous mutations during the maintenance of the strain, and we used the fragments as they
were. Site-directed mutagenesis (Step 17) was achieved with a success rate of 60-80%, although 10-30% of clones
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Figure 4 | Visualization of developmental switching of the mutually exclusive
exons of the let-2 gene. The schematic structures of the let-2 mutually exclusive
alternative splicing-reporter minigenes? are shown in Figure 1a; expression

of GFP indicates the selection of embryonic exon 9 and expression of RFP
indicates the selection of adult exon 10. (a) Confocal images of transgenic
worms expressing the let-2 reporter under the control of a broadly expressing e
promoter. Left, exon 9-GFP; middle, exon 10-RFP; right, merged view. Note
that all tissues in embryos (thin arrows; Emb) and in an L1 larva (large arrow,
L1) exclusively express exon 9-GFP, whereas body wall muscles (bwm), pharynx
(phx) and vulval muscles (vm) express exon 10-RFP in an adult. Images were
acquired with a laser-scanning confocal microscope (Olympus Fluoview 500).
(b,c) Microphotographs of transgenic worms expressing the let-2 reporter
under a body wall muscle-specific promoter in wild-type (b) and asd-2 mutant
(c) backgrounds. Note that body wall muscles in asd-2 mutant worms fail to
switch from exon 9-GFP to exon 10-RFP during larval development. Images
were acquired with an epifluorescence dissecting microscope (Leica MZ16FA)
equipped with a dual band-pass filter set (Chroma GFP/DsRed), and a color,
cooled CCD camera (Olympus DP71). Scale bars, 100 pm.

Exon9-GFp  Emb

Wild type i asd-2 (yb1540)

contained errors in the oligo DNA sequences. Construction of destination vectors by inverse attB-PCR (Step 18A) was less
efficient; the rate of correct clones was <10-30%. Therefore, specific amplification of the vector fragment (Step 18A(i)-(iv))
and prescreening by antibiotic resistance (Step 18A(xiii)-(xiv)) are important for higher success probability. Assembling
minigenes by LR II Plus reaction (Steps 19-24) was efficient; 60-90% of the carbenicillin-resistant clones in Step 21 carried
the correct expression constructs. We did not experience sequence modification in the attB homologous recombination sites
or in the inserts by LR II Plus reaction.

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

We recommend confirming that the expression profile of the alternative splicing reporter is consistent with that of the
endogenous gene. In case of the egl-15 gene®, there was genetic evidence that the egl-15(54) isoform specifically func-
tions in sex myoblasts that differentiate into vulval muscles in hermaphrodites®. We confirmed that vulval muscles properly
expressed the exon 5A-RFP isoform of the egl-15 reporter, and the reporter showed muscle specificity when expressed under
various tissue-specific promoters?. In the case of the lethal (let)-2 gene, previous promoter analysis had shown that let-2
is expressed in body wall muscles and in two distal tip cells®®. As the number and total mass of body wall muscles are much
greater than those of distal tip cells, we reasoned that developmentally regulated switching of let-2 alternative splicing®!
occurs in body wall muscles. When the let-2 reporter was expressed under a ubiquitous promoter, all tissues expressed the
embryonic form (GFP) in embryos and young larvae, whereas only the body wall muscles turned the reporter expression into
the adult form (RFP) during development (Fig. 4a), suggesting the presence of tissue-specific and developmental regulation
in this event. By using a promoter specific to body wall muscle, we successfully visualized the developmental switching, as
shown in the previous study”” and in Figure 4b. In cases of alternative splicing events in which spatiotemporal distributions
are unknown, expression profiles of the fluorescence splicing reporter can be confirmed when mutants isolated by phenotype
in 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 egl-15 reporter, we examined the color of
the body wall muscles?, although expression of the endogenous egl-15 gene was hardly detected in the body wall muscles®.
We pooled about 300 P, worms in total in two independent screenings using two independent integrated alleles. We isolated
15 alternative splicing defective (asd)-1 and 10 suppressor (sup)-12 alleles?®?, The number of asd-1 alleles was more than
expected, and we reasoned that asd-1-null mutants are viable and that the ASD-1 coding region has many CAA and CAG
codons encoding glutamine, which turn into nonsense TAA and TAG codons after EMS treatment?®. Although sup-12-null
mutants are sterile in the egl-15 reporter homozygous background, we successfully established sup-12 alleles in the
reporter-heterozygous background?. Various missense mutations in the RNA-binding domain of SUP-12 caused weaker color
phenotypes, suggesting the involvement of these residues in RNA binding?. ASD-1 and SUP-12, isolated as requlators in
body wall muscles, turned out to be involved in the regulation of the endogenous egl-15 gene in vulval muscles?-2,

In the screening for mutants of the let-2 reporter expression, we mutagenized an integrated allele expressing the let-2
reporter only in body wall muscles. We used an epifluorescence dissection microscope (MZ16FA) and a dual band-pass filter
set and successfully isolated six asd-2 mutant alleles, all of which continued to express the embryonic form (GFP) in
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adulthood (Fig. 4c). While searching for cis-elements involved in ASD-2-mediated regulation, we disrupted CTAAC repeats in
intron 10 of the pair of let-2 reporter minigenes, as 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 asd-2 mutants, and recombinant

ASD-2 protein specifically bound to the CUAAC repeats in vitro?. Furthermore, the mutant let-2 reporter no longer responded
to overexpression of ASD-2, confirming that ASD-2 functions by binding to 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 encoded hydrophobic stretches; this property
may have caused an aggregation or affected folding of the fluorescent proteins. For the rest, transcripts from the reporter
were not detected, for which we cannot specify a reason. We therefore focused on the reporters that worked well.

Note: Supplementary information is available via the HTML version of this article.
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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,4;b. Cellular decisions
on splice 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 (SRPK1/2) on splice site
choice in epithelial cells and in in vivo angiogenesis models. Epi-
thelial cells treated with insulin-like growth factor-1 (IGF-1)
increased PSS and produced more VEGF 45 and less VEGF,45b.
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 (VEGEF-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). VEGF is generated as multiple isoforms by
alternative splicing (4). There are two principal families of
VEGF isoforms, the pro-angiogenic VEGF,,, isoforms, gener-
ated by proximal splice site selection in the terminal exon, exon
8a (5), and the anti-angiogenic VEGF, 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 45 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 diabetic 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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TABLE 1
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"-GAATTCCGCCCTAACCCCAGCCTTTGTTTTCCATTTCCC-3'

Reverse:5'-GGATCCTGGTTCCCGAAACCCTGAGCG-3’

Construct D

Forward:5’-GATTCCGAGGAAGGAAGGAGCCTCCCTCAGGG-3'

Reverse:5'-GGATCCGGACTGTTCTGTCGATGGTG-3"

Construct E

Forward:5’-GAATTCATGTGACAAGCCGAGGCGG-3'

Reverse:5'-GGATCCCTGGTTCCCGAAACCCTGAGCG-3"

Mouse VEGF-Aex 7 F
Mouse VEGF-A ex 8a R
Mouse VEGF-Aex 2 F
Mouse VEGF-A ex 3R
B-Actin F

B-Actin R

Forward 5’ GTTCAGAGCGGAGAAAGCAT-3’
Reverse 5'TCACATCTGCAAGTACGTTCG-3'
Forward 5' AAGGAGAGCAGAAGTCCCATGA-3'
Reverse 5' CTCAATCGGACGGCAGTAGCT-3'
Forward 5’ AGCCATGTACGTAGCCATCC-3’
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
atemperature-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 um 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
MMLV RT, RNase H Minus, point mutant (Promega), and
oligo(dT),5 (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
pg/ml ethidium bromide and visualized under a UV transillu-
minator. This reaction usually resulted in one amplicon of 130
bp (VEGEF,,,) and one amplicon of 64 bp (VEGEF,,b). For
HEK293 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-ul 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 gtoremove insoluble materials. 30 ug 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), VEGEF, 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
VEGF,,,b antibody are also recognized by commercial anti-
bodies raised against VEGF, ;. 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 4, conclusively demonstrating that
this antibody is specific for VEGF, 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 Image] 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 Image] 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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Expression of the MS2-MBP (Maltose-binding Protein)
Fusion 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-p-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 ug of the VEGF-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 mm 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/VEGE-RNA mixin
0.5 mm ATP, 6.4 mm MgCl,, 20 mm 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 for4 hat 4 °C and eluted with 12 mm 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 ul 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 (SC96, 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 mwm Tris-Cl, pH 7.5, 5 mm EDTA, 10 mm
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 (WPI, 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 ug/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 pug/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 ul 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 nm primers specific for
VEGF, 4 (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 30's, 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 ug/ml of anti-ASF/
SF2 (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 or 60X on a Perkin Elmer Ultraview-Fret
H confocal microscopy system.
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FIGURE 2. Proximal splicing is activated by protein kinase C. A-C, treat-
ment of podocytes with the PKCactivator PMA reduced VEGF ;b expression,
but increased expression of total VEGF as measured by Western blot (A) and
ELISA (B). This results in a change of relative expression from 60% (anti-angio-
genic) to just under 50% (angiogenic) (C).

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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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 M)
alone orin combination with IGF-1 (100 nm). B, RT-PCR showed that BIM1 reduced the VEGF,, :VEGF,, bratio at
the RNA level. C, Western blot demonstrating that BIM1 inhibited the IGF-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. **,

macological inhibitors of PKC
(BIMI). Treatment with 100 nm
IGF-1 and 2.5 um 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 (VEGEF,,,b, 64 bp ampli-
con) was carried out. Treatment
with IGF-1 increased the relative
intensity of the VEGEF,,. (upper)
band to the VEGF,,b band (lower)
from 1.39 £ 0.42 to 4.84 = 0.65 (p <
0.01, Fig. 1B). Treatment with 100
nM IGF-1 and 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 nm IGF-1 and 2.5 pum BIMI, the PKC inhibitor,
resulted in cells producing 047 = 0.03 pg/ug of VEGEF,,,b,
which was significantly greater than cells treated with IGF-1
alone (0.12 * 0.02 pg/png, 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, b 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 um) alone and then in combi-

+ IGF-1 (100 nM)
+ BIMI(2.5 pM)
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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,5:VEGF, ¢sb 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
SPRIN340specifically 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.

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
IGF-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. 34).
At the protein level, SRPIN340 inhibited IGF-1-dependent
down-regulation of VEGF, b from 0.12 *+ 0.02 pg/ugto 0.50
0.05 pg/pg (» < 0.001), but not when SRPIN340 was used alone
(0.45 = 0.01 pg/ug), 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 SRPKI, 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,¢sb without increased VEGF, 4. Interestingly, SRPK2
overexpression did not affect VEGF, ¢sb 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 IGF-1 altered ASF/SF2 localization, podocytes
were treated with 100 nm IGF and stained for ASF/SF2.
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tion of SRPK1/2 was responsible for
the nuclear localization of ASF/SF2.
It has previously been demonstrated
that ASF/SF2 can be shuttled from
the nucleus to the cytoplasm in
HeLa cells, but is predominantly
nuclear. We therefore investigated
ASF/SF2 localization in these and
another cell type, HEK293 cells. Fig.
4, E and F shows that whereas in
HEK293 cells there is a strong cyto-
plasmic localization for the ASF/
SF2, in HeLa cells expression is pre-
dominantly nuclear, as previously
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
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/SF2) express VEGF,4sb,
whereas HeLa 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

~VEGF

SRPK1 SRPK2
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A Vehicle

C SRPINS40

E HEK293

HEK293 Hela H20

VEGF
VEGF 155b

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,¢sb 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 VEGF, ;b pro-
duction, we used a mouse model of retinal neovascularization

FEBRUARY 19, 2010-VOLUME 285-NUMBER 8 NASHDK

D IGF+SRPIN340

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 altered from 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 IGF-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 VEGF
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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1B: ASF/SF2

PMA*+
PP1
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Untreated SRPIN340

PMA

ASF/SF2

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

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/SF2 is induced to nuclear local-
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-

| MS2 Bound

Flow through

MS2 Bound

RT-PCR VEGF Infron 7 ce. o mutant intron 7
GCCTTTGTTTTCCATTTCCCT . GCGGGGGEGEGGCAGGGECCT 3 h
ASEISES P— sl tains both a U2AF65 and consensus
TCE 16 mAb TCE 1gG mAb TCE IgG  mAb ASF/SF2 sequence, for binding to
- T g the VEGF pre-mRNA, but does not
demonstrate that this is the
VEGF-RNA
sequence it binds to. ASF/SF2 bind-
ing to a region upstream of a splice
GAPDH site is generally considered a splic-

ing repressor. There is evidence that

FIGURE 5. ASF/SF2-1 binds a 35-nt region of VEGF pre-mRNA upstream of the proximal splice site of exon
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’

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 MS2-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.
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 |gG and ASF/SF2.

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

SR proteins can 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
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 mechanism of splicing regulation by
ASF/SF2.
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regions of the intron 7/exon 8

The bottom blot shows the same
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It is still not clear if the IGF-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). IGF-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 SFRSI 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).
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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, ASF/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 VEGF, b iso-
forms. Moreover, SRPK1 and SRPK2 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-
lation 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
ASEF/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, (b (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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