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Abstract

The exact mechanisms leading to alternative splice site selection are still poorly understood. However, recently cotransfection studies
in eukaryotic cells were successfully used to decipher contributions of RNA elements (cis-factors), their interacting protein components
(trans-factors) or the cell type to dternative pre-mRNA splicing. Splice factors often work in a concentration dependent manner, resulting
in a gradua change of aternative splicing patterns of a minigene when the amount of a trans-acting protein is increased by
cotransfections. Here, we give a detailed description of this technique that allows analysis of large gene fragments (up to 10-12 kb) under
in vivo condition. Furthermore, we provide a summary of 44 genes currently investigated to demonstrate the general feasibility of this

technique. © 1999 Elsevier Science B.V. All rights reserved.
Themes: Cellular and molecular biology

Topics: Gene structure and function: general

Keywords: Alternative splicing; Minigene; RT-PCR; Transfection

1. Type of research

- A general method to create minigenes suitable for in
vivo splicing experiments.

- (Co)-Transfection assay to determine the (alternative)
splicing pattern of a given minigene.
RT-PCR conditions to analyze specific minigenes.

PCR primers.

Long-range PCR reagents:. e.g., SAWADY Long PCR
System (Peglab Biotechnologie, Erlangen, Germany).
10 X Long-range PCR buffer: 500 mM Tris—HCI pH
9.1, 150 mM (NH,),SO,, 20% DMSO, 1% Tween-20

- 25 mM MgCl, solution

10 mM dNTP mix

- PCR XL TOPO cloning kit (Invitrogen, Carlsbad, USA)

- pcDNA1.1 (Invitrogen) or any other suitable eukaryotic

2. Time required

- Generation of the minigene: 1 month.
- Cotransfection and RT-PCR analysis: 3 days.

expression vector

3.2. Transfection of cells

3. Materials
3.1. Construction of minigenes

- Subcloned genomic DNA fragment (in bacterial, or
yeast artificial chromosome or in lambda phage).

- Six-well tissue culture plate (35 mm) (Falcon, Becton

Dickinson Labware, NJ, USA), HEK 293 cells (ATCC,
Manassas, VA, USA), Dulbecco's modified Eagle
medium with glutamax, supplemented with 10% fetal
caf serum (GIBCO BRL Life Technologies, Eggen-
stein, Germany).

- Vortex mixer.

* Corresponding author. Fax: + 49-89-8578-3749; E-mail:
stamm@pop1.biochem.mpg.de; www.neuro.mpg.de/stamm.htm

1 M CaCl, solution (Dissolve 5.4 g CaCl, - 6H,0 in
20 ml H,0, sterilize by filtration, store at —20°C).
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- 2 X HBS(Dissolve 1.6 g NaCl (280 mM), 0.074 g KCl
(10 mM), 0.027 g Na,HPO, - 2H,0 (1.5 mM), 0.2 g
dextrose (12 mM) and 1 g HEPES (50 mM) in 90 ml
H,O0. Adjust pH to 7.05 with NaOH, then bring up to a
total volume of 100 ml with H,O. Sterilize by filtra-
tion, store at —20°C).

- 5% CO, incubator.

- 3% CO, incubator.

3.3. RT-PCR

- 10 mM dNTPs (Pharmacia-Biotech Europe, Freiburg,
Germany).

- Taqg polymerase, 5 U/l (Applied Biosystems-Perkin
Elmer, Weiterstadt, Germany).

- Thermocycler (Biometra, Gottingen, Germany).

- 5X RT buffer: 250 mM Tris—HCI (pH 8.3), 200 mM
KCI, 20 mM MgCl,.

- RNaseinhibitor 50 U /| (Boehringer, Mannheim, Ger-
many).

- H~ reverse transcriptase, 200 U /.l (GIBCO BRL Life
Technologies).

- 100 mM DTT (1.4 dithiothreitol).

- 10 X PCR buffer, 100 mM Tris—HCI, pH 8.3; 500 mM
KCl, 15 mM MgCl,; 0.01% (w/w) gelatin (Applied
Biosystems-Perkin Elmer).

« Primer sequences for amplification: TAATACGACT-
CACTATAGGG (X16-T7), CCTGGTCGACACTCTA-
GATTTCCTTTCATTTGACC (X16-r) GTTTTCTC-
CTCCGAGCCGCTCCGA (E1A-f).

- CTCAGGCTCAGGTTCAGACACAGG (E1A-1).

- Agarose (GIBCO BRL Life Technologies).

- 1x TBE (10.8 g Tris base (89 mM), 2.1 g boric acid
(89 mM), 4 g 0.5 M EDTA (2 mM), in 11).

4. Detailed procedure

An overview of the complete procedure is shown in

Fig. 1.

4.1. Construction of the minigenes

- A minigene is best constructed from genomic subclones
in lambda phages or artificial chromosome systems.
The genomic clones containing the alternatively spliced
exon(s) together with the flanking constitutive exons
are verified by Southern Blot hybridization using stan-
dard procedures [58]. If no suitable genomic clones are
available, genomic DNA prepared by standard proce-
dures [58] can be used as a template for PCR amplifica
tion. However, the PCR amplification from genomic
DNA is often more difficult. Restriction site mapping is
performed directly with the PCR product or with the
genomic clones to identify absent restriction sites.

O. Soss et al. / Brain Research Protocols 4 (1999) 383-394

- Restriction sites absent from the PCR fragment or the

genomic clones can be used to clone the minigene by
introducing them into the PCR primers. They should be
placed in the most 5 part of the primer (Fig. 1A). The
part of the primers complementary to the genomic clone
should have an annealing temperature between 62 and
65°C to ensure specificity of the reaction. The calcula
tion of annealing temperatures can be performed under
http: / / mbcf.dfci.harvard.edu /docs/oligocal c.html.

- Long-range PCR amplification is performed according

to the protocol supplied by the manufacturer (SAWADY
Long PCR System, Peqglab Biotechnologie). For target
sizes less than 30 kb, the following reaction setup can
be used: 36.5 nl H,O, 5 nl 10X long-range PCR
buffer, 2.5 wl 10 mM dNTPs, 4.5 nl 25 mM MgCl,, 1
w! template DNA (10 pg/wl), 0.5 wl of a mixture of
Taq and a high fidelity thermostable polymerase with
proofreading activity. Assemble the reactions on ice
and perform the amplification using the following ther-
mocycler settings: Initial denaturation for 2 min at
93°C; 10 cycles with 10 s denaturation at 93°C, exten-
sion at 68°C (allow 30 to 60 s extension per 1 kb); 15 to
20 cycles with 10 s denaturation at 93°C, 30 s annealing
at 65°C, extension at 68°C. Increase the extension time
(30 to 60 s per 1 kb) for 20 s every cycle to compensate
for enzyme inactivation; final extension for 7 min at
68°C. Analyze 5 to 10 p.l from the PCR reaction on a
0.8% agarose gel.

+ The gel purification and cloning of the PCR product

into the pCR-XL-TOPO vector (Invitrogen) is per-
formed according to the manufacturer’s protocol with
the following modification: mix the cloning reaction by
adding 0.5 .l pCR-XL-TOPO vector to 2 !l of the gel
purified PCR product. After incubation for 5 min at
room temperature, use the entire reaction for bacterial
transformation.

- Finally, the minigene is recloned from the pCR-XL-

TOPO vector into an eukaryotic expression vector, e.g.,
[49] using the unique restriction sites introduced by the
PCR primers. We found that SV40 promotors [63] or
CMV promotors [53] work well for minigene analysis
in many cell lines.

4.2. Transfection of cells

- Transient transfection of adherent HEK?293 cells is

performed using the calcium phosphate method [11] on
35-mm plates (six-well tissue culture plate). The day
before transfection 3.0 X 10° cells/plate are seeded in
3 ml DMEM /10% FCS. This leads to approximately
40%—-60% confluency on the day of transfection. After
splitting, the cells are incubated at 37°C in 5% CO, for
17-24 h.

- Splicing assays are based on the titration of increasing

amounts of plasmid DNA expressing a splicing factor
to a constant concentration of minigene DNA. To avoid
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Fig. 1. Overview of in vivo splicing analysis with the minigene approach. (A) Using long-range PCR, the alternatively spliced exon (black circle) and its
flanking constitutive exons (striped circles), as well as intergenic regions (open circles) are amplified from a genomic DNA clone. The restriction sites
introduced by the PCR primers are indicated with a star and a box. (B) After subcloning into a suitable TOPO vector, the minigene is recloned into an
eukaryotic expression vector using the unique restriction sites introduced by PCR (star and box). The eukaryotic promoter is indicated by a thick arrow.
Exons are shown as boxes, introns as lines. After transfection, the resulting RNA is analyzed by RT-PCR using an antisense primer against the downstream
flanking exon (open arrow) and a sense primer against a vector-derived sequence (closed arrow). (C) The minigene can be cotransfected with putative
splicing factors to test putitative trans-acting factors or it can be transfected into different cell types to analyze them for their splicing ability. (D) The
resulting PCR products can be discriminated by size or hybridization pattern, due to the presence or absence of the alternatively spliced exon.

- The mixture is incubated for 10—20 min at room tem-
perature to allow the calcium phosphate-DNA precipi-

‘*sguelching’’ effects, the ‘empty’ parental expression
plasmid containing the promotor is added to ensure a

constant amount of transfected DNA (Fig. 2A, top).

- The standard assay employs five reactions, each con-
taining 2 g of minigene DNA and an increasing
amount of plasmid DNA expressing a splicing factor. 0,
0.5, 1, 1.5 and 2 g of splicing factor DNA is a good
start point for this titration. The appropriate amount of
empty vector (2, 0.5, 1, 1.5 and 0 pg) is added to
ensure that equal amounts of DNA are transfected. The
DNA solutions are brought to a total volume of 75 .l
with water and 25 pl 1 M CaCl, are added. While
mixing the DNA /CaCl , solution with a vortex, 100 .l
of 2 X HBS is added dropwise.

tate to form.

+ The precipitates are resuspended by pipetting and the

complete mixture is added dropwise to the cultured
cells.

+ The dishes are incubated at 37°C in 3% CO, overnight.
- After the incubation, a fine precipitate is visible on the

cells. The transfection efficiency can be estimated by
fluorescence microscopy if an EGFP-tagged construct is
used and should be at least 50% with HEK293 cells. If
the splicing factor itself is not EGFP tagged, the use of
PEGFP-C2 (Clontech, Heidelberg, Germany) as an
‘empty’ vector can help to monitor the transfection.
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Fig. 2. Example of a minigene analysis. (A) Change of the splicing pattern of the SRp20 minigene [32] by titrating the SR-protein kinase CLK2. Top —
Transfection scheme: The amount of transfected DNA isindicated in p.g. The concentration of the splicing factor CLK2 isincreased by adding 0, 1, 2, 3, 4
and 5 p.g of its expression plasmid pEGFP-CIk2. The total amount of transfected DNA was kept constant by adding empty vector pEGFP-C2. A total of 2
g of the minigene was added in each reaction. Bottom — Agarose gel of the PCR products generated by RT-PCR. The structure of the reaction products
is shown on the right. Overexpression of Clk2 repressed inclusion of exon 4. C: PCR control using RNA without reverse transcription. Right — Schematic
representation of the SRp20 minigene structure. Exon 4 is dternatively spliced. Small arrows indicate the position of the primers used for PCR
amplification, the large arrow represent the CMV promoter. (B) Change of the splicing pattern of the E1A minigene [53] by overexpressing the SR-protein
kinase CLK2 and its catalyticly inactive form CLK2-KR. The structure of the EIA minigene and the splicing patterns that create the 13, 12, 10 and 9S
splice variants is shown on the right. The location of the gene specific and vector specific primers is indicated with arrows. pClk2, but not pCIk2KR and
expression vector alone (pcDNA) represses usage of the 12 and 13 S RNA, which is most likely achieved by phosphorylation of splicing components.
pCIk2KR dlightly increases the formation of the 10S and 9S band, which could be a result of splicing component sequestration [52,53]. C: PCR control
using RNA without reverse transcription. The star indicates an unspliced band.

4.3. RT-PCR analysis inhibitor and 0.25 pl H™ reverse transcriptase. In one

sample, the RNA is substituted with water as a control.

RNA is isolated 17-24 h after transfection using an
RNeasy mini kit (Qiagen, Hilden, Germany) following
the manufacturer’ s instructions. RNA is eluted in 40 .l
RNAse free H,0.

Best results are achieved when reverse transcription and
following PCR are performed immediately after the
RNA purification, thus avoiding freezing of the RNA or
reverse transcription reaction.

For reverse transcription, 2 pl of isolated RNA are
mixed with 5 pmol antisense minigene specific primer
in 0.5 wl H,0, 2 pl 5X RT buffer, 1 wl 100 mM
DTT, 1 pl 10 mM dNTP, 3 pl H,0, 0.25 nl RNase

After a brief centrifugation, the tubes are incubated for
45 min in a 42°C water bath.

During this incubation period, the PCR mixture is
prepared. It consists of 50 pmol of sense and antisense
primer each, 100 wl 10 X PCR buffer, 20 !l 10 mM
dNTPs in atotal of 1000 | water. The optimal MgCl,
concentration for amplification has to be determined
empirically in trial experiments and is usualy in a
range of 1.5-3.0 mM final.

For six reactions, 1 wl Taq polymerase is added to 300
! PCR mixture. 2 .l of the RT reaction are added to
50 pl of this mix and PCR is performed.
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A: minigenes containing one cassette exon
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HaCaT keratinocytes phorbolester
HT-3 cervi i
13 CD4 4, mouse Cervix carcmoma|*’—| [3 6]
exon 5
FGFR-1, NT2, JEG-3 o y hmT1-3 17
14 P human T98G, SNB 19 L_,\/ [17]
glioblastoma cells
myosin Droso ® !—1/\1—7/\
15 i el - 17 18 19 28
he:gnc lllgm, phila Drosphila larvae R - (28]
FcyRIIA neutrophils l——/\l—jA
’ EC2 T C1 35
16 exon Tm human HeLa, Dami cells L—,\‘—m‘/\—m- [35]
interleukin- [
7 8
17 30, mouse |y o [30]
exon 8
ron 24 meive DHFR (1 N\ )
18| exonZA, |hamster| . -
reporter gene active DHFR \/E-
HIV-1,
19 oneh | HIV- [73]
20 SRP20, |y van [32]
exon 4
PPT,
> 40
21 exon 4 rat Y-PPT [40]
B: minigenes containing multiple cassette exons
31 combinations of inclusion
fast skeletal o r —
22 TnT, rat | 13 ] 9 [6]
exons 4-7
CD45, | human, | 2-o1IS '—3‘/\%/\‘ 5 AVG 7 || 156,57,
23 | ! l | \
exons 4-6 | mouse | T-cells ASF/SF2 7]

HsSWAP

Fig. 3.
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F: minigenes containing alternative 3’ splice sites

No name species | tissue speciﬁcity; minigene reference
SRp20 4 ASF/SF2
He Ly, N B A UlsnRNP
. calcitonin (thvrmd) N PIB T [18,42,
34/ CT/CGRP | human | ——— >~ .
CGRP (neurons) ) A M 53]
p41;p4) 7
| fomal | Trak Tra2, SR—proanX |
', _ Droso- | 1emale ~ p
35; dsx RO phila male f l_@é 4r 5“’1 [31]
: Droso- | female [ o e | T
I Rl e o | et 160.69]
e _\_ASF/SF2, SRpSS, SRp7S
37 BPV-l | BPV-l |/ [76]
G: minigenes containing alternative 5’ splice sites
38| E1a | Adeno- [7]
virus
, muscle o Y ' Sy
39 Sgég‘gf’ hamster | 5rain B-globin | 21~ 22"‘ N 24 __4 2] [3,70]
40| Caldesmon human ®smooth muscle 129]
| . non-muscle
| —_— 2 | 2 ; 3|
41 SWAP human - — " [59]
LS WAB .~ ASFISF2
V40 ! ASF/SF2
2 . HEK 293 e
2 oo SV40 | ; [25,71]
| t-antigen Hela ; i
B-globin, ‘“ 1 ] 2|
43 B-thalassemic human Ny SRpam ASF/SF2, SRp20 | [7.38]
allele “SRp30c
H: minigene containing alternative 3’- and 5’- splice sites
[oe) — ASF/SF2
exon ITICS adult: skipping of e - Siatak

CS1 and CS5

HsSWAP ™~




O. Soss et al. / Brain Research Protocols 4 (1999) 383-394 301

-+ The PCR program must be optimized for each minigene
in trial experiments as we found that often identical
programs show variations of amplification products
when different thermocycler models are used [64]. Us-
ing the biometra trio thermoblock 050—000, we apply
the following program for the X16 minigene: Initia
denaturation for 2 min at 94°C; 30 cycles: 30 s denatu-
ration at 94°C, annealing at 55°C for 1 min, extension
at 72°C for 1 min, after 30 cycles a fina extension at
72°C for 20 min and cooling to 4°C. For the E1A
minigene, we use the following touchdown [21] pro-
gram: Initial denaturation for 2 min at 94°C; 20 cycles:
30 s denaturation at 94°C, annealing at 65°C for 1 min,
a 0.5°C decrease of the annealing temperature in each
cycle, extension at 72°C for 2 min, after 20 cycles 10
more cycles with 30 s denaturation at 94°C, annealing
at 55°C for 1 min, extension at 72°C for 2 min, final
extension at 72°C for 20 min and cooling to 4°C. Both
these programs can be used as starting points when
optimizing a new reaction.

- The PCR reaction products are analyzed on a 0.3- to
0.4-cm-thick 2% agarose TBE gel.

5. Results

The results of two typical splicing assays are shown in
Fig. 2 using the CDC2 like kinase CLK2 as an example of
a trans-factor that acts on the SRp20 [32] and E1A [7]
minigenes. The CLK2 protein has been shown to phospho-
rylate splicing factors [52]. Fig. 2A shows a titration
experiment using the SRp20 minigene system [32]. Here,
an increase of pEGFP-CLK2 concentration leads to skip-
ping of exon 4. Fig. 2B shows the comparison of three
factors at a constant concentration in the E1A minigene
system [53]. Here, CLK2 overexpression inhibits formation
of the 13 and 12 S splice variant. In contrast, the catalytic
mutant CLK2 KR that lacks kinase activity [52] and empty
pcDNA vector have no effect on the 13 and 12 S variants.

6. Discussion

This technique, summarized in Fig. 1, has been applied
for the analysis of several genes listed in Fig. 3. In

comparison to a biochemical analysis, the major advan-
tages of analyzing splicing patterns with minigenes in vivo
are: that the length of the analyzed minigene is not limit-
ing, that a large number of cell types can be analyzed and
that the analysis is based on the in vivo situation. In
addition, indirect effects, such as phosphorylation or cellu-
lar differentiation, e.g., Refs. [4,14,15,23,26,47,60] can be
addressed. Several parameters can be changed to analyze
factors that affect alternative exon recognition. Firstly, the
cell type used for transfection can be changed, eg.,
tropomyosin minigenes have been transfected in muscle
and nonmuscle cells [4,22,23,26,27,60] and clathrin light
chain B minigenes were transfected into primary neuronal
cultures, as well as nonneuronal cells [63]. In both cases,
the splicing pattern of the minigenes reflected the exon
usage observed for the endogenous genes in the appropri-
ate cell system and allowed the anaysis of regulatory
factors.

Secondly, parts of the minigene can be changed by
site-directed mutagenesis. Often, aternative exons are sur-
rounded by weak splice sites and their improvement leads
then to a congtitutive exon usage [5,65]. Another parameter
that is often analyzed by mutagenesis of minigenes are
splicing enhancers or silencers.

Finally, minigenes can be cotransfected with putative
alternative splicing factors to identify possible trans-acting
factors. This can be used to verify in vitro data collected in
biochemical systems[7], to analyze genes that do not show
splicing activity in vitro [63], or to analyze systems such as
differentiated neurons where biochemical systems are diffi-
cult to apply.

6.1. Troubleshooting

6.1.1. Transfection efficiency

The most crucial parameter for the success of an in vivo
splicing experiment is the transfection efficiency, espe-
cially when cotransfections with putative trans-acting fac-
tors are performed. We therefore usually employ EGFP-
tagged cDNA in cotransfection experiments that allow an
easy monitoring of the transfection efficiency that can
reach 90% with HEK293 cells. Reasons for lower efficien-
cies are usualy dense seeding of cells, a high passage
number of cells or a deviation of the pH of the transfection

Fig. 3. Summary of minigenes that have been used to analyze alternative splicing patterns in vivo. The structures of the various genes are schematically
indicated, however, the drawings are not to scale. The various genes are sorted according to their splicing mechanism (A—H). Stimulatory effects of
trans-acting factors binding to exonic splicing enhancers (ESE) or intronic enhancers (ISE) are indicated by an upward triangle marked with a“* +'". An
inhibitory effect by trans-acting factors binding to exonic (ESS) or intronic (1SS) splicing silencers is indicated with a downward triangle marked with a
‘="' S gplicing is regulated by a secondary structure, DE: splicing is developmentally regulated. A: alternative polyadenylation site, dsx: double sex
repeat, dcs. downstream control sequence, icr: intronic control region, MSE: muscle specific splicing enhancer, PTB: polypyrimidine tract binding protein
binding site. The tip of the triangle points towards the resulting splicing pattern. cis-Elements containing identical sequence elements are marked by the
same color. Identified tissue specific trans-acting factors are shown on top or bottom of the minigenes, depending on the stimulatory or inhibitory effect,
respectively. When a direct correlation between binding of a splicing factor to a cis-element and a change of splicing patterns has been demonstrated,
cis-elements and trans-acting factors are shown in the same color. An updated collection is available at www.neuro.mpg.de/stamm.htm.
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solution caused by not transfecting in a 3% CO, amo-
sphere.

6.1.2. Reproducibility

In vivo splicing assays are generally well reproducible
when several parameters are kept constant. For transfec-
tion, cells should be always plated at the same density. It is
also important to keep the time between seeding and
transfection, as well as the actual transfection time con-
stant.

6.1.3. Autoregulation

Severa splicing factors seem to autoregulate their ex-
pression levels, e.g., Ref. [32]. This can result in a substitu-
tion of the endogenous protein by the transfected cDNA,
which means that the concentration of this splicing factor
will not be dramatically changed. The autoregulation needs
some time to occur and if observed, the time between
transfection and cell harvesting can be shortened. There-
fore, it is best to perform the analysis in transient transfec-
tion systems.

6.1.4. Contamination

As with all PCR-based methods, DNA contaminations
are a mgjor problem. It is therefore advisable to make
aliquoted stocks of all solutions and if possible to separate
the PCR setup form the DNA analysis.

6.1.5. Heterodimers

Often, the simultaneous generation of two PCR prod-
ucts that differ only in the presence or absence of short
exonic sequences results in the formation of a heterodu-
plex that consists of two DNA strands differing by this
exonic sequence [78]. The heteroduplex usually migrates
as a third PCR product (e.g., Ref. [62]). In our hands,
heteroduplex formation increases when the reaction prod-
ucts are stored for longer time and if too many cycles in
the PCR amplification are used. These parameters should
therefore be minimized.

6.2. Alternative methods

Most cis- and trans-acting elements governing alterna-
tive splicing were identified using biochemical methods
that employ a cell-free nuclear extract and radioactively
labeled in vitro synthesized pre-mRNA [39]. Although this
approach allows the analysis of direct protein RNA inter-
actions, it has several limitations. So far, nuclear extracts
functional in preemRNA splicing have only been made
from transformed cell lines, amost exclusively fibroblasts,
which complicates analysis of, e.g., aternative splicing in
adult neurons. Furthermore, synthesis and analysis of in
vitro transcribed preemRNA is limited to smal RNA
molecules (< 600 nt), which is smaller than the size of

introns flanking most alternatively spliced exons. Finaly,
there is increasing evidence that preemRNA splicing, tran-
scription and polyadenylation are coupled processes
[16,44,53,54]. The interdependence of these processes can
only be addressed by studying intact cells.

So far, most aternative exons studied by the in vivo
minigene approach were aternatively spliced cassette ex-
ons that can be analyzed easily by RT-PCR due to the
different size of their PCR products. Another common
alternative splicing mechanism are mutually exclusive ex-
ons (see Fig. 3C). Most often, the mutually exclusive
exons are similar in size, making their PCR products
indistinguishable by their length. In these cases, the prod-
ucts can be identified with exon-specific restriction sites or
by Southern blotting employing exon specific probes.
Sometimes, alternative mRNAS are produced by the usage
of different polyadenylation sites. Here, the downstream
sequences are different, prohibiting the RT-PCR analysis
used for cassette exons. It is possible, however, to use
(T),G primersin RT-PCR to analyze these splicing events.

Most minigenes are analyzed by RT-PCR as described
here. However, different methods, such as RNAse protec-
tion analysis [67], or a functiona assay, where a selection
maker depends on the splicing pattern [12] have been
employed as well.

7. Quick procedure

- Construct or obtain a minigene containing the desired
alternative exon flanked by constitutive exons.

- Transfect this minigene alone, or together with varying
amounts of cDNA expressing splicing factors into cells.

- Analyze the resulting RNA by RT-PCR.

8. Essential literature references
General PCR methods: Refs. [45,46].
Example of minigene analysis: Refs. [7,63]
9. References cited in Fig. 3
[1-3,6,8-10,13,17-20,24,25,28—31,33—-38,40—
43,48,50,51,55-57,59,61,66,68—77]
Acknowledgements

This work was supported by the Max-Planck-Society,
the Human Frontier Science Program (RG 562,/96) and
the European Union (Bio4-98-0259) (SS). ON was sup-
ported by Axel Ullrich.



O. Soss et al. / Brain Research Protocols 4 (1999) 383-394 393

References

[1] A. Andreadis, JA. Broderick, K.S. Kosik, Relative exon affinities
and suboptimal splice site signals lead to non-equivalence of two
cassette exons, Nucleic Acids Res. 23 (1995) 3585—-3593.

[2] M. Ashiya, P.J. Grabowski, A neuron-specific splicing switch medi-

ated by an array of premRNA repressor sites: evidence of a

regulatory role for the polypyrimidine tract binding protein and a

brain-specific PTB counterpart, RNA 3 (1997) 996-1015.

F. Baba-Aissa, L. van den Bosch, F. Wuytack, L. Ragymaekers, R.

Casteels, Regulation of the sarco/endoplasmic reticulum Ca2™-

ATPase (SERCA) 2 gene transcript in neuronal cells, Brain Res.

Mol. Brain Res. 55 (1998) 92—100.

L. Bavay, AMM. Pret, D. Libri, D.M. Helfman, M.Y. Fiszman,

Splicing of the aternative exons of the chicken, rat, and Xenopus

beta tropomyosin transcripts requires class-specific elements, J. Biol.

Chem. 269 (1994) 19675-19678.

[5] S.M. Berget, Exon recognition in vertebrate splicing, J. Biol. Chem.
270 (1995) 2411-2414.

[6] R.E. Breitbart, B. Nadal-Ginard, Developmentally induced, muscle-
specific trans factors control the differential splicing of alternative
and congtitutive troponin T exons, Cell 49 (1987) 793—803.

[7] J. Caceres, S. Stamm, D.M. Helfman, A.R. Krainer, Regulation of
alternative splicing in vivo by overexpression of antagonistic splic-
ing factors, Science 265 (1994) 1706—1709.

[8] M. Caputi, G. Casari, R. Tagliabue, A. Sidoli, C.A. Melo, F.E.

Baralle, A novel bipartite splicing enhancer modulates the differen-

tial processing of the human fibronectin EDA exon, Nucleic Acids

Res. 22 (1994) 1018-1022.

R.C. Chan, D.L. Black, Conserved intron elements repress splicing

of a neuron-specific c-src exon in vitro, Mol. Cell. Biol. 15 (1995)

6377-6385.

[10] R.C. Chan, D.L. Black, The polypyrimidine tract binding protein
binds upstream of neural cell-specific c-src exon N1 to repress the
splicing of the intron downstream, Mol. Cell. Biol. 17 (1997)
4667-4676.

[11] C. Chen, H. Okayama, High efficiency transformation of plasmid
DNA, Mol. Cell. Biol. 7 (1987) 2745-2752.

[12] I.T. Chen, L.A. Chasin, Direct selection for mutations affecting
specific splice sites in a hamster dihydrofolate reductase minigene,
Mol. Cell. Biol. 13 (1993) 289—300.

[13] W. Chen, L.A. Culp, Adhesion mediated by fibronectin's alterna-
tively spliced EDb (EIlIB) and its neighboring type 111 repeats, Exp.
Cell. Res. 223 (1996) 9-19.

[14] T.A. Cooper, Muscle-specific splicing of a heterologous exon medi-
ated by a single muscle-specific enhancer from the cardiac troponin
T gene, Moal. Cell. Biol. 18 (1998) 4519-4525.

[15] T.A. Cooper, M.H. Cardone, C.P. Ordahl, Cis requirements for
aternative splicing of the cardiac troponin T pre-mRNA, Nucleic
Acids Res. 16 (1988) 8443-8465.

[16] JL. Corden, M. Patturgian, A CTD function linking transcription to
splicing, Trends Biochem. Sci. (1997) 413-419.

[17] G.J. Cote, E.S. Huang, W. Jin, R.S. Morrison, Sequence require-
ments for regulated RNA splicing of the human fibroblast growth
factor receptor-1 alpha exon, J. Biol. Chem. 272 (1997) 1054—1060.

[18] G.J. Cote, I.N. Nguyen, C.J. Lips, SM. Berget, R.F. Gagel, Valida
tion of an in vitro RNA processing system for CT /CGRP precursor
mRNA, Nucleic Acids Res. 19 (1991) 3601-3606.

[19] F. del Gatto-Konczak, M. Olive, G. M.C., R. Breathnach, hnRNP
Al recruited to an exon in vivo can function as an exon splicing
silencer, Mol. Cell. Biol. 19 (1999) 251—-260.

[20] W.P. Dirksen, Q. Sun, F.M. Rottman, Multiple splicing signals
control alternative intron retention of bovine growth hormone pre-
mRNA, J. Biol. Chem. 270 (1995) 5346-5352.

[21] R.H. Don, P.T. Cox, W. B.J,, K. Baker, J.S. Mattick, ‘ Touchdown’
PCR to circumvent spurious priming during gene amplification,
Nucleic Acids Res. 19 (1991) 4008.

[3

=

[4

flus

[9

)

[22] B.T. Dye, M. Buvoli, SA. Mayer, C. Lin, J.G. Patton, Enhancer
elements activate the weak 3 splice site of apha-tropomyosin exon
2, RNA 4 (1998) 1523-1536.

[23] M.E. Gallego, R. Gattoni, J. Stevenin, J. Marie, A. Expert-Be-
zancon, The SR splicing factors ASF/SF2 and SC35 have ant-
agonistic effects on intronic enhancer-dependent splicing of the
beta-tropomyosin aternative exon 6A, EMBO J. 16 (1998) 1772—
1784.

[24] M.E. Gallego, B. Nadal-Ginard, Myosin light-chain 1,/3 gene alter-
native splicing: cis regulation is based upon a hierarchical compati-
bility between splice sites, Mol. Cell. Biol. 10 (1990) 2133-2144.

[25] H. Ge, JL. Manley, A protein factor, ASF, controls cell-specific
aternative splicing of SV40 early premRNA in vitro, Cell 62
(1990) 25-34.

[26] I.R. Graham, M. Hamshere, |I.C. Eperon, Alternative splicing of a
human a pha-tropomyosin muscle-specific exon: identification of
determining sequences, Mol. Cell. Biol. 12 (1992) 3872-3882.

[27] JS. Grossman, M.l. Meyer, Y.C. Wang, G.J. Mulligan, R.
Kobayashi, D.M. Helfman, The use of antibodies to the polypyrimi-
dine tract binding protein (PTB) to analyze the protein components
that assemble on alternatively spliced preemRNAs that use distant
branch points, RNA 4 (1998) 613-625.

[28] N.K. Hess, S.I. Bernstein, Developmentally regulated aternative
splicing of Drosophila myosin heavy chain transcripts: in vivo
analysis of an unusual 3 splice site, Dev. Biol. 146 (1991) 339-344.

[29] M.B. Humphrey, J. Bryan, T.A. Cooper, SM. Berget, A 32-Nucleo-
tide exon-splicing enhancer regulates usage of competing 5 splice
sites in a differential internal exon, Mol. Cell. Biol. 15 (1995)
3979-3988.

[30] M. Ichihara, T. Hara, M. Takagi, L.C. Cho, D.M. Gorman, A.
Miyajima, Impaired interleukin-3 (1L-3) response of the A /J mouse
is caused by a branch point deletion in the IL-3 receptor apha
subunit gene, EMBO J. 14 (1995) 939-950.

[31] K. Inoue, K. Hoshijima, 1. Higuchi, H. Sakamoto, Y. Shimura,
Binding of the Drosophila transformer and transformer-2 proteins to
the regulatory elements of double sex primary transcript for sex-
specific RNA processing, Proc. Natl. Acad. Sci. U.S.A. 89 (1992)
8092—-8096.

[32] H. Jumaa, P.J. Nielsen, The splicing factor SRp20 modifies splicing
of its own mRNA and ASF /SF2 antagoni zes this regulation, EMBO
J. 16 (1997) 5077-5085.

[33] H. Kawahigashi, Y. Harada, A. Asano, M. Nakamura, A cis-acting
regulatory element that affects the aternative splicing of a muscle-
specific exon in the mouse NCAM gene, Biochim. Biophys. Acta
1397 (1998) 305-315.

[34] S. Kawamoto, Neuron-specific aternative splicing of nonmuscle
myosin |l heavy chain-B premRNA requires a cis-acting intron
sequence, J. Biol. Chem. 271 (1996) 17613-17616.

[35] M.A. Keller, SE. McKenzie, D.L. Cassd, E.F. Rappaport, E.
Schwartz, S. Surrey, Lineage-specific aternative splicing of the
human Fc gamma RIIA transmembrane exon requires sequences
near the 3’ splice site, Gene Expression 4 (1995) 217-225.

[36] G. Konig, K. Beyreuther, C.L. Masters, H.P. Schmitt, J.M. Salbaum,
Pre mRNA distribution in brain areas, Prog. Clin. Biol. Res. 317
(1989) 1027-1036.

[37] A. Kosaki, J. Nelson, N.J. Webster, Identification of intron and exon
sequences involved in alternative splicing of insulin receptor pre-
mRNA, J. Biol. Chem. 273 (1998) 10331-10337.

[38] A.R. Krainer, G.C. Cornway, D. Kozak, The essential preemRNA
splicing factor SF2 influences 5 splice site selection by activating
proximal sites, Cell 62 (1990) 35-42.

[39] A. Kramer, The structure and function of proteins involved in
mammalian preemRNA splicing, Annu. Rev. Biochem. 65 (1996)
367-409.

[40] H.-C. Kuo, F.-U.H. Nasim, P.J. Grabowski, Control of alternative
splicing by the binding of Ul small nuclear ribonucleoprotein
particle, Science 251 (1991) 1045-1050.



394 O. Soss et al. / Brain Research Protocols 4 (1999) 383-394

[41] L.P. Lim, P.A. Sharp, Alternative splicing of the fibronectin EIlIB
exon depends on specific TGCATG repeats, Mol. Cell. Biol. 18
(1998) 3900—-3906.

[42] H. Lou, D. Helfman, R. Gagel, S. Berget, Polypyrimidine tract-bind-
ing protein positively regulates inclusion of an aternative 3-terminal
exon, Mol. Cell. Biol. 19 (1999) 78-85.

[43] H.J. Mardon, S. Gianfranco, Regulation of aternative splicing in the
I11CS region of human gibronectin pree-mRNA encoding cell binding
sites CS1 and CS5, J. Cell. Sci. 103 (1992) 423-433.

[44] S. McCracken, N. Fong, K. Yankulov, S. Ballantyne, G. Pan, J.
Greenblatt, S.D. Patterson, M. Wickens, D.L. Bentley, The C-termi-
nal domain of RNA polymerase Il couples mRNA processing to
transcription, Nature 385 (1997) 357—361.

[45] M.J. McPherson, B.D. Hames, G.R. Taylor, PCR 2, IRL Press,
Oxford, 1994.

[46] M.J. McPherson, P. Quirke, G.R. Taylor, PCR 1, IRL Press, Oxford,
1991

[47] I. Mineo, E.W. Holmes, Exon recognition and nucleocytoplasmic
partitioning determine AMPD1 alternative transcript production, Mol.
Cell. Biol. 11 (1991) 5356-5363.

[48] E.F. Modafferi, D.L. Black, A complex intronic splicing enhancer
from the c-src pree-mRNA activates inclusion of a heterologous exon,
Mol. Cell. Biol. 17 (1997) 6537—-6545.

[49] JP. Morgenstern, H. Land, A series of mammalian expression

vectors and characterisation of their expression of a reporter gene in

stably and transiently transfected cells, Nucleic Acids Res. 18 (1990)

1068.

M.P. Mullen, CW.J. Smith, JG. Patton, B. Nada-Grinard, «-

Tropomyosin mutually exclusive exon selection: competition be-

tween branch point /polypyrimidine tracts determines default exon

choice., Genes Dev. 5 (1991) 642—655.

[51] A.F. Muro, A. laconcig, F.E. Barale, Regulation of the fibronectin
EDA exon dternative splicing. Cooperative role of the exonic
enhancer element and the 5 splicing site, FEBS Lett. 437 (1998)
137-141.

[52] O. Nayler, S. Stamm, A. Ullrich, Characterisation and comparison of
four SR protein kinases, Biochem. J. 326 (1997) 693—700.

[53] O. Nayler, W. Strétling, J.-P. Bourquin, I. Stagljar, L. Lindemann,
H. Jasper, A.M. Hartmann, F.O. Fackelmeyer, A. Ullrich, S. Stamm,
SAF-B couples transcription and pree-mRNA splicing to SAR/MAR
elements, Nucleic Acids Res. 26 (1998) 3542—-3549.

[54] G.C. Roberts, C. Gooding, H.Y. Mak, N. Proudfoot, C.W.J. Smith,
Co-transcriptional commitment to alternative splice site selection,
Nucleic Acids Res. 1998 (1998) 5568—5572.

[55] JR. Roesser, K. Liittschwager, SE. Leff, Regulation of tissue-
specific splicing of the calcitonin/calcitonin gene related peptide
gene by RNA binding proteins, J. Biol. Chem. 268 (1993) 8366—
8375.

[56] D.M. Rothstein, H. Saito, M. Streuli, SF. Schlossman, C. Mori-
moto, The aternative splicing of the CD45 tyrosine phosphatase is
controlled by negative regulatory trans-acting splicing factors, J.
Biol. Chem. 267 (1992) 7139-7147.

[57] Y. Saga, JS. Lee, C. Saraiya, E.A. Boyse, Regulation of aternative
splicing in the generation of isoforms of the mouse Ly-5 (CD45)
glycoprotein, Proc. Natl. Acad. Sci. U.SA. 87 (1990) 3728-3732.

[58] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning, Cold
Spring Harbor Laboratory Press, 1989.

[59] M. Sarkissian, A. Winne, R. Lafyatis, The mammalian homolog of
suppressor-of-white-apricot regulates alternative messenger-RNA
splicing of cd45 exon-4 and fibronectin iiics, J. Biol. Chem. 271
(1996) 31106-31114.

[60] R. Singh, J. Valcarcel, M.R. Green, Distinct binding specificities

[50

—_

and functions of higher eukaryotic polypyrimidine tract-binding
proteins, Science 268 (1995) 1173-1176.

[61] CW.J. Smith, B. Nada-Ginard, Mutualy exclusive splicing of
a-tropomyosin exons enforced by an unusua lariat branch point
location; implications for constitutive splicing, Cell 56 (1989) 749—
758.

[62] S. Stamm, D. Casper, J. Dinsmore, C.A. Kaufmann, J. Brosius, D.
Helfman, Clathrin light chain B: gene structure and neuron-specific
splicing, Nucleic Acids Res. 20 (1992) 5097-5103.

[63] S. Stamm, D. Casper, V. Hanson, D.M. Helfman, Regulation of the
neuron-specific exon of clathrin light chain B, Mol. Brain Res. 64
(1999) 108-118.

[64] S. Stamm, B. Gillo, J. Brosius, Temperature recording from thermo-
cyclers used for PCR, BioTechniques 10 (1991) 430-435.

[65] S. Stamm, M.Q. Zhang, T.G. Marr, D.M. Helfman, A sequence
compilation and comparison of exons that are alternatively spliced in
neurons, Nucleic Acids Res. 22 (1994) 1515-1526.

[66] K. Sugiyama, Y. Hitomi, H. Adachi, H. Esumi, Cell type specific
patterns of mMRNA splicing in hepatoma cells transfected with the
mutated albumin minigene of Nagase analbuminemic rats, Cancer
Lett. 83 (1994) 221-227.

[67] R. Tacke, C. Goridis, Alternative splicing in the neura cell adhesion
molecule pre-mRNA: regulation of exon 18 skipping depends on the
5-splice site, Genes Dev. 5 (1991) 1416-1429.

[68] M. Takenaka, K. Yamada, T. Lu, R. Kang, T. Tanaka, T. Noguchi,
Alternative splicing of the pyruvate kinase M gene in a minigene
system, Eur. J. Biochem. 235 (1996) 366—371.

[69] J. Vdcarcel, R. Singh, P.D. Zamore, M.R. Green, The protein
sex-lethal antagonizes the splicing factor U2AF to regulate aterna-
tive splicing of transformer pree-mRNA, Nature 362 (1993) 171-175.

[70] L. van den Bosch, J. Eggermont, H. de Smedt, L. Mertens, F.
Wouytack, R. Casteels, Regulation of splicing is responsible for the
expression of the muscle-specific 2a isoform of the sarco/endo-
plasmic-reticulum Ca?*-ATPase, Biochem. J. 302 (1994) 559-566.

[71] J. Wang, JL. Manley, Overexpression of the SR proteins ASF /SF2
and SC35 influences aternative splicing in vivo in diverse ways,
RNA 1 (1995) 335-346.

[72] M.L. Wei, A. Andreadis, Splicing of a regulated exon reveas
additional complexity in the axona microtubule-associated protein
tau, J. Neurochem. 70 (1998) 1346—1356.

[73] M.P. Wentz, B.E. Moore, M.W. Cloyd, SM. Berget, L.A. Done-
hower, A naturally arising mutation of a potential silencer of exon
splicing in human immunodeficiency virus type 1 induces dominant
aberrant splicing and arrests virus production, J. Virol. 71 (1997)
8542—-8551.

[74] L. Zhang, W. Liu, P. Grabowski, Coordinate repression of a trio of
neuron-specific splicing events by the splicing regulator PTB, RNA
5(1999) 117-130.

[75] L.I. Zhang, M. Ashiya, T.G. Sherman, P. Grabowski, Essential
nucleotides direct neuron-specific splicing of gamma2 pre-mRNA,
RNA 2 (1996) 682—698.

[76] Z.M. Zheng, M. Huynen, C.C. Baker, A pyrimidine-rich exonic
splicing suppressor binds multiple RNA splicing factors and inhibits
spliceosome assembly, Proc. Natl. Acad. Sci. U.SA. 95 (1998)
14088-14093.

[77] C.F. Zilch, AM. Walker, M. Timon, L.K. Goff, D.L. Wallace, P.C.
Beverley, A point mutation within CD45 exon A is the cause of
variant CD45RA splicing in humans, Eur. J. Immunol. 28 (1998)
22-29.

[78] A.M. Zorn, P.A. Krieg, PCR analysis of aternative splicing path-
ways: identification of artifacts generated by heteroduplex forma-
tion, BioTechniques 11 (1991) 181-183.



