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All human genes contain a diverse array of cis-acting elements within introns and exons that
are required for correct and efficient precursor messenger RNA (pre-mRNA) splicing. Recent
computational analyses predict that most human exons contain elements required for splic-
ing coinciding with an appreciation for the high frequency with which mutations that dis-
ruption pre-mRNA splicing cause disease. Minigenes provide a means to directly determine
whether disease-causing mutations or single nucleotide polymorphisms (SNPs) affect splic-
ing efficiency. Minigenes have also been instrumental in investigations of alternative splicing
to identify cis elements required for cell-specific splicing events, demonstrating regulation
of individual splicing events by specific RNA binding proteins, and correlating binding of
these splicing regulators with splicing regulation. Here we present a versatile minigene plas-
mid vector designed for rapid cloning and analysis of cis elements and trans-acting factors
that influence splicing efficiency or regulate cell-specific splicing. Ubiquitous expression and
unique restriction sites allow for straightforward replacement of a variety of gene segments
to analyze the effects of nucleotide substitutions on splicing, to identify tissue-specific regula-
tory elements, or to determine responsiveness to coexpressed proteins or small molecules.

INTRODUCTION

The vast majority of human genes
contain introns that are removed from
the precursor messenger RNA (pre-
mRNA) during pre-mRNA splicing
to generate mature mRNAs. Splicing
requires conserved splice site consensus
sequences at the intron/exon borders
as well as diverse cis-acting elements
within exons and introns (1,2). Disease-
causing mutations within the splice
sites or exonic elements frequently
disrupt splicing, resulting in loss of
function of the affected allele (3,4). In
addition, single nucleotide polymor-
phisms (SNPs) have the potential to
affect splicing efficiency and modify
disease severity (5) or responsiveness
and side effects to pharmaceuticals (6).

The most direct approach to
determine whether disease-causing
mutations or SNPs are associated
with splicing is to perform a reverse
transcription PCR (RT-PCR) analysis
on RNA from the relevant tissue(s)
of affected individuals. However,
tissue samples are often not available.
An alternative approach is to test the
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effects of the mutation on splicing
using minigenes, in which the relevant
genomic segment is cloned within
a plasmid between an upstream
ubiquitous transcriptional promoter and
a downstream gene segment necessary
for mRNA 3’ end formation.

In addition to their utility for
analyzing the effects of mutations and
allelic variants on splicing efficiency,
minigenes have been a mainstay
of investigations to identify the cis
elements and frans-acting factors that
regulate tissue-specific alternative
splicing (7,8). Detailed strategies for
the use of minigenes to investigate a
variety of different questions involving
constitutive and alternative splicing
have been described (8,9).

Here we describe a versatile plasmid
vector for the identification and charac-
terization of cis-acting elements that
affect splicing efficiency and splicing
regulation. Genomic segments cloned
into this vector can be used to: (i)
test whether mutations genetically
linked with disease affect the splicing
efficiency of an adjacent exon or cause
cryptic splicing; (ii) test whether SNPs
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located within or adjacent to an exon
affects its splicing efficiency; (iii)
perform functional analyses of compu-
tationally identified putative splicing
elements; (iv) identify cis-acting
elements that enhance or repress basal
splicing efficiency of specific exons; (v)
identify cis-acting elements required
for cell-specific splicing regulation; and
(vi) determine the responsiveness of
alternative exons and flanking introns
to overexpression and depletion of
specific regulators and identify regions
required for responsiveness.

MATERIALS AND METHODS
Plasmids
RHCglo (Figure 1A) was

constructed by PCR using priming
oligonucleotides containing restriction
sites that are unique to the plasmid.
The exon (Figure 1B) was derived from
oligonucleotides that when annealed
generated 5 overhangs compatible
with BamHI and Xhol restriction sites.
RtauWT, RtauN279K, and RtauA280K
were made by replacing the RHCglo
exon with three derivatives of MAPT
exon 10 via the BamHIl/Xhol sites.
Exons were PCR-amplified using
forward primers containing either
unmodified or modified sequence
[tauE1Owtf (5'-ATATATGGATCCG
TGCAGATAATTAATAAGAA-3),
tauE10N279Kf (5’-ATATATGGATCC
GTGCAGATAATTAAGAAGAAGCT-
3’), taul0del280Kf (5"-TATATGGATC
CGTGCAGATAATTAATAAGCTGG
ATCTT-3")], and a reverse primer with
unmodified sequence tauE10wtr (5’-AT
ATATCTCGAGACTGCCGCCTCCC
GGGACGT-3") amplified on commer-
cially available human genomic DNA.
The 5" splice site was modified using
a “doped” oligonucleotide [GLOS5
(5"-GGCAGTCTCGAGGTTGKYATC
AAGGTTA-3’) as the forward primer
in a PCR with a reverse primer located
downstream of the Xbal site (Figure
1A). The PCR product was used to
replace the Xhol/Xbal fragment. The
oligonucleotide generated four possible
5’ splice site sequences, and all four
clones were identified by sequencing.
RTB300 contains a genomic segment
from human cardiac troponin T (cTNT)

www.biotechniques.com 1 BioTechniques 1 177



Short Technical Reports

RHCglo
A hurman P-ghobin
REY shicksn 8THI chich o aTHE | chicken o-adlin
Clal PouMl
Xmal BspEl BamHI~ 7 Xhol Fpu ey
Notl
= Seaw  dvetQraw,  amwar S
§ Sall Xbal '-‘
[ T - =
5’ PCR primer RT and 3’ PCR Primers
|I LT ITHEd i AT
I 1 F
smph —
—_
B RHCglo exon
AT gl T T o W AT S A TR il mp T
BamH| Clal Xhol
-
. BspEl BamH1 &2 xhol PpuMi AT RAR

=

’_l

sall I xbal |

&

Figure 1. RHCglo splicing reporter plasmid. (A) RHCglo showing all restriction sites that are unique
to the plasmid. The middle exon is immediately flanked upstream and downstream by the last and first
91 and 73 nucleotides (nt) of human B-globin intron 1, respectively. The distal upstream segment of
intron 1 contains introns 1 and 3 of chicken skeletal troponin I (STNI), and the distal downstream region
of intron 2 contains the last 364 nt of sSTNI intron 3. RSV, rous sarcoma virus enhancer/promoter; RT,
reverse transcription; ampR, ampicillin resistance gene. (B) Unique restriction sites within the minigene
can be used to replace a variety of gene segments including segments within the artificial exon. Exon
sequence is in uppercase, and intron sequence is in lowercase.

and was described previously (10). The
flanking intronic segments from this
minigene were PCR-amplified using
oligonucleotides containing appro-
priate restriction sites and inserted
between Sall/BamHI and Xhol/Xbal
restriction sites to construct RF300 (see
Figures 1A and 3). The four amino acid
insertion (LYLQ) and 41-kDa protein
isoforms of human CUG binding
protein 1 (CUG-BP1) and muscleblind
like 1 (MBNLI1), respectively, were
expressed with N-terminal FLAG®
epitopes. Myotonic dystrophy protein
kinase (DMPK) mRNAs containing
960 interrupted CUG repeats were
expressed from a previously described
minigene (11).

Cell Culture and Transfection

CosM6 cells [a derivative of the
COS-7 African green monkey kidney
fibroblast cell line (12)] were plated
at 150,000 cells/60-mm culture dish
in 3 mL growth medium [Dulbecco’s
modified Eagle medium (DMEM), high
glucose supplemented with 10% fetal
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bovine serum (FBS), 1% penicillin-
streptomycin, and 1% L-glutamine; all
from GIBCO®; Invitrogen, Carlsbad,
CA, USA]. Twenty-four hours after
plating, cultures were transfected with
500 ng of minigene plasmid and 1 pg
of a protein expression plasmid using
FuGENE®6 (Roche Diagnostics,
Indianapolis, IN, USA) according
to the manufacturer’s recommenda-
tions. Total RNA was extracted 40 h
following transfection. C2C12 mouse
myoblasts were plated at 400,000
cells/100-mm culture dish in 10 mL
growth medium [DMEM, high glucose
supplemented with 10% FBS, 1%
penicillin-streptomycin, 1% minimum
essential medium (MEM) nonessential
amino acids]. Twenty-four hours after
plating, cultures were transfected with
2 ug minigene plasmid using FUGENE
6. When the cells reached 80%
confluency (usually the next day), cells
were harvested for undifferentiated
cultures. For the remaining cultures,
the media was replaced with differen-
tiation medium (DMEM, 2.5% horse
serum, 1% penicillin-streptomycin,

1% MEM nonessential amino acids).
Differentiation media was replaced
every day until harvest on the fourth
day following the switch to differen-
tiation media.

RNA Extraction and RT-PCR

Total RNA was extracted using a
modified version of the guanidinium
thiocyanate protocol (13). Cells were
rinsed with cold phosphate-buffered
saline (PBS) and then harvested by the
addition of 0.5 mL cold guanidinium
thiocyanate solution per 60-mm plate
and extracted twice with 1 volume
phenol and 0.2 volume chloroform:
isoamyl alcohol and one time with
chloroform:isoamyl alcohol. RNA was
precipitated with 1 volume isopropanol,
and the pellet was washed with 70%
ethanol and dissolved in 20 uLL double-
distilled water.

RT-PCR was performed using
the downstream PCR primer to also
prime reverse transcription. cDNA was
generated in 20 uL containing 5 puL of
the total RNA extracted (one-quarter
of the RNA extracted from one dish),
50 ng (dT),,_,¢ primer (Invitrogen), 5X
reaction buffer [included with the avian
myeloblastosis virus (AMV); Life
Science, St. Petersburg, FL, USA], 0.01
M dithiothreitol (DTT), 0.5 mM dNTPs,
and 10 U AMYV (Life Science). To start
the reverse transcription reaction, the
RNA and primers were mixed, heated
to 65°C for 10 min, chilled on ice, and
then the remaining agents were added.
The reaction mixture was incubated at
42°C for 1 h and at 65°C for 10 min
and then either used immediately or
stored at -20°C.

PCR including the 3?P kinase-labeled
upstream primer was performed in 40
UL volume as described previously
(14). The upstream primer was RSV5U
(5’-CATTCACCACATTGGTGTGC-
3%). One of two downstream primers
was used for RT and PCR, ceither
TNIE4 (5-AGGTGCTGCCGCCGG
GCGGTGGCTG-3"), which anneals
upstream of the PpuMI site, or RTRHC
5-GGGCTTTGCAGCAACAGTAAC-
3”), which anneals downstream of the
PpuMI (Figure 1A). For all results
presented, RT-PCR was performed
using RSV5U/TNIE4. Ratios of exon
inclusion/exclusion were quantified
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Figure 2. Tau exon 10 mutations that cause frontotemporal dementia with Parkinsonism linked to
chromosome 17 (FTDP-17) reproduce splicing defects in the RHCglo splicing reporter plasmid.
(A) Tau exon 10 variants replaced the RHCglo exon. Wild-type (WT), A280K, and N279K mutations
were PCR-amplified from normal human genomic DNA using oligonucleotides containing wild-type or
mutant sequences and BamHI and Xhol flanking restriction sites. (B) Substitutions within the 5" splice
site of the downstream intron were performed in a separate PCR amplification of the Xhol/Xbal frag-
ment using oligonucleotides containing substitutions within the indicated positions (bold larger font) of
the B-globin 5’ splice site. (C) Reverse transcription PCR (RT-PCR) analysis of tau exon 10 alternative

splicing. ss, single-stranded; mRNA, messenger RNA.

using a Molecular Dynamics®
PhosphorImager SF (GE Healthcare,
Piscataway, NJ, USA).

Western Blotting Analysis

Cell culture plates were rinsed with
cold PBS, harvested in protein loading
buffer, and the blots were prepared as
described previously (11). Blots were
probed with monoclonal anti-FLAG
M2 peroxidase conjugate (Sigma-
Aldrich, St. Louis, MO, USA) at a
dilution of 1:5000.

RESULTS AND DISCUSSION

Description of the RHCglo Minigene
Plasmid

A diagram of the RHCglo plasmid is
shown in Figure 1A. The Rous sarcoma
virus long-terminal repeat transcribes
in a large variety of cell lines. mRNA 3’
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end formation is directed by the chicken
skeletal o actin last exon and 3’ flanking
genomic region (15). The other gene
segments have been shown to provide
efficient splicing with minimal cryptic
splice site usage (10,15,16). A key
feature of this minigene is the presence
of unique restriction sites within all three
exons and both introns to allow straight-
forward “cut and paste” cloning of a
large variety of genomic segments to test
for splicing activity including segments
within the middle exon (Figures 1, A
and B). RT-PCR analysis is performed
using oligonucleotides complementary
to the first and last exons.

Test of Exon Mutations

To determine whether the RHCglo
minigene can be used to identify
disease-causing splicing mutations
within exons, we tested two well-
characterized splicing mutations within
MAPT (tau) exon 10. Exon 10 is alter-
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natively spliced to provide an appro-
priate ratio of tau protein isoforms
containing three and four microtubule
binding domains. Mutations within
tau exon 10 or the surrounding introns
cause frontotemporal dementia with
Parkinsonism linked to chromosome
17 (FTDP-17) by disrupting the
balanced expression of these isoforms
(17). The A280K mutation (Figure 2A)
disrupts an exonic splicing enhancer
(ESE), causing decreased levels of
exon 10 inclusion. N279K is a T to G
substitution that results in increased
ESE activity and a higher level of
exon inclusion (18,19). Wild-type
(WT), N279K, and A280K exons were
amplified from human genomic DNA
and inserted between the BamHI and
Xhol sites in RHCglo (Figure 2). The
WT, N279K, and A280K minigenes
were transiently transfected into
COSM6 cells, and RT-PCR demon-
strated that for all three minigenes,
95%-99% of the mRNAs contained
MAPT exon 10 (Figure 2C, lanes 1-3).

We hypothesized that the efficient
recognition of the exons was due
to features outside of the exon and
concealed differences in the effects of
the different exon sequences on exon
recognition. To reveal the potential
effects of the FTDP-17 exon mutations
on exon inclusion, we weakened the 5’
splice site by introducing mutations into
the fifth and/or sixth positions of the
consensus (AGIGTRAGT). Splice site
strength can be evaluated using Splice
Site Prediction by Neural Network
available at www.fruitfly.org/seq_tools/
splice.html (20). A doped oligonucle-
otide containing wild-type and mutant
nucleotides in equal amounts at these
positions was used to PCR amplify a
Xhol/Xbal fragment containing the
substitutions. The approach generates
three mutants (plus the wild-type 5
splice site) from one PCR cloning step
and provided minigenes with a range
of splicing efficiencies. Importantly,
weakening the strength of the 5’ splice
site revealed dramatic differences in the
effects of the nucleotide changes within
the exon. As observed in FTDP-17
tissues, the A280K deletion substan-
tially reduced inclusion of the exon in
the context of the TC or TT substitutions
(Figure 2, compare lanes 5 and 6 and
lanes 8 and 9). Similarly, the N279K
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Figure 3. Regulation of the heterologous RHCglo exon by exogenous and endogenous proteins. (A)
RF300 contains the flanking intron segments of human cardiac troponin T (¢TNT) exon 5. (B) Regulation
of the heterologous exon in RF300 by co-expression of FLAG-tagged CUG binding protein 1 (CUG-BP1)
or muscleblind like 1 (MBNL1) of CUG repeat-containing RNA [(CUG)960] was comparable to that ob-
served for RTB300. (C) Western blot analysis demonstrating comparable expression of FLAG-CUG-BP1
and FLAG-MBNLI1 with RTB300 or RF300. (D) Responses of RTB300 and RF300 minigenes to endog-
enous regulators during differentiation of the C2C12 mouse skeletal muscle cell line. Reverse transcrip-
tion PCR (RT-PCR) analysis of minigene RNA extracted from cultures in proliferation media (undiff.)
and following 4 days in differentiation media (diff.). nt, nucleotides.

substitution increased inclusion (Figure
2, compare lanes 5 and 7 and lanes 8
and 10). These results demonstrate the
utility of this minigene for testing exonic
mutations as well as the importance of
having a context in which the effects
of mutations are not masked by other
determinants of exon strength.

Test of Regulation of Alternative
Splicing by trans-Acting Factors

c¢TNT exon 5 is antagonistically
regulated by CUG-BP1 and MBNLI,
which bind to separate intronic sites
located downstream and upstream of
the exon, respectively (Figure 3A) (11).
The flanking intron segments from
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the complete cTNT genomic fragment
(Figure 3A, RTB300) were placed into
the RHCglo context (Figure 3A, RF300)
to determine whether the regulatory
elements retained responsiveness to
splicing regulators. The 3" and 5" ends
of introns 4 and 5 were PCR-amplified
using oligonucleotides containing
Sall/BamHI and Xhol/Xbal restriction
sites, respectively, and inserted into
RHCglo to generate RF300 (Figure 3A).
Comparable levels of FLAG-tagged
CUG-BP1 or MBNLI proteins were
co-expressed with the two minigenes
as determined by Western blot analysis
for the FLAG epitope (Figure 3B). We
also tested whether the cTNT intronic
segments retain responsiveness to

coexpressed CUG repeat-containing
RNAs [(CUG)960] as demonstrated
previously (10,11) (Figure 3).

The basal level of exon inclusion was
lower for RF300. However, the RF300
minigene responded to CUG-BPI,
MBNL1, and CUG repeat RNA compa-
rably to RTB300 (Figure 3C). These
results demonstrate that the intronic
elements within the cTNT pre-mRNA
retain their responsiveness to three
different modulators of exon inclusion
when placed in the RHCglo context.

Test of Regulation by Cell-Specific
Elements

We next tested whether the cis
elements within the contiguous
genomic segment (RTB300) and in
the RHCglo context (RF300) would
respond to endogenous splicing
regulators during differentiation of the
C2C12 mouse myoblast cell line (21).
C2C12 myoblasts proliferate in high
serum medium and differentiate into
skeletal muscle myotubes in low serum
(22). RTB300 and RF300 plasmids
were transfected, while the cells were
approximately 40% confluent in
growth (high serum) media. RNA from
undifferentiated cultures was extracted
24 h after transfection, growth media
was replaced by differentiation media
(low serum), and RNA was extracted
from differentiated cultures 4 days
later. Analysis of splicing demonstrated
a strong shift toward exon inclusion in
differentiated cultures for the RTB300
minigene (Figure 3D). The response
of the RF300 alternative exon to
regulation during C2C12 differentiation
is somewhat reduced compared with
RTB300. Overall, however, the results
demonstrate that a heterologous exon
flanked by the two intron segments
proximal to human cTNT exon 5
retained the majority of the regulatory
response observed during C2C12
skeletal muscle differentiation in vitro.

Minigene splicing reporters are used
to determine the effects of nucleotide
substitutions on splicing efficiency
or to identify cis-acting elements that
respond to either differential regulatory
environments, overexpression, and
depletion of specific regulatory proteins,
or to identify compounds that affect
splice site selection. The design of the
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RHCglo minigene splicing reporter
facilitates rapid cloning of genomic
segments for these analyses. Similarly,
gain-of-function analyses can be
readily performed by inserting putative
regulatory elements into the heter-
ologous RHCglo context. The caveats of
minigene splicing reporters should also
be considered when analyzing results.
These include the unpredictable effects
introduced by a heterologous genomic
context, the possibility that important
regulatory elements are missing from
the genomic segment being tested, the
effects of overexpressed pre-mRNA and
protein, and the loss of potential coupling
between splicing regulation and specific
transcriptional promoters (8).
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