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ABSTRACT

We have developed a series of fluorescent splicing reporter minigenes for the establishment of cell-based screens to identify
splicing regulatory proteins. A key technical advance in the application of these reporters was the use of two different
fluorescent proteins: EGFP and monomeric Red Fluorescent Protein (mRFP). Through establishment of stable cell lines
expressing such dual color fluorescent reporters, these minigenes can be used to perform enhanced screens for splicing
regulatory proteins. As an example of such applications we generated fluorescent minigenes that can be used to determine the
splicing of mutually exclusive FGFR2 exons IIIb and IIIc by flow cytometry. One minigene contained a coding sequence for
EGFP whose translation was dependent on splicing of exon IIIb, whereas a second minigene required exon IIIc splicing for
translation of an mRFP coding sequence. Stable incorporation of both minigenes into cells that express endogenous FGFR2-IIIb
or FGFR2-IIIc resulted in EGFP or mRFP fluorescence, respectively. Cells stably transfected with both minigenes were used to
screen a panel of cDNAs encoding known splicing regulatory proteins, and several were identified that induced a switch in
splicing that could be detected specifically by an increase in green, but not red, fluorescence. We further demonstrated
additional minigenes that can be used in dual color fluorescent screens for identification of splicing regulatory proteins that
function through specific intronic splicing enhancer elements (ISEs). The methods and minigene designs described here should
be adaptable for broader applications in identification of factors and mechanisms involved in alternative splicing of numerous
other gene transcripts.
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INTRODUCTION

Alternative splicing is a highly utilized process in mamma-
lian cells whereby multiple mRNAs can be produced from
the same gene transcript, and in many cases the products of
these different mRNAs have divergent, or even opposing,
functions (Black 2003). In recent years, several computa-
tional and experimental studies have suggested progres-
sively higher estimates of the percentage of mammalian

gene transcripts that undergo alternative splicing; at pres-
ent, it appears likely that at least 60%–70% of human genes
are alternatively spliced (Modrek and Lee 2002; Johnson et al.
2003). While the precise functional relevance of different
spliced forms of specific transcripts has thus far been delin-
eated in a limited number of cases, there is no question that
alternative splicing yields variants with differential func-
tions that are critical for development as well as for main-
tenance of normal cellular homeostasis and intercellular
communication pathways (Matlin et al. 2005). As such, it
has also become evident that alterations in the regulation of
splicing can have drastic consequences resulting in human
diseases, including cancer (Xu and Lee 2003; Brinkman
2004; Hui et al. 2004; Venables 2004; Relogio et al. 2005).

Our current understanding of alternative splicing mech-
anisms in mammals has largely been derived from focused
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studies of specific alternatively spliced genes using trans-
fected minigene models and in vitro splicing assays (Black
2003). These studies have led to the identification of
auxiliary RNA cis-elements that, together with consensus
sequences at 59 and 39 splice sites, collectively influence
splicing of alternative exons. These cis-elements either enhance
or suppress splicing and are generally located within or in
close proximity to regulated exons and are thereby classified
as exonic splicing enhancers (ESEs), exonic splicing silencers
(ESSs), intronic splicing enhancers (ISEs), or intronic
splicing silencers (ISSs). It is believed that the ability of
the auxiliary cis-elements to regulate splicing is generally
mediated by RNA-binding proteins that interact with them
and either promote or hinder splicing at adjacent splice
sites. Such splicing regulatory proteins include ubiquitously
expressed factors as well as those with a more tissue or cell-
type limited pattern of expression (Bourgeois et al. 2004;
Ladd et al. 2004; Ule et al. 2005; Underwood et al. 2005).
The best characterized elements have been the ESEs and
ESSs, which have been shown to play a role in splicing of
both constitutive as well as alternatively spliced exons
(Zheng 2004). In addition to modulating the splicing of
alternative exons, it appears that ESEs and ESSs also play
a prominent role in maintaining the general fidelity of
splicing of mammalian transcript by directing splicing only
of ‘‘authentic’’ splice sites as opposed to ‘‘decoy’’ splice sites
(Pozzoli and Sironi 2005; Zhang et al. 2005a,b).

Intronic cis-elements have been less extensively catalogued
and mechanistically characterized than exonic elements.
While intronic regulatory elements may play a role in
constitutive splicing, they have largely been characterized in
the regulation of alternatively spliced exons (Ladd and
Cooper 2002). Intronic sequences flanking exons that are
alternatively spliced in both human and mouse tissues
often display extensive sequence identity, especially in the
100 nt adjacent to the 39 or 59 splice sites (Sorek and Ast
2003; Yeo et al. 2005). This same degree of sequence
identity is not seen in introns flanking constitutive exons,
suggesting that these conserved sequences contain func-
tional cis-elements that bind splicing regulatory factors that
regulate alternative exons. A challenge to our understand-
ing of the mechanisms that regulate mammalian alternative
splicing has been that multiple exonic and intronic ele-
ments influence splicing of regulated exons. As such, the
splicing outcome often appears to result from the combi-
natorial effects of regulatory factors that bind these ele-
ments (Black 2003; Matlin et al. 2005).

A more comprehensive characterization of alternative
splicing pathways and mechanisms that control them will
require new tools to study functionally relevant examples of
splicing regulation. Recently, microarray platforms that can
distinguish different splice isoforms have shown the capa-
bility to reveal global patterns of splicing regulation
(Yeakley et al. 2002; Johnson et al. 2003; Lee and Roy
2004; Pan et al. 2004; Srinivasan et al. 2005; Ule et al. 2005).

In addition, more elegant genetic strategies using mouse
models to delineate targets of mammalian splicing regula-
tory factors have been used to dissect their functions (Ule
et al. 2003; Ding et al. 2004; Ladd et al. 2005; Lin et al. 2005;
Xu and Fu 2005; Xu et al. 2005). Another tool that has
recently been applied to studies of splicing regulation has
been use of fluorescent reporter constructs that recapitulate
the splicing pattern of the endogenous gene for alterna-
tively spliced exons, facilitating identification of splicing
differences via fluorescence analysis (Sheives and Lynch
2002; Toba et al. 2002; Ellis et al. 2004; Wagner et al. 2004).
Such constructs have been used to identify splicing patterns
in animal models but also can be used in cultured cell lines
to establish genetic screens for splicing regulatory factors
and cis-elements (Sheives and Lynch 2002; Wang et al.
2004). While different designs used in such constructs have
been shown to allow recognition of splicing patterns
through fluorescence analysis, some limitations in pre-
viously described fluorescent reporters may hinder their
use in genetic screening applications. For example, some
reporter constructs have been described in which an
alternatively spliced exon and flanking intron sequences
are inserted into a heterologous intron that disrupts an
EGFP coding sequence. Inclusion of the alternative exon is
designed to interrupt the EGFP reading frame, whereas
skipping restores the EGFP open reading frame (ORF).
This design can be used to study silencing of the internal
exon by monitoring increases in fluorescence that correlate
with a switch from its inclusion to skipping. However,
background levels of skipping of the exon can complicate
use of fluorescence as a direct indicator of exon skipping
(Ellis et al. 2004; Wagner et al. 2004; R.P. Carstens,
unpubl.). Furthermore, differences or changes in fluores-
cence may not always reflect differences in splicing. For
example, differences in transcription of the fluorescent
reporter as well as in the stability or translation of the
transcribed RNA could also affect the level of fluorescence.
In addition, we have found that when using traditional
eukaryotic expression vectors with selectable markers to
isolate cell lines carrying such fluorescent reporters, there is
often a gradual decline in expression of the reporter even
from cloned cell lines maintained under selective condi-
tions. Here we describe a series of fluorescent splicing
reporter constructs designed to circumvent some of these
technical limitations in order to establish cell-based screens
for splicing regulatory proteins.

RESULTS

Generation of FGFR2 splicing reporter minigenes for
analysis of alternative splicing using fluorescence

These studies were initiated toward a goal of identification
of trans-acting splicing regulatory proteins that are re-
quired for the highly cell-type-specific splicing of mutually
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exclusive exons IIIb and IIIc of FGFR2 (Fig. 1). These exons
encode different peptides in the extracellular domain of
FGFR2 and yield receptors with dramatic differences in
ligand-binding specificity that have important functional
consequences during development (Xu et al. 1998; De
Moerlooze et al. 2000). Our studies of FGFR2 splicing
have primarily used the rat prostate cancer cell lines, DT3
and AT3, which exclusively splice exon IIIb or IIIc, re-
spectively, to yield FGFR2-IIIb or FGFR2-IIIc. In addition,
human cell lines C4-2 (Wu et al. 1994) and 293 have been
used, which yield exclusively FGFR2-IIIb and FGFR2-IIIc,
respectively. Several intronic and exonic cis-elements
within and flanking exons IIIb and IIIc have been de-
scribed, including several elements in intron 8 that enhance
splicing of exon IIIb, as shown schematically in Figure 1
(Hovhannisyan and Carstens 2005 and references therein).
Although several ubiquitously expressed proteins that bind
these elements have been described, the mechanisms that
give rise to distinct cell-type-specific expression of these
isoforms remain poorly understood. To complement tra-
ditional approaches toward identification of splicing regu-
lators, we also sought to establish functional screens for
factors that regulate FGFR2 splicing in vivo. One rationale
was that a functionally relevant protein might regulate
splicing without directly interacting with the RNA tran-
script itself. For example, changes in phosphorylation of
splicing factors by kinases and phosphatases have been
shown to modulate binding, function, or localization of
several splicing regulators and would be difficult to identify
using traditional biochemical approaches (Kanopka et al.
1998; Matter et al. 2002; Patel et al. 2005). To establish
these screens, we adapted previously described FGFR2
minigenes in which FGFR2 cDNA sequences encoding the
exons upstream of exon IIIb, including the natural trans-
lational start codon, were fused with a cassette containing
intron 7, exon IIIb, intron 8, exon IIIc, intron 9, and exon 9
(Jones et al. 2001). This minigene was joined with a down-
stream coding sequence for either EGFP or mRFP in which

the usual start codon at the 59-end of the ORF was changed
from ATG (Met) to ATC (Ile) to preclude translational
initiation at this position (Fig. 2A). This design thus
replaces the intracellular FGFR2 tyrosine kinase domains
with sequences encoding either fluorescent protein. Be-
cause the number of nucleotides in exon IIIb and exon IIIc
(148 and 145 nt, respectively) are not multiples of three,
maintenance of an ORF that will translate the fluorescent
component of the fusion protein requires that one or the
other exon be included in the spliced mRNA. Skipping of
both exons, or inclusion of both exon IIIb and IIIc, results
in a frame that terminates at stop codons upstream of
either fluorescent coding sequence. In addition, the pres-
ence of numerous stop codons in the introns precludes the
possibility of generating a fluorescent product from
unspliced or partially spliced pre-mRNAs. We also gener-
ated minigenes in which a frameshifting nucleotide was
inserted into either exon IIIb or exon IIIc. These minigenes,
IIIb-FRT and IIIc-FRT, generate a frame that ends in a stop
codon immediately preceding the fluorescent protein-
coding sequence if the respective exon is included in the
spliced transcript. As a result, production of a fluorescent
fusion protein only occurs if the exon without the frame-
shift mutation is spliced. As a control, we also generated a
‘‘prespliced’’ cDNA control containing exon IIIc (CIIIc)
that would generate an FGFR2-fluorescent protein fusion
independent of splicing. In all minigenes and controls we
also deleted an extracellular peptide required for receptor
dimerization to prevent direct association of the minigene
products with each other or with the products of the
endogenous FGFR2 gene (Wang et al. 1997). These mini-
genes were inserted in bicistronic expression vectors
upstream of an Internal Ribosome Entry Site (IRES)
directing expression of antibiotic selectable markers (e.g.,
neomycin-, hygromycin-, or puromycin-resistance genes).
This expression system facilitated establishment of pools of
stably transfected cell lines whereby nearly all cells that
survived in selective media expressed the minigenes since

the selectable gene was expressed under
the control of the same promoter. This
system also ensured that the expression
of the fluorescent minigenes was main-
tained during prolonged culture. In
previous experiments using the same
minigenes in vectors containing select-
able markers expressed under the
control of an independent promoter,
we noted a gradual loss of minigene
expression over time despite mainte-
nance of selective conditions. Further-
more, in these cases, only one-quarter
to one-third of the cells that survived
the initial selection also expressed the
minigene based on flow cytometric
analysis.

FIGURE 1. Schematic demonstrating alternative splicing of exons IIIb and IIIc. At top is
a schematic of the protein showing the extracellular region in which exons IIIb and IIIc encode
different peptides. Below is a map demonstrating the pre-mRNA region containing these
alternative exons together with auxiliary cis-elements in intron 8 previously shown to promote
exon IIIb inclusion (hatched boxes). (TM) Transmembrane domain, (TK) tyrosine kinase
domains, (Ig) immunoglobulin-like domain. Shaded boxes represent exons, and solid lines
represent introns.
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Fluorescence of cells stably
transfected with FGFR2 minigenes
can be used to determine the
splicing pattern of the endogenous
FGFR2 gene transcript

We stably transfected DT3 and AT3 cells
with the set of minigenes shown in
Figure 2A, and pooled cells were sub-
jected to flow cytometric analysis, which
is presented in Figure 2B. As expected,
the minigenes with the wild-type
sequences (MWT) and the cDNA con-
trol (CIIIc) both exhibited green fluo-
rescence in both DT3 and AT3 cells that
was easily distinguishable from that in
cells transfected with an empty vector
control. In DT3 cells, an equivalent level
of fluorescence was seen with the IIIc-
FRT-EGFP minigene, but a markedly
lower level of fluorescence was observed
with IIIb-FRT-EGFP. Conversely, in
AT3 cells, reduced fluorescence was
observed in cells stably transfected with
the IIIc-FRT-EGFP minigene, whereas
IIIb-FRT-EGFP yielded results equiva-
lent to those with the MWT minigene
or cDNA (CIIIc) control (Fig. 2B).
These results were consistent with our
predicted outcomes and suggested that
the frame-dependent fluorescence in-
deed required cell-type-specific inclu-
sion of exon IIIb or IIIc. To confirm
that cell-type-specific splicing of exons
IIIb and IIIc in these minigenes recapit-
ulated that obtained from the endoge-
nous gene, we performed an RT-PCR
assay to distinguish exon IIIb from IIIc
inclusion. RT-PCR confirmed that
splicing of the exons from the wild-type
minigene as well as minigenes contain-
ing frameshift mutations yielded pre-
dominantly exon IIIb inclusion in DT3
cells and exon IIIc inclusion in AT3 cells
(Fig. 2C). However, in contrast to sim-
ilar analysis of the endogenous tran-
script, a small but detectable amount
of products containing exon IIIc was
detected in DT3 cells. We also stably
transfected these rat FGFR2 minigenes
in the human C4-2 and 293 cell lines
(that splice exon IIIb or IIIc, respec-
tively) and confirmed that they also
recapitulated the splicing pattern of
endogenous FGFR2 in a manner that FIGURE 2. (Legend on next page).
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can be determined by fluorescence (data not shown). Taken
together, the RNA analysis indicates that the relative
fluorescence observed with the minigenes containing the
frameshift mutations in exons IIIb or IIIc can be used to
determine the inclusion level of the unmodified exon.
Because this level of fluorescence can be determined in live
cultured cells, these minigenes can be used to directly assess
the level of exon IIIb or IIIc inclusion without the need to
lyse cells and harvest RNA. Transfection of the same set of
minigenes using mRFP in place of EGFP yielded similar
results, indicating that flow cytometric analysis for this
fluorescent protein can similarly be used as an indicator of
exon IIIb or exon IIIc splicing (data not shown).

Establishment of flow cytometry parameters that
enable specific detection of fluorescence from
minigenes containing EGFP or mRFP

Because of the distinctly different excitation and emission
wavelengths of mRFP and EGFP, microscopic or flow
cytometric analysis can be carried out in which expression
of either fluorescent protein can be distinguished, even in
the same cell. As a result, we expected that it would be
possible to independently assess splicing of two different
reporters present in the same cell, provided that one of the
minigenes contained the EGFP coding sequence and the
other included the mRFP coding sequence. Prior to
generating cell lines containing these reporters, we evalu-
ated our ability to distinguish fluorescence generated by
these minigenes using fluorescence analysis of live stably
transfected DT3 and AT3 cells by flow cytometric analysis.
Pools of DT3 and AT3 were stably transfected with the

IIIb-FRT or IIIc-FRT minigenes containing either the EGFP
or mRFP coding sequence (four different minigenes). By
using advanced flow cytometry systems, such as the LSR II
(BD Biosciences), in which precise wavelengths of excita-
tion and detection can be specified, conditions have been
established that permit sensitive detection of both EGFP
and mRFP without any bleeding through of one fluorescent
color to the other. This permits independent flow cyto-
metric analysis for expression of either fluorescent protein
in the same cell.

We subjected DT3 and AT3 cells transfected with the
minigenes described above to fluorescent analysis using
conditions set up for detection of each fluorescent pro-
tein, and the results are shown in Figure 3. In DT3 cells,
using settings for EGFP (FL1) we noted the highest level
of fluorescence with IIIc-FRT-EGFP and a significantly
lower level of fluorescence with IIIb-FRT-EGFP, consis-
tent with the relative differences in exon IIIb and IIIc
inclusion described previously. No fluorescence was
detected in cells transfected with IIIb-FRT-mRFP or
IIIc-FRT-mRFP. However, when settings optimal for
mRFP (532-nm green laser, 585/42-nm detection set-
tings) were used, IIIc-FRT-mRFP yielded the highest
fluorescence, with lower levels from IIIb-FRT-mRFP and
none from either EGFP containing minigene. As de-
scribed previously, DT3 cells exhibit a low level of IIIc
inclusion, and thus the low level of fluorescence observed
with the IIIb-FRT minigenes is attributable to its in-
clusion. Similar results were also observed in AT3 cells,
with the significant difference being that in both cases
fluorescence was higher with the IIIb-FRT than IIIc-FRT
minigenes. Thus, both fluorescent proteins can be
detected separately from one another.

Stable cell lines containing dual
color minigene reporters facilitate
detection of changes in FGFR2
splicing regulation induced by
trans-acting protein factors

The results described thus far confirmed
that splicing outcomes from minigenes
containing either EGFP or mRFP can
independently be analyzed by flow
cytometry. Therefore, cells can be iden-
tified and sorted using fluorescence
activated cell sorting (FACS) on the
basis of the relative fluorescence of
either (or both) of these fluorescent
markers. Since fluorescence of cells
expressing these minigenes can be used
to monitor splicing of FGFR2 exon IIIb
(using the IIIc-FRT minigenes) or exon
IIIc (using the IIIb-FRT minigenes), cells
expressing these minigenes represent an

FIGURE 2. Fluorescent FGFR2 minigenes can be used to detect the alternative splicing
pattern of exons IIIb and IIIc in live cultured cells. (A) Schematic of the fluorescent minigenes.
The MWT minigene has no alterations in either exon IIIb or exon IIIc. Introduction of a single
additional nucleotide (frameshift) in either exon eliminates fluorescent protein expression
when the affected exon is spliced. A control, the CIIIc minigene, expresses the fluorescent
fusion protein containing exon IIIc without splicing and, similar to the MWT minigenes,
fluorescence cells that splice exon IIIb or IIIc. (B) Determination of cell-type-specific splicing
by flow cytometry in pooled stably transfected cells. Introduction of a frameshift (FRT)
mutation in exon IIIb or IIIc abrogates green fluorescence in DT3 or AT3 cells, respectively.
Raw data from a representative experiment are shown at left. Mean fluorescence intensities
(MFI) from three independent experiments were determined as the computed mean of each
experimental cell population (without a gate). Data from each experiment were normalized by
dividing the MFI obtained with each minigene by that of CIIIc. These data are shown
graphically at right with error bars to represent the standard deviation from three independent
experiments. (C) RT-PCR to analyze the splicing pattern from transfected minigenes. Average
percentage of IIIc inclusion for AT3 cells and IIIb inclusion for DT3 cells is shown with
standard deviations from three independent experiments. Exon IIIb inclusion was determined
as the percentage of the RT-PCR product band remaining after HincII digestion divided by the
sum of this band and the band remaining after AvaI digestion. Exon IIIc inclusion was
determined as the percentage of the RT-PCR product band remaining after AvaI digestion
divided by the sum of this band and the band remaining after HincII digestion. Shown at right
is a schematic to illustrate results expected following digestion of RT-PCR products. (U)
Uncut, (A) AvaI digestion, (H) HincII digestion, (M) molecular weight marker lane. Arrows
indicate the locations of primers used for RT-PCR.
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ideal substrate for the establishment of genetic screens for
the identification of functional splicing regulators. A simple
screen using cells stably expressing a single fluorescent
reporter could be used for these purposes. However,
changes in fluorescence of a single reporter could be achieved
through gain or loss of factors that would not necessarily be
due to changes in splicing. For example, changes in
transcription, transport, mRNA stability, or translational
efficiency of minigene-derived transcripts could likewise
affect fluorescence. To obviate this possibility and establish
more elegant genetic strategies, we established cell lines
stably expressing two minigenes in which exon IIIb or exon
IIIc inclusion is reflected by relative EGFP or mRFP expres-
sion from the respective minigenes. This was achieved
through use of a IIIc FRT-EGFP minigene containing a
puromycin-resistance cassette and a IIIb-FRT-mRFP mini-
gene linked to hygromycin resistance. Cells stably expressing
both minigenes were obtained by sequential transfection
and selection with the appropriate antibiotic. After stable
insertion of both minigenes, DT3 cells displayed easily

detectable green fluorescence, but only low levels of red
fluorescence (data not shown). Predictably, AT3 cells
instead displayed intense red fluorescence but green fluo-
rescence that was near background levels (data not shown).
293 Cells, which also express FGFR2-IIIc, also displayed
intense red fluorescence, and significantly lower green fluo-
rescence. Thus, cells expressing this combination of mini-
genes enabled use of either EGFP or mRFP expression to
independently determine the level of exon IIIb or IIIc
splicing.

The resulting cell lines expressing both EGFP and mRFP
containing splicing reporters can be used in screens in
which an induced increase in the level of only one fluores-
cent protein is highly predictive of a change in splicing.
Because both minigenes contain the same CMV promoter
and 59- and 39-untranslated regions (UTRs), any induced
changes in the level of transcription, stability, or trans-
lational efficiency would be expected to yield parallel
changes in EGFP and mRFP. Therefore, through use of
FACS-based sorting to select cells that only cause a shift in
fluorescence of one marker, we can more robustly and
elegantly screen for cellular mutants that switch splicing or
for the ability of exogenously expressed regulatory factors
to induce a splicing switch. To validate the feasibility of
using these cell lines for this purpose, we tested the ability
of a panel of previously described splicing regulatory
proteins to induce changes in FGFR2 splicing in a 293 cell
clone stably expressing both fluorescent minigenes. Although
splicing regulation of FGFR2 is complex and involves
combinatorial functions of several regulatory factors, sev-
eral observations are consistent with the function of at least
one protein required for exon IIIb inclusion, but not for
exon IIIc inclusion (Carstens et al. 1998). Therefore, over-
expression of such factors in 293 cells might result in a shift
from predominant inclusion of exon IIIc to exon IIIb that
can be detected as an increase in EGFP, but not mRFP.
Although expression of a single factor may not be sufficient
to cause a complete switch in exon IIIc or exon IIIb
splicing, an added benefit of use of fluorescence to establish
these screens is that even a partial switch in splicing can be
detected. As shown in Figure 4A, transient transfection of
plasmids expressing cDNAs for several regulatory proteins
resulted in detectable increases in EGFP without parallel
changes in mRFP. Analysis of endogenous FGFR2 splicing
by RT-PCR confirmed that the relative level of EGFP
obtained after transfection of each protein corresponded
to partial switches from inclusion of exon IIIc to exon IIIb
(Fig. 4B). The most robust switch was observed in response
to overexpression of the related Fox-1 and Fxh RNA-
binding proteins (Lieberman et al. 2001; Jin et al. 2003).
While we anticipated that a decrease in mRFP expression
might result, we suspect this reduction was not detected,
because it would not only require a reduction in produc-
tion of exon IIIc containing spliced mRNAs from the mRFP
minigene but also turnover of pre-existing FGFR2-mRFP

FIGURE 3. Green and red fluorescence can be independently
detected by flow cytometry. (Upper left) DT3 cells display significantly
greater green fluorescence with the IIIb-FRT-EGFP than the IIIc-FRT-
EGFP minigenes, but none with mRFP containing minigenes at these
settings. (Upper right) DT3 cells display greater red fluorescence with
the IIIb-FRT-mRFP than the IIIc-FRT-mRFP minigenes, but none
with EGFP containing minigenes using these settings. (Lower left)
Fluorescence is only detected in AT3 cells stably expressing minigene
IIIb-FRT-EGFP. (Lower right) Under conditions established for RFP
detection, fluorescence is only detected in AT3 cells expressing IIIb-
FRT-mRFP. The black line represents results from control untrans-
fected cells.
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fusion proteins. We also noted a small but reproduc-
ible increase in exon IIIb splicing in response to TIA-1.
A TIA-1 effect is consistent with previous reports demon-
strating that it binds to uridine-rich sequences downstream
of exon IIIb and enhances its inclusion (Del Gatto-Konczak
et al. 2000). In addition to the factors shown in Figure 4,
several additional RNA-binding proteins (FBP, Etr-3,
CELF4, CELF6, and TLS/FUS) were also tested that did
not result in changes in splicing of either reporter or the
endogenous FGFR2 transcript (data not shown). While
these results demonstrated the ability of several proteins to
increase exon IIIb splicing, the supra-physiologic level of
expression often achieved in transient transfections might
suggest that the observed effects of these proteins do not
reflect a normal biological role in FGFR2 splicing. There-
fore, we also determined the feasibility of using 293 cells
containing both reporters to detect changes in splicing
following stable integration of a cDNA expressing such
factors. To further demonstrate that these experiments can
also be performed with the respective fluorescent proteins
swapped, we used a 293 cell clone stably expressing IIIc-
FRT-mRFP and IIIb-FRT-EGFP minigenes. The Fox-1

cDNA in a bicistronic plasmid encoding blasticidin re-
sistance was transfected in these cells, and selection was
carried out using blasticidin. This bicistronic design is
expected to yield a population of cells in which nearly all
stably express Fox-1. As shown in Figure 4C, stable expres-
sion of Fox-1 was also capable of inducing a partial switch
from exon IIIc to exon IIIb splicing, although in this case
the magnitude was lower. In this case, an increase in red
fluorescence was observed without a change in green
fluorescence (Fig. 4C). Again, the increase in fluorescence
correlated with changes in splicing of the endogenous
transcript (Fig. 4D). Taken together, the results in 293 cells
indicate that use of two color splicing assays should
facilitate larger scale screens for FGFR2 splicing regulators
using either loss- or gain-of-function approaches.

Dual color fluorescent reporters can be used to
detect induced splicing changes via defined ISEs

The results shown in Figure 4 show the applicability of cell
lines containing these reporters for identification of trans-
acting factors involved in regulation of FGFR2 exons IIIb

FIGURE 4. Changes in splicing of endogenous FGFR2 in response to overexpression of splicing regulatory factors can be detected specifically
using cell lines stably expressing dual color fluorescent reporter minigenes. (A) A 293 clonal cell line expressing both IIIc-FRT-EGFP and IIIb-
FRT-mRFP was transiently transfected with constructs expressing the indicated RNA binding proteins (RBPs) or the same expression construct
without an inserted cDNA (Vector). (B) Confirmation that the induced increases in green fluorescence represents changes in splicing of
endogenous FGFR2. RNAs from the same cells analyzed by flow cytometry were analyzed by RT-PCR. Percentage IIIb inclusion was determined as
described in the legend to Figure 2C. (C) An increase in red, but not green, fluorescence was observed in response to stable transfection with
a Fox-1 cDNA in a 293 clonal cell line containing the opposite combination of minigene/fluorescent protein. (D) RT-PCR analysis demonstrating
increased exon IIIb inclusion in response to stable expression of Fox-1.
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and IIIc. While identification of such regulators should be
highly informative, these minigenes contain numerous
regulatory cis-elements in all three introns as well as both
exons. As a result, several regulators may be identified
without elucidating mechanisms or cis-elements that me-
diate their effects on splicing. Therefore, we also established
dual color fluorescence assays that allow us to discover
factors that enhance exon IIIb splicing through the ISEs
located in intron 8. For this purpose, we adapted minigenes
from a reporter construct that was successfully used to
detect cell-type-specific functions of ISE/ISS-3 using
fluorescence (Hovhannisyan et al. 2006). As shown in
Figure 5A, these minigenes contain an ORF consisting of a
159-nt ORF derived from rat protein kinase C (PKC)-g in a

59-terminal exon. In the parental PKC-neg-40B minigenes,
a single 40-nt artificial exon (exon 40B), together with
flanking introns, separates this ORF from a 39-terminal
exon containing a coding sequence for either EGFP or
mRFP. Splicing of the 40B exon maintains an ORF that
yields green or red fluorescence, whereas skipping of the
exon generates a frame terminating in a stop codon
upstream of the fluorescent protein reading frame. Due
to to its small size and weak splice sites, this artificial exon
is included in only 3%–5% of spliced transcripts in trans-
fected 293 cells; the predominant splicing pathway leads to
skipping of the exon and thus low levels of green or red
fluorescence. However, insertion of FGFR2 intron 8 ISE
elements downstream of this exon results in substantial

activation of exon 40B splicing in DT3
cells but not in AT3 or 293 cells (data
not shown). This activation is most
robust when an intronic fragment (in-
tron fragment 3, IF3) containing all five
of the ISE elements shown in Figure 5A
is inserted downstream of the test exon.
In contrast, insertion of an intron 8
fragment that has been truncated at the
39-end to exclude both the UGCAUG
element and ISE/ISS-3 does not result in
increased exon inclusion in any cell lines
tested (data not shown). Although fac-
tors that bind ISE/ISS-3 and regulate
splicing have not been described, Fox-1
and Fxh (also referred to as Fox-2) have
been shown to bind UGCAUG sequence
elements and mediate splicing enhance-
ment (Jin et al. 2003; Underwood et al.
2005). Therefore, the most straightfor-
ward mechanism by which these factors
can promote exon IIIb splicing in 293
cells would include binding to this
sequence in intron 8 (Baraniak et al.
2003). Because the most robust activa-
tion of splicing requires the contribu-
tion of all five of the indicated FGFR2
cis-elements, we cotransfected 293 cells
with combinations of these minigenes
in which one fluorescent reporter con-
tained IF3 (with all indicated ISEs in-
cluding UGCAUG), whereas the second
reporter with the other fluorescent
marker contained no sequences from
FGFR2. These reporters were also
cotransfected with either an empty ex-
pression vector, or the same vector
containing cDNAs for Fox-1 and KSRP.
As shown in Figure 5B, when the
mRFP reporter contained IF3 (40B-
mRFP-IF3) and the EGFP reporter did

FIGURE 5. Dual color fluorescent assays can be used to detect splicing changes mediated by
specific auxiliary cis-elements. (A) Schematic of the heterologous parent PKC-neg-40B
minigene (top) and FGFR2 intron 8 fragments (IF3) that were inserted downstream of exon
40B and tested for splicing activation. (B) 293 Cells were transiently cotransfected with PKC-
40B minigenes with and without FGFR2 ISEs (containing opposing fluorescent markers)
together with empty expression plasmid (Vector), Fox-1, or KSRP. Increased fluorescence is
only observed when the fluorescent marker is present in minigenes containing FGFR2 intron
fragment 3. Flow cytometry results from three experiments are shown as mean fluorescence
intensities (MFI) normalized to Fox-1. Normalization was performed by dividing each MFI by
that of Fox-1 and multiplying by 100. Error bars represent standard deviations. (C) RT-PCR
confirmation that induced increases in fluorescence correspond to activation of exon 40B
splicing only when FGFR2 auxiliary cis-elements are present. The percentage of spliced
products containing exon 40B (vs. exon skipping) is indicated beneath each lane as well as the
standard deviation (S.D.) compiled from three independent experiments.

Newman et al.

1136 RNA, Vol. 12, No. 6

JOBNAME: RNA 12#6 2006 PAGE: 8 OUTPUT: Wednesday May 3 18:10:45 2006

csh/RNA/111795/RNA349



not (40B-EGFP), Fox-1 induced an increase in red, but not
green, fluorescence as predicted. KSRP, which was pre-
viously shown not to increase exon IIIb splicing, showed no
change in fluorescence of either marker. When the opposite
combination of minigene/fluorescent protein (40B-EGFP-
IF5 and 40B-mRFP) was used, we noted an increase in
green, but not red, fluorescence with Fox-1 overexpression.
To confirm that the specific changes in either fluorescent
reporter corresponded to changes in inclusion of the 40B
exon, we also performed RT-PCR assays with RNAs from
the same cells that were analyzed by flow cytometry. As
shown in Figure 5C, Fox-1 induced an increase in exon 40B
inclusion to >40% in minigenes containing the FGFR2 IF3
sequences. In contrast, neither the empty vector control nor
KSRP elicited any change in splicing whether IF3 was
present or not. Therefore, these findings validated the
utility of this dual color fluorescent approach to identify
factors that mediate splicing enhancement by a defined ISE
or set of ISEs.

DISCUSSION

We have developed several robust fluorescent splicing
reporter minigenes that facilitate highly sensitive determi-
nation of alternative splicing outcomes in live cells. We
show that these minigene reporters can be used to de-
termine cell-type-specific patterns of splicing using flow
cytometric analysis. In addition, these minigenes can be
used to detect changes in alternative splicing that are
induced by trans-acting splicing regulatory proteins. Fur-
thermore, we describe cell-based systems that can be
generated using these minigenes that should be highly
effective for the establishment of either gain- or loss-of-
function genetic screens for the identification of regulatory
proteins. Furthermore, minigenes have been developed that
enable fine-tuned screens for factors that mediate regula-
tion via specific intronic cis-elements. Several design
features of these constructs are described that significantly
enhance their ability to establish cell-based screens. First,
we found that use of an IRES-based bicistronic expression
system substantially facilitated establishment and mainte-
nance of stably transfected cell lines expressing the fluores-
cent minigenes. Second, the positions of the introns as well
as the sequences located between the alternatively spliced
regions and the fluorescent coding regions were carefully
designed to eliminate the likelihood that cryptic splicing
events could also lead to fluorescence. Third, the design in
which the default splicing pathway (exon skipping) does
not elicit fluorescence reduces background and enhances
the power for detecting changes in splicing as a positive
selection for increased fluorescence. Fourth, by placing
the fluorescent coding sequences well downstream of the
59-end of the transcript and eliminating the ATG start
codon of the fluorescent protein coding sequence, the
possibility of alternative translation start sites leading to

fluorescence is effectively abrogated. Finally, the use of
two different fluorescent proteins with expression coupled
to different selective markers enables the establishment of
genetic screening strategies that are highly sensitive and
specific for induced changes in splicing pathways. As
previously discussed, the derivation of cell lines expressing
two different fluorescent minigene variants can essentially
eliminate the possibility that factors affecting transcription
or other post-transcriptional steps could complicate screens
for splicing regulators.

Using 293 cell lines expressing these reporters, we have
demonstrated the most direct manner in which a screen can
be carried out to identify splicing regulators through a
gain-of-function approach. A potential limitation to carry-
ing out cDNA-library-based screens in this manner is the
possibility that exogenous expression of a single factor may
be insufficient to lead to changes in splicing. Nevertheless,
the use of a fluorescent readout permits the identification
of even small or partial changes in splicing pathway. Our
results demonstrating that several factors could indepen-
dently induce a partial switch in FGFR2 splicing indicates
that these reporters can be used in larger screens to identify
additional FGFR2 regulatory factors, including possible
cell-type-specific factors that may promote expression of
FGFR2-IIIb. However, the application of this method for
large-scale screening should be undertaken with caution.
Although fairly substantial changes in FGFR2 splicing were
observed in response to Fox family proteins in transiently
transfected 293 cells, it is unlikely that the same degree of
change would be observed using standard screening meth-
ods. The high transfection efficiency and high transcrip-
tional activity of the CMV promoter in 293 cells suggests
that the expression levels of these proteins are likely supra-
physiologic, and thus the degree of splicing switch observed
is likely higher than these factors could achieve on their
own at physiologic expression levels. In fact, the level of
switch in response to stably incorporated Fox-1 was sub-
stantially lower. It is also noteworthy that we saw no
increase in exon IIIb splicing from either the reporter
minigenes or endogenous FGFR2 in AT3 cells in response
to overexpression of Fox-1. Thus, even in cells that express
predominantly FGFR2-IIIc, there may be differences in
how ‘‘hardwired’’ this splicing choice is that may influence
the feasibility of this type of screen.

An alternative approach would be a loss-of-function
screen whereby mutagenesis is carried out and cells are
selected using fluorescence to indicate an induced switch in
splicing. One manner of performing such a screen would be
through use of chemical mutagens in DT3 cells expressing
the IIIb-FRT-EGFP and IIIc-FRT-mRFP minigenes and
isolation of mutants displaying increased green fluores-
cence and decreased red fluorescence (Stark and Gudkov
1999). A similar approach using fluorescent reporters, in
fact, generated mutants defective for signal-induced splicing
of CD45 (Sheives and Lynch 2002). Isolation of recessive
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mutant DT3 cells could then be followed by complementation,
or rescue of the mutant gene with a DT3-cell-derived
cDNA library. Technically, such an approach may require
extensive mutagenesis, as isolation of recessive mutants is
likely to necessitate mutation of both alleles of functional
FGFR2 splicing regulators. Nonetheless, an analogous
strategy using chemical mutagenesis and rescue with
a cDNA library was used successfully to identify a factor
involved in IL-3 mRNA turnover by establishing a GFP
reporter construct that reflected the stability of the encoded
mRNA (Stoecklin et al. 2000, 2002). Interestingly, one
difficulty encountered in these studies using a single
fluorescent reporter was that most cellular mutants initially
identified in the screen were due to changes in transcription
of the reporter, complicating isolation of mutants with
changes in mRNA stability (Stoecklin et al. 2000). Use of
dual fluorescent reporters should preclude this difficulty.
However, a more direct loss-of-function screen could also
be performed using recently described RNA interference
libraries. Although the efficacy of such libraries to effec-
tively silence expression of most cellular genes remains to
be established, such tools have already been used success-
fully in cell-based genome-wide screens (Kolfschoten et al.
2005; Westbrook et al. 2005). Further development of such
libraries to provide full genome-wide silencing capability
should make such an approach feasible and effective for
identification of splicing regulators using fluorescent sys-
tems such as described here.

An additional application of fluorescent splicing report-
ers is to generate transgenic mouse models to identify
splicing patterns in whole animals (Ellis et al. 2004). Such
applications are of interest in studies to identify splicing
patterns of certain genes during development as well as
changes in splicing that occur in disease models, including
cancer. Changes in FGFR2 splicing have been described in
several models of cancer progression, including implication
in epithelial–mesenchymal transitions (Yan et al. 1993; Thiery
and Chopin 1999; Yasumoto et al. 2004). The FGFR2 splic-
ing reporters described here would thus be applicable for
studies to define stages of carcinogenesis at which splicing
patterns are altered. The modular nature of the constructs
described here should facilitate further development of
additional reporter constructs for study of numerous alter-
native splicing events in cell culture as well as to study the
role of alternative splicing in animal models of develop-
ment and disease.

MATERIALS AND METHODS

Plasmid construction

The plasmid DNA constructs used in this study were made using
standard cloning techniques. FGFR2 reporter minigenes and the
cDNA control were derived from the previously described MWt
and CIIIc minigenes (Jones et al. 2001). PCR was used to generate

EGFP and mRFP cDNAs that substituted ATC in place of the

normal start codon, and the resulting products were inserted

downstream of FGFR2 exon 9 in the original minigenes, replacing

a luciferase coding sequence present in the original plasmids. The

EGFP template used was pEGFP-N1 (Clontech), and mRFP was

derived from a construct kindly provided by Dr. Roger Tsien

(Campbell et al. 2002). In all minigenes, sequences encoding the

peptide ERSPHRPI in the FGFR2 extracellular domain were

deleted to prevent receptor association. Minigenes containing

frameshift mutations (IIIb-FRT and IIIc-FRT) were generated by

adding a C nucleotide at position 119 in exon IIIb or position 113

in exon IIIc. Constructs were further modified by deletion of

sequences from the middle of introns 7, 8, and 9. This reduced the

size of intron 7 from 1076 to 414 nt, intron 8 from 1212 to 595 nt,

and intron 9 from 1994 to 557 nt. These deletions were accom-

panied by insertion of EcoRI and BamHI sites in intron 7

and an XhoI site in intron 9, facilitating potential further

modifications. These intron modifications resulted in no signif-

icant differences in splicing compared to those with the full intron

sequences (data not shown). The bicistronic plasmids were

derived from pIRESneo3, pIRESpuro3, and pIREShyg3 (Clon-

tech). A synthetic intron located downstream of the multicloning

site in pIRESneo3 and pIRESpuro3 was deleted, and the sequence

between the AgeI and EcoRI sites was replaced with 59-

CCGGCGCGCCGCGACCATGGTCTCCGGA-39 to yield vectors

termed pIRESneo3DInt-AAPBE and pIRESpuro3DInt-AAPBE.

The inserted sequence contained a unique PshAI site, and the

sequences encoding the minigene-fluorescent protein fusions were

inserted into the modified pIRESpuro3 and pIRESneo3 vectors

using PshAI and NotI. Minigenes containing a hygromycin re-

sistance cassette were generated by removing a NheI to NotI insert

from the MCS of pIRESneo3 DInt-AAPBE and insertion into the

respective sites in pIREShyg3. The resulting vector was further

modified to eliminate an XhoI site by digestion, Pfu polymerase

fill-in, and re-ligation to yield pIREShyg3DInt-AAPBE. This

manipulation also eliminated a synthetic intron present in the

parent plasmid. Minigene/fluorescent protein cassettes were then

inserted after digestion from pIRESneo3DInt-AAPBE with AgeI

and NotI and insertion into the same sites in pIREShyg3DInt-

AAPBE. A bicistronic expression plasmid containing a blasticidin-

resistance gene was created by first removing the neomycin-resistance

cassette from pIRESneo3DInt-AAPBE with XmaI and XbaI.

A coding sequence for blasticidin resistance (BSD) was am-

plified from the pCDNA6/V5-His plasmid (Invitrogen) using

primers 59-CCCCGGGATCCATGGCCAAGCCTTTGTCTCA-39

and 59-CTCAGATTAGCCCTCCCACACATAAC-39. The PCR

product was digested with XmaI and XbaI and inserted in place

of the removed neomycin-resistance gene to generate pIRESblast2

DInt-AAPBE. cDNAs for RNA binding regulatory proteins were

inserted in this vector for determination of their ability to change

FGFR2 splicing. Fluorescent vectors containing a single artificial

exon were created in several steps from the previously described

PKC-neg-EGFP plasmid (Hovhannisyan et al. 2006). PKC-neg-

33.51-EGFP was generated by removing the previously described

exon 33.51 (and flanking splice sites) from pI-XN-33.51 with

BamHI and XhoI and insertion into the same sites in the intron of

PKC-neg-EGFP (Hovhannisyan and Carstens 2005). The 46-nt

33.51 exon was replaced with a 40-nt exon termed 40B, 59-GG

TTCACAACCATCGACCGCCTCAAGAAGATCTCTGACAG-39.
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In addition, the last 8 nt of the 39 splice site intron sequence
(upstream of exon 33.51) was changed from 59-TGGCTCAG-39 to
59-ACCCTTAG-39 and the intronic portion of the 59 splice site
from 59-GTAGTT-39 to 59-GTTGGT-39. The resulting vector was
termed PKC-neg-40B-EGFP. A related PKC-neg 40B-mRFP vec-
tor was created by replacing the coding sequence for EGFP with
the mRFP coding sequence. Intron fragment 3 (IF3) is as pre-
viously described and was inserted into NotI and ClaI sites located
in the intron downstream of exon 40B (Hovhannisyan and
Carstens 2005). Separate versions of these minigenes were created
using resistance genes for neomycin, puromycin, or hygromycin.
Additional details regarding these plasmids, including sequences
and maps, are available on request.

Transfection of minigenes

Transfections of DT3 and AT3 cells were carried out as described
(Muh et al. 2002). 293 Cells were transfected with Mirus Transit
293 transfection reagent according to the manufacturer’s protocol.
In transient transfection experiments, cells were harvested at 48 h
for further analysis. Cotransfections were performed using equal
amounts of the different plasmids. For stable selection, cells were
transferred to selective media 24–48 h after transfection and
selected for at least 2 wk prior to further analysis. The concen-
trations used were 1.0–1.5 mg/mL puromycin for DT3, C4-2, and
293 cells, and 15 mg/mL puromycin for AT3 cells. The G418 and
hygromycin concentration used was 400–500 mg/mL. Blasticidin
was used at 10–20 mg/mL.

Flow cytometric analysis (FCM) and FACS

Flow cytometric analysis (FCM) of EGFP alone was carried out
using a FACScalibur (BD Biosciences) using FL1. For two-color
fluorescent analysis, cells were analyzed using a BD LSRII with
blue lasers configured at 610/20 for mRFP fluorescence and
530/30 for EGFP fluorescence. Compensation was performed in
order to make sure that one fluorochrome didn’t interfere with the
other. Analysis was carried out using BD CellQuest Pro. Resulting
mean fluorescence intensities (MFI) were determined as the
computed mean of the fluorescence exhibited by a given pop-
ulation of cells on an arbitrary four-decade log scale. Isolation of
single cell fluorescent clones was performed by FACS using a BD
FACSVantage DIVA SE with blue lasers configured at 610/20 to
detect mRFP fluorescence and 530/30 to detect EGFP fluores-
cence. To ensure that both green and red fluorescent proteins were
expressed in sorted cells, parameters were established such that the
top 25%–50% of cells based on fluorescence were single-cell-
sorted into 96 well plates.

RNA isolation and RT-PCR analysis

Preparation of total RNA, reverse transcription, and PCR was
performed essentially as previously described (Muh et al. 2002).
For analysis of the splicing pattern from the endogenous tran-
script, the primers used were 59-CCCGGGGAATTCACCACC
ATGCAGGCGATTAA-39 and 59-CCCGGGTCTAGATTTATAGT
GATGCCCAGCCC-39. Analysis of the fluorescent FGFR2 mini-
genes was carried out with forward primer 59-GGCGCGCCG
CGACCATGGTCTGGATCAAACATGTGGAAAA-39 and either
59-CTCGCCGGACACGCTGAACTTG-39 (EGFP-R) or 59-TTGG
AGCCGTACTGGAACTGAGG-39 (mRFP-R). For analysis of

splicing using the PKC-neg.40B minigenes, we used forward
primer 59-CCAGATGCCCGCAGCCCCACAA-39 and either EGFP-R
or mRFP-R. Digestion with AvaI or HincII to evaluate exon IIIb
or exon IIIc inclusion was performed as described (Muh et al.
2002). Quantification was done using a Molecular Dynamics
PhosphorImager with correction for molar equivalents.
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