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Alternative splicing of fibroblast growth factor receptor 2 (FGFR2) transcripts occurs in a cell-type-specific
manner leading to the mutually exclusive use of exon IIIb in epithelia or exon IIIc in mesenchyme. Epithelial
cell-specific exon choice is dependent on (U)GCAUG elements, which have been shown to bind Fox protein
family members. In this paper we show that FGFR2 exon choice is regulated by (U)GCAUG elements and Fox
protein family members. Fox-2 isoforms are differentially expressed in IIIb* cells in comparison to Illc* cells,
and expression of Fox-1 or Fox-2 in the latter led to a striking alteration in FGFR2 splice choice from IIlc to
IIIb. This switch was absolutely dependent on the (U)GCAUG elements present in the FGFR2 pre-mRNA and
required critical residues in the C-terminal region of Fox-2. Interestingly, Fox-2 expression led to skipping of
exon 6 among endogenous Fox-2 transcripts and formation of an inactive Fox-2 isoform, which suggests that
Fox-2 can regulate its own activity. Moreover, the repression of exon Illc in IIIb™ cells was abrogated by
interfering RNA-mediated knockdown of Fox-2. We also show that Fox-2 is critical for the FGFR2(I1Ib)-to-
FGFR2(Illc) switch observed in T Rex-293 cells grown to overconfluency. Overconfluent T Rex-293 cells show
molecular and morphological changes consistent with a mesenchymal-to-epithelial transition. If overconfluent
cells are depleted of Fox-2, the switch from Illc to IIIb is abrogated. The data in this paper place Fox-2 among
critical regulators of gene expression during mesenchymal-epithelial transitions and demonstrate that this
action of Fox-2 is mediated by mechanisms distinct from those described for other cases of Fox activity.

There are four well-characterized fibroblast growth factor
receptors (FGFRs), which contain a single transmembrane
domain, an intracellular tyrosine kinase domain, and an extra-
cellular FGF binding domain composed of two or three im-
munoglobulin (Ig)-like domains. The transcripts encoding
three FGFRs (FGFRYI, -2, and -3) are alternatively spliced to
produce isoforms that contain one of two different Ig-III do-
mains. Alternative splicing of FGFR2 transcripts results in the
production of two receptors that differ in the carboxy-terminal
half of the Ig-III domain. This hemidomain is determined by
the tissue-specific inclusion of either exon IIIb or exon Illc,
which ultimately controls ligand binding specificity (7, 14, 27,
52). FGFR2(I1Ib) primarily binds FGF10 and FGF7 and is the
isoform of choice in epithelial cells, whereas FGFR2(IIIc)
binds FGF2 and is exclusively expressed in cells of mesenchy-
mal origin (36, 49). FGF/FGFR2 signaling governs epithelial-
mesenchymal interactions that are required for organogenesis
in mouse embryos (3, 15, 16); therefore, it is critical for normal
development to maintain the proper cell-type-specific expres-
sion of each receptor isoform. Mutations that alter the ligand
binding specificity of FGFR2(IIIc) or those that lead to the
inappropriate expression of exon IIIb in mesenchyme have
been linked to developmental disorders in humans (3, 16, 35,
54). The importance of FGFR2 isoform choice is underscored
by studies demonstrating a switch from FGFR2(IIIb) to
FGFR2(IIIc) during the progression of prostate carcinomas (4,
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49), where the loss of FGFR2(IIIb) appears to be required for
this progression (51).

The regulation of FGFR?2 alternative splicing depends on a
complex interplay between cis-acting elements in the FGFR2
pre-mRNA and frans-acting factors, with some of the trans-
acting factors appearing to be cell type specific. To study this
regulation, we have employed two cell lines derived from Dun-
ning rat prostate tumors. The DT3 cell line is a well-differen-
tiated carcinoma that solely expresses endogenous FGFR2
(IIIb), whereas the AT3 cell line is poorly differentiated and
exclusively expresses FGFR2(IIIc) (49). We have also used
human embryonic kidney 293T (HEK293T) cells, which al-
though of uncertain cell type provenance include exon IIIc (46,
53). Repression of exon IIIb is mediated by the presence of
weak splice sites (ss) flanking exon IIIb, an exonic silencing
sequence in exon IIIb, and intronic silencing sequences up-
stream and downstream of exon IIIb (6, 9, 10, 43, 46). The
exonic silencing sequence functions to recruit hnRNP Al to
exon IIIb, thereby repressing the inclusion of exon IIIb (13),
while the upstream intronic silencing sequence and down-
stream intronic silencing sequence antagonize exon IIIb defi-
nition by binding the polypyrimidine tract binding protein
(PTB) and other factors yet to be identified (6, 43, 45, 46).
Silencing of exon IIIb is countered in epithelial cells by the
action of several cis-acting elements. Intronic activating se-
quence 1 (IAS1), located downstream of exon IIIb, serves to
recruit the splicing factor TIA-1. Binding of TIA-1 to IAS1 has
been shown to activate the weak 5’ splice site of exon IIIb as
well as weak splice sites of other exons (12). Two cell-type-
specific cis-acting elements, intronic activating sequence 2
(IAS2) and intronic splicing activator and repressor (ISAR,
also known as IAS3), serve to activate exon IIIb inclusion,
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while repressing inclusion of exon IIlc in an epithelial cell-
specific manner (5, 11, 44). IAS2 and ISAR were postulated to
function by forming a stem (11), and indeed, several lines of
evidence support this proposal (1, 5, 11, 21, 29, 32). The major,
if not sole, role of the stem in exon IIIb activation is to ap-
proximate sequences upstream of IAS2 with sequences down-
stream of ISAR (1). Recently, another sequence downstream
of ISAR termed intronic splicing enhancer-intronic splicing
silencer 3 (ISE/ISS-3) was shown to activate exon IIIb and
repress exon Illc, and the repression of exon Illc required a
noncanonical branch point sequence (18). Additionally, we
have previously identified a GCAUG sequence element down-
stream of ISAR core and showed that it played a role in
cell-type-specific exon IIIb activation and exon IIlc repression
(D).

The GCAUG or UGCAUG sequence is a previously char-
acterized splicing enhancer element that has been shown to be
important for the proper splicing regulation of fibronectin,
c-src, calcitonin/CGRP, nonmuscle myosin II heavy chain B
(NMHC-B), and 4.1R transcripts (8, 17, 19, 23, 26, 30). In
addition, a computational study demonstrated an overrepre-
sentation of UGCAUG hexamers in the downstream intron of
neural and muscle-specific alternatively spliced exons (2, 28).
The factors responsible for recognizing the hexamers were first
recognized by Jin et al. (20), who showed these proteins to be
homologs of the Caenorhabditis elegans RNA binding protein
feminizing on X (Fox-1). These authors demonstrated that
overexpression of vertebrate homologs of Fox-1, called zebra
fish Fox-1 (zFox-1) and mouse Fox-1 (mFox-1 or ataxin 2
binding protein 1 [A2BP1]), could regulate the alternative
splicing of human mitochondrial ATP synthase <y subunit
(Flvy), rat «-actinin, and rat fibronectin minigene constructs
(20). Nakahata and Kawamoto identified brain- and muscle-
specific isoforms of mouse Fox-1 and Fox-2 and demonstrated
that expression of brain-specific isoforms of these proteins
promoted the inclusion of the neuronal N30 cassette exon in
NMHC-B transcripts (33). Additionally, Underwood et al.
demonstrated that Fox-1 and Fox-2 are expressed in a number
of mammalian cell lines to various degrees (41). They went on
to show that Fox-1 and Fox-2 are specifically expressed in
neurons and not glia in the brain and presented compelling
evidence that these proteins are required for the neural cell-
specific inclusion of the N1 exon in c-src transcripts (41).

In this study, we demonstrate that there are multiple (U)G-
CAUG elements in FGFR2 transcripts and these sites are
essential for cell-type-specific regulation of exon choice. We
investigated the role of vertebrate Fox proteins in this regula-
tion and found that, while Fox-1 was not expressed in AT3 or
DT3 cells, both of these expressed many Fox-2 transcripts.
Additionally, we found that the expression levels of Fox-2
isoforms differed dramatically between DT3 cells, which ex-
press epithelial FGFR2(IIIb), and AT3 cells, which express
mesenchyme FGFR2(IIIc). We demonstrated that overexpres-
sion of murine Fox-2 (mFox-2) in cells that normally include
FGFR2 exon Illc led to a dramatic switch from exon IIlc to
exon IIIb in minigene reporters, and this change absolutely
required the intact (U)GCAUG elements. We also determined
that the RNA recognition motif (RRM) and the carboxy-ter-
minal portion of the mFox-2 protein are vital for exon IIIb
activation and exon IIlc repression. Most importantly, mFox-2
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expression is capable of stimulating exon IIIb inclusion in en-
dogenous FGFR2 transcripts in cells that normally include
exon Illc. Fox-2 expression also led to skipping of exon 6
among endogenous Fox-2 transcripts, which would lead to the
synthesis of an inactive form of Fox-2 and can be used to
autoregulate the levels of active Fox-2. Finally, a switch from
exon IIIc to exon IIIb in endogenous FGFR2 transcripts was
observed when T Rex-293 cells were induced to undergo what
appears to be a mesenchymal-epithelial transition (MET) as
the cells were grown to overconfluency. This switch from exon
IIIc to exon IIIb inclusion was absolutely dependent on Fox-2
expression as interfering RNA (RNAi)-induced Fox-2 knock-
down abrogated the switch. Complementation with an RNAi-
resistant Fox-2 expression plasmid allowed for the IIlc-to-IIIb
switch after knockdown of endogenous Fox-2. These data
strongly suggest that Fox proteins, and most likely Fox-2, con-
trol the epithelial-mesenchymal choice between FGFR2 iso-
forms. Moreover, this epithelial-mesenchymal regulation is
mediated by mechanisms distinct from those in previously de-
scribed cases of Fox protein control, indicating that these pro-
teins can modulate cell-type-specific splicing with remarkable
versatility.

MATERIALS AND METHODS

Plasmid construction. The plasmid DNA constructs used in this study were
made by using standard cloning techniques described previously (5). The previ-
ously described minigene pI-11-FL (5) is hereafter referred to as pI12DE-WT FL
(pI12 double exon wild-type [WT] FL). pI12DE-WT and pI12DE-C10-18 were
previously described (1). pI12DE-WT FL and pI12DE-WT differ as follows:
pI12DE-WT FL contains nearly all of intron 7 and intron 9, while pI12DE-WT
contains only the portions of intron 7 and 9 that have greater than 90% intron
homology between rat and human (5). pI12DE-IIIc Mut, made by chimeric PCR
amplification, mutated the TGCATG sequence in exon IIlc to GTACGT, and
pI12DE-C10-18 IIIc Mut, made in a similar manner, mutated the GCATG
CATG sequence downstream of ISAR core to TACGTACGT as well as the
TGCATG sequence in exon Illc to GTACGT. The 5’ and 3’ ss of exon IIIb were
mutated in pI12DE-IIIb ss Mut from AGGTAA to AGCCAA and from AG
CACT to CCCACT, respectively. The 5" and 3’ ss of exon Illc were mutated in
pI12DE-IIIc ss Mut from AGGTAC to AGCCAC and from AGGCCG to
CCGCCG, respectively. pCS2+MT mFox-1 (NM_021477) and pCS2+MT
zFox-1 (AB074763) were previously described (20). We used PCR amplification
of pCS2+MT mFox-1 and zFox-1 to create pTracer EF mFox-1 and zFox-1,
which contain the mFox-1 and zFox-1 cDNAs with a carboxy-terminal V5
epitope tag. pTracer EF mFxh (AF387322) was described previously (25). We
used PCR amplification to create pTracer EF mFox-2. We used PCR amplifi-
cation of pTracer EF mFox-2, followed by annealed oligonucleotide cloning of
the nuclear localization signal (NLS), to create pTracer EF WT NLS mFox-2,
A2-50 NLS, A2-102 NLS, A2-194 NLS, A2-281 NLS, A294-377 NLS, A206-377
NLS, A123-377 NLS, and A63-377 NLS expression constructs. To create pTracer
EF rFox-2, we used PCR amplification of the rat gene from DT3 and AT3 cells.
To create FX1 and FX3 RNAi-resistant pTracer EF rFox-2 plasmids, we used
chimeric PCR amplification to introduce silent mutations at the third base of
each codon targeted by the short interfering RNA (siRNA) sequence. pcDNAS/
FRT/TO-Gint was described previously (42). To create pcDNAS/FRT/TO-
mFox-2, pTracer EF mFxh was digested with BamHI and Bell and cloned into
pcDNAS/FRT/TO digested with BamHI. We used PCR amplification of pTracer
EF mFxh to create pRSET A mFox-2 and pGex2TK mFox-2, which expresses
recombinant His-tagged mFox-2 protein and recombinant glutathione S-trans-
ferase (GST)-tagged mFox-2 protein, respectively. All constructs utilizing PCR
amplification were sequenced for verification. Explanations on how plasmids
were made and all oligonucleotide sequences will be provided upon request.

Cell culture and transfection. AT3, DT3, and HEK293T cells were maintained
in Dulbecco’s modified Eagle’s medium (low glucose) supplemented with 10%
fetal bovine serum (HyClone). Stable transfections were performed as previously
described (1). Transient cotransfections were performed as previously described
(6) with 50 ng of pI12DE-WT, pI12DE-WT FL, or pI12DE-C10-18 IIlc Mut
reporter constructs and the indicated amounts of expression plasmids for
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mFox-2. The amount of plasmid DNA used in each transfection was kept con-
stant by using the empty plasmid pTracer EF HisB (Invitrogen). Four wells of
cells for each condition were plated at a density of 200,000 cells per well of a
Falcon six-well plate (Becton Dickinson). At 48 h posttransfection, RNA was
harvested for reverse transcription-PCR (RT-PCR) analysis from three separate
wells and protein was harvested from the last well for Western blot analysis.
Following the manufacturer’s protocol, the T Rex-293 G-Int and mFox-2 cell
lines were created by integrating the gene of interest (G-Int or mFox-2) into the
FRT site in the T Rex-293 cells (Invitrogen). T Rex-293 cells were maintained in
Dulbecco’s modified Eagle’s medium (high glucose) supplemented with 10%
tetracycline minus fetal bovine serum (HyClone), 5 pg blasticidin/ml (Invitro-
gen), and 100 pg zeocin/ml (Invitrogen). T Rex-293 G-Int and mFox-2 cells were
maintained in the same medium with 200 pg hygromycin/ml (Invitrogen) instead
of 100 pg zeocin/ml (Invitrogen). The G-Int and mFox-2 cell lines were plated at
a density of 200,000 cells per well in a Falcon six-well plate (Becton Dickinson)
and when indicated were induced with tetracycline (Invitrogen) at a final con-
centration of 5 wg/ml. Five wells of each cell line were plated for each condition,
and one well of cells was harvested and used for fluorescence-activated cell
sorting (FACS) analysis by the Duke University Comprehensive Cancer Center
fluorescence cell sorter shared resource facility. Protein was isolated for Western
blot analysis from a second well, and RNA was isolated for RT-PCR analysis
from three separate wells of cells.

siRNAs and RNA interference experiments. The FX1 and FX3 siRNA du-
plexes were designed to target the coding region of Fox-2. The target sequences
of these duplexes are GCAAATGGCTGGAAGTTAA and GAACATAACCT
GACACTCT, respectively. The FX2 siRNA duplex was initially designed in the
Black laboratory and was designed to target the 3’ untranslated region of Fox-2
(41). The target sequence of this oligonucleotide is CCTGGCTATTGCAATA
TTT. All siRNA duplexes were purchased from Dharmacon. RNA interference
experiments in DT3 cells were performed as follows. DT3 cells were seeded at a
density of 250,000 cells per well in a Falcon six-well plate (Becton Dickinson).
The following day 6 pl of a 20 uM stock of siRNA was incubated in 250 pl of
Opti-MEM medium (Invitrogen) for each well of cells to be treated. In a sepa-
rate tube, 4 pl of Lipofectamine 2000 was incubated with 250 pl of Opti-MEM.
After 7 min the two tubes were combined and allowed to incubate at room
temperature. After 25 min the mixture was added directly to the cells and
incubated with the cells for 30 h. At 30 h post-siRNA transfection, 50 ng of the
minigene was transfected with 3 pl of the 20 uM siRNA stock using standard
Lipofectamine (Invitrogen) protocols described previously (6). After 24 h, RNA
was harvested from three separate wells for RT-PCR analysis and protein was
pooled from each of the three separate wells for Western analysis. RNA inter-
ference experiments in T Rex-293 cells were performed as follows. T Rex-293
cells were seeded at a density of 500,000 cells per well in a Falcon six-well plate
(Becton Dickinson). The following day each well was transfected with siRNAs in
the same manner as described above for the DT3 cells with one exception: 500
ng of either pTracer EF B or pTracer EF mFox-2 was incubated with the siRNAs
and transfected. After 48 h, RNA was harvested from three separate wells for
RT-PCR analysis and protein was pooled from each of the three separate wells
for Western analysis.

RNA isolation and RT-PCR assay of transfected minigenes. Total cellular
RNA, for RT-PCR and the Invader RNA assay, was isolated using Trizol reagent
(Invitrogen). RT-PCRs using T7 and SP6 primers for minigene analysis, FGF-FB
and FGF-RB for endogenous FGFR2 analysis, FibronF and FibronR for endog-
enous fibronectin analysis, and hFox-2 exon 4F and hFox-2 exon 7R for Fox-2
exon 6 analysis were performed as previously described (5). PCR products were
digested with either Aval or HincII (New England Biolabs), and analysis and
quantification of PCR products from double-exon digests were performed as
previously described (6). Analysis from double-exon splice site mutant constructs
was performed exactly as previously described for single-exon constructs (1).
Phosphoimager quantification of PCR bands was performed with ImageQuant
(Molecular Dynamics). Each experiment is the result of an average of triplicate
samples with error bars representing the standard deviations.

Invader RNA assay. The Invader RNA assay (Third Wave Technologies,
Madison, WI) was carried out as described previously (1). Briefly, to analyze
double-exon minigenes, the Invader RNA assays were run in the biplex format
using the probe set combinations IITb-D/U-D and IIIb-ITIc/U-IIIc as previously
described (44). Standard graphs comparing attomoles of RNA to fluorescence
were created, and from the fluorescent readings, absolute levels of each splice
variant were calculated.

Western blot analysis. Transfected cells from overexpression studies were
harvested, and cell lysates were prepared with a 3X freeze-thaw in 100 mM Tris,
pH 7.5. Protein lysates were quantified using the Bradford assay, and 50 pg of
each lysate was separated on a sodium dodecyl sulfate-polyacrylamide gel. The
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proteins were transferred overnight onto an Immuno-Blot polyvinylidene diflu-
oride membrane (Bio-Rad). The membranes were blocked for 15 min at room
temperature in blocking buffer (phosphate-buffered saline, 5% dry milk, 0.1%
Tween 20), probed for 1 h at room temperature with the respective antibodies
diluted in blocking buffer (1:5,000 for V5, 1:2,000 for CA150, and 1:100 for
Fox-2), washed three times for 10 min each in blocking buffer, probed for 1 h at
room temperature with the appropriate secondary antibody diluted in blocking
buffer (1:5,000 for both ECL anti-mouse IgG and anti-rabbit IgG [Amersham
Biosciences]), washed three times for 10 min each in blocking buffer, and washed
one time for 10 min in phosphate-buffered saline, and signal was activated with
ECL Western blotting detection reagents (Amersham Biosciences) and detected
on Hyperfilm-MP (Amersham Biosciences). Whole-cell lysates for DT3, AT3,
HEK293T, and T Rex-293 cells were made by lysing cells in 2X sodium dodecyl
sulfate buffer.

Antibodies. Antibodies to mFox-2 were made by Animal Farm Sciences, which
immunized two rabbits with purified recombinant His-tagged mFox-2. Antigen-
affinity-purified Fox-2 antibodies were made by coupling purified GST-Fox-2 to
Actigel ALD Superflow resin and following the manufacturer’s protocol (Stero-
gene Bioseparations, Inc.). GST-Fox-2 was purified as previously described for
GST-human immunodeficiency virus type 1 Tat (39).

RESULTS

Intronic and exonic (U)GCAUG sequence elements are im-
portant for tissue-specific FGFR2 exon choice. Previously we
had identified two overlapping (U)YGCAUG elements down-
stream of ISAR core that were important for both exon IIIb
activation and exon Illc repression (1). Understanding that
(U)GCAUG elements generally are present in multiple copies
in the same pre-mRNA (8, 17, 19, 20, 23, 26), we scanned the
FGFR2 sequence for other (U)GCAUG elements and found a
(U)GCAUG element present in exon IIIc. To determine if this
sequence played a role in activating exon IIIb and repressing
exon Illc, we created minigenes where we mutated the over-
lapping GCAUG elements downstream of ISAR core (C10-
18), the (U)GCAUG in exon IlIc (IIIc Mut), or both (C10-18
IIIc Mut) (Fig. 1A). We transfected these minigenes along with
pI12DE-WT (Fig. 1A) into DT3 and AT3 cells, and RNA was
isolated from stable cell populations and analyzed by RT-PCR
and the Invader RNA assay. All of the minigenes transfected
into AT3 cells resulted in nearly exclusive use of exon Illc,
suggesting that the (U)GCAUG elements do not play a role in
these cells (data not shown). In DT3 cells, when analyzing
single inclusion events, exon IIIb inclusion dropped from 85%
for WT to 60% for C10-18 as was previously reported (Fig. 1B)
(1). Interestingly, the IIlc Mut minigene showed 72% inclusion
of exon IIIb (Fig. 1B), suggesting that this element is not as
important for exon IIIb inclusion as is the C10-18 element.
Nonetheless, when the IIIc Mut is combined with the C10-18
mutation in the C10-18 IIIc Mut minigene (Fig. 1A), exon IIIb
levels drop to 45% (Fig. 1B), suggesting that these elements
provide additive signals that promote cell-type-specific inclu-
sion of exon IIIb. In contrast to the results with exon IIIb
inclusion, exon Illc repression was inhibited as well by each
mutation. Analysis of all spliced products revealed that the
double inclusion products increase from 50% for WT to 57%
for C10-18, 68% for Illc Mut, and 65% for C10-18 Illc Mut
(Fig. 1C), demonstrating that these elements repress exon Illc
in epithelial cells. These results indicate the following: (i) the
(U)GCAUG elements mediate cell-type-specific activities, (ii)
the elements downstream of ISAR core and in exon Illc pro-
vide additive signals in promoting exon IIIb activation, and (iii)
the (U)GCAUG elements both serve to repress exon Illc.
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FIG. 1. Intronic and exonic (U)YGCAUG elements are critical for
exon IIIb activation and exon Illc repression in DT3 cells. (A) Sche-
matic of minigenes used to test the importance of (U)GCAUG ele-
ments located downstream of ISAR core and in exon IIlc. Wild-type
(U)GCAUG elements are underlined. Mutated nucleotides are indi-
cated in boldface. Numbers above nucleotides represent base pair
numbers downstream of ISAR core and within exon Illc, respectively.
IAS2 and ISAR core are represented as black boxes; ISAR core
resides within the full ISAR element (represented as a gray box).
Nucleotides in the gray box are located within ISAR. (B) The percent
inclusion among single inclusion transcripts (U-IIIb-D and U-11Ic-D)
produced by minigenes in panel A, which were stably integrated in
DT3 cells, was determined by Invader RNA assay [e.g., % IIIb = 100
X number of U-IIIb-D transcripts/(number of U-IIIb-D transcripts +
number of U-Illc-D transcripts)]. (C) Quantification of all spliced
products for transcripts from minigenes in panel A, which were stably
integrated into DT3 cells, was determined by Invader RNA assay [e.g.,
% U-111b-D = 100 X number of U-IIIb-D transcripts/(number of U-D
transcripts + number of U-IIIb-D transcripts + number of U-IIIc-D
transcripts + number of U-IIIb-IIIc-D transcripts)].
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Western blot analysis reveals differences in expression lev-
els of Fox-2 isoforms. Having found that FGFR2 exon choice
was dependent on (U)GCAUG elements, we sought to deter-
mine the identity of the frans factor(s) that recognizes these
elements. The work of Jin et al. (20) and the recent work from
the Kawamoto and Black laboratories (33, 41) made mamma-
lian homologs of Fox-1 the most likely candidates. Examina-
tion of the literature and sequence comparisons revealed that
humans and other mammals have three proteins that are highly
homologous to the C. elegans Fox-1. We refer to these three
proteins, which are encoded by three different genes, as Fox-1
(also known as A2BP1), Fox-2 (also known as RBM9, FXH,
and RTA), and Fox-3 (see Table S1 in the supplemental ma-
terial). We have concentrated our studies on Fox-1 and Fox-2.
The RRMs of these two mammalian Fox proteins are identical;
however, there is divergence in the amino- and carboxy-termi-
nal portions of the proteins (see Fig. S1 in the supplemental
material). Fox-1 is expressed predominantly in heart, brain,
and skeletal muscle (20, 24, 38), whereas Fox-2 is expressed in
a more ubiquitous manner (25, 34). Alternative splicing and
alternative transcription start sites embellish the expression
patterns for the two Fox proteins further by producing many
different isoforms (reference 41 and data not shown). For
instance the o and B isoforms include or skip exon 11, respec-
tively, which results in two proteins with dramatically different
carboxy-terminal sequences (see Table S1 in the supplemental
material) (33, 34).

We wanted to determine if there were differences in Fox
expression between DT3, AT3, and HEK293T cells. RT-PCR
analysis revealed that these cells do not express detectable
levels of Fox-1 mRNA; however, all three of these cell lines
expressed Fox-2 transcripts. Nakahata and Kawamoto found
that Fox-2 is alternatively spliced to include either a brain-
specific exon, which they call B40, or a muscle-specific exon,
which they call M43 (33). All of the clones that we obtained
from these cell lines include exon B40, suggesting that the
regulation of FGFR2 alternative splicing in DT3, AT3, and
HEK293T cells was not due to a difference between expression
of Fox-2 isoforms that include either exon B40 or exon M43
(data not shown). We obtained many different cDNAs from
the AT3 and DT3 cells, including a DT3-specific isoform that
skipped exon 6 (see below). Additionally, DT3 cells contain
more transcripts that skip exon 11, which would give rise to the
Fox-2B isoform (data not shown).

In order to characterize the expression and heterogeneity of
Fox-2 proteins we obtained rabbit anti-murine Fox-2 antisera.
After antigen affinity purification of the antisera, we probed
total cellular extracts from DT3 and AT3 cells to determine if
there were differences in the Fox-2 expression profile. Inter-
estingly, the expression patterns between DT3 and AT3 cells
were distinctly different (Fig. 2). Two major bands that have
been confirmed to be Fox-2 by siRNA knockdown (see below
and data not shown) differ in the level of expression between
the two cell types (indicated by arrows in Fig. 2). Additionally
there are higher-molecular-weight bands in AT3 cells that ap-
pear at lower levels or not at all in DT3 cells (bracketed in Fig.
2). These results suggest that the difference in expression levels
of Fox-2 between the cell types could allow for the differences
in regulating FGFR?2 alternative splicing.
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FIG. 2. Expression levels of Fox-2 isoforms differ between DT3 and
AT3 cells. Western blot analysis was performed on total cellular pro-
tein isolated from DT3 and AT3 cells. The blot was probed for CA150
as a loading control and Fox-2 to detect the endogenous expression of
Fox-2 proteins in AT3 and DT3 cells. The arrows indicate the presence
of confirmed Fox-2 isoforms. The bracket indicates the presence of
presumed Fox-2 isoforms. Numbers at left are molecular masses in
kilodaltons.

Overexpression of Fox proteins mediates exon IIIb inclusion
in cells that normally include exon Illc. In order to evaluate
the role of Fox proteins in FGFR2 alternative splicing we
overexpressed murine and zebra fish Fox-1 (mFox-1 and
zFox-1) expression constructs used in the work of Jin et al.
(20), as well as a murine Fox-2 (mFox-2), which had previously
been named mFXH (25), in cells that normally include exon
IIIc. These three Fox cDNA plasmids express the a isoform of
Fox. Because AT3 cells have low transfection efficiency, we
decided to use HEK293T cells, which are readily transfectable.
To determine the effect of Fox protein overexpression on
FGFR2 alternative splicing, we cotransfected expression con-
structs encoding the Fox proteins with a constant amount of
pI12DE-WT FL splicing reporter. pI12DE-WT FL was used to
more fully resemble the endogenous gene as it contained al-
most the entirety of intron 7, upstream of exon IIIb, and intron
9, downstream of exon IIIc. RNA and protein were harvested
from the cells to confirm zFox-1, mFox-1, or mFox-2 overex-
pression and the effect that the overexpression had on the WT
minigene reporter. Western blot analysis revealed that the
proteins were expressed at similar levels (Fig. 3A). RT-PCR
analysis revealed that the empty-vector control lane resulted in
no exon IIIb inclusion as expected, while zFox-1, mFox-1, and
mFox-2 expression resulted in a dramatic, almost complete
splicing switch from 95% exon IIIc inclusion to over 90% exon
IIIb inclusion (Fig. 3B).

Having seen similar responses to zFox-1, mFox-1, and
mFox-2 expression and noting the expression preference for
these proteins, we chose to use mFox-2 to further investigate
its role in FGFR2 alternative splicing regulation. We first
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FIG. 3. zFox-1, mFox-1, and mFox-2 overexpression switches splic-
ing pattern of FGFR2 minigene construct. (A) Western blot analysis
was performed following transfection of 1 pug of V5-tagged mFox-2,
mFox-1, or zFox-1 expression plasmids in HEK293T cells. The blot was
probed for CA150 as a loading control and V5 to detect expression of
mFox-2, mFox-1, and zFox-1. (B) Quantification of single inclusion
transcripts by RT-PCR analysis of transiently transfected minigene
with empty vector (EV), mFox-2, mFox-1, or zFox-1 expression plas-
mids. (C) Western blot analysis was performed following transfection
of 0, 50, 100, and 500 ng of mFox-2 expression plasmid in HEK293T
cells. The blot was probed for CA150 as a loading control and V5 to
detect increasing expression of mFox-2. (D) Quantification of single
inclusion transcripts by RT-PCR analysis of transiently transfected
minigene with increasing amounts of mFox-2 expression plasmid.

wished to determine a range of protein expression in which to
perform experiments. To do this, we cotransfected a constant
amount of pI12DE-WT FL with increasing amounts of
mFox-2. mFox-2 expression was demonstrated by Western blot
analysis (Fig. 3C). When no mFox-2 cDNA is transfected,
there is less than 1% exon IIlb inclusion; however, as the
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FIG. 4. mFox-2 overexpression activates exon IIIb and represses exon IlIc inclusion. (A) Schematic of minigenes used to test ability of mFox-2
expression to activate exon IIIb and repress exon Illc independently of each other. (B) Western blot analysis was performed following transfection
of increasing amounts of mFox-2 expression plasmid in HEK293T cells. The blot was probed for CA150 as a loading control and V5 to detect
increasing amounts of mFox-2 expression. (C) Quantification of single inclusion transcripts by RT-PCR analysis of transiently transfected minigene

reporters with increasing amounts of mFox-2 expression plasmid.

amount of mFox-2 expression was increased (Fig. 3C and D),
the level of exon IIIb inclusion increased in a dose-dependent
manner (Fig. 3D). With as little as 50 ng of transfected plas-
mid, we saw an increase to 30% exon IIIb inclusion, and when
500 ng of cDNA was transfected, we observed approximately
80% exon IIIb inclusion (Fig. 3D). In addition to increasing
exon IIIb inclusion, overexpression of mFox-2 resulted in an
increase in the skipped product, which does not include exon
IIIb or exon Illc. All of the results above demonstrated that
zFox-1, mFox-1, and mFox-2 expression dramatically switched
the FGFR?2 alternative splicing pattern, resulting in near-com-
plete exon IIIb inclusion.

Overexpression of mFox-2 coordinately activates exon IIIb
inclusion and represses exon IIlc inclusion. Having demon-
strated that zFox-1, mFox-1, and mFox-2 overexpression
switches FGFR2 exon choice, we wanted to determine the
relative effects of mFox-2 on IIIb activation and IIlc repres-
sion. To do this, we used pI12DE-IIIc ss Mut, which has the 3’
and 5’ splice sites flanking exon IIlc mutated and allows the
study of exon IIIb activation (Fig. 4A, left panel), and pI12DE-

IIIb ss Mut, which has the 3’ and 5’ splice sites flanking exon
I1Ib mutated and allows the study of exon IIlc repression (Fig.
4A, right panel). We cotransfected a constant amount of each
splicing reporter with increasing amounts of mFox-2. When
increasing amounts of mFox-2 were cotransfected with
pI12DE-IIIc ss Mut, we observed an increase in exon IIIb
inclusion from 10% to 18% (Fig. 4B and C, left panels). When
pI12DE-IIIb ss Mut was cotransfected with increasing amounts
of mFox-2, we observed a dramatic dose-dependent decrease
in exon IIlc inclusion from 90% to 10% (Fig. 4B and C, right
panels). These results taken together demonstrate that mFox-2
can modestly activate exon IIIb and strongly repress exon Illc.
It is important to note that mFox-2 overexpression tends to
favor the skipped splicing product, so the modest effect on I1Ib
activation may be an underrepresentation of the ability of
mFox-2 to activate exon IIIb, and equally the strong effect on
IIIc repression may be an overrepresentation of the ability of
mFox-2 to repress exon Illc inclusion.

mFox-2 mediates exon switching through (U)GCAUG ele-
ments located downstream of ISAR core and within exon IIlc.
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FIG. 5. Intronic and exonic (U)YGCAUG elements are critical for
mFox-2-mediated FGFR2 exon IIIb activation and exon IIlc repres-
sion. (A) Schematic of minigenes used to test the role of (U)YGCAUG
elements in mFox-2-mediated exon IIIb activation and exon Illc re-
pression. Wild-type (U)GCAUG elements are underlined. Mutated
nucleotides are indicated in boldface. Numbers above nucleotides rep-
resent base pair numbers downstream of ISAR core and within exon
IIIc, respectively. IAS2 and ISAR core are represented as black boxes;
ISAR core resides within the ISAR element (represented as a gray
box). Nucleotides in the gray box reside within ISAR. (B) Western blot
analysis was performed following transient transfection of increasing
amounts of mFox-2 expression plasmid in HEK293T cells with WT and
C10-18 IIlc Mut minigene reporters. The blot was probed for CA150
as a loading control and V5 to detect increasing expression of mFox-2.
(C) Quantification of single inclusion transcripts by RT-PCR analysis
of transiently transfected minigene reporters with increasing amounts
of mFox-2 expression plasmid in HEK293T cells.

Given that mFox-1 and mFox-2 bind UGCAUG elements (20,
33), we wished to determine whether mFox-2 was mediating its
effect through the FGFR2 (U)GCAUG elements that we iden-
tified above. To this end, we cotransfected increasing amounts
of mFox-2 with constant amounts of pI12DE-WT, pI12DE-
C10-18, pI12DE-IIIc Mut, and pI12DE-C10-18 IlIc Mut (Fig.
1A and 5A) in HEK293T cells. mFox-2 overexpression re-
sulted in an increase in exon IIIb inclusion from 1% to 51% in
a dose-dependent manner when cotransfected with
pI12DE-WT (Fig. 5B and 5C). Overexpression of mFox-2 re-
sulted in slightly diminished levels of exon IIIb when cotrans-
fected with the C10-18 minigene in comparison to the WT
minigene (data not shown). When pI12DE-IIIc Mut was co-
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transfected with increasing amounts of mFox-2, we observed
much less exon IIIb inclusion in comparison to both the WT
and C10-18 minigenes, suggesting that this element is more
important for mFox-2-mediated exon IIIb inclusion and exon
IIIc repression (data not shown). When both (U)GCAUG
elements were mutated in pI12DE-C10-18 IIIc Mut (Fig. 5A),
mFox-2 overexpression had no effect on FGFR2 alternative
splicing as exon IIIb inclusion stayed at 2% with increased
expression of mFox-2 (Fig. 5B and 5C). These results clearly
demonstrate that mFox-2 absolutely requires both (U)G-
CAUG elements to activate exon IIIb and repress exon IIlc.

Interestingly, the product of skipping both exons IIIb and
IIIc slightly increased when both (U)GCAUG elements were
mutated (data not shown). It is possible that mFox-2 was ca-
pable of interacting with the transcripts produced from the
mutant minigene construct, which still contains a UGCAUG
and GCAUG element in the loop region between IAS2 and
ISAR core. Even though the loop region had previously been
determined to be dispensable for proper exon choice (1, 32),
mFox-2 could bind the elements within the loop, resulting in an
increase in exon skipping.

Nevertheless, the data above indicate that mFox-2 requires
the (U)GCAUG elements downstream of ISAR core and in
exon IIlc to mediate FGFR2 exon choice.

The C-terminal portion of mFox-2 is required for exon IIIb
activation and exon IIlc repression. Having demonstrated the
effect of mFox-2 expression in FGFR2 alternative splicing reg-
ulation, we wanted to determine which portions of the protein
were required for regulating exon choice. Therefore, we cre-
ated a series of deletion mutants of mFox-2, which included an
NLS to ensure proper localization to the nucleus even in the
absence of an endogenous mFox-2 NLS (Fig. 6A). The amino-
terminally truncated and carboxy-terminally truncated mFox-2
expression constructs were cotransfected in separate experi-
ments with the pI12DE-WT FL minigene reporter plasmid.
The proteins were expressed to similar levels (Fig. 6B), and
localization to the nucleus was determined by immunofluores-
cence (data not shown). Using RT-PCR analysis, we demon-
strated that expression of A2-50 NLS and A2-102 NLS mFox-2
proteins resulted in the same amount (~75%) of exon IIIb
inclusion as that produced with expression of the WT NLS
mFox-2 protein (Fig. 6C, left panel). The empty vector, used as
a control, led to 1% exon IIIb inclusion (Fig. 6C, left panel).
Two other amino-terminally truncated expression constructs
were made deleting the entire RRM (A2-194 NLS and A2-281
NLS); however, expression from these constructs was not de-
tected either by Western analysis or by immunofluorescence
(data not shown). Expression of the carboxy-terminally trun-
cated mFox-2 proteins (A294-377 NLS and A206-377 NLS),
on the other hand, did not result in an increase in exon IIIb
inclusion in comparison to expression of the WT NLS mFox-2
(Fig. 6C, right panel). When the empty vector was transfected,
we observed 1% exon IIIb inclusion, and when WT NLS
mFox-2 was expressed, we observed 78% exon IIIb inclusion;
however, expression of both carboxy-terminally truncated
mFox-2 proteins resulted in approximately 7% exon IIIb in-
clusion (Fig. 6C, right panel). Expression of the carboxy-ter-
minal deletion constructs did result in an increase in the
skipped splicing product, as did the WT NLS mFox-2, suggest-
ing that these proteins were capable of interacting with the
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probed for CA150 as a loading control and V5 to detect expression of WT NLS and mutant NLS proteins. (C) Quantification of single inclusion
transcripts by RT-PCR analysis of transiently transfected minigene with empty vector (EV), WT mFox-2 NLS, and each mutant construct.

RNA. Two other carboxy-terminally truncated expression con-
structs were made deleting the entire RRM (A123-377 NLS
and A63-377 NLS); however, they too were not detected either
by Western analysis or by immunofluorescence, suggesting that
deletions that destroy the RRM are not stable. The results
taken together demonstrate that the amino-terminal 102
amino acids of the protein are dispensable for regulating
FGFR2 exon choice, whereas the carboxy-terminal 84 amino
acids of the protein are required for the proper regulation of
FGFR?2 exon choice. Assuming that the RRM solely mediates
RNA binding, we propose that the carboxy-terminal region
contains the elements critical for exon IIIb activation and IIlc
repression.

mFox-2 expression alters alternative splicing of endogenous
FGFR2 transcripts. All of the data presented above relied on
the use of minigene reporters to demonstrate the ability of
mFox-2 to activate exon I1Ib and repress exon I1lc. To further
test a role of mFox-2 in FGFR2 alternative splicing, we sought
to determine if expression of mFox-2 could switch the alterna-
tive splicing pattern of endogenous FGFR2 transcripts. To do
this, we made the T Rex-293 mFox-2 cell line by incorporating
the mFox-2 cDNA into the FRT site of the T Rex-293 cell line
(Invitrogen). As a control, we used a previously described T

Rex-293 G-Int cell line that expresses the green fluorescent
protein (GFP) (42). After 3 days of 5-pug/ml tetracycline treat-
ment, which is used to induce the expression of mFox-2 and
GFP, the cells were harvested for FACS analysis and RNA and
protein were isolated for RT-PCR and Western analysis. Using
FACS analysis, we observed a small amount of GFP expression
in cells that were uninduced; however, upon induction with
tetracycline, we observed a significant increase in GFP expres-
sion (Fig. 7A). To show that mFox-2 was being expressed in the
induced cells and not in uninduced cells or the control cell line,
we detected its expression by Western analysis using the V5
antibody (Invitrogen) (Fig. 7B). Analysis of the alternative
splicing of endogenous FGFR2 transcripts for the induced or
uninduced T Rex-293 G-Int cell line revealed no change in the
FGFR2 alternative splicing pattern (Fig. 7C). Induction of
mFox-2 for 3 days, however, resulted in an increase of exon
IIIb inclusion from 29% for the uninduced cells to 54% (Fig.
70).

To determine if mFox-2 expression could alter the alterna-
tive splicing of another endogenous gene, we examined the
splicing pattern of endogenous fibronectin transcripts. Previ-
ously, it had been shown by Jin et al. that mFox-1 expression
could weakly activate EIIIB inclusion in transcripts produced



VoL. 26, 2006 Fox PROTEINS REGULATE FGFR2 ALTERNATIVE SPLICING 1217
A G-Int Uninduced mFox-2 Uninduced B
200
160 160
= 120 g120d] | b——r
E 0 M E 301 M G-Int mFox-2
~ - Un In Un In
40 / 40 \\ .
01, 0 ! i . D S SR S CALS0
w w' o o w 10 1w 0w !
GFP GFP
G-Int Induced s mFox-2 Induced SR o V5 mFox-2
200 200 < -~
1640 4 |[ 1603
3'2“' o z1204 \1—r—
Z 5o 2 w0
~ !
40 40
L T --—_'—/f “"w—v&vw—-r"J
w0' w1t 1wt et w w o ow ot
GFP GFP
C 100 D 100
Z 9% %0
o 80
= 80
Z =
g0 S 7 =
] o
=60 Z 60 sl
g ‘E‘l olllb Z 5 o EIIB
= 50 Ly
E LRI -
’_:, 40 = 40 —
< 30 :; 30 .
g2 20- = e
; 10 10 o
L 0 .
G-Int Un G-Int In mFox-2Un  mFox-2 In G-Int Un G-Int In mFox-2 Un  mFox-2 In

FIG. 7. mFox-2 induction switches endogenous FGFR2 splicing pattern and promotes exon EIIIB inclusion in endogenous fibronectin
transcripts. Expression of GFP and mFox-2 in T Rex-293 cells was induced with 5 pg/ml of tetracycline. (A) FACS analysis was used to demonstrate
the tetracycline-dependent induction of GFP in the T Rex-293 G-Int cell line. (B) Western blot analysis was used to demonstrate induction of
V5-tagged mFox-2. The blot was probed for CA150 as a loading control and V5 to detect mFox-2. (C) Quantification of RT-PCR analysis for
endogenous FGFR2 exon IIIb or exon IlIc inclusion of uninduced (Un) or induced (In) T Rex-293 G-Int and mFox-2 cell lines. (D) Quantification
of RT-PCR analysis for endogenous fibronectin exon EIIIB inclusion of uninduced (Un) or induced (In) T Rex-293 G-Int and mFox-2 cell lines.

from a fibronectin minigene construct (20). We observed a
dramatic increase to 67% exon EIIIB inclusion in response to
mFox-2 induction in comparison to the 20 to 24% exon EIIIB
inclusion in the GFP cell line and the uninduced mFox-2 cell
line (Fig. 7D). These results clearly demonstrated that mFox-2
regulates the splicing of endogenous FGFR2 and fibronectin
RNAs.

mFox-2 expression alters alternative splicing of endogenous
hFox-2 transcripts: evidence for autoregulation. Upon scan-
ning the genomic sequence of the human, mouse, and rat Fox-2
genes, we observed a preponderance of TGCATG and
GCATG elements. The genomic region surrounding exon 6 of
the transcript contained four UGCAUG elements that were
highly conserved between the three species (Fig. 8A). Since
exon 6 is surrounded by Fox binding sites, we believed that
Fox-2 would be capable of regulating its own alternative splic-
ing as has been shown previously for several alternative splic-
ing factors (e.g., see reference 48 and references within). To
determine if mFox-2 was capable of regulating inclusion of
hFox-2 exon 6, we used the T Rex-293 mFox-2 cell line. After
3 days of 5-pg/ml tetracycline treatment the cells were har-
vested and RNA and protein were isolated for RT-PCR and
Western analysis. Fox-2 induction was detected by Western
analysis using the VS5 antibody (Invitrogen) (Fig. 8B). Using
primers specific for human Fox-2 exons 4 and 7, we were able

to show that upon mFox-2 induction there was an increase in
hFox-2 exon 6 skipping (designated exon 6— in Fig. 8C). Re-
markably, this is what we observe in the DT3 cell line. The DT3
cell line contains a higher number of Fox-2 transcripts that are
exon 6~ than does the AT3 cell line (Fig. 8D). These results
clearly demonstrate that Fox-2 is capable of autoregulating the
inclusion of its own exon 6 and suggest that functional rFox-2
isoforms within the DT3 cell line regulate the alternative splic-
ing of its own transcript, whereas rFox-2 isoforms in AT3 cells
do not.

Fox-2 is required for a Illc-to-IIIb switch during a mesen-
chymal-to-epithelial transition. In order to establish that Fox-2
was involved in FGFR2 alternative splicing regulation, we
sought to knock down Fox-2 in DT3 cells that include exon IIIb
and repress exon IIlc. Cells were treated with a nonspecific
siRNA and two separate siRNAs that target Fox-2. Western
analysis demonstrates that the nonspecific C2 siRNA did not
alter Fox-2 expression; however, the FX1 and FX3 siRNAs
significantly reduced Fox-2 expression (Fig. 9A). RT-PCR
analysis of the transfected minigene showed that, when the
cells were treated with the C2 duplex, we saw 57% exon Illc
inclusion (Fig. 9B). When we knocked down expression of
Fox-2 with either the FX1 or FX3 siRNA duplex, levels of exon
IIIc increased to 75% and 73%, respectively (Fig. 9B). When
we cotransfected RNAi-resistant Fox-2 expression plasmids,
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levels of exon IIlc inclusion dropped to 37% with the C2
siRNA, 20% with the FX1 siRNA, and 33% with the FX3
siRNA. Since Fox-2 overexpression has been shown to favor
the skipped splicing product, it may explain the overall reduced
levels of exon Illc inclusion when cells were transfected with
the RNAi-resistant expression plasmids. Furthermore, the ex-
pression level of the FX1-resistant Fox-2 construct may explain
the even lower levels of exon IIlc inclusion (Fig. 9A).
Having demonstrated that the Fox-2 knockdown affected the
splicing of minigene reporter constructs, we next wanted to
investigate whether Fox-2 knockdown would alter the alterna-
tive splicing of endogenous FGFR2 pre-mRNAs. To do this,

we took advantage of a phenomenon that had been observed
when the T Rex-293 cell line is grown to overconfluency. As
these cells grow from a low confluence to a high confluence,
the splicing pattern of the endogenous FGFR2 changes from
primarily exon Illc inclusion to exon IIIb inclusion. To dem-
onstrate this phenomenon, we seeded 50,000 cells and har-
vested RNA the following day (day 0), at 3 days, and at 6 days.
RT-PCR analysis demonstrates that exon IIIb inclusion in-
creases from 20% at day 0 to nearly 70% at day 6 once the cells
have reached maximal confluence (Fig. 10A). This change in
FGFR2 splicing pattern is accompanied by other changes con-
sistent with a mesenchyme-to-epithelium-like transition (A. P.
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of RNAi-resistant Fox-2 expression plasmid. (B) Quantification of single inclusion transcripts by RT-PCR analysis of transiently transfected
pI12DE-IIIb ss Mut minigene reporter in cells treated with siRNAs and pTracer EF B (Knockdown) and cells treated with siRNAs and

RNAi-resistant rFox-2 expression plasmids (Rescue).

Baraniak, S. Oltean, and M. A. Garcia-Blanco, unpublished
results). Since siRNA transfections are transient in nature, we
decided to increase the rate at which the cells grew to over-
confluency by plating 500,000 cells per well and harvesting
RNA and protein 48 h posttransfection. To investigate whether
Fox-2 knockdown would alter the splicing pattern of endoge-
nous FGFR2 pre-mRNAs, we treated these cells with the non-
specific C2 siRNA or FX2 siRNA, which targets the 3’ un-
translated region of the human Fox-2 gene and was shown to
knock down Fox-2 (41). Western analysis reveals that the FX2
siRNA knocks down expression levels in comparison to cells
treated with the C2 siRNA (Fig. 10B). The knockdown in
Fox-2 expression with the FX2 siRNA resulted in a significant
decrease in the levels of exon IIIb inclusion as the cells reached
overconfluency. Cells treated with the C2 duplex included exon
IIIb in 42% of the transcripts, while cells that were treated with
the FX2 siRNA included exon IIIb in only 10% of the tran-
scripts. When the cells were transfected with siRNAs and also

with an expression plasmid coding for a Fox-2 variant resistant
to FX2 knockdown, levels of exon IIIb inclusion reached 50%
with cells treated with the C2 siRNA and 25% with cells
treated with the FX2 siRNA. An increase in endogenous exon
IIIb inclusion from 10% in cells treated with the FX2 siRNA to
25% in cells treated with the FX2 siRNA and complemented
with Fox-2 overexpression indicated that Fox-2 is involved in
regulating the alternative splicing of endogenous FGFR2 tran-
scripts.

DISCUSSION

(U)GCAUG elements abound in the proximity of regulated
exons. It is not surprising to find multiple and important
GCAUG elements within alternatively spliced portions of
FGFR2 transcripts. GCAUG or UGCAUG elements [hereaf-
ter (U)GCAUG] have been reported to play a role in the
proper splicing regulation of fibronectin, c-src, NMHC-B,
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FIG. 10. Fox-2 is required for FGFR2 splicing switch during a
mesenchymal-to-epithelial transition. (A) Quantification of RT-PCR
analysis for endogenous FGFR2 exon I1Ib or exon IlIlc inclusion tran-
scripts as T Rex-293 cells are grown to confluence. (B) Western blot
analysis was performed following transfection of siRNAs directed at
no target (C2) or Fox-2 (FX2). The blot was probed for CA150 as a
loading control and Fox-2 to demonstrate knockdown of endogenous
protein (Knockdown and Rescue) and expression of exogenous
mFox-2 (Rescue). (C) Quantification of RT-PCR analysis for endog-
enous FGFR2 exon IIIb or exon Illc inclusion transcripts in cells
treated with siRNAs and pTracer EF B (Knockdown) and cells treated
with siRNAs and the RNAi-resistant mFox-2 expression plasmid (Res-
cue).

4.1R, calcitonin/CGRP, the mitochondrial ATP synthase vy
subunit (F1vy), and a-actinin RNAs (8, 17, 19, 20, 23, 26, 28,
30). Usually multiple copies of (U)GCAUG are found in the
vicinity of regulated exons within these transcripts. Even in
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c-src, where only one (U)GCAUG element has been deter-
mined to be important for neural specific regulation of exon
N1 (30), there are several (U)YGCAUG elements that have
been conserved from mouse to human (28) (data not shown).
In a survey of 27 transcripts with alternative exons preferen-
tially included in brain Minovitsky et al. showed that [UGCAUG]
hexamers are overrepresented, particularly in the 400 nucleo-
tides downstream of the exon (28). This overrepresentation
was not observed when a similar analysis was carried out with
100 non-tissue-specific alternative exons (28). The intronic
(U)GCAUG elements that we showed to be functionally sig-
nificant in tissue-specific FGFR2 exon choice fit well with the
bioinformatic data of Minovitsky et al. (28). The element
downstream of ISAR core (CGCAUGCAUG) contains the
preferred U at position 1, and even though it is found more
than 900 nucleotides downstream of the regulated exon IIIb,
the stem formed between the IAS2 and ISAR elements brings
this (U)GCAUG element very close to the regulated exon (1).
It is clear, however, that important (U)GCAUG elements may
also be present outside intronic regions that immediately fol-
low a regulated exon, and indeed we showed above that the
UGCAUG sequence found within exon IIlc is critical for re-
pression of this exon and for activation of the distant exon IIIb.
Therefore, the location of these elements may be quite flexible.

Not all (U)GCAUG elements within a particular transcript
have a demonstrable effect on splicing, and it is not immedi-
ately obvious what determines the difference. In the case of
calcitonin/CGRP, it was shown that only two of the five (U)
GCAUG elements, one intronic and one exonic, are needed
for proper regulation (17). This mirrors the situation with
FGFR2 splicing regulation where deletion of two (U)GCAUG
elements within the loop region between IAS2 and ISAR core
in FGFR2 transcripts has no effect on cell-type-specific exon
inclusion (1, 32). It is possible that the elements within this
large RNA loop are sequestered and thus cannot exert control
over exon choice. Therefore, the number of (U)GCAUG re-
peats is not critical, but the position of these sequence ele-
ments within the pre-mRNA may be decisive.

The differential function of two (U)GCAUG elements in the
same transcript neighborhood could be due to the influence of
surrounding sequences; however, examination of the immedi-
ate localities in FGFR2 did not reveal discernible motifs that
correlated with function. Moreover, bioinformatic analysis has
shown that while (U)GCAUG elements occur within extended
regions of conservation among homologous transcripts, these
sequences are not shared between other (U)GCAUG-contain-
ing transcripts (28). Another possible explanation for the dif-
ferential importance of (U)GCAUG elements is the existence
of other bordering cis elements. In FGFR2 pre-mRNA, the
functional (U)GCAUG element downstream of ISAR core is
positioned next to multiple PTB binding sites upon formation
of the IAS2-ISAR stem structure. This approximation could
allow the Fox protein to counteract PTB-mediated repression
of exon IIIb as proposed by Jin et al. for the a-actinin SM exon
(20). In fact the functional (U)GCAUG elements in c-src,
NMHC-B, 4.1R, calcitonin/CGRP, the mitochondrial ATP
synthase -y subunit (F1lvy), and fibronectin are also positioned
near PTB binding sites (20) (data not shown). Since PTB has
been reported to repress regulated exons in each of these
transcripts, it is conceivable that proximity to PTB sites deter-
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mines the function of (U)GCAUG elements. It is noteworthy
that, in the case of Fox-2 transcripts, a (U)GCAUG element
overlaps the 5 splice site of exon 6. We do not favor the idea
that the (U)GCAUG elements are part of a common larger cis
element but rather that in each transcript the (U)GCAUG
sequences neighbor unique subsets of other cis-acting ele-
ments. It must be noted that the rules that govern (U)GCAUG
action will likely be complex given that different Fox proteins
and isoforms recognize these sequences in different cell types
(see above).

Fox proteins as regulators of cell-type-specific splicing. We
show here that overexpression of zFox-1, mFox-1, and mFox-2
in HEK293T cells, which normally include FGFR2 exon Illc,
resulted in a switch from exon IIlc to exon IIIb inclusion in
FGFR2 minigene constructs. Our data suggest that this effect
was due to a modest activation of exon IIIb and a strong
repression of exon Illc. These dual effects are similar to those
observed for a-actinin upon overexpression of Fox-1 (20);
however, the location of the (U)GCAUG elements relative to
the regulated exons in these two transcripts does not lead to an
obvious general model. In «-actinin the exon harboring a
(U)GCAUG (SM) is activated, while in FGFR?2 it (exon Illc)
is repressed. While both results from Jin et al. (20) and our
own suggest a role for Fox proteins in alternative splicing of
these transcripts, one has to cautiously interpret overexpres-
sion experiments that report effects on cotransfected minigene
constructs. In order to assuage some of these concerns we used
T Rex-293 mFox-2 cells where expression of mFox-2 at mod-
erate levels switched the splicing pattern of endogenous
FGFR?2 transcripts from IIlc to IIIb. Additionally we observed
a strong activation of exon EIIIB in fibronectin transcripts.
These data indicate that Fox proteins can regulate exon choice
and suggest that these proteins play such a role in determining
tissue-specific alternative splicing decisions. Indeed such a
function was confirmed by Fox-2 knockdown in this study and
that of Underwood et al. (41).

How do Fox proteins control cell-type-specific FGFR2 exon
choice? The simplest explanation would be that Fox proteins
are expressed only, or are expressed at higher levels, in cells
that include exon IIIb and repress exon Illc, i.e., epithelial
cells. Nonetheless, this simple model, which appears to explain
neural specific effects of Fox proteins on the c-src N1 exon (41),
cannot explain the differences between AT3 and DT3 cells.
The data above demonstrate that Fox-2 isoforms are expressed
in both the epithelial cell-like DT3 cells that include exon IIIb
and repress exon IIIc and fibroblast-like AT3 cells that include
exon IIlc. The Fox-2 isoforms expressed, however, are very
different in these two cells, and the differences are not due to
differential use of the B40 or M43 exon as in the system
described by Nakahata and Kawamoto (33). Therefore, the
regulation of FGFR2 by Fox-2 appears to be mediated by yet
a different mechanism, and these observations suggest that the
Fox proteins appear to be a remarkably diverse and versatile
family of splicing regulators.

Fox-2 and EMT. We show that Fox-2 is critical in mediating
an alternative splicing switch of FGFR2 transcripts that accom-
panies an MET. We suggest that Fox-2 isoforms will play an
important role in molding gene expression programs in tran-
sitions between epithelial and mesenchymal states. Epithelial-
mesenchymal transitions (EMT) and the reverse MET are
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believed to play essential roles in embryonal morphogenesis
and in the progression of cancers (22, 40). EMT are associated
with dramatic changes in gene expression programs including
the expected epithelial-mesenchymal expression of FGFR2
(IIIb) and -(IIIc), respectively (37), and there are compelling
data that suggest the importance of proper regulation of
FGFR2 splicing in EMT. Indeed haploinsufficiency of the
EMT regulator TWIST (50) leads to craniosynostosis syn-
dromes very similar to those caused by defects in FGFR2
expression (31, 47). We postulate that Fox-2 will mediate a
large number of alternative splicing changes during EMT and
MET.
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