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ABSTRACT

Cystic fibrosis is a prominent genetic disease
caused by mutations of the cystic fibrosis trans-
membrane conductance regulator (CFTR) gene.
Among the many disease-causing alterations are
pre-mRNA splicing defects that can hamper manda-
tory exon inclusion. CFTR exon 9 splicing depends
in part on a polymorphic UG(m)U(n) sequence at the
end of intron 8, which can be bound by TDP-43,
leading to partial exon 9 skipping. CELF proteins,
like CUG-BP1 and ETR-3, can also bind UG
repeats and regulate splicing. We show here that
ETR-3, but not CUG-BP1, strongly stimulates exon
9 skipping, although both proteins bind efficiently to
the same RNA motif as TDP-43 and with higher
affinity. We further show that the skipping of this
exon may be due to the functional antagonism
between U2AF65 and ETR-3 binding onto the poly-
morphic U or UG stretch, respectively. Importantly,
we demonstrate that the divergent domain of ETR-3
is critical for CFTR exon 9 skipping, as shown by
deletion and domain-swapping experiments. We
propose a model whereby several RNA-binding
events account for the complex regulation of CFTR
exon 9 inclusion, with strikingly distinct activities of
ETR-3 and CUG-BP1, related to the structure of their
divergent domain.

INTRODUCTION

Cystic fibrosis is a common genetic disease caused by
defects in the multidomain cystic fibrosis transmembrane
conductance regulator (CFTR) protein. More than 1500

distinct mutations have been recorded, among which 200
or more are believed to result in pre-mRNA splicing de-
fects (http://www.genet.sickkids.on.ca/cftr/app). Such
anomalies were shown to lead to dysfunction of several
organs in CF patients. One such case is exemplified by the
congenital bilateral absence of vas deferens (CBAVD)
syndrome (1–4), a mild form of CF, due to the production
of an inactive CFTR protein devoid of exon 9-encoded
sequence, which prevents incorporation of a mandatory
domain of the protein (5,6). Among these, exon 9 inclu-
sion has been shown to be highly variable, depending on
several cis-elements and proteins (7). Tia-1 binds to a
sequence immediately downstream of exon 9, called PCE
(proximal control element) and stimulates exon inclusion,
while SF2/ASF and SRp40 bind further downstream in
intron 9, which favours exon exclusion (8). The third
control element is a polymorphic UG(m)U(n) sequence
at the end of intron 8. Strikingly, UG(m)U5 alleles are
often associated with low UG numbers in healthy
subjects, but with high numbers in affected individuals
(1,9–14). TDP-43 (HIV-1 TAR DNA-binding protein)
was shown to bind to this UG(m)U(n) sequence, leading
to moderate exon skipping (15,16). This effect was further
reinforced, in the case of UG11U5, by over-expressed
SF2/ASF (7). Importantly, the ability of splicing factors
to control exon 9 splicing was shown to be strongly de-
pendent on the number of repeated elements, underlying
the natural effects of the polymorphisms (17). Hence,
in vitro TDP-43 binding was observed if at least 6UGs
were present, its affinity increasing with the number of
UG repeats (16). However, its effect was strongly
reduced with U7 or U9 alleles. Furthermore, TDP-43
could interact with hnRNP A2/B1, hnRNP A1, hnRNP
C1/C2 and hnRNP A3, all reported to act as splicing in-
hibitory proteins (18), an effect that could promote exon 9
skipping. Finally, suppression of TDP-43 rescued exon 9
splicing in live cells (19).
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Another set of splice proteins, including CUG-binding
protein 1 (CUG-BP1) (20) and embryonic lethal abnormal
vision-type RNA-binding protein 3 (ETR-3)-like (CELF)
protein family members, plays key roles in pre-mRNA
splicing (for a review see (21)). These two proteins share
a high degree of overall sequence similarity (76%). They
have three RNA recognition motifs (RRMs) that are at
least 90% identical between the two proteins. By contrast,
a large portion of the proteins between RRM2 and
RRM3, known as the divergent domain (DD), is poorly
conserved (29% similarity). Nevertheless, both CUG-BP1
and ETR-3 regulate several RNA targets in a similar way
(21). A systematic evolution of ligands by exponential en-
richment (SELEX) approach has led to the identification
of the optimal RNA targets for the ETR-3 protein. It was
found that ETR-3 could bind avidly to UG repeats and
control splicing events in live cells (22). In addition,
CUG-BP1 could also bind to the identified UG-repeats
to which ETR-3 could bind. This binding was proposed
recently to depend on the activity of RRM3, which was
shown to bear strong preference for UG sequences (23).
When tested in the context of a specific minigene that had
incorporated the polymorphic UG(m)U(n) element from
CFTR intron 8, ETR-3 was able to control the splicing
event occurring downstream. This was not the case if the
site was mutated, demonstrating that ETR-3 could indeed
play a role in CFTR splicing through this sequence (22).
The aims of the present study were to determine the

potential of ETR-3 and CUG-BP1 to regulate CFTR
exon 9 splicing in the context of CFTR minigenes
carrying TG(11–13)T(5–9) repeated elements from intron
8. Our results show that ETR-3 and CUG-BP1 could bind
to this element with higher affinity than TDP43, and with
an absolute requirement for UG repeats. Importantly,
ETR-3, but not CUG-BP1, strongly suppressed exon 9
inclusion in a U5 context, regardless of the length of the
UG repeat, suggesting that the level and/or activity of
ETR-3 may play a major role in the control of expression
of a functional CFTR protein. Furthermore, ETR-3
promoted CFTR exon 9 skipping also in the endogenous
gene. Finally replacing CUG-BP1 divergent domain with
that of ETR-3 fully converted the activity of CUG-BP1
into that of ETR-3 on this splicing event. These results
extend the roles of CELF proteins to the control of
CFTR gene expression in a polymorphism- and CELF
protein type-dependent fashion, opening the possibility
that—at least one of—these proteins might also play a
role in cystic fibrosis.

MATERIAL AND METHODS

Plasmids

CFTR hybrid minigenes, carrying the TGmTn (m=11,
12, 13 or 0; n=5, 7 or 9), have been described previously
(17,24). The pRc-CMV-TDP-43 was previously described
(16). The pcDNA3.1-nV5-ETR-3 and pcDNA3.1-
nV5-CUG-BP1 were constructed by inserting ETR3
and CUG-BP1 cDNAs in a gateway entry vector
(pENTRD, Invitrogen), and next inserted by recom-
bination into the pcDNA3.1-nV5 destination vector.

The pet28a-His-CUG-BP1 and pet28a-His-ETR-3
plasmids were described before (25–28). The pcDNA3.1-
TDP-43-V5-His was produced using the pcDNA3.1/
V5-His�TOPO�TA Expression kit (Invitrogen) according
to the manufacturer’s instructions, using the full-length
coding region of TDP-43 produced using the forward
primer: 50-ATGTCTGAATATATTCGGGTAACCG
A-30 and the reverse primer: 50-CATTCCCCAGCCAGA
AGACTTAGAA-30 and the sequence was verified by
sequencing. The GFPcETR3vL, GFPcETR3vL-DD.1,
GFPcETR3vL-DD.2, GFPcETR3vL-DD.3 have been
previously described (29), as the GST-U2AF65 and
pEGFP-C3-U2AF65 (30,31). The chimera CUG-BP1-
DD.ETR-3 protein was produced by gene synthesis
(GenScript Corporation). The cTnT minigene (RTB300
minigene vector, centred on cTnT exon 5) was a gift of
Dr T. Cooper.

Cell culture and transfection

HGT-1 gastric cells, HCT116 colon cancer cells and HeLa
cervix carcinoma cells were grown in DMEM containing
4.5 g of glucose (Lonza) and 10% fetal bovine serum
(Gibco) at 37�C in a humidified incubator in the
presence of 5% CO2. They were plated at a density of
4.105 cells in 6-well plates at 70% confluency 24 h before
transfection. Transfection was performed using
Lipofectamine 2000 (Invitrogen) with CFTR hybrid
minigenes plasmids (500 ng) and with TDP-43 (2.5 mg),
ETR-3 (500 ng), CUG-BP1 (500 ng) expression vectors
or with the empty vector (a total of 3mg of DNA), and
harvested 16 h later. For siRNA experiments, cells were
plated at 1.105 cells in 6-well plates, 24 h before transfec-
tion (Lipofectamine 2000). Cells were transfected with
siNeg (Eurogentec), siTDP-43: 50-GCAAAGCCAAGAU
GAGCCU-30, siETR-3: 50-GGGUGAUGUUCUCUCC
AUU-30, siCUG-BP1: 50-GUUACGACAAUCCUGUU
UC-30, siSF3b49: 50-GAAGUUGCUUUAUGAUAC
U-30 (Sigma) or siSF3b145 : 50-GUAUGUGACUGAAG
AACCU-30 (Sigma) at a final concentration of 20 nM.
After 72 h of transfection, CFTR hybrid minigene
(500 ng) and the same amounts of siRNAs were trans-
fected again and cells were harvested 16 h later.

RNA extraction and RT–PCR

RNAs were extracted using Tri-Reagent (Ambion). RNAs
were quantified by spectrophotometry and the quality was
verified by electrophoresis. RT–PCR primers were as
follows:

CFTR minigene primers:
forward primer 50-CAACTTCAAGCTCCTAAGCCA
CTGC-30,
reverse primer 50-TAGGATCCGGTCACCAGGAAG
TTGGTTAAATCA-30;

CFTR endogenous gene primers:
forward primer hCFTR E8: 50-TAACAGCCTTCTGG
GAGGAG-30,
reverse primer hCFTR E10: 50-CCAGGCATAATCC
AGGAAAA-30;
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Caspase-2 endogenous gene primers:
forward primer hCasp-2 E8: 50-GTTACCTGCACACC
GAGTCACG-30

reverse primer hCasp-2 E10: 50-GCGTGGTTCTTTCC
ATCTTGTTGGTCA-30;

RTB300 minigene primers:
forward primer: 50-CATTCACCACATTGGTGT
GC-30

reverse primer: 50-GGTGCTGCCGCCGGGCGGTG
GCTG-30.

Two hundred nanograms of RNA (minigene condition) or
1 mg RNA (endogenous mRNA) were reverse transcribed
and amplified with the QIAGEN OneStep reverse tran-
scriptase PCR (RT–PCR) kit according to the manufac-
turer’s instructions.

Recombinant proteins

His-ETR-3, His-CUG-BP1, His-CUG-BP1-DD.ETR3
and His-TDP-43 were purified using the Protino
Ni-TED 2000 system (Macherey-Nagel) according to the
manufacturer’s instructions. GST-U2AF65 was purified as
previously described (30).

In vitro transcription and gel retardation assays

To generate RNA probes covering a portion of the 30

region of CFTR intron 8, PCR was performed on the
hybrid minigene carrying the TGmT5 polymorphisms,
using the following oligos: 50-TAATACGACTCACTAT
AGGGACTCATCTTTTATTTTTGA-30 (sense) (con-
taining the T7 promoter sequence) and 50-TTGCTTTCT
CAAATAATTCCCCAAATCC-30 (antisense). The PCR
product was purified using NucleoSpin Extract II
(Macherey-Nagel). In vitro transcription was performed
using the MEGAshortscriptTM kit (Ambion) according
to the manufacturer’s instructions.

For ElectroMobility Shift Assay (EMSA), 1 pmol
(10 000 cpm) of labelled RNA was incubated with
various quantities of recombinant proteins in 25mM
HEPES-KOH pH 7.5, 0.3mM MgCl2, 200mM potassium
glutamate, 0.2mM EDTA pH 8, 10% glycerol, 0.5mM
DTT, 0.1mg/mL BSA, 0.1mg/mL Heparin and 2mM
ATP for 10min at 30�C. The samples were loaded onto
6% native acrylamide gels and run for 3 h at 12 mA. The
gels were fixed 20min and dried before autoradiography.

The Scatchard plot analysis was conducted by
measuring the ratios between protein-bound and
protein-free RNA signals.

UV crosslinking

UV crosslinking of recombinant proteins was performed
using 30 pmol of [a-32]P-UTP radiolabelled transcript in
the presence of various quantities of recombinant
proteins. Proteins and RNA were incubated at 30�C for
10min with a mixture containing 0.3mM MgCl2, 2mM
ATP, 25mM HEPES (pH 7.5) 200mM potassium glutam-
ate, 0.2mM EDTA, 0.5mM DTT, 0.1mg/ml BSA,
0.1mg/ml Heparin and 10% glycerol. Reaction mixtures
were put on ice and irradiated 4 cm from a Philips G15T8
germicidal lamp for 10min. Samples were digested with

1 mg each of RNase A and RNase T1 (Sigma) at 37�C for
20min. An equal volume of protein-loading buffer was
added, and samples were denatured at 90�C and run on
SDS–10% polyacrylamide gels. The gels were fixed 20min
and dried before autoradiography.
For U2AF65 immunoprecipitation experiments, 50 ml

of anti-U2AF65 monoclonal antibody, MC3 (32), was
added to the crosslinked material and added to a
solution containing 20mM HEPES pH 8, 0.5mM
EDTA, 20% glycerol, 1mM DTT, 0.05% NP-40 to a
final volume of 120 ml. Antibody and antigen were
allowed to react on ice for 1 h with periodic swirling.
After the addition of 50 ml of a slurry of Protein A +
Protein G Sepharose 4 Fast Flow (at 1:1 proportion;
Amersham) in a low salt buffer (50mM Tris–HCl pH
8.0, 150mM NaCl, 1% NP-40), samples were incubated
at 4�C with rotation for 1 h. Beads were washed three
times with a high-salt buffer (50mM Tris–HCl pH 8.0,
500mM NaCl, 1% NP-40), three times with a low-salt
buffer and resuspended in 10 ml of SDS loading dye and
boiled for 5min. After centrifugation, the supernatant
was run on SDS–10% polyacrylamide gels, fixed, dried
and submitted to autoradiography.

Western blotting analysis

Whole cell extracts were prepared as previously described
(33). Nuclear cell extracts were prepared using the
Nuclear co-IP kit (Active-Motif), following the manufac-
turer’s instructions. Fifty micrograms of total proteins or
30 mg of nuclear proteins were boiled in the Laemmli
buffer for 5min before separation by SDS–PAGE.
Proteins were then electro-blotted onto polyvinyl
difluoride membranes (Millipore), and non-specific
binding sites were blocked for 1 h at room temperature
by 5% (wt/vol) fat-free milk before an overnight incuba-
tion at 4�C with specific antibodies: mouse monoclonal
anti-CUG-BP1 (1/1000, Sigma, clone HL 1190), mouse
monoclonal anti-ETR-3 (1/1000, Santa-Cruz, clone 1H2),
mouse monoclonal anti-TDP-43 (1/1000, Abcam), mouse
monoclonal anti-V5 tag (1/1000, Invitrogen), mouse
monoclonal anti-hnRNPA1 (Abcam) and mouse mono-
clonal anti-GFP (Roche). Mouse monoclonal or rabbit
polyclonal anti-Hsc70 (1/8000, Abcam) were used as a
loading control for total protein, whereas rabbit poly-
clonal anti-Topoisomerase II b (1/1000, Santa-Cruz)
was used for nuclear proteins. Primary antibodies were
detected with horseradish peroxidase-conjugated goat
antimouse or goat anti-rabbit IgGs (1/10 000;
Jackson ImmunoResearch Laboratories). Blots were
revealed using an enhanced chemiluminescence detection
method.

Densitometry analysis

Ethidium bromide signals obtained following gel electro-
phoresis of RT–PCR products were integrated under un-
saturated conditions (Gel Doc software, Bio-Rad) and
used to derive band intensities.
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RESULTS

ETR-3 strongly stimulates exon 9 skipping

We have previously characterized extensively the mechan-
ism through which TDP-43 binds to the polymorphic
intron 8 UG(m)U(n) stretch and inhibits CFTR exon 9
splicing (16). We sought to analyse the possible effect of
other UG-binding proteins, ETR-3 and CUG-BP1, two
members of the CELF family of splice proteins. We
used minigenes harbouring various polymorphic versions
of the TG(m)T(n) repeated element, as they occur in CF
patients (17), in combination with expression vectors
for splice proteins or an empty vector. Plasmid vec-
tors encoding TDP-43, ETR-3 and CUG-BP1 allowed
similar levels of protein production in HGT-1 cells
(Supplementary Figure S1a). Following transient cell
transfections, minigene-encoded transcripts were
analysed by gel electrophoresis after reverse transcription
and PCR with primers from both sides of exon 9
(Figure 1A). The ratios of exon 9-lacking to exon
9-containing transcripts were then determined by densi-
tometry analysis. As shown in Figure 1B and E, TDP-43
weakly stimulated exon 9 skipping, as previously reported,
for all lengths of the TG (11–13) repeat, although the
effect did not reach statistical significance. Strikingly,
ETR-3 had a much stronger effect, ranging between
2-fold and 1.5-fold the exclusion levels obtained in
control, for TG11 to TG13 (Figures 1C and E). In
addition, the effect of ETR-3 decreased as the T length
increased (Figure 1F). Finally, a CFTR minigene lacking
TG sequences showed full exon 9 inclusion, regardless of
the addition of a splice protein, demonstrating the
absolute requirement for TG in this negative control
mechanism (Figure 1G). Hence, these results show that,
more than TDP-43, ETR-3 could stimulate exon 9 exclu-
sion, with a somewhat smaller effect as the length of the
TG stretch increased, cases where basal exclusion levels
were raised. Strikingly, over-expressed CUG-BP1 had no
effect on CFTR exon 9 exclusion levels (Figures 1D and
E), although over-expressed CUG-BP1, like ETR-3, was
able to suppress efficiently cTnT exon 5 exclusion in the
control minigene (Supplementary Figure S1b). Hence,
although CUG-BP1 and ETR-3 are highly similar, espe-
cially in their RRMs, and recognize similar sequences (28),
they behaved very differently on CFTR exon 9 splicing.
To extend these observations to cells that express

ETR-3 at various levels, we made use of HCT116 cells
that express high levels of ETR-3 (34) and HeLa cells
that do not express ETR-3 (N. Charlet-Berguerand, un-
published). As can be shown in Supplementary Figure
S2a, these cell lines, like HGT-1, expressed high levels of
TDP-43, reinforcing the notion that this protein is widely
and strongly expressed (E. Buratti, unpublished results).
By contrast, ETR-3 was barely detectable in HGT-1 cells
and no signal was observed for HeLa cells, even with up to
100mg nuclear protein amounts. As expected, a strong
signal was observed in HCT116 cells. In minigene
assays, ETR-3 strongly induced exon 9 skipping in
HCT116 and HeLa cell lines, but it had a smaller effect
in HCT116 cells, probably because these showed a
higher constitutive exon exclusion level (Supplementary

Figure S2b). Similarly to HGT-1 cells, over-expressed
CUG-BP1 and TDP-43 had no effect.

To explore further the roles of ETR-3 and CUG-BP1, in
comparison with TDP-43, we used siRNAs. As shown in
Figure 2, a siRNA directed against TDP-43 strongly
reduced exon 9 exclusion levels, as previously reported
(19). By contrast, a siRNA against ETR-3 had no effect
(Figure 2), despite a good suppressing activity of the
siRNA (Supplementary Figure S3a). This was likely due
to the low expression of ETR-3 in the recipient cells used
(Supplementary Figure S3b). Nevertheless, the extinction
of both TDP-43 and ETR-3 induced a stronger effect on
exon 9 exclusion, suggesting that suppression of TDP-43
unmasked the weak basal exon 9 exclusion activity of
ETR-3. In HeLa cells, which do not express ETR-3 but
express TDP-43, over-expression of ETR-3 induced a
much stronger effect when TDP-43 was silenced (7-fold
to 21-fold, Supplementary Figure S4). Silencing CUG-
BP1 had no effect on exon 9 exclusion and the extinction
of both TDP-43 and CUG-BP1 did not restore exon 9
inclusion any better than the extinction of TDP-43 alone
(data not shown).

ETR-3 and CUG-BP1 proteins bind to the UG repeat
from CFTR intron 8

The results obtained so far indicated that these proteins
may interact with the UG(m)U(5) polymorphic stretch
from intron 8. In order to analyse directly their binding
onto this sequence, we performed RNA gel retardation
assays (EMSA) with purified tagged proteins, using
in vitro transcribed RNAs as labelled probes. As shown
in Figure 3, the three proteins could interact with the
probe, with a small increase in signal being apparent
with increasing UG numbers. His-ETR-3 and His-CUG-
BP1 seemed to have a comparable affinity with one
another and a stronger affinity than His-TDP-43, as at
least four times more of the TDP-43 protein was necessary
to give a comparable binding signal as those obtained for
ETR-3 and CUG-BP1 (Figure 3).

To measure the in vitro binding affinity of the proteins
for the RNA motif, we prepared Scatchard plots following
EMSA analyses. As shown in Figure 4, the apparent Kds
were 400 nM and 1600 nM for ETR-3 and TDP-43, re-
spectively. Hence, ETR-3 had a 4-fold higher affinity for
the RNA probe than TDP-43. CUG-BP1 bound to the
sequence with the same affinity as ETR-3 (400 nM).
Finally, ETR-3 and CUG-BP1 had an absolute require-
ment for UG sequences, which deletion from the RNA
probe abrogated binding (Figure 5). This last result fully
agrees with the lack of effect of the proteins in functional
assays when the UG sequences were removed from the
minigene (Figure 1G).

U2AF
65 binding to the CFTR intronic sequence

can be displaced by ETR-3

In a functional assay, U2AF65 could strongly stimulate
exon 9 inclusion, indicating that it could bind to, and
act through, the intronic sequence (Figure 6A). As
shown in Figure 6B, U2AF65 could indeed bind to
the probe with a slightly lower affinity than ETR-3
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(Kd app=500 nM). However, contrary to ETR-3 or
CUG-BP1, its binding was independent of the presence
of UG repeats, suggesting that it could bind elsewhere,
presumably onto the U repeats (Figure 6C). In order to
determine the sequence requirement for U2AF65 binding,
we performed UV crosslinking experiments with cell
nuclear extracts, followed by U2AF65 IP. As shown in
Figure 7A, a dose-dependent increase in protein binding
was observed if at least 5Us were present on the probe. In
the presence of only 3Us, barely any binding was detect-
able. In addition, this binding was independent of the
presence of UGs (Figure 7B). These results show that
U2AF65 binding does not require the same sequences as

ETR-3, but the protein can bind to an element containing
both UGs and Us through selective interaction with U
residues. This suggests that U2AF65 could stimulate
spliceosome assembly and agrees to the fact that
over-expression of U2AF65 strongly increased CFTR
exon 9 inclusion (Figure 6C).
As the length of the polypyrimidine tract following the

UG repeat seemed to be very important for the effect of
ETR-3 (Figure 1F), we postulated that ETR-3 could
induce exon 9 skipping through displacement of
U2AF65, which would be expected to lead to a lower effi-
ciency of 30 splice site recognition (35). We, therefore,
wished to determine if ETR-3 and U2AF65 proteins

CF
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Antisense primerSense primer
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Figure 1. ETR-3 induces CFTR exon 9 skipping. (A) Schematic representation of the hybrid minigenes containing CFTR exon 9 and its flanking
introns, carrying the TGmTn polymorphism. (B) CFTR hybrid minigenes were co-transfected with TDP-43 or with the empty vector. RT–PCR
products were resolved by agarose gels electrophoresis. The exon 9 exclusion rate was determined by quantification using Bio-Rad Chemidoc XR
software. (C) Same experiments as in (B) with ETR-3 expression plasmid. (D) Same experiments as in (B) with CUG-BP1 expression plasmid. The
results are representative of six experiments with similar results. (E) Histogram recapitulating the results. The exclusion levels are expressed as
percent. The standard deviation of the mean is shown (n=6); aSignificantly different from the pcDNA conditions (Student’s t-test, P< 0.05).
(F) CFTR hybrid minigenes carrying TG11-T9, -T7 or -T5 polymorphisms were co-transfected with ETR-3 or the empty vector, (G) CFTR
hybrid minigenes carrying 11 or no TG repeats were co-transfected with TDP-43, ETR-3, CUG-BP1 vectors or the empty vector.
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might bind RNA in a mutually exclusive manner. To this
end, we performed additional UV crosslinking experi-
ments. As shown in Figure 7C, ETR-3 could largely
displace U2AF65 from the probe (UG11U5) when equal
amounts (1.5 mg) of each protein were added. The last lane
showed an RNA-binding signal for both proteins,
indicating that they could bind at the same time to the
probe, albeit with a strong preference for ETR-3. When
a UG11U9 probe was used, the best ETR-3 binding
obtained (1.5 mg protein) was associated with still a good
binding of U2AF65, showing that both proteins could bind
simultaneously to the probe and with comparable effi-
ciency, provided the U stretch was long enough
(Figure 7D). These RNA-binding data agree to the fact
that the longest 9U stretch was less responsive to ETR-3
for the skipping of CFTR exon 9 than the 5U stretch in

the UG11 context (Figure 1F). Taken together, these
results suggest that the skipping induced by ETR-3 was
associated with displacement of U2AF65 from the RNA
motif, and was inversely related to the length of the U
stretch under the UG11 context. Nevertheless, we
cannot fully rule out that the binding of the two
proteins may be mutually exclusive, with ETR-3 binding
to some oligonucleotide probes and U2AF65 binding to a
smaller subset of oligo probes in proportion to their
relative affinities.

In order to address the functional difference between
ETR-3 and CUG-BP1, we analysed the ability of
increasing amounts of CUG-BP1 to bind to the RNA
probe in the presence of a fixed amount of U2AF65. As
shown in Figure 7E, 2 mg CUG-BP1 did not displace 1.5mg
U2AF65 (compare lanes 1 and 5). Hence, contrary to
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Figure 2. Effect of siRNA-mediated silencing of TDP-43, ETR-3 or CUG-BP1 on CFTR exon 9 splicing. After 72 h of siRNA transfection, hybrid
minigenes were co-transfected with the same amount of siRNAs for 16 h. RT–PCR products were resolved by agarose gels electrophoresis.
Histogram recapitulating the results. The exclusion levels are expressed as percent. The standard deviation of the mean is shown (n=5).
aSignificantly different from the siTneg condition (Student’s t-test, P< 0.05).
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Figure 3. Electromobility shift assay using recombinant TDP-43, ETR-3 and CUG-BP1. Using a primer containing the T7 promoter sequence, an
in vitro transcription assay was performed, allowing the synthesis of a 100 nt radiolabelled RNA containing the CFTR intron 8 polymorphic
sequences (UG11, UG12 or UG13 followed by the U5 tract). Recombinant His-TDP-43, His-CUG-BP1 and His-ETR-3 were incubated for
20min at 30�C with 32P-labelled RNA (1pmole). Native polyacrylamide gels (6%) were used for separation. Ctrl represents the His-tag alone.
The results are representative of five experiments with similar results. More TDP-43 protein (200 ng) than ETR-3 or CUG-BP1 (50 ng) was used to
compensate for its lower RNA-binding activity. The arrow points to the protein-RNA complexes. The asterisk symbol points to the free RNA probe.
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ETR-3 (Figure 7C), CUG-BP1 did not displace U2AF65

from the UG11U5 probe, although it demonstrated strong
binding to the probe. This observation agrees with the
absence of effect of over-expressed CUG-BP1 on exon 9
skipping (Figure 1D), the ability of U2AF65 to promote
inclusion being preserved, even in the UG11U5 context.

The divergent domain of ETR-3 is essential for its
suppressive effect

To try to understand the difference observed between
CUG-BP1 and ETR-3 on CFTR exon 9 splicing, we

hypothesized that the divergent domain might account
for the selectivity of ETR-3, as the RRMs were highly
similar between the two proteins. Using deletion mutants
of ETR-3 (Supplementary Figure S5) (29), we observed
that its DD was necessary for the increase in exon 9
skipping (Figure 8A). Indeed, disruption of the DD by
deletion in DD.1, DD.2 or DD.3 mutants, which did not
modify ETR-3 nuclear localization (data not shown), as
previously reported (29), abolished CFTR exon 9
skipping. In fact, this skipping was abrogated every time
the DD was altered, as compared to the control, regardless
of the particular deletion. In order to look for the
RNA-binding ability of the various ETR-3 proteins to
the RNA sequence, we transfected expression vectors for
these proteins and prepared nuclear protein extracts to
conduct EMSAs with the UG11U5-labelled RNA probe.
As shown in Supplementary Figure S6, wt ETR-3 and its
deletion derivatives strongly bound to the RNA sequence.
These results show that all DD deletions could still
localize to the nucleus and bind RNA, yet they did not
induce exon 9 skipping. This suggests that a defective
RNA binding alone cannot explain their lack of effect
on splicing. We, therefore, hypothesized that replacing
the CUG-BP1 DD by that of ETR-3 might confer exon
9 splicing inhibitory activity. To address this possibility,
we engineered a CUG-BP1 expression vector in which the
DD of ETR-3 had replaced that of CUG-BP1 (Figure 8B).
Strikingly, after transient co-transfection of the TG11T5
minigene and the vector encoding the chimera, we
observed that the hybrid protein behaved strictly like
ETR-3, strongly inducing exon 9 skipping (Figure 8C).
As shown by EMSA, the chimera was able to bind
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Figure 4. Scatchard plot analysis of TDP-43, ETR-3 and CUG-BP1 RNA binding. Gel retardation analyses were performed with the same RNA
(UG11U5) probe type and quantity for each protein (see the legend to Figure 3). The results are representative of three experiments with similar
results. The arrow points to the protein-RNA complexes. The asterisk symbol points to the free RNA probe.
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Figure 5. ETR-3 and CUG-BP1 bind onto CFTR intron 8 UG
repeats. Gel retardation analyses were performed with an RNA probe
containing 13 or no UG repeats (see the legend to Figure 3). The
results are representative of four experiments with similar results. The
arrow points to the protein-RNA complexes. The asterisk symbol
points to the free RNA probe.
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efficiently to the UG11U5 probe (Figure 8D). These data
demonstrate that exon 9 skipping was strongly, if not
solely, controlled by ETR-3 DD.

The spliceosomal SF3b49/145 components control the
functional activity of ETR-3

A recent study from the Cooper lab has shown, by a prote-
omic analysis, that ETR-3 and CUG-BP1 could be distin-
guished by their ability to bind U2 snRNP-associated
spliceosome components. ETR-3, but not CUG-BP1, was
shown to interact with SF3b49 and SF3b145, suggesting
that some splicing control events could be distinctive
between these two CELF proteins (36). In order to look
for a potential role of these proteins, we silenced these
two proteins and analysed the effect of ETR-3 on CFTR
exon 9 exclusion.As shown inFigure 9, nomore response to
ETR-3 was observed, suggesting that indeed at least part of
the effect of ETR-3 on this splicing event could be driven by
a functional interaction of ETR-3 and SF3b49/SF3b145.

DISCUSSION

CFTR pre-mRNA splicing plays an important role in the
CF condition, and molecular approaches have identified
splice proteins that take part in the regulation of CFTR

exons assembly. The polymorphic sequence element from
intron 8 of the gene has been shown to bind TDP-43,
which resulted in a small but consistent level of exon 9
skipping, and hence was proposed to be involved in the
allele-dependent effect in CBAVD patients (16). In the
present study, we show that one additional protein,
ETR-3, could strongly increase the level of CFTR exon
9 skipping, especially in the TG11T5 context, much more
efficiently than TDP-43. This was associated with its
ability to bind avidly to the polymorphic sequence
in vitro, with an absolute requirement for UG sequences.
Furthermore, this effect was also observed upon
over-expression of ETR-3 on splicing of the endogenous
gene (Figure 10), suggesting that such a control may also
occur in tissues. By contrast, CUG-BP1 had no effect
despite a comparable affinity for the RNA sequence,
which was four times that of TDP-43. As previously
reported, the longer TG stretches led to increased basal
exon 9 exclusion levels. Silencing the abundantly ex-
pressed TDP-43 protein led to a strong increase in exon
9 inclusion in the T5 context, for all lengths of TGs,
whereas a siRNA against ETR-3 had no effect. This indi-
cates that TDP-43 may be constitutively active in the
control of minigene exon 9 splicing, whereas ETR-3,
which was expressed at low levels in the recipient cells
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Figure 6. U2AF65 binds CFTR intron 8 and can be displaced by ETR-3. (A) Exon 9 splicing analysis in the presence of over-expressed U2AF65.
CFTR hybrid minigenes were co-transfected with the U2AF65 vector or the empty vector. RT–PCR products were resolved by agarose gels elec-
trophoresis. (B) Determination of U2AF65 apparent Kd for CFTR intron 8 sequence by the Scatchard plot analysis. The same amount of RNA
(UG11U5) probe as in Figure 4 was used. The results are representative of three experiments with similar results. The arrow points to the
protein-RNA complexes. The asterisk symbol points to the free RNA probe. (C) RNA binding analysis of U2AF65. Gel retardation analyses
were performed with an RNA probe containing 13 or no UG repeats (see the legend to Figure 3). The results are representative of three experiments
with similar results. The arrow points to the protein-RNA complexes. The asterisk symbol points to the free RNA probe.
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used, had almost no effect unless its expression was
increased by transfection. In addition, silencing of
TDP-43, coupled with over-expression of ETR-3 led to a
larger increase in exon 9 skipping as compared to over-
expression of ETR-3 alone (HeLa cells, Supplementary
Figure S4). Silencing CUG-BP1 had no effect. Finally,
silencing TDP-43 and ETR-3 at the same time produced

the largest splicing suppression effect. That a siRNA
against ETR-3 had no effect (presumably because of the
very low expression level in the recipient cell), unless it was
used together with a siRNA against TDP-43, may be best
explained by either one of the following possibilities:
(i) ETR-3 could help TDP-43 binding to the target
sequence or (ii) the two proteins could bind to distinct

70 -
55 -

90 -

U2AF65

KDa

NE
(UG)11 (UG)11 (UG)11U7 U5 U3 (UG)11

D(UG)U9U9

70 -
55 -

90 -

KDa

NE

U2AF65

U2AF65

ETR-3 0 0.4 0.8 1 1.5 μg0.2

1.5 μg

U2AF65

ETR-3UG11U5
0

20

40

60

80

100

ETR-3

U
2A

F65
 si

gn
al

U2AF65

ETR-3 0 0.4 0.8 1 1.5 

1.5  μg

1.5 μg

UG11U9

U2AF65

ETR-3

ETR-3
0

20

40

60

80

100

U
2A

F65
 si

gn
al

CUG-BP1

U
2A

F65
 s

ig
na

l

0

20

40

60

80

100
U2AF65

CUG-BP1 0 0.5 1 2 2      μg0.25

1.5 μg

U2AF65

CUG-BP1

UG11U5

A

C

D

E

B

Figure 7. U2AF65 binds onto CFTR U-repeat and it is displaced by ETR-3 but not by CUG-BP1. After UV crosslinking and RNAse treatment,
a U2AF65 immunoprecipitation was performed. (A) Using UG11-U7, -U5 and -U3, (B) using the same length of U-repeat (U9) but with 11 or
0 UG-repeat. (C) UV crosslinking experiment using 30 pmoles of labelled UG11U5 RNA probe and the indicating amounts of U2AF65 and ETR-3.
A histogram with the means and standard deviations from triplicate experiments is shown on the right part of the figure. (D) Same as (C) except with
a labelled UG11U9 RNA probe. A histogram with the means and standard deviations from triplicate experiments is shown on the right part of the
figure. (E) UV crosslinking experiment using 30 pmoles of labelled UG11U5 RNA probe and the indicating amounts of U2AF65 and CUG-BP1.
A histogram with the means and standard deviations from triplicate experiments is shown on the right of the figure.

Nucleic Acids Research, 2010, Vol. 38, No. 20 7281



sequence subsets, such that dual silencing of the proteins
would have a stronger effect than silencing of TDP-43
only. We favour the second possibility since the two
proteins bind to the same target sequence. More studies
will be needed to investigate this aspect further.
We report here a novel role for two CELF proteins in

the regulation of CFTR exon 9 splicing. We confirm that
they bind to UG repeats, as previously reported (22).
In vitro RNA-binding assays showed that indeed these
proteins could recognize the polymorphic sequence much
more efficiently than TDP-43. According to studies from
the Cooper lab, CUG-BP1 and ETR-3 had comparable
abilities to control inclusion of cTNT exon 5, which was
clearly not the case for the CFTR minigene used here,
where only ETR-3 was active in splicing inhibition (28).

In addition, the same group has shown that ETR-3 could
induce cTNT exon 5 inclusion through activation of the
polymorphic sequence from CFTR intron 8 (22), which is
strikingly different from our results. We can only specu-
late that the structural differences between the minigenes
would likely explain these differences. In the case of
Cooper’s minigene, the CFTR intron 8 was not associated
with CFTR exon 9 and part of intron 9, but with unre-
lated sequences. In addition, we are not aware of the effect
of CUG-BP1 in the context of the Cooper minigene. If
CUG-BP1 had the same effect as ETR-3 with the
Cooper minigene, then it could be proposed that the
CFTR polymorphism would only allow recruitment of
the proteins, but the resulting functional activity of the
proteins would be more strictly dependent on the overall
sequence context and the availability of interacting
proteins. Moreover, ETR-3 also triggered CFTR exon 9
skipping from the endogenous gene in the present study,
pointing to a putative physiological relevance of our
findings. The differences in the functional activity of
ETR-3 and CUG-BP1, as observed in the present study,
were most likely due to the strong dissimilarity of the DD
protein region that localizes outside of the RRMs (28).
Consistent with this view, over-expression of ETR-3
deletion mutants lacking parts of the DD, although they
showed proper nuclear localization (data not shown), as
reported previously (29), triggered no splicing inhibition.
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agarose gel electrophoresis. The results are representative of three ex-
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Remarkably, replacing the DD of CUG-BP1 by that of
ETR-3 fully converted CUG-BP1 into an ETR-3-like
protein with respect to exon 9 splicing inhibition. To our
knowledge, this is the first report to show that the DD of
these two CELF proteins can be functionally quite distinct
in its ability to control pre-mRNA splicing events,
whereas the CFTR RNA-binding activity and affinity
were very similar between CUG-BP1 and ETR-3. As
stated by Ladd et al. (28), this DD contains no known
protein–protein, protein–RNA or protein–DNA inter-
action motifs, targeting signals, or predicted secondary
structure, making it unique for each CELF protein.
However, deletion experiments conducted later had
shown that ESE-specific ETR-3 binding and activation
of splicing within the cTNT gene could be mediated by
either RRM1 and RRM2 plus 70 residues of the adjacent
downstream DD or RRM3 plus 119 residues of the
adjacent upstream DD (37). In the present study, the
DD swapping experiment demonstrated that there was
no requirement for the ETR-3 RRMs to convert
CUG-BP1 into an ETR-3-like protein, pointing to the
major role of ETR-3 DD in the control of CFTR exon 9
splicing. Looking at the amino-acid composition of this
domain, it appeared that the number of hydrophobic
residues was low, when compared to that of the RRMs,
indicating that it could have a somewhat loose conform-
ation, by opposition with the RRMs (I. Callebaut,
personal communication). In addition, the DD could be
involved in protein–protein interactions or be the target
for specific phosphorylations, which would be distinctive
between ETR-3 and CUG-BP1, accounting for the strong
differences in activities of the proteins with respect to
CFTR exon 9 splicing. In any case, the fact that all of
the particular DD deletions tested in this study triggered
full exon inclusion suggests that the DD overall structure
and/or size may be the major determinant of the splicing
control activity. Because U2 snRNP binding onto the
branch point is functionally linked to the recruitment of
U2AF65/U2AF35 onto the 30 splice site, it is tempting to
speculate that the binding of ETR-3, which would antag-
onize that of U2AF65, could reduce proper exon 9 recog-
nition. The DD of ETR-3, but not that of CUG-BP1,
would thus play a major role in these effects.

Preliminary experiments have shown that ETR-3, but
not CUG-BP1, could interact with U2AF65 either directly
or indirectly, as shown by co-immunoprecipitation of
nuclear extracts containing over-expressed GFP-U2AF65

and V5-ETR-3 or V5-CUG-BP1 (data not shown). Such
experiments, although showing that U2AF65 and ETR-3
were part of the same protein complex, did not demon-
strate that the two proteins interacted directly with each
other. In addition, we have not been able to detect, either
by native gel retardation or UV crosslinking assays, the
occurrence of large protein complexes that may contain
the two proteins. Hence, although these two proteins have
the ability to co-immunoprecipitate, more studies remain
to be performed to see whether they interact directly or
not.

As shown by the Cooper lab, ETR-3, but not
CUG-BP1, could interact with SF3b49 and SF3b145
spliceosomal components. Our study shows that this

interaction is likely to have a functional role on coupling
the activity of ETR-3 to the spliceosomal proteins that,
altogether, trigger CFTR exon 9 exclusion. It is tempting
to speculate that this interaction may involve the DD of
ETR-3, but not that of CUG-BP1, which had no effect on
splicing CFTR exon 9. In addition, it could be proposed
that SF3b49/145 proteins could bridge ETR-3 and
U2AF65, which would bind to the intron 9 branch point
site, according to the Cooper model (36). Further analyses
will be required to address this possibility.
According to the results presented here and previously,

it is very clear that the polymorphic UG(m)U(n) stretch is
a major determinant of exon 9 splicing. In fact, we have
obtained the proof of concept, through in vitro splicing
experiments, that addition of a UG(12) oligonucleotide
to sequester TDP-43 resulted in increased recognition of
the CFTR exon 9 acceptor site (38). Regardless of the
particular negatively acting protein that may bind to the
UG repeats, it appears that masking the site might thus
relieve the inhibitory effect.
A model that summarizes our observations is presented

in Figure 11. In the absence of recruitment of ETR-3 and/
or TDP-43, or in the absence of any UG repeat, the
spliceosome is correctly assembled, and exon 9 is correctly
inserted (part A). In the presence of bound ETR-3 and/or
TDP-43, exon 9 skipping is stimulated through hampering
the recruitment of U2AF65 onto the polypyrimidine tract,
which decreases the 30-splice site recognition (part B),
possibly through additional intermediate proteins that
would, for example, interact with the DD of ETR-3
(part C). We suggest that the relative amount and
nuclear addressing level of TDP-43 and ETR-3 will
dictate which of them—or if both—will bind to the UG
sequence. This possibility is substantiated by the fact that
in cells that contain higher amounts of ETR-3 than the
HGT-1 cells used here, like HCT-116 colon carcinoma
cells, silencing TDP-43 had no effect on exon 9 splicing
(data not shown). In any case, binding of ETR-3 led to a
drop in the efficiency of U2AF65 recruitment. Finally,
CUG-BP1 binding allowed spliceosome recruitment and
splicing to proceed (part D). As a whole, the abundance,
together with the relative binding affinity and sub-cellular
localization of CUG-BP1, TDP-43, ETR-3 and U2AF65,
among other spliceosomal components, in the living cell,
might determine the level of correctly spliced, exon
9-containing, CFTR mRNA. Although the exact rele-
vance to the CF condition of our findings remains to be
established, a recent study suggests that the lack of expres-
sion of the CFTR gene in muscles—where ETR-3 is
strongly expressed—may be linked with muscle alteration.
Indeed, CFTR KO mice show specific defects in muscles,
and it can be postulated that, depending on the poly-
morphic status of intron 8 in CF patients, the defect in
muscles could be due to the activity of ETR-3 (39).
In conclusion, this study has identified ETR-3 as a novel

CFTR splice repressor protein that, depending on its level
and type of intron 8 polymorphism, may impose a strong
control of the amount of correctly spliced CFTR tran-
script in the region of exon 9. This is also the first dem-
onstration of a major functional divergence between
ETR-3 and CUG-BP1 CELF proteins.
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interaction. (B) ETR-3 (TDP-43) prevents U2AF65 interaction, which blocks exon 9 inclusion. (C) Intermediate protein may help ETR-3 prevent
U2AF65 interaction and exon 9 inclusion. (D) CUG-BP1 binding does not hamper U2AF65 interaction or exon 9 inclusion.
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