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ABSTRACT

CD44 mRNA contains nine consecutive cassette exons, v2 to v10. Upon alternative splicing,

several isoforms are produced with different impacts on tumor biology. Here, we demonstrate the

involvement of the RNA-binding proteins CELF1 and ELAVL1 in the control of CD44 splicing. We

show by FRET-FLIM that  these proteins directly interact  in the nucleus.  By combining RNAi-

mediated depletion and exon array hybridization in HeLa cells, we observe that the exons v7 to v10

of  CD44 are  highly  sensitive  to  CELF1 and ELAVL1 depletion.  We confirm by RT-PCR that

CELF1 and ELAVL1 together stimulate the inclusion of these exons in CD44 mRNA. Finally, we

show in eight different tumor types that high expression of  CELF1 and/or  ELAVL1 is correlated

with the inclusion of  CD44 variable exons.  These data point to functional interactions between

CELF1 and ELAVL1 in the control of CD44 splicing in human cancers.
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INTRODUCTION

CD44 encodes  a  cell  surface  receptor  that  is  involved  in  cell-to-matrix  adhesion  and

regulates a number of signaling pathways [1]. While CD44 expression is a recognized biomarker in

several human cancers, understanding of its roles in tumor biology is complicated by the existence

of several splice isoforms with different functions.  The human  CD44 genes contains 19 exons.

Exons 1 to 5 and 15 to 19 are constitutive, whereas exons 6 to14 also called "variable" exons v2-

v10 are cassette exons, which can either be skipped or included. Depending on their combinatorial

inclusion,  22 different  CD44 isoforms have  currently been described  [1,2].  The variable  exons

encode a part  of the extracellular domain of CD44 immediately adjacent to the transmembrane

domain. Their presence can have an impact on the receptor's capacity to interact with its ligand

hyaluronic acid, explaining the different functions of the CD44 isoforms.

Breast epithelial cells essentially express  CD44 isoforms that include the variable exons.

During epithelial-mesenchymal transition (EMT), the incorporation of the variable exons decreases.

The switch from isoforms including the variable exons (isoforms CD44v) to isoforms devoid of

them ("standard" isoform, CD44s) is required for EMT to occur  [3].  Similar causal relationships

between CD44 splicing and EMT or tumor invasiveness have been reported in several other cancer

types [1]. CD44s is also associated with cancer cell stemness [4].

Positive regulators of variable exons inclusion include SRSF2 in a breast cancer line (exon

v6) [5], U2AF2 in melanoma (exons v8-10) [6], and TRA2B in a colon cancer cell line (exon v10)

[7]. Negative regulators include PCBP1 in a hepatocarcinoma cell line (exons v3, v5, v6, v8 and

v10)  [8], HNRNPL and its paralog HNRNPLL in a breast cancer cell line (exon v10)  [9] and in

colorectal cancer (exon v6) respectively [10], and SRSF9 in a colon cancer cell line (exon v10) [7].

The epithelium-specific splicing factor ESRP1 promotes the formation of CD44v in breast cancer

by promoting the inclusion of all variable exons [3,11], whereas ZMAT3 negatively regulates all of

them in colorectal carcinoma [12].
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Here, we show that the RNA-binding proteins CUGBP Elav-like family member 1 (CELF1)

and ELAV-like RNA-binding protein 1 (ELAVL1) control CD44 splicing in most human cancers. In

addition to cytoplasmic roles [13–18], both CELF1 and ELAVL1 control alternative splicing [19–

21]. We observe that CELF1 and ELAVL1 directly interact in the nucleus and together control the

splicing of CD44 in HeLa cells. Notably, they promote the inclusion of exons v7 to v10. By mining

the The Cancer Genome Atlas (TCGA) database, we observe a strong dependency of the expression

levels of CELF1 and ELAVL1 on CD44 alternative splicing in 8 different cancer types. We conclude

that CELF1 and ELAVL1 control CD44 alternative splicing in a large variety of tumors.

MATERIALS AND METHODS

Materials 

The  sequences  of  the  siRNAs  used  were:  CELF1:  GAGCCAACCUGUUCAUCUA,

GCUCUUUAUUGGUAUGAUU,  GCUGCAUUAGAAGCUCAGA.  ELAVL1:

GAGGCAAUUACCAGUUUCA,  UCUUAAGUUUCGUAAGUUA.  Negative  control  (Ctrl):

GUCUAGACGAGUGUGACAU. Luciferase (Luc): CAUUCUAUCCUCUAGAGGAUG.

The  sequences  of  the  PCR  primers  are:  WNK1  CTCCTCAACAGACAGTGCAG,

GAAAGTACCCAGGTGTAGCCA;  PHACTR2 GAAAATTCAAACGGGCACAT,

CTTTGAAGCTTTGGGACGAG;  CD44 CAGAAGGAACAGTGGTTTGG,

GGGTGGAATGTGTCTTGGTC.

We  constructed  plasmids  encoding  fluorescent  protein-tagged  CELF1  and  ELAVL1  by

Gateway recombination with the pCS-EGFP-DEST and pCS-Cherry-DEST (Addgene) vectors [22].

Cell manipulations and RNAi
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In all experiments, HeLa Kyoto cells were transfected with jetPRIME (Polyplus. In double-

depletion experiments, we used 5 nM anti-ELAVL1 siRNA (equimolar mix of 2 siRNA) plus 5 nM

anti-CELF1 siRNAs (equimolar mix of 3 siRNA). In the other experiments, we used the same

concentration of anti-ELAVL1 or anti-CELF1 siRNA plus 5 nM Ctrl siRNA to achieve the same

final concentration of total siRNA (10 nM). Control experiments were with 10 nM control siRNAs

or 10 nM anti-luciferase siRNAs. After 48 h, we extracted total RNAs with TRIzol (Invitrogen) or

NucleoSpin RNA extraction kit (Macherey-Nagel). RNAs were sent to the Plateforme Génomique

de Nantes for hybridization on SurePrint G3 human exon microarrays (Agilent), or used as matrices

to synthesize cDNA. PCR was done on cDNAs using Cy3-labelled or  32P-labelled primers. The

number  of  PCR cycles  was  determined  empirically  for  each  primer  pair  to  remain  within  the

exponential phase of amplification. 

FRET-FLIM 

HeLa Kyoto cells were transfected (jetPRIME) with 15 ng of the expression vectors for

EGFP-labelled proteins and 150 ng for mCherry-labelled proteins and observed at 37 °C after 24h.

We used  a fastFLIM system with a plan APO 63x/1.4NA oil immersion objective (Leica). EGFP

donor excitation was with a narrow 480/23 nm spectral band selected from a Fianium white-light

laser sent to a CSUX1 microscope (Yokogawa) through a dichroic mirror (Di01-T405/488/568/647,

Semrock)  inside  the spinning head.  EGFP emissions  were filtered  on the spinning filter  wheel

(525/50 nm), then acquired with a time-gated intensified CCD camera. The FLIM calculation to

determine the mean fluorescence lifetime on a pixel-by-pixel basis was done online using flimager

[23]. Three independent series of transfection were carried out, with ten cells analyzed for each

transfection, resulting in a total of 30 nuclei analyzed per condition. 

Data analysis
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The  raw microarray  data  are  available  in  GEO as  dataset  GSE118981.  For  TCGA, we

retrieved the data from TCGA SpliceSeq [24]. The IDs of alternative splicing events are as follows:

inclusion or skipping of exons v2-v10, CD44_ES_15127 and CD44_ES_15130 (these two events

differ  by  3  nucleotides  in  exon  v5  due  to  an  alternative  3'  splice  site);  exons  v3-v10,

CD44_ES_15128 and CD44_ES_15131; exons v4-v10, CD44_ES_15129 and CD44_ES_15132;

exons v6-v10, CD44_ES_15133; exons v8-v10, CD44_ES_15143.  We analyzed all data using in-

house R scripts that are available as supplementary material.

RESULTS AND DISCUSSION

CELF1 and ELAVL1 interact in the cell nucleus

We have shown previously that CELF1 and ELAVL1 co-immunoprecipitate [25]. We used

fluorescence lifetime imaging-based Förster fluorescence resonance energy transfer (FRET-FLIM)

to  reveal  the  subcellular  compartment  in  which  the  interaction  between  CELF1  and  ELAVL1

occurs. FRET, which reveals close proximity (<10 nm) between the donor (EGFP) and the acceptor

(mCherry), is detected by the decrease of the donor lifetime [26]. We expressed EGFP-CELF1 in

HeLa cells. The fluorescence lifetime of EGFP-CELF1 fusion was about 2.5 ns (Figure 1A). EGFP

lifetime  was  unchanged  in  cells  co-expressing  mCherry-histone  2B  (H2B).  In  contrast,  the

fluorescence  lifetime of  EGFP-CELF1 was  reduced with  co-expressed  mCherry-CELF1.  FRET

between  EGFP and  mCherry  in  cells  co-expressing  EGFP-CELF1  and  mCherry-CELF1  was

expected  as  CELF1  homo-oligomerises  [27].  Importantly,  mCherry-ELAVL1  also  reduced  the

fluorescence  lifetime  of  EGFP-CELF1  to  approximately  2.2  ns  (Figure  1A).  Swapping  the

fluorophores produced the same results (Figure 1B). These data indicate that CELF1 and ELAVL1

directly interact in the nucleus.
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CELF1 and ELAVL1 control CD44 splicing

Having demonstrated that CELF1 and ELAVL1 interact in cell nuclei, we hypothesized that

they control the splicing pattern of common RNA targets. We depleted CELF1 and/or ELAVL1 in

HeLa cells and measured the consequences of these depletions on RNA splicing by exon microarray

hybridization. We focused on RNAs bound by both CELF1 and ELAVL1 in CLIP-seq experiments

on HeLa cells (Table S1)  [28,29]. This analysis, which we performed in triplicate, identified 62

exon probes in 57 genes that were differentially included in mature mRNAs in at least one depletion

condition compared to the control, with a false discovery rate of 0.1. Table S2 lists these probes

with their normalized exon values (exon probe fluorescence intensity normalized to the expression

of the gene) and the splicing indices (SI, log2-ratios of normalized exon values in depleted cells

compared to the normalized exon values in control cells).

We chose two RNAs that are differently controlled by CELF1 and ELAVL1 to validate these

results  by  RT-PCR (Figure  2).  PHACTR2 contains  a  cassette  exon with  a  higher  SI  following

CELF1 depletion (1.07) than following ELAVL1 depletion (0.28, Table S2). Accordingly, in RT-

PCR, depleting CELF1 strongly increased the inclusion of the cassette  exon whereas depleting

ELAVL1 had virtually no effect (Figure 2A). Conversely,  WNK1 is more strongly controlled by

ELAVL1 than by CELF1 in microarray experiments (SI = 1.05 and SI = 0.43, respectively, Table

S2), and in RT-PCR (Figure 2B). Moreover, for both PHACTR2 and WNK1, the splicing patterns in

non-transfected cells are very similar to those in cells transfected with two different control siRNA,

that  used  in  microarray  experiments  (Ctrl)  or  an  anti-luciferase  siRNA.  Therefore,  the  control

siRNA has no effect on the splicing patterns of these transcripts. In addition, the modifications of

the  splicing patterns  were the same  when using  the  siRNAs against  either  CELF1 or  ELAVL1

individually or as mixed pools, suggesting that the changes observed in splicing patterns were not

due  to  siRNA off-target  effects.  Hence,  the  experiments  shown in  Figure  2  validate  the  exon
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microarray results.

For 58 of the 62 differential probes, the splicing indices have the same sign after depletion

of CELF1 as after depletion of ELAVL1 (Figure 3A).  This suggests that CELF1 and ELAVL1

control the splicing patterns of their presumptive common targets in the same direction (p = 2*10-10,

chi-squared  test).  Of  these  differential  probes,  2  are  localized  within  exons  of  CD44,  and  we

focused  on  this  gene.   Microarray  hybridization  demonstrated  that  depleting  CELF1  and/or

ELAVL1 significantly reduced the inclusion of variable exons v8 and v10. The inclusion of v7 and

v9 was also reduced albeit statistically not significantly. The inclusion of the flanking exons v6 and

15 was the same in all conditions (Figure 3B, Table S2). Interestingly, CLIP-seq experiments [28]

have identified several CELF1-binding clusters on the  CD44 pre-mRNA (Figure 3B), suggesting

that CELF1 can directly control  CD44 splicing. We performed RT-PCR using primers targeting

exons v6 and 15.  Of the 16 isoforms which can theoretically be produced by the combinatorial

inclusion or skipping of four exons, we detected seven, whose identities were confirmed by Sanger

sequencing of the amplimeres (Figure 3C). We quantified the percentages of inclusion of variable

exons v7 to v10 from the cumulative percentages of all isoforms containing the exons of interest.

Depleting CELF1 or ELAVL1 reduced the inclusion of all of these exons. Furthermore, depleting

both  proteins  reduced  their  incorporation  into  mature  mRNAs even  more  (Figure  3C).  Hence,

CELF1 and ELAVL1 act together to stimulate the inclusion of the variable exons v7 to v10 of

CD44.

The inclusion  of  CD44 internal  exons  is  higher in  cancer samples  with  high  CELF1 and

ELAVL1 transcript levels

The above data show that, in HeLa cells, CELF1 and ELAVL1 stimulate the usage of the

CD44 variable exons v7 to v10. We next wanted to test the relevance of these findings to human

cancers  using The Cancer Genome Atlas (TCGA) database.  We analyzed all splicing events that
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involve CD44 variable exons v2 to v10 using TCGA SpliceSeq [24]. The alternative splicing events

that are annotated in TCGA SpliceSeq are the inclusion or skipping of exons v2 to v10, v3 to v10,

v4 to v10, v6 to v10 and v8 to v10 between exons 5 and 15. The inclusion of exons v7 to v10

between exons  v6  and  15 (as  in  Figure  3)  is  not  annotated  in  TCGA SpliceSeq.  We detected

alternative splicing of CD44 between exons 5 and 15 for 18 TCGA cohorts of 27. For each of these

5 alternative splicing events in the 18 cohorts, we calculated the median percentage of inclusion of

the internal exons in half the samples that express  CELF1 or  ELAVL1 the most and in half the

samples that express CELF1 or ELAVL1 the least. We did the same for samples that simultaneously

express  CELF1 and  ELAVL1 the least or the most. Figure 4A, lower panel, shows the difference

between the  groups  of  high  and low expression,  and the  associated  p-values  (Wilcoxon tests).

Positive values indicate cases where variable exons of  CD44 are more included in patients with

high levels of CELF1 or ELAVL1. When considering only statistically significant differences (p <

10-2), the inclusion of the variable exons is systematically higher in patients with high levels of

CELF1 (19/19) or both CELF1 and ELAVL1 (12/12), but not of ELAVL1 (8/18). At a first glance,

this suggests that ELAVL1 is not related to CD44 splicing in human tumors. However, the density

plot  in  Figure  4A,  upper  panel,  indicates  that  the  difference  between  high  and  low  levels  of

expression is  greater  when both  CELF1 and  ELAVL1 levels are  used to construct  the high/low

groups than when only CELF1 is (p = 1.8*10-4, Wilcoxon test). Figure 4B shows the cohorts with

significantly higher inclusion of CD44 variable exons in samples with high expression of CELF1,

ELAVL1, or both. As an example, Figure 4C shows that the low CELF1 expression group of breast

cancer (BRCA) samples have less inclusion of the variable exons v8-v10 (left panel). The same is

true for the low ELAVL1 expression group (middle panel). The effect size is larger when CELF1

and  ELAVL1 expression are used together to define the high/low groups (right panel). Together,

these data show that CELF1 and ELAVL1 contribute to the control of CD44 alternative splicing in

human tumors, by promoting together the inclusion of CD44 variable exons.
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Conclusion

The  RNA-binding  proteins  ELAVL1  and  CELF1  have  documented  roles  in  epithelial-

mesenchymal  transition  (EMT).  ELAVL1  binds  to  and  stabilizes  the  SNAI (Snail)  and  ZEB1

mRNAs.  This  supports  translation  of  the  encoded proteins,  which is  crucial  for  EMT  [30–32].

ELAVL1 is also involved in sustaining TGFbeta signaling during EMT [33]. CELF1 activates the

translation  of  core  genes  that  drive  EMT  [14].  Consequently,  both  ELAVL1  and  CELF1  are

considered positive regulators of EMT. Here, we find that they promote the inclusion of  CD44

variable exons in several cancers. Since the switch to CD44 isoforms devoid of the variable exons is

mandatory for EMT [1–4], the control exerted by CELF1 and ELAVL1 on CD44 splicing suggests

that they negatively regulate EMT. How is it possible to reconcile previous data with ours? Splicing

takes place in the nucleus while  the control of mRNA stability  and translation are cytoplasmic

events. It could be that CELF1 and ELAVL1 inhibit EMT onset in the nucleus by promoting a

splicing pattern of CD44 that maintains epithelial identity, whereas in the cytoplasm they activate

pro-EMT factors. Interestingly, a translocation of ELAVL1 from the nucleus to the cytoplasm is

observed during adrenaline-mediated induction of EMT in pancreatic cancer cells  [33]. It will be

important in future studies to systematically document the subcellular localisation of ELAVL1 and

CELF1 before, during and after EMT, and the repertoires of controlled genes during these phases.
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FIGURE LEGENDS

Figure 1. CELF1 and ELAVL1 directly interact in the nucleus.

A,  Representative images of HeLa cells transfected by a plasmid driving the expression of EGFP-

CELF1 (left), or co-transfected by the same plasmid and a plasmid that drives the expression of

mCherry-histone 2B, CELF1, or ELAVL1. The EGFP lifetime channel is shown. B, Box plot of the

distribution of EGFP fluorescence lifetimes in  all  measured pixels in 30 nuclei.  The difference

between the control (no mCherry plasmid) and the test (CELF1-mCherry plasmid) conditions is

highly significant (p < 2.2*10-16, Kruskal-Wallis test). C, Same as B but EGFP is fused to ELAVL1. 

Figure 2. RT-PCR validation of microarray results.

A,  In  PHACTR2,  a cassette exon is more repressed by CELF1 than by ELAVL1 in microarray

experiments.  Middle panel, RT-PCR with primers located in the flanking exons  (arrows in upper

panel)  with RNA extracted  from cells  previously  treated  with  the  indicated  siRNAs:  NT,  not

treated; Ctrl, same control siRNA as in microarray experiments; luc, luciferase; C1, C2, C3, CELF1

siRNA 1 to 3; C123, mixture of 3 CELF1 siRNAs; E1, E2, ELAVL1 siRNA 1 and 2; E12, mixture

of 2 ELAVL1 siRNAs; CE, mixture of 3 CELF1 and 2 ELAVL1 siRNAs. Lower panels, percentages

of  cassette  exon-containing  isoform (percent  spliced  in)  and  mean  values  from 3  independent

experiments.  p,  Dunnett's  test  p-value  comparing  the  NT  with  the  other  conditions  (ns,  not

significant, p > 0.05). B, Same as A, but for WNK1, which contains a cassette exon more strongly

repressed by ELAVL1 than by CELF1.

Figure 3. CELF1 and ELAVL1 control together the inclusion of exons v7 to v10 of  CD44

mRNA in HeLa cells.

A, Number of exons that are either repressed (positive splicing index after depletion) or stimulated

by CELF1 or ELAVL1.  B,  Genomic regions  of  CD44 between exons v6 and 15.  The splicing
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indices in cells treated by siRNAs against  CELF1 (upper),  ELAVL1 (middle) or both (lower) are

indicated as green or red bars. The data for CLIPseq of CELF1 in HeLa cells [28]  are shown in

blue.  C,  Upper  left,  schematic  showing the  position  of  the  RT-PCR primers.  Upper  right,  one

representative RT-PCR experiment  from HeLa cells  transfected with the indicated siRNA.  Ctrl,

same control siRNA as in microarray experiments; luc, luciferase; CELF1, mixture of 3  CELF1

siRNAs;  ELAVL1,  mixture  of  2  ELAVL1  siRNAs;  C+E,  mixture  of  3  CELF1 and  2  ELAVL1

siRNAs. Bottom, quantification of 3 independent experiments. The percentages of inclusion of exon

v7, v8 and v9, and v10, were calculated from bands 1, 3, and 6, bands 1 and 4, and bands 1, 2, and

5, respectively. Asterisks indicate statistical significance following Dunnett's test comparing the Ctrl

siRNA and the other conditions (exact  p-values, v7 0.025, 0.014 and 1.2*10-3; v8 and v9, 0.01,

5.5*10-3 and 5.9*10-4; v10, 9.2*10-3, 4.0*10-3 and 4.2*10-4). 

Figure 4. The inclusion of CD44 variable exons is elevated in cancer patients with high levels

of CELF1 and ELAVL1.

A,  Lower panel, Volcano plot showing the statistical significance (p-value of a Wilcoxon test, -

log10 scale) of the difference between the percentage of exon inclusion (PSI, percent spliced in) in

high expression groups compared to the corresponding low expression groups.  Each dot is one

alternative splicing event (group of exons) pertaining to CD44 variable exons in one TCGA cohort.

Upper panel, density plot showing the distribution of the differences of exon inclusion for events

with p-values below 10-2. B, Table summarizing the TCGA cohorts in which the indicated variable

exons  are  significantly  (p  <  10-2)  more  included  in  patients  with  high  levels  of  the  indicated

transcripts (color code as in A). C, Left panel, we separated the patients in the TCGA breast cancer

(BRCA) panel (n = 1079) into two groups of the same size based on the level of CELF1 mRNA.

For each of the two groups, we show the distribution of the percent of inclusion of variable exons

v8-v10. The p-value of a Wilcoxon test is shown. Middle panel, same as left, but grouped based on

ELAVL1 levels.  Right  panel,  same  as  left,  but  grouped  based  on  both  CELF1 and  ELAVL1
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expression. High group, n = 255; Low group, n = 254.
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