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Modifications of gene-expression programs resulting from altera-
tions of epigenetic, transcription and pre-mRNA–splicing regula-
tion largely contribute to the development of various cancers. At 
the epigenetic level, a plethora of chromatin alterations affecting 
canonical histone-tail modifications appear to be involved in tumor 
malignancy1–3. There is also an increasing interest in analyzing 
the role in cancer of histone variants of the H2A family, including  
H2A.Z, H2AX, macroH2A1 and macroH2A2. Indeed, the exchange 
of canonical histones for histone variants is one of the most extensive 
epigenetic regulation events that affects genomic functions such as 
cell-cycle control, response to DNA damage, heterochromatin silenc-
ing and transcriptional regulation3–8. Changes in the expression of 
H2A.Z, H2AX or macroH2A1 histones in cancer can affect DNA 
repair, thereby leading to alterations of chromosome segregation or 
cell proliferation3–7. Understanding the role in physiological or patho-
logical states of histone variants, whose diversity can also be increased 
by alternative splicing, remains a major issue.

Numerous studies have also reported changes in the expression of 
splicing variants in cancers9–12. Alternative splicing is the main mech-
anism responsible for increasing the diversity of the proteome. Indeed, 
90% of human genes generate several splicing variants, producing pro-
tein isoforms that can have different and sometimes opposing biological  
activities11–14. Differential selection of alternatively spliced exons 
relies on the recognition of the splicing sites by the spliceosome and 
on splicing-regulatory sequences, located within exons and introns, 
that are recognized by splicing factors13–15. In a way akin to how tran-
scriptional programs are controlled by transcription factors, splicing 

factors control the splicing programs and thus the alternative splicing 
of gene networks. Although many differences at the splicing level have 
been described for cancer cells compared to normal cells, one major 
challenge is to better understand how splicing programs and splic-
ing factors may contribute to specific cancer-associated phenotypes, 
including cellular invasion and migration. Indeed, deciphering the 
genetic programs involved in cancer progression will allow researchers 
to better understand how cancer cells can evolve and form metastases, 
which are the main cause of death in cancer. Another major perspec-
tive is to determine whether and how cross-talk between the different 
layers of gene-expression regulation, such as epigenetic and splicing 
programs, contribute to tumor progression.

The 4T1 mouse model of tumor progression comprises four  
syngeneic tumor cell lines that can give rise to primary tumors with 
a spectrum of metastatic phenotypes when implanted into mouse 
mammary fat pads10,16,17. Using splicing-sensitive microarrays to ana-
lyze the 4T1 mouse model, we and others have reported that several 
alternative-splicing events are associated with the ability of primary 
tumors to disseminate10,17. Many of the splicing variants differen-
tially expressed between primary tumors that do or do not develop 
into metastases are also expressed in normal tissues and have been 
conserved during evolution, which suggests that they are under the 
control of conserved splicing regulators10.

To characterize the role of splicing factors in tumor progression, 
we focus on the Ddx17 RNA helicase (also known as p72) that we 
observed to be overexpressed in invasive tumor cells and that we 
show to contribute to tumor-cell migration and invasion together 
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Splicing switch of an epigenetic regulator by RNA helicases 
promotes tumor-cell invasiveness
Etienne Dardenne1,5, Sandra Pierredon2,3,5, Keltouma Driouch4, Lise Gratadou1, Magali Lacroix-Triki2,3, 
Micaela Polay Espinoza1, Eleonora Zonta1, Sophie Germann1, Hussein Mortada1, Jean-Philippe Villemin1, 
Martin Dutertre1, Rosette Lidereau4, Stéphan Vagner2,3 & Didier Auboeuf1

Both epigenetic and splicing regulation contribute to tumor progression, but the potential links between these two levels of gene-
expression regulation in pathogenesis are not well understood. Here, we report that the mouse and human RNA helicases Ddx17 
and Ddx5 contribute to tumor-cell invasiveness by regulating alternative splicing of several DNA- and chromatin-binding factors, 
including the macroH2A1 histone. We show that macroH2A1 splicing isoforms differentially regulate the transcription of a set 
of genes involved in redox metabolism. In particular, the SOD3 gene that encodes the extracellular superoxide dismutase and 
plays a part in cell migration is regulated in an opposite manner by macroH2A1 splicing isoforms. These findings reveal a new 
regulatory pathway in which splicing factors control the expression of histone variant isoforms that in turn drive a transcription 
program to switch tumor cells to an invasive phenotype.
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with its paralog Ddx5 (p68). Ddx17 and Ddx5 are transcriptional 
co-regulators of the estrogen receptor and the p53 transcriptional 
factor18–21 and are also splicing regulators known to control alterna-
tive splicing of the genes encoding CD44, H-ras and tau18,19,22–24. Our 
genome-wide analysis at the exon level revealed that Ddx5 and Ddx17 
regulate an alternative-splicing network that affects several DNA- 
and chromatin-binding factors, including the macroH2A1 histone 
gene (mH2A1; also called H2AFY). We demonstrate that the mH2A1 
splicing isoforms are differentially expressed in primary tumors that 
either give rise to metastases or do not. Furthermore, these isoforms 
differentially regulate breast cancer–cell invasiveness through the 
transcriptional regulation of genes involved in redox metabolism, 
including SOD3. Thus, our work reveals a new cascade of altered 
gene-expression events participating in tumor progression, wherein 
splicing factors (Ddx5 and Ddx17) control the alternative splicing 
of an epigenetic factor (mH2A1), leading in turn to transcriptional 
alterations of genes involved in a specific cellular program.

RESULTS
Ddx5 and Ddx17 contribute to cell migration and invasion
While analyzing the transcriptome of the 4T1 mouse model of mam-
mary tumor progression10, we observed that Ddx17 was overexpressed 
in primary tumors that are more likely to give rise to metastases (4T1 
cells) or micrometastases (4TO7 cells) as compared to tumors that are 
not able to disseminate (67NR cells) or that disseminate to the lymph 
nodes (168FARN cells). We validated this result by reverse-trancription  
quantitative PCR (RT-qPCR) on RNAs extracted from mouse tumors 
(Fig. 1a) and also showed that Ddx17 was overexpressed at both the 
RNA and the protein levels in the invasive 4T1 cell line as compared 
to the noninvasive 67NR cell line (Supplementary Fig. 1a). To test 
the potential role of Ddx17 in tumor-cell invasiveness, we knocked 
down its expression by using a specific siRNA (Fig. 1b). Because Ddx5 
and Ddx17 often have redundant functions18,19 and although Ddx5 
did not seem to be misregulated (Supplementary Fig. 1a), we also 
used siRNAs against either Ddx5 or against a conserved region that  
targeted both Ddx5 and Ddx17 (Fig. 1b). Both cell migration and inva-
sion were inhibited by Ddx5 or Ddx17 depletion, and this inhibition  
was enhanced when both Ddx5 and Ddx17 were depleted (Fig. 1c). 
Similar effects were obtained with either the single siRNA target-
ing both Ddx5 and Ddx17 or a mixture of siRNAs separately target-
ing Ddx5 and Ddx17 in 4T1 cells, whereas depletion of Ddx5 and 
Ddx17 in the noninvasive 67NR cells had no effect (Supplementary  
Fig. 1b,c). These results demonstrate that Ddx5 and Ddx17 have a 
role in cell invasiveness because depletion of Ddx5 and/or Ddx17 
neither increased cell apoptosis nor significantly decreased cell-cycle 
progression (Supplementary Fig. 1d,e).

To understand how Ddx5 and Ddx17 regulate cell migration and 
invasion, we used Affymetrix exon arrays to analyze the transcriptome 
of 4T1 cells at the exon level, following siRNA-mediated depletion of 
Ddx5 and Ddx17. There were 1,136 genes predicted to be affected at 
the global gene-expression level (Supplementary Table 1) and 1,325 
genes predicted to be affected at the exon level (Supplementary 
Table 2). The effect of Ddx5 and Ddx17 depletion was validated 
by RT-PCR for 31 out of 42 splicing variants (74% validation rate) 
(Supplementary Fig. 2).

Gene Ontology analysis through the Panther website25 indicated 
that genes regulated at the splicing level as compared to genes regu-
lated at the global level were enriched in ‘binding activity’ (P = 2.8 ×  
10−13), in particular ‘nucleic acid binding’ (P = 2.9 × 10−11), ‘RNA 
binding’ (P = 9 × 10−8), ‘chromatin binding’ (P = 1.9 × 10−5) and 
‘DNA binding’ (P = 5 × 10−4). This observation suggests that the 
set of alternative exons that are co-regulated by Ddx5 and Ddx17 
are enriched in functionally related genes and that Ddx5 and Ddx17 
regulate the alternative splicing of DNA- and chromatin-binding  
factors that could in turn affect the transcription of genes involved 
in tumor progression.

Ddx5 and Ddx17 control mH2A1 alternative splicing
To test this hypothesis, we focused on the mH2A1 histone gene 
because recent reports have described a role for it in cancer4,7,8.  
The mouse mH2A1 gene generates two splicing isoforms (mH2A1.1 
and mH2A1.2) through the use of two mutually exclusive exons  
(Fig. 2a). As predicted by the exon-array analysis, depletion of Ddx5 
and Ddx17 increased the level of the mH2A1.1 isoform and decreased 
that of the mH2A1.2 isoform but had no effect on the global mH2A1 
gene expression level (Fig. 2b and Supplementary Fig. 3a,b). These 
results were confirmed at the protein level (Fig. 2c) and were extended 
in human HeLa cells (Fig. 2d and Supplementary Fig. 4).

To perform rescue experiments, siRNAs targeting the untrans-
lated regions (UTRs) of the endogenous Ddx5 and Ddx17 mRNAs 
were designed. Transfection of these siRNAs led to an increase in the 
ratio of mH2A1.1 to mH2A1.2 (Fig. 2e, lane 2 compared to lane 1). 
Furthermore, cell transfection with either Ddx5 or Ddx17 expres-
sion vectors (to produce mRNAs without UTRs that are therefore 
refractory to the UTR-targeting siRNAs) rescued to a large extent 
the splicing pattern generated by endogenous Ddx5 and Ddx17 pro-
tein depletion (Fig. 2e, lane 2 compared to lane 3 and to lane 5). 
Even though overexpression of Ddx5 or Ddx17 did not fully rescue 
the splicing pattern induced by Ddx5 and Ddx17 depletion, our data 
suggest that Ddx5 and Ddx17 have similar functions, as depletion 
of either Ddx5 or Ddx17 affected mH2A1 splicing (Supplementary 
Fig. 4c). Notably, overexpressing mutated Ddx5 or Ddx17 proteins 

Figure 1 The Ddx5 and Ddx17 RNA helicases 

contribute to cell migration and invasion.  

(a) Relative expression level of Ddx17 mRNA 

measured by RT-qPCR in mouse primary tumors 

with different metastatic capabilities,  

as indicated. (b) Western blot analysis of Ddx5, 

Ddx17 and -actin, 48 h after the transfection 

of mouse 4T1 cells with a control siRNA (siCtrl) 

or siRNAs targeting Ddx5 (siDdx5), Ddx17 

(siDdx17) or both Ddx5 and Ddx17 (siDdx5-17). 

(c) Relative number of migrating and invasive 

4T1 cells after transfection with siCtrl, siDdx5, 

siDdx17 or siDdx5-17. Data are shown as mean 

number of migrating and invasive cells transfected with each siRNA relative to those of cells transfected with the control siRNA. In a and c, histograms 

represent the average of at least three independent experiments. Error bars, s.e.m.; *P < 0.05; **P < 0.01; ***P < 0.001 (t test).
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that lacked the RNA helicase activity did not significantly rescue 
the mH2A1 splicing pattern (Fig. 2e, lane 4 compared to lane 3 and  
lane 6 compared to lane 5).

To directly assay the effect of Ddx5 and Ddx17 on mH2A1 alterna-
tive splicing, exons 1.1 or 1.2 and ~200 nucleotides of their surround-
ing intronic sequences were cloned into a reporter minigene (Fig. 2f ). 
As expected, Ddx5 and Ddx17 depletion increased exon 1.1 inclu-
sion in HeLa and 4T1 cells transfected with the minigene. Ddx5 and 
Ddx17 depletion did not increase exon 1.2 skipping (Fig. 2f ), which 
suggested that sequences not included in the minigene are required 
to regulate exon 1.2. Alternatively, Ddx5 and Ddx17 may regulate  
exon 1.1 splicing, which in turn could affect exon 1.2 splicing. These 
results demonstrate that Ddx5 and Ddx17 regulate mH2A1 alterna-
tive splicing and that the RNA helicase activity of Ddx5 and Ddx17 is 
required for their effects on splicing.

mH2A1 alternative splicing participates in cell invasiveness
We next investigated a possible role of mH2A1 splicing isoforms 
in tumor-cell invasiveness. In this context, we observed that the 

mH2A1.1 isoform was expressed at a higher level in the noninvasive 
67NR cells than in the invasive 4T1 cells, whereas the mH2A1.2 iso-
form was expressed at a higher level in 4T1 cells, both at the RNA 
and protein levels (Fig. 3a,b). Whereas 67NR cells expressed similar  
levels of mH2A1.1 and mH2A1.2 isoforms, 4T1 cells expressed 
much less mH2A1.1 than mH2A1.2 (Fig. 3a,b and Supplementary  
Fig. 3c,d). This result was confirmed in tumor samples, as a lower 
ratio of mH2A1.1 to mH2A1.2 was observed in mouse primary tumors 
that gave rise to metastasis (Supplementary Fig. 3e).

Supporting the hypothesis that the mH2A1 splicing isoforms have 
different roles in cell migration and invasion, specific depletion of the 
mH2A1.2 isoform in the invasive 4T1 cells (Supplementary Fig. 3c) 
inhibited cell migration and invasion (Fig. 3c), whereas the depletion of 
the mH2A1.1 isoform in the noninvasive 67NR cells (Supplementary 
Fig. 3c) increased cell migration and invasion (Fig. 3d). These results, 
which were confirmed by using different siRNAs (Supplementary 
Fig. 5a), demonstrate that the mH2A1.2 isoform favored breast 
 cancer–cell invasiveness, whereas the mH2A1.1 isoform had the oppo-
site effect. Transfection of 4T1 cells with siRNA targeting the mH2A1.1 
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Figure 2 The Ddx5 and Ddx17 RNA  

helicases control alternative splicing of  

DNA- and chromatin-binding factors. (a) Schematic representation of the  

structure of the mH2A1 gene, which contains two mutually exclusive  

exons (1.1 and 1.2). The expected sizes of Msp1-digested PCR products  

are indicated to distinguish mH2A1.1 and mH2A1.2 splicing variants.  

(b) PCR products, digested with the Msp1 restriction enzyme,  

corresponding to mH2A1.1 and mH2A1.2 splicing variants as indicated,  

obtained from 4T1 cells transfected with siCtrl or siDdx5-17. Relative  

expression levels (% of total  s.e.m.) of the mH2A1 splicing variants in each  

experimental condition are indicated. (c) Western blot analysis of mH2A1.1, mH2A1.2, mH2A1  

and -actin, 48 h after the transfection of mouse 4T1 cells with siCtrl or siDdx5-17. (d) Western blot analysis of Ddx5, Ddx17, mH2A1.1,  

mH2A1.2, mH2A1 and -actin, 48 h after transfection of human HeLa cells with siCtrl or siDdx5-17. The asterisk indicates p82, an isoform  

generated from an alternative ATG start site. (e) Western blot analysis of Ddx5 and Ddx17 after transfection of HeLa cells with a control siRNA or an 

siRNA targeting Ddx5 and Ddx17 UTRs (siUTRDdx5-Ddx17), together with control expression vectors or wild-type Ddx5 (Ddx5 WT), wild-type Ddx17 

(Ddx17 WT), mutated Ddx5 (Ddx5 MUT) or mutated-Ddx17 (Ddx17 MUT) expression vectors (top). Tagged Ddx5 protein is marked by an asterisk. 

Relative expression levels of mH2A1.1 and mH2A1.2 mRNA, as determined by RT-qPCR in the same experimental conditions as described above, 

are indicated. Histograms represent the average of three independent experiments corresponding to the fold change of the mH2A1.1-to-mH2A1.2 

ratio. Error bars, s.e.m.; *P < 0.05; **P < 0.01; NS, not significant (t test). (f) Schematic representation of the mH2A1 minigenes (left). Ex2,  

exon 2; Ex3, exon 3; FN, fibronectin. RT-PCR analysis using primers in the minigene exons indicated by arrows on the left panel, in HeLa and  

4T1 cells transfected with siCtrl or siDdx5-17 (right). Inclusion or exclusion of the 1.1 and 1.2 exon are shown as +1.1 and +1.2, or −1.1 and  

−1.2, respectively.

Figure 3 Alternative splicing of the macroH2A1 

histone variant is involved in tumor progression. 

(a) PCR products, digested with the Msp1 

restriction enzyme, corresponding to mH2A1.1 

and mH2A1.2 splicing variants. Template is 

RNA isolated from 67NR or 4T1 cells.  

Relative expression levels (% of total  s.e.m.) 

of the mH2A1 splicing variants in each 

experimental condition are indicated.  

(b) Western blot analysis of mH2A1.1, 

mH2A1.2, mH2A1 and -actin, expressed 

in 4T1 or 67NR cells. (c) Relative number of migrating and invasive 4T1 cells after transfection with siCtrl or an siRNA targeting mH2A1.2 (si1.2). 

(d) Relative number of migrating and invasive 67NR cells after transfection with siCtrl or a siRNA targeting mH2A1.1 (si1.1). In c and d, histograms 

represent the average of at least three independent experiments. Error bars, s.e.m.; ***P < 0.001 (t test).
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isoform had no effect, as the mH2A1.1 isoform is scarcely expressed 
in 4T1 cells, and depletion of the mH2A1.2 isoform had no effect in 
the noninvasive 67NR cells (Supplementary Fig. 5b).

To further test whether mH2A1 alternative-splicing regulation 
contributes to the effect of Ddx5 and Ddx17 on tumor cell invasive-
ness, Ddx5- and Ddx17-depleted 4T1 cells were transfected with  
siRNAs that specifically targeted each of the mH2A1 splicing variants 
(Fig. 4a). Notably, depletion of the mH2A1.1 isoform but not the 
mH2A1.2 isoform reduced the inhibitory effect of Ddx5 and Ddx17 
depletion on cell invasion and migration (Fig. 4b). This result was 
further confirmed by the depletion of the mH2A1.1 isoform in Ddx5- 
and Ddx17-depleted cells, which reduced the inhibitory effect of Ddx5 
and Ddx17 depletion on cell motility (Fig. 4c, siDdx5-17 compared to 
siDdx5-17 + si1.1). These results support a model in which mH2A1 
alternative splicing mediates, at least in part, the inhibition by Ddx5 
and Ddx17 depletion of tumor-cell invasiveness.

mH2A1 splicing isoforms control redox metabolism genes
We next performed a high-throughput gene-expression analysis to 
identify genes whose expression might be differentially regulated  
by the mH2A1 splicing isoforms and thus could be involved in the 

Ddx5- and Ddx17-dependent regulation of the invasive phenotype. 
For this purpose, we compared the transcriptome of 4T1 cells that 
had been depleted of either mH2A1.1 or mH2A1.2 in the context of 
Ddx5 and Ddx17 depletion. Manipulating mH2A1 isoform expression 
had only weak effects, with changes in the expression levels of only  
53 genes by more than 1.5 fold (Fig. 5a and Supplementary Table 3). 
This was anticipated because several reports have indicated that mH2A1 
has only a slight impact on steady-state levels of gene expression26–29. 
Reducing the threshold to 1.2-fold revealed 633 genes that were differ-
entially regulated when comparing mH2A1.2- to mH2A1.1-depleted 
cells (Fig. 5a and Supplementary Table 3). We validated by RT-qPCR 
17 of the 21 tested genes that had fold changes ranging from 1.2 to  
2.6 (Supplementary Fig. 6a and Supplementary Table 3). Among 
the 633 genes, 501 genes were upregulated and 132 genes were down-
regulated in mH2A1.2-depleted cells compared to mH2A1.1-depleted 
cells, which suggests that the mH2A1.1 and mH2A1.2 isoforms have 
a differential impact on gene transcriptional activity.

Of the genes that were differentially regulated by mH2A1 splic-
ing isoforms, 45 were also affected by Ddx5 and Ddx17 depletion 
and were also differentially expressed in 67NR cells as compared to 
4T1 cells (Fig. 5b), and more than one-third of these are involved 
in redox metabolism (Supplementary Table 3). Notably, meta-
static cells may come from cancer cells that have avoided oxidative 
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damage from excess reactive oxygen species (ROS) in the primary 
tumor site30,31. We therefore focused on four genes involved in 
redox metabolism: the extracellular superoxide dismutase (SOD3), 
hydroxyacid oxidase 1 (HAO1), Rieske (Fe-S) domain containing 
(RFESD) and glucose-fructose oxidoreductase domain containing 1 
(GFOD1). We observed by RT-qPCR that 67NR cells that expressed a 
high mH2A1.1 to mH2A1.2 ratio as compared to metastatic 4T1 cells 
also expressed higher levels of SOD3, HAO1, RFESD and GFOD1 
mRNAs than metastatic 4T1 cells (Fig. 5c). Furthermore, Ddx5 
and Ddx17 depletion increased SOD3, HAO1, RFESD and GFOD1 
mRNA expression (Fig. 5d). Finally, depletion of mH2A1.1, but not 
of mH2A1.2, abrogated the increase mediated by Ddx5 and Ddx17 
depletion (Fig. 5d). Altogether, these data show that mH2A1 splicing 
isoforms mediate a part of Ddx5- and Ddx17-induced regulation 
of gene expression in 4T1 cells, including that of genes involved in 
redox metabolism.

SOD3 regulation by mH2A1 contributes to cell invasiveness
To directly examine the impact on tumor-cell invasiveness of Ddx5- 
and Ddx17-mediated regulation of mH2A1 alternative splicing and 
the downstream mH2A1-dependent transcriptional regulation, we 
focused on SOD3, which converts extracellular superoxide radicals 
([O2]•–) into hydrogen peroxide (H2O2)32–35 and is known to be 
involved in invasion32–35. As shown in Figure 6a, SOD3 depletion 
(Supplementary Fig. 5d) indeed led to an increased invasiveness 
of the noninvasive 67NR cells. Notably, transfection of Ddx5- and 
Ddx17-depleted 4T1 cells with an siRNA targeting SOD3 increased 
cell migration and invasion (Fig. 6b). This result suggests that Ddx5 
and Ddx17 depletion increased the mH2A1.1 isoform level (Fig. 2), 
which in turn increased SOD3 expression level (Fig. 5d) and thereby 
reduced cell migration and invasion (Fig. 6b). Further supporting 
this model, directly adding SOD3 protein to 4T1 cell-culture medium 
inhibited cell migration (Supplementary Fig. 5e), whereas adding 
2,3-dimethoxy-1,4-naphthoquinone (DMNQ), a redox-cycling agent 
that induces superoxide anion formation and mimics SOD3 deple-
tion, increased the migration and invasion capability of 67NR cells 
and Ddx5- and Ddx17-depleted 4T1 cells (Fig. 6c,d).

The differential effects of the mH2A1 splicing variants on the 
gene-expression level could be explained if the two isoforms act on 
different genes or if they act on the same genes but have opposite 
effects on gene transcription activity. Consistent with the second hypo-
thesis, mH2A1.2 depletion in metastatic 4T1 cells led to an increasing 
amount of SOD3 mRNA, which suggested that mH2A1.2 repressed 
SOD3 expression (Fig. 7a). Conversely, depletion of mH2A1.1 in non-
metastatic 67NR cells decreased the amount of SOD3 mRNA, which 
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suggested that mH2A1.1 stimulated SOD3 expression (Fig. 7a). These 
results were confirmed by the SOD3 pre-mRNA levels (Fig. 7b), so 
we concluded that mH2A1 isoforms had opposite effects on SOD3 
gene transcription activity.

We next tested whether the mH2A1 histone was incorporated into 
the SOD3 gene in 67NR and 4T1 cells. Chromatin immunoprecipita-
tion (ChIP) was performed with an antibody that recognizes both 
mH2A1 isoforms, as isoform-specific antibodies did not give any sig-
nal above background (data not shown). PCR analysis was performed 
by using primers at several locations along the SOD3 gene (Fig. 7c). 
As shown in Figure 7c, mH2A1 was detected all along the SOD3 gene, 
both in 67NR and 4T1 cells. A slightly higher level of mH2A1 was 
detected on the SOD3 promoter in 4T1 as compared to 67NR cells 
(Fig. 7c), but there was also more nucleosome in the SOD3 promoter 
in 4T1 as compared to 67NR cells, as demonstrated by H3 histone 
ChIP (Fig. 7c). Moreover, mH2A1.2 depletion but not mH2A1.1 
depletion strongly decreased the mH2A1 histone level incorporated 
in the SOD3 gene in 4T1 cells (Fig. 7d). Thus, the mH2A1.2 isoform, 
which is the main mH2A1 isoform expressed in 4T1 cells, is incor-
porated in the SOD3 gene (Fig. 7d) and contributes to SOD3 gene 
repression in these metastatic cells (Fig. 7a).

In contrast, in the nonmetastatic 67NR cells that expressed a simi-
lar level of the mH2A1.1 and mH2A1.2 isoforms, depletion of either 
the mH2A1.1 or the mH2A1.2 isoform induced a similar, statistically 
insignificant decrease in the level of the mH2A1 incorporated into 
the SOD3 gene (Fig. 7d). Because mH2A1.1 depletion in 67NR cells 
decreased SOD3 mRNA and pre-mRNA levels and mH2A1.2 deple-
tion had opposite effects in 4T1 cells (Fig. 7a,b), we hypothesized that 
the mH2A1.2 isoform replaced the mH2A1.1 isoform on the SOD3 
gene following mH2A1.1 depletion in 67NR cells. This hypothesis was 
supported by the fact that SOD3 gene repression in the 67NR cells that 
resulted from mH2A1.1 depletion was reversed by the co-depletion 
of the mH2A1.2 isoform (Fig. 7e). Collectively, these results suggest 
that both competition between the mH2A1.1 and mH2A1.2 isoforms 
for their incorporation into the SOD3 gene and a higher mH2A1.2-to-
mH2A1.1 ratio contribute to breast cancer–cell invasiveness through 
SOD3 gene repression.

To further challenge this model, the human invasive MDA-MB-
231 breast cancer–cell line was transfected with an siRNA that tar-
geted both Ddx5 and Ddx17, which inhibited cell migration (Fig. 8a) 
and decreased the mH2A1.2 isoform and increased the mH2A1.1  

isoform (Fig. 8b), as had been observed in the 4T1 mouse cell line. 
As expected, depletion of the mH2A1.2 isoform in MDA-MB-231 
cells also inhibited cell migration (Fig. 8c) and increased the SOD3 
mRNA expression level (Fig. 8d). Therefore, the mH2A1.2 isoform 
may favor cancer-cell migration by repressing SOD3 expression, as 
addition of SOD3 in MDA-MB-231 cell-culture medium inhibited 
cell migration (Fig. 8e).

Further supporting the physiopathological significance of our find-
ings, analyses of a cohort of 443 patients with primary breast tumors 
with a well-documented clinical follow-up (Supplementary Table 5)  
indicated that low mH2A1.1-to-mH2A1.2 expression ratio was 
associated with shorter metastasis-free survival (Fig. 8f). Notably, 
a high level of mH2A1.2 isoform expression was associated with 
shorter metastasis-free survival, which represents a prognostic fac-
tor for disease severity that is independent of other known markers 
(Supplementary Fig. 7). Notably, the mH2A1.2 splicing isoform that 
represses SOD3 expression in 4T1 and MDA-MB-231 cells (Figs. 7a  
and 8d) correlated negatively with the expression level of SOD3  
(P = 0.00019; Spearman rank correlation test) in the primary breast-
tumor collection. Finally, a high expression level of SOD3 was associ-
ated with longer metastasis-free survival (Fig. 8g), in agreement with 
the inhibitory effect of SOD3 on in vitro migration (Figs. 6 and 8e).

DISCUSSION
RNA helicases, which comprise more than 60 enzymes that use the 
energy of ATP hydrolysis to remodel RNA or RNA-protein complexes, 
are thought to be required at all stages of cellular RNA metabo-
lism18,19,36. However, their target mRNAs and their cellular func-
tions are poorly defined. In this context, whereas Ddx5 and Ddx17 
have been shown to play a part in the splicing process, their effect 
on alternative splicing has been reported only for a few cases22–24.  
To the best of our knowledge, we provide the first evidence that 
RNA helicases can have a widespread impact on alternative splicing 
(Supplementary Table 2 and Supplementary Fig. 2). Notably, we 
observed that the 5  splicing sites of exons that are skipped upon 
Ddx5 and Ddx17 depletion are within GC-rich regions as compared 
to the 5  splicing sites of exons that are included following depletion 
(Supplementary Fig. 2b). Because we show that the helicase activity 
of Ddx5 and Ddx17 is critical for their ability to regulate mH2A1 
splicing (Fig. 2e), this result suggests that these proteins regulate 
alternative splicing by affecting RNA secondary structure24.
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Ddx5 and Ddx17 have been reported to have an impact on cellular 
phenotypes, owing to their functions as transcriptional coregula-
tors18,19,37. For example, we recently showed that Ddx5 and Ddx17 
are transcriptional coactivators of the NFAT5 promigratory transcrip-
tion factor and that they participate in controlling the transcriptional 
activity of genes involved in cell migration and invasion, including 
S100A4 (ref. 38). We now show that the splicing activity of Ddx5 
and Ddx17 contributes to their role in cell migration and invasion, 
by modulating the splicing of the mH2A1 gene, whose product in 
turn regulates genes involved in cell migration and invasion, such as 
SOD3. As NFAT5 and mH2A1 do not control the expression of the 
same genes (Supplementary Fig. 8), our data demonstrate that both 
the transcriptional and the splicing activities of Ddx5 and Ddx17 
influence tumor progression by affecting different gene-expression 
programs. Notably, a recent report also demonstrates that Ddx5 
affects the expression of another set of genes that are also involved 
in tumor progression (for example, cofilin and profilin) by modu-
lating the expression of micro RNAs (miRNAs)39. In sum, these 
results demonstrate that the different activities of Ddx5 and Ddx17 
in transcription, splicing and miRNA processing affect different gene-
expression programs, which collectively contribute to their effects on 
tumor progression.

In agreement with a proposed role in cancer, several reports have 
shown that Ddx5 or Ddx17 are overexpressed in different tumor 
types18,19,40–42. Although we found that Ddx17 was overexpressed 
in the metastatic 4T1 cells and tumors (Fig. 1a and Supplementary 
Fig. 1), a high level of Ddx17 (and/or Ddx5) mRNA did not correlate 
with a poor metastasis-free survival rate in the analyzed set of human 
tumors (data not shown). However, analyzing Ddx5 and Ddx17 expres-
sion in human tumors is very challenging because Ddx5 or Ddx17 
alterations might occur at the protein level or at a post-translational 
modification level, as suggested by several reports43–47.

Our work also revealed a role for mH2A1 histone pre-mRNA alter-
native splicing in breast cancer progression. Notably, it has been pre-
viously shown that the mH2A1.1 isoform inhibits lung cancer–cell 
proliferation and that patients with low mH2A1.1 levels in lung tumor 
samples are more likely to relapse than those with strong nuclear 
mH2A1.1 staining7,8. Similar results were recently reported in colon 
cancer48. Notably, the proportion of mH2A1.1 isoform (as a percent-
age of total mH2A1) decreased in tumors relative to normal samples 
in several cancer types including breast cancer8. In the tumor samples 
that we analyzed, we observed that the mH2A1 global level strongly 
correlates with the level of mH2A1.2 isoform (Supplementary Fig. 7b),  
which we showed favors cancer-cell invasiveness (Fig. 3). On the 
basis of the data obtained from cancers in lung7, colon48 and breast 
(this study), one model is that the decrease in the mH2A1.1 isoform–
expression level in tumor cells as compared to normal cells could favor 
cell proliferation, and overproduction of the mH2A1.2 isoform in 
tumor samples could further increase cell aggressiveness. Alteration 
of mH2A1 alternative splicing during tumor initiation and progres-
sion could be mediated by several splicing factors, as the QKI splicing 
factor, which is downregulated in cancer compared to normal cells, 
has also been shown to affect mH2A1 splicing8.

Notably, a recent study demonstrated that the loss of mH2A1 histone  
is positively correlated with an increasing malignant phenotype of 
melanoma cells in culture and human tissue samples and that the 
suppressive effects of mH2A1 on melanoma progression is medi-
ated through the regulation of CDK8 (ref. 4). Because we did not 
observe a general downregulation of the mH2A1 gene associated with 
breast cancer aggressiveness (data not shown) and because we did not 
find any change in CDK8 gene expression in the 4T1 breast cancer 

model of tumor progression (Supplementary Fig. 6b), these results 
suggest that mH2A1 expression might be altered in different ways 
depending on tumor types, which may result in alteration of different  
gene-expression programs.

In addition, the role of mH2A1 in cancer may also rely on post-
translational modifications. In this context, it is important to under-
score the fact that the macrodomain of the mH2A1.1 splicing isoform, 
but not that of the mH2A1.2 isoform, binds ADP-ribose and related 
NAD metabolites. It has been proposed that mH2A1.1 but not 
mH2A1.2 recognizes ADP-ribosylated chromatin components to pro-
mote rearrangement of chromatin loops28,29,49. This specific feature 
of the mH2A1.1 splicing isoform is particularly relevant with respect 
to our observation that mH2A1.1 and mH2A1.2 differentially regu-
late genes involved in redox metabolism. Indeed, ADP-ribosylation  
is a consequence of PARP activation under stress conditions, par-
ticularly in the context of redox metabolism alteration and exposure 
to ROS30,50–52. In addition, NAD metabolites have a central role 
in redox and ROS metabolism, and increasing evidence indicates 
that redox metabolism in turn affects epigenetic regulation30,50–52. 
Therefore, nonmetastatic 67NR cells that express a higher mH2A1.1-
to-mH2A1.2 ratio than metastatic 4T1 cells might be able to adapt 
their genetic programs to redox metabolism by expressing genes 
such as SOD3, which would in turn affect cell invasiveness. Indeed, 
the SOD3 gene codes for the extracellular superoxide dismutase that 
converts extracellular [O2]•– into H2O2. Notably, it has been recently 
shown that the overexpression of SOD3 inhibits invasion by breast 
cancer cells32–35, which is consistent with the findings of this study. 
Indeed, by converting extracellular [O2]•– into H2O2, SOD3 attenuates 
oxidative fragmentation of the extracellular-matrix components such 
as heparan sulfate, thereby decreasing invasion and migration, and it 
may prevent other effects of ROS on cell motility30,32–35,53–56. In sup-
port of a role for SOD3 in tumors, we report that SOD3 is an indica-
tive factor for good prognosis (Fig. 8g). Notably, as well, it has been 
recently shown that the mH2A1.2 isoform but not the mH2A1.1 iso-
form can interact with and regulate HER2, which is a major player in 
breast cancer initiation and progression57. Therefore, further experi-
ments are required to decipher the precise mechanisms by which 
mH2A1.1 and mH2A1.2 differentially contribute to cancer.

In conclusion, this study reveals a role of tumor-associated alter-
native splicing of an epigenetic factor in tumor progression, which 
leads in turn to transcriptional alterations of genes involved in a  
specific cellular program. Because epigenetic factors can also have 
an impact on alternative splicing (reviewed in ref. 58), it is likely  
that cross-talk between splicing and epigenetic networks may  
contribute to the control of cell phenotypes during both physiological 
and pathological states.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes.  Microarray data have been deposited in the Gene 
Expression Omnibus database under accession code GSE40737.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Cell culture, treatment and transfection. 67NR, 168FARN, 4T07 and 4T1 
cells were kindly provided by F. Miller (Michigan Cancer Foundation, Detroit, 
Michigan, USA). Cells were cultured in DMEM supplemented with 10% FBS 
at 37 °C. Transient transfection of siRNAs (25 nM) was performed by using 
Lipofectamine RNAiMAX (Invitrogen) following the manufacturer’s instruc-
tions. Cells were harvested 48 h after transfection. For rescue experiments, HeLa 
cells were transfected with siRNA targeting the Ddx5 and Ddx17 UTR regions. 
Twenty-four hours later, wild-type and either mutated Ddx5 or Ddx17 expres-
sion vectors were transfected by using Lipofectamine 2000 (Invitrogen). Cells 
were harvested 48 h later. SiRNA sequences are provided in Supplementary 
Table 4. SiDdx5-17 is an siRNA that targets a conserved sequence that simul-
taneously affects Ddx5 and Ddx17 (and not a mixture of siDdx5 and siDdx17) 
(Supplementary Table 4).

Minigene assay and PCR digestion. hH2AFY exon 6, with 200 bp and 174 bp of 
flanking introns, was amplified by PCR with the primers 5 -GGAATTCCATAT
GGAATTCCCTAGTTTGCTTGC-3  and 5 -GGAATTCCATATGGAATTCAC
ACTTGGAATGGC-3  that contained the NdeI restriction site. hH2AFY exon 7,  
with 106 bp and 212 bp of flanking introns, was amplified by PCR with the 
 primers 5 -GGAATTCCATATGGAATTCAATGTGCCTGTGCGT-3  and 5 - 
GGAATTCCATATGGAATTCCATTTGTGAGCTGC-3  that contained the NdeI 
restriction sites. NdeI-digested PCR products were cloned into pTBminigene. 
Primers used for minigene assay are described in Supplementary Table 4.

RNA preparation and RT-qPCR. Total RNA was extracted by using TRIzol 
(Invitrogen). One microliter of Glycoblue (Ambion) was added before RNA precip-
itation with isopropanol. RNA (1 g) was treated with DNase I (DNAfree, Ambion) 
for 30 min at 37 °C and reverse-transcribed (RT) by using SuperScript II  
and random primers (Invitrogen). Before PCR, all RT reaction mixtures were 
diluted to contain 2.5 ng/ l of initial RNA. PCR reactions were performed using 
5 l of the diluted cDNAs and GoTaq polymerase (Promega). Quantitative PCR 
(qPCR) was performed using 2.5 l of the diluted cDNAs and SYBR Green I  
Master mix (Roche). Primer sequences are provided in Supplementary  
Table 4. The relative RNA levels were determined on the basis of the threshold 
cycle for each PCR product (Ct).

ChIP. Cells were cross-linked with 1% formaldehyde for 10 min and lysed in 
buffer containing 50 mM Tris-HCl, pH7.5, 150 mM KCl, 5 mM EDTA, 1% NP40, 
0.1% SDS, 0.5% sodium deoxycholate, 50 mM sodium fluoride and phosphatase 
and protease inhibitors. Chromatin was sheared by sonication with a Bioruptor 
(Diagenode) to generate ~200-bp DNA fragments and incubated with antibodies 
against mH2A1 (5 g, Abcam cat. no. 37264), H3 (1 g, Abcam cat. no. 1791) 
or control immunoglobulins (Santa Cruz) and magnetic beads overnight at  
4 °C. Beads were washed five times with buffer containing 50 mM Tris-HCl, 
pH 7.5, 150 mM KCl, 1% NP40 and 0.25% sodium deoxycholate, and two times 
with TE buffer59. Antibody-bound chromatin was reverse cross-linked overnight 
at 65 °C and treated with proteinase K (Qiagen) before DNA purification on 
column (Qiagen). Purified DNA was diluted three times in water and analyzed 
by qPCR.

Western blot analysis. Protein extracts were obtained by using NP-40 buffer  
(50 mM Tris-HCl, pH 8, 0.4 M NaCl, 5 mM EDTA, pH 8, 1% NP40, 0.2% SDS and 
1 mM DTT) and protease inhibitors (Sigma). Ten micrograms of total proteins 
were separated by SDS-PAGE, and western blotting was subsequently performed 
with antibodies against Ddx5 (PAb204, Upstate/Millipore,1:1,000), Ddx17 
(ab24601, Abcam, 1:250), mH2A1.1 (4160, Cell Signaling, 1:1,000), mH2A1.2 
(4287, Cell Signaling, 1:1,000), mH2A1 (ab37264, Abcam, 1:1,000) and -actin 
(Mab1501, Millipore, 1:1,000).

Cell-migration, invasion and wound-healing assays. For cell-migration assay, 
cells (4 × 104 for 67NR and 2 × 104 for 4T1) were plated, in serum-free medium 
48 h after transfection, in the upper chamber of 8- m pore-size ThinCerts.  

The bottom chamber was filled with complete medium. After 24 h, cells at the top 
side of the filter were removed with a cotton swab. The remaining cells at the bottom 
side were washed with PBS, fixed with 10% TCA and stained with Amido black. 
Cells were counted from three randomized fields per well under a Nikon inverted 
microscope. A cell-invasion assay was performed in similar conditions, except 
that wells were precoated with matrigel at a 1:3 dilution for 4T1 or a 1:12 dilution 
for 67NR (BD Biosciences). For wound-healing assays, 2 d after transfection,  
a wound space of a confluent cell monolayer was produced by scratching the 
plate with a p200 pipette tip. The percentage of migration was defined at different 
times (8, 16, or 24 h) by measuring the lengthwise migration three times with the 
program ImageJ. Mitomycin C was added 1 h before wounding and maintained 
during migration. Recombinant SOD protein (100 units; S9697, Sigma) were 
added after cells were plated in the upper chamber.

Affymetrix exon array. One microgram of total RNA purified with TRIzol was 
labeled with Ambion reagents and hybridized to Affymetrix GeneChip Mouse 
Exon 1.0 ST arrays. Affymetrix exon-array data were normalized with quantile 
normalization. The background correction was performed by using antigenomic 
probes. Only probes targeting exons annotated from full-length cDNA were used 
for analysis. Among these preselected probes, poor-quality probes (for example,  
probes labeled as ‘cross-hybridizing’ probes by Affymetrix) and probes with 
intensity signals that were too low when compared to antigenomic background 
probes with the same GC content were removed from the analysis. Only probes 
with a DABG P value of  0.05 in at least half of the chips were considered for 
further statistical analysis. Paired statistical analyses were performed by using the 
Student’s paired t-test on the splicing index to analyze the exon-array data. The 
splicing index corresponds to a comparison of gene-normalized exon intensity 
values between the two analyzed experimental conditions.

Clinical samples, quantitative PCR and statistical analysis. Samples of 443 
breast cancer tumors excised from women at the Institut Curie/Hôpital René 
Huguenin (Saint-Cloud, France) from 1978 to 2008 were analyzed. This study 
was approved by the local ethical committee (Breast Group of Hôpital René 
Huguenin), which provided informed consent. Standard prognostic factors 
are reported in Supplementary Figure 4. Immediately after surgery, the tumor  
samples were flash frozen and stored in liquid nitrogen until RNA extraction. The 
samples were examined histologically for the presence of at least 60% tumor cells. 
The patients (mean age, 61.7 yrs; range, 35–91 yrs) all met the criteria of having 
primary unilateral breast carcinoma for which complete clinical, histological and 
biological data were available; 378 patients received adjuvant therapy, consisting 
of chemotherapy alone in 90 cases, hormone therapy alone in 175 cases and both 
treatments in 93 cases. The median follow-up was 8.9 years (range 0.5–29.0).  
A total of 168 patients relapsed at distant sites.

All RT-qPCR reactions were performed by using an ABI Prism 7700 Sequence 
Detection System and the SYBR Green PCR Core Reagents kit (PerkinElmer 
Applied Biosystems). TATA-box-binding protein (TBP) transcripts were used 
as an endogenous RNA control, and each sample was normalized on the basis 
of its TBP content. To determine whether the mH2A1 splicing-variant ratio was 
associated with patient clinical outcome, metastasis-free survival distribution 
was estimated by the Kaplan-Meier method. To select cutoff expression levels 
to classify each patient in one of two risk groups, sensitivity and specificity was 
explored by using a receiver-operating curve (ROC) analysis. Briefly, the area 
under the ROC curve (with 95% confidence interval) was calculated, and a test 
for the null hypothesis that the area under the curve was 50% was performed. 
The ROC analysis provided the threshold expression value to balance sensitivity 
and specificity for the detection of life-threatening cancer, and this cut point was 
used in the Kaplan-Meier analysis. Kaplan-Meier curves estimate metastasis-free 
survival from 0 to 180 months after breast cancer diagnosis. The Spearman rank 
correlation test provided correlation between continuous variables.

59. Bittencourt, D. et al. Cotranscriptional splicing potentiates the mRNA production 

from a subset of estradiol-stimulated genes. Mol. Cell. Biol. 28, 5811–5824 

(2008).
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Supplementary Figure 1: Effect of ddx5 and ddx17 in cell migration and proliferation in the 
4T1 mouse model of mammary tumor progression. 
(a) ddx17, but not ddx5, was overexpressed in the metastatic 4T1 cells, both at the RNA (left 
panel) and at the protein level (right panel), as compared to non-metastatic 67NR cells.  
(b) The siRNA siddx5-17 corresponds to a conserved sequence that allows ddx5 and ddx17 to be 
targeted simultaneously. Using siddx5-17 had similar effects on cell migration as did a mixture of 
siddx5 and siddx17 (siddx5 + siddx17). 
(c) ddx5 and ddx17 depletion (using siddx5-17) did not affect  cell migration of the 67NR non-
invasive cells. 
(d) Under the tested conditions, ddx5 and/or ddx17 depletion in 4T1 cells did not affect subG1 cell 
proportion, indicating that it did not affect cell apoptosis. In addition, ddx5 and/or ddx17 depletion in 
4T1 cells did not increase the G1- to S-phase ratio, indicating that it did not decrease cell 
proliferation; this was substantiated by DNA flow cytometry analysis. 
(e) Depletion of ddx5 and ddx17 did not affect 4T1 cell proliferation, as assessed by the 
sulforhodamine B growth assay at 24 h or 48 h after siddx5-17 transfection. 
(f) Depletion of mH2A1.1 or mH2A1.2 isoforms did not affect 4T1 cell proliferation, as assessed by 
the sulforhodamine B growth assay at 24 h or 48 h after si1.1 or si1.2 transfection. 
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Supplementary Figure 2: Validation of splicing events regulated by ddx5 and ddx17 
(a) Validation by RT-PCR of the splicing events predicted by exon array analysis to be regulated by 
ddx5 and ddx17. 4T1 cells were transfected for 48 h with a control siRNA (siCtrl) or an siRNA 
targeting both ddx5 and ddx17 (siddx5-17). Depletion of ddx5 and ddx17 induced both exon 
inclusion and exon skipping. SI: Splicing Index calculated from the exon array dataset. 
(b) Comparison of GC content at the 5’ splicing site of included or skipped exons upon ddx5-17 
depletion. 
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Supplementary Figure 3: Regulation of the expression of the mH2A1.1 and mH2A1.2 
isoforms in the 4T1 mouse model of tumor progression. 
(a) Depletion of ddx5 and ddx17 in mouse 4T1 cells increased the mH2A1.1 isoform level and 
decreased mH2A1.2 isoform level, which resulted in the increase in the mH2A1.1 to mH2A1.2 ratio 
without affecting the global expression level of the mH2A1 gene.  
(b) Siddx5-17, which targets ddx5 and ddx17 simultaneously, had similar effect on mH2A1 splicing 
as a mixture of siddx5 and siddx17 (siddx5 + siddx17). 
(c) Validation of si1.1 and si1.2 in 4T1 and 67NR cells, by measuring mH2A.1 and mH2A1.2 
splicing variants by RT-qPCR. 
(d) RT-qPCR analyses of the mH2A1 total mRNA levels after transfection with siCtrl, si1.1, or si1.2 
in 4T1 cells or 67NR cells.  
(e) Relative expression levels of mH2A1.1 and mH2A1.2 mRNAs, as measured by RT-qPCR, in 
mouse primary tumors with different metastatic capability. Histograms represent the average of 
three independent experiments corresponding to the fold change of the mH2A1.1 to mH2A1.2 ratio. 

2 

*** 

*** *** *** 

d 

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

l 

c 

R
el

at
iv

e 
 

ex
pr

es
si

on
 le

ve
l 

mH2A1.2 mH2A1.1 

Ratio 1.1/1.2 

20 

15 

10 

5 

b 4T1 

siCtrl 
siddx5-17 
siddx5 + siddx17 

R
el

at
iv

e 
 

ex
pr

es
si

on
 le

ve
l 

mH2A1 

R
el

at
iv

e 
 

ex
pr

es
si

on
 le

ve
l 2 

1 

** ** 

e 
3 

1 

2 

R
el

at
iv

e 
 e

xp
re

ss
io

n 
le

ve
l 

Ratio 1.1:1.2 
67NR 168F 4T1  4T07 

*** ** 

Nature Structural & Molecular Biology: doi:10.1038/nsmb.2390



a 

Supplementary Figure 4: Regulation of the expression of the mH2A1.1 and mH2A1.2 
isoforms in HeLa cells. 
(a) The mH2A1 gene is highly conserved during evolution. Alignment of human and mouse 
sequences of exon 1.1, exon 1.2, and 100 nucleotides of the surrounding introns revealed 75% to 
100% conservation. UI: upstream intron; DI: downstream intron.  
(b) Depletion of ddx5 and ddx17 in human HeLa cells increased the mH2A1.1 isoform level and 
decreased mH2A1.2 isoform level, resulting in increase in the mH2A1.1 to mH2A1.2 ratio without 
affecting the global expression level of the mH2A1 gene.  
(c) Depletion of ddx5 (siUTRddx5) or ddx17 (siUTRddx17) in human HeLa cells increased the 
mH2A1.1 to mH2A1.2 ratio, and depletion of both ddx5 and ddx17 worked synergistically to further 
increase this ratio. 
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Supplementary Figure 5: Effect of mH2A1 splicing isoforms and SOD3 on 67NR and 4T1 cell 
migration 
(a) Two different siRNAs targeting the mH2A1.2 isoform inhibited 4T1 cell migration (left panel), 
two different siRNAs targeting the mH2A1.1 isoform increased 67NR cell migration (right panel). 
(b) Depletion of the mH2A1.1 isoform in 4T1 cells, and of mH2A1.2 in 67NR cells, had no effect on 
cell migration. 
(c) siddx5-17 targeting simultaneously ddx5 and ddx17 had similar effects on SOD3 expression as 
a mixture of siddx5 and siddx17 (siddx5 + siddx17). 
(d) siRNAs targeting SOD3 mRNA UTR (siUTRSOD3; left panel) increased 67NR cell migration 
(right panel). 
(e) Addition of SOD3 protein in culture media inhibited 4T1 cell migration. 
(f) SOD3 depletion had no effect on 4T1 cell migration, as expected considering the low expression 
of SOD3 in these cells. 
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Supplementary Figure 6: Gene expression regulation by mH2A1 splicing isoforms.  
(a) Validation by RT-qPCR of the expression level of genes predicted by the microarray analysis to 
be differentially expressed when 4T1 cells transfected with siddx5-17 and si1.2 were compared to 
4T1 cells transfected with siddx5-17 and si1.1. Histograms represent the average of at least three 
independent experiments. Error bars represent S.E.M. (* P <0.05, **P <0.01, ***P <0.001 (t-test)). 
(b) Relative expression levels measured by RT-qPCR of CDK8, mH2A2, H2A.Z, and SOD3 RNAs, 
when comparing non-metastatic 67NR to metastatic 4T1 primary tumors. Only SOD3 mRNA was 
more highly expressed in non-metastatic 67NR as compared to the metastatic 4T1 primary tumors.  
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Supplementary Figure S7:  Expression of mH2A1 splicing isoforms in breast cancer patients. 
(a) Kaplan-Meier curves for 180-month outcome in breast cancer patients (n = 443), based on the 
mH2A1.2 expression level.  
(b)  The global expression level of mH2A1 histone correlates with the expression level of the 
mH2A1.2 splicing isoform in human breast tumors. 
(c) A high expression level of the mH2A1.2 isoform correlates with the prognostic value, 
independently of other known markers of disease severity, including lymph node status, Scarff Bloom
Richardson (SBR) histological grade, and macroscopic tumor size, as demonstrated by multivariable 
Cox regression analysis of metastasis-free survival in breast cancer patients. The significance of 
differences between survival rates was ascertained using the log-rank test. Cox proportional hazards 
regression model was used to assess prognostic significance. a: hazard ratio and 95% confidence 
interval. 
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Supplementary Figure 8: SOD3 and S100A4 gene expression regulation by NFAT5 and 
mH2A1.2 in 4T1 and MDA-MB-231 breast cancer cells. 
NFAT5, whose transcriptional activity depends on ddx5-ddx17, controls the expression of different 
set of genes as the mH2A1.2 isoform, whose splicing is regulated by ddx5-ddx17. Indeed, NFAT5 
depletion inhibited S100A4 expression (which favors cell migration) but had no effect on SOD3 
expression, while depletion of mH2A1.2 increased SOD3 expression but had no effect on S100A4 
expression, in both MDA-MB-231 cells (a) and 4T1 cells (b).  
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Number of  Patients 
N= 443 

Number  (%) of metastases 
N=168 (37.9) 

 
p-valuea 
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SBR histological 
gradeb,c 
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    III 
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226 
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7 (13) 

84 (37.2) 
73 (47.4) 

 
  

0.000051 

Lymph node statusd 

    0  
    1-3   
     >3 
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34 (29.8) 
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58 (59.8) 

 
 

0.00000044 

Macroscopic tumor 
sizee 
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106 (47.7) 

 
 

0.000015 
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receptor) status 
  Negative 
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0.0054 

 RP (progesteron 
receptor) status 
  Negative 
  Positive 
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83 (32.9) 

 
0.00094 

 ERBB2 
  Negative 
  Positive 
 

 
346 
97 

 
127 (36.7) 
41 (42.3) 

 
NS 

Supplementary Table 5: Characteristics of the 443 primary breast tumors 
a Log-rank test. NS : not significant,  
b Scarff Bloom Richardson classification. 
c Available information about 434 patients. 
d Available information about 442 patients. 
e Available information about 436 patients. 
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ORIGINAL ARTICLE

Dual role of the ddx5/ddx17 RNA helicases in the control of the

pro-migratory NFAT5 transcription factor

S Germann1,2,3,4,5, L Gratadou1,2,3,4,5, E Zonta1,2,3,4,5, E Dardenne1,2,3,4,5, B Gaudineau6,
M Fougère6, S Samaan1,2,3,4,5, M Dutertre1,2,3,4,5, S Jauliac6 and D Auboeuf1,2,3,4,5

1Université de Lyon, Lyon, France; 2Inserm U1052, Lyon, France; 3CNRS UMR5286, Lyon, France; 4Centre de Recherche en
Cancérologie de Lyon, Lyon, France; 5Université Lyon 1, Lyon, France and 6CNRS UMR7212, INSERM U944, Université Paris
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Ddx5 and ddx17 are two highly related RNA helicases
involved in both transcription and splicing. These
proteins coactivate transcription factors involved in
cancer such as the estrogen receptor alpha, p53 and
beta-catenin. Ddx5 and ddx17 are part of the splicing
machinery and can modulate alternative splicing, the
main mechanism increasing the proteome diversity.
Alternative splicing also has a role in gene expression
level regulation when it is coupled to the nonsense-
mediated mRNA decay (NMD) pathway. In this work,
we report that ddx5 and ddx17 have a dual role in the
control of the pro-migratory NFAT5 transcription
factor. First, ddx5 and ddx17 act as transcriptional
coactivators of NFAT5 and are required for activating
NFAT5 target genes involved in tumor cell migration.
Second, at the splicing level, ddx5 and ddx17 increase
the inclusion of NFAT5 exon 5. As exon 5 contains a
pre-mature translation termination codon, its inclusion
leads to the regulation of NFAT5 mRNAs by the NMD
pathway and to a decrease in NFAT5 protein level.
Therefore, we demonstrated for the first time that a
transcriptional coregulator can simultaneously regulate
the transcriptional activity and alternative splicing of a
transcription factor. This dual regulation, where ddx5
and ddx17 enhance the transcriptional activity of
NFAT5 although reducing its protein expression level,
suggests a critical role for ddx5 and ddx17 in tumor
cell migration through the fine regulation of NFAT5
pathway.
Oncogene (2012) 31, 4536–4549; doi:10.1038/onc.2011.618;
published online 23 January 2012

Keywords: ddx5; ddx17; NFAT5; cancer; transcriptional
coregulator; splicing

Introduction

Breast cancer is a leading cause of morbidity in women
worldwide because of metastasis formation, which is

directly linked to the migratory and invasive phenotype
of cancer cells (Friedl and Wolf, 2003). Invasion is a
complex process relying on the capacity of the cells to
migrate and to destroy and reorganize the extracellular
matrix. It is now well established that tumor progression
relies on the alteration of transcriptional programs
controlling specific cellular programs (Hanahan and
Weinberg, 2000). In this context, the NFAT family of
transcription factors is gaining increasing interest in
breast cancer. This family comprises five genes,
NFAT1 to NFAT5. NFAT1, NFAT2, NFAT3 and
NFAT4 have been first identified as T-cell transcription
factors, whereas NFAT5 has been involved in the
cellular response to osmotic stress (Macian, 2005; Burg
et al., 2007; Mancini and Toker, 2009; Muller and Rao,
2010). It is now well documented that NFAT proteins
are also present in non-immune cells and regulate a
variety of signaling pathways involved in cell growth and
development (Baksh et al., 2002; Chuvpilo et al., 2002;
Mancini and Toker, 2009; Muller and Rao, 2010).
Importantly, members of the NFAT family, in particular
NFAT5, have recently been involved in the migratory
capacity of breast cancer cells (Jauliac et al., 2002; Ayers
et al., 2004; Yoeli-Lerner et al., 2005; Mancini and
Toker, 2009; Fougere et al., 2010; Muller and Rao,
2010).

Increasing evidences indicate that alterations of
splicing programs contribute to tumor progression
(Blencowe, 2003; David and Manley, 2010; Warzecha
et al., 2010; Dutertre et al., 2010b). Indeed, most of the
human genes can generate different splicing variants
coding for different protein isoforms having slightly
different activities or even opposite biological activities
(Stamm et al., 2005; David and Manley, 2010; Dutertre
et al., 2010b). In addition, alternative splicing can have
an important role in the regulation of gene expression
level. Indeed, about one third of alternative exons
contain a pre-mature translation termination codon
resulting in mRNA regulation by the nonsense-
mediated mRNA decay (NMD) pathway. Therefore,
the coupling of alternative splicing with NMD may
provide a general means of decreasing protein expres-
sion level. This mechanism that has been referred to
as ‘regulated unproductive splicing and translation’
or RUST has been involved in the downregulation of
several cancer-related proteins (Lewis et al., 2003;
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Barbier et al., 2007; Chang et al., 2007; Neu-Yilik and
Kulozik, 2008; Gardner, 2010).

Although transcriptional programs are under the
control of transcriptional factors and coregulators,
splicing programs are under the control of splicing
factors (Blencowe, 2003; David and Manley, 2010;
Warzecha et al., 2010; Dutertre et al., 2010b). An
increasing number of proteins have been involved in
both transcription and splicing (Auboeuf et al., 2007;
Allemand et al., 2008). This is the case of the highly
related ddx5 and ddx17 RNA helicases (also known as
p68 and p72, respectively) that act both in transcription
and splicing. Indeed, ddx5 and ddx17 are transcriptional
coregulators of the estrogen receptor alpha, p53, beta-
catenin and MyoD transcription factors among others
(Watanabe et al., 2001; Bates et al., 2005; Caretti et al.,
2006; Fuller-Pace and Ali, 2008). It is believed that ddx5
and ddx17 are recruited on target gene promoters by
these transcriptional factors and in turn recruit the
RNA polymerase II or enzymes with histone acetylase
or deacetylase activities (Metivier et al., 2003; Rossow
and Janknecht, 2003; Wilson et al., 2004; Janknecht,
2010; Dutertre et al., 2010a; Fuller-Pace and Moore,
2011). In addition, ddx5 and ddx17 copurify with the
splicing machinery or spliceosome and can change
alternative splicing-site selection in transcripts produced
from the H-ras, CD44 and Tau genes (Auboeuf et al.,
2002; Honig et al., 2002; Guil et al., 2003; Camats et al.,
2008; Clark et al., 2008; Kar et al., 2011). There are now
many reports indicating that these multifunctional
proteins have important implications for cancer devel-
opment, as recently reviewed (Janknecht, 2010; Fuller-
Pace and Moore, 2011). For example, on one hand, as
transcriptional coactivators of estrogen receptor alpha,
they may contribute to the proliferative effect of
estradiol on breast cancer cells (Wortham et al., 2009;
Dutertre et al., 2010a) and, as coregulators of beta-
catenin, they may contribute to the epithelial to
mesenchymal transition, which has been associated with
breast cancer progression (Yang et al., 2006). On the
other hand, as coactivators of p53 and Smad, ddx5/
ddx17 may exert tumor suppressor functions (Warner
et al., 2004; Bates et al., 2005). However, oncogenic
functions or tumor suppressor roles of ddx5 and ddx17
are still a matter of debate and could be context-
dependent (Fuller-Pace and Moore, 2011).

In this work, we report that ddx5 and ddx17 have a
dual role in the control of the pro-migratory NFAT5
transcription factor. First, ddx5 and ddx17 act as
transcriptional coactivators of NFAT5 and are required
for activating NFAT5 target genes involved in tumor
cell migration. Second, at the splicing level, ddx5 and
ddx17 favor the inclusion of the human NFAT5 exon 5
that contains a pre-mature translation termination
codon, which then results in the synthesis of the
unproductive (that is, not translated) NFAT5 mRNAs
and in the reduction of the NFAT5 protein level. This
dual activity of ddx5 and ddx17 may have a role in the
fine regulation of the NFAT5 pathway and may
contribute to the context-dependent role of ddx5 and
ddx17 in cancer.

Results

Ddx5 and ddx17 are required for mediating the pro-
migratory effect of NFAT5
Ddx5 and ddx17 have been reported to be transcrip-
tional coactivators of several key transcriptional factors,
including estrogen receptor alpha, p53 and beta-catenin
and are likely to have a role in tumor initiation and/or
progression (Janknecht, 2010; Fuller-Pace and Moore,
2011). As ddx17 has been co-purified with NFAT5
(Chen et al., 2007), we tested whether ddx17 and its
paralog, ddx5, co-immunoprecipitate with NFAT5 in
human MDA-MB-231 breast cancer cells. As shown on
Figure 1a (left panel), FLAG-ddx17 protein was
specifically detected after the immunoprecipitation of a
Myc-NFAT5 protein. Conversely, Myc-NFAT5 protein
was specifically detected after the immunoprecipitation
of FLAG-ddx17 (right panel, Figure 1a). Likewise,
Myc-NFAT5 protein was detected after the immuno-
precipitation of endogenous ddx5 protein (left panel,
Figure 1b) or after the immunoprecipitation of a HA-
ddx5 protein (right panel, Figure 1b). Finally, immuno-
precipitation of the endogenous NFAT5 protein, co-
immunoprecipitate the endogenous ddx5 protein but not
when cells were first transfected with a siRNA targeting
NFAT5 (Figure 1c).

Because we could not immunoprecipitate endogenous
ddx17 with endogenous NFAT5 protein, the ability of
endogenous NFAT5 protein to associate with endogen-
ous ddx17 and ddx5 proteins was further assessed with
the in situ proximity ligation assay (PLA), which generates
a signal when two proteins are in close proximity (B40nm)
to each other. As shown on Figure 1d, prominent signals
were detected in fixed MDA-MB-231 cells between
anti-NFAT5 and anti-ddx5, and anti-NFAT5 and anti-
ddx17 antibodies but not in control experiments.
Numbers of signals were on average of 14 per cells after
incubation of anti-NFAT5 and anti-ddx5 antibodies,
and of 11 per cells after incubation of anti-NFAT5 and
anti-ddx17 antibodies (Figure 1e). Moreover, the
number of signals markedly decreased in MDA-MB-
231 cells after transfection with siRNAs targeting either
NFAT5 or both ddx5 and dd17 (Figure 1f).

In addition, the over-expression of ddx5 and ddx17
enhanced the transcriptional activity of NFAT5 as
measured using a luciferase reporter gene driven by an
NFAT5-responsive promoter suggesting that ddx5
and ddx17 are NFAT5 transcriptional co-activators
(Figure 1g). To test further this hypothesis, we next
analyzed the effect of ddx5 and ddx17 on NFAT5 pro-
migratory function.

Indeed, it has been shown that NFAT5 is a
transcriptional factor that stimulates cell migration
(Jauliac et al., 2002; O’Connor et al., 2007). As expected,
NFAT5 over-expression in MDA-MB-231 cells in-
creased cell migration (Figure 2a), whereas NFAT5
depletion decreased it (Figure 2b). The depletion of
either ddx5 or ddx17 had almost no effect on cell
migration (Figure 2c). However, the depletion of either
ddx5 or ddx17 further inhibited cell migration mediated
by the decrease in NFAT5 expression level (Figure 2d,
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Supplementary Figure S1). In addition, the depletion of
both ddx5 and ddx17 strongly decreased cell migration
(Figure 2e) and, finally, NFAT5 depletion did not
inhibit cell migration in the absence of ddx5 and ddx17
(comparing lane 2 to lane 4, Supplementary Figure S2).

Collectively, these results suggest that ddx5 and ddx17
have a role in cell migration by co-activating NFAT5.
To further test this hypothesis, the ddx5 and ddx17
effect on NFAT5 endogenous target genes was next
investigated.
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It has been reported that NFAT5 regulates the
transcriptional activity of the S100A4 gene in a direct
manner (Chen et al., 2009, 2011). S100A4 or metastasin,

which is a member of the S100 family of calcium-binding
proteins, has been shown to have an important role in
breast cancer progression (Helfman et al., 2005; Garrett
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Figure 2 NFAT5 and ddx5/ddx17 have a role in cell migration. (a) WB analysis (upper panel) of NFAT5 and actin, as a control, 48 h
after transfection of MDA-MB-231 cells with a control or NFAT5 expression vectors. Number of migrating cells (lower panel). (b) WB
analysis (upper panel) of NFAT5 and actin 48 h after transfection of MDA-MB-231 cells with a control (siCTRL) or a siRNA
targeting NFAT5 (siN5). Number of migrating cells (lower panel). (c) WB analysis (upper panel) of ddx5, ddx17 and actin, 48 h after
transfection of MDA-MB-231 cells with a control siRNA or siRNAs targeting either ddx5 (siddx5) or ddx17 (siddx17). Number of
migrating cells (lower panel). (d) Number of migrating MDA-MB-231 cells after transfection with a control siRNA, siRNAs targeting
either ddx5 (siddx5) or ddx17 (siddx17) and/or a siRNA targeting NFAT5 (siN5). (e) WB analysis (left panel) of ddx5, ddx17 and
actin, 48 h after transfection of MDA-MB-231 cells with a control siRNA or a single siRNA (siddx5/17) targeting a conserved region in
the ddx5 and ddx17 mRNAs. Number of migrating cells (right panel). Histograms represent the average of at least three independent
experiments. Error bars represent s.e.m. (**Po0.01, ***Po0.001).

Figure 1 ddx5 and ddx17 co-immunoprecipitate with NFAT5. (a) Protein immunoblot (IB) analysis of Myc-NFAT5 and FLAG-
ddx17 in input (IN) or after immunoprecipitation (IP) with either Myc (left panel) or FLAG (right panel) antibodies. MDA-MB-231
cells were transfected with Myc-NFAT5 and/or FLAG-ddx17 expression vectors, as indicated. (b) Protein immunoblot (IB) analysis of
endogenous ddx5 or HA-ddx5 and Myc-NFAT5 after IP with ddx5 and IgG (left panel) or HA (right panel) antibodies. MDA-MB-231
cells were transfected with Myc-NFAT5 expression vector (left panel) or with Myc-NFAT5 and/or HA-ddx5 expression vectors (right
panel), as indicated. (c) Protein immunoblot (IB) analysis of endogenous NFAT5 after IP with NFAT5 antibody after transfection of
MDA-MB-231 cells either with a control (siCTRL) or a siRNA targeting NFAT5 (siN5). Protein IB of ddx5 in the same conditions
(left panel). (d) Detection of endogenous NFAT5-ddx5 and NFAT5-ddx17 complexes by in situ PLA. Fixed MDA-MB-231 cells were
incubated either with antibodies against NFAT5, ddx5 and/or dd17 as indicated. (e) Quantification of the number of PLA signals per
cell as distinct fluorescent red spots in the experimental conditions described in panel D (n450 cells). (f) Quantification of the number
of PLA signals per cell. After transfection with a control siRNA or siRNAs targeting either NFAT5 (siN5) or both ddx5 and ddx17
(siddx5/17), fixed MDA-MB-231 cells were incubated either with antibodies against NFAT5 and ddx5 or antibodies against NFAT5
and ddx17 (n450 cells). (g) NFAT5-luciferase activity assay performed with MDA-MB-231 cells transfected with NFAT5-luc reporter
gene, and with NFAT5, ddx5 and/or ddx17 expression vectors. Experiments are representative of at least three independent
experiments. Error bars represent s.e.m. (**Po0.01, ***Po0.001).
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et al., 2006). We have recently reported that lipocalin 2
(LCN2), which also plays a role in breast cancer
progression (Yang et al., 2009; Leng et al., 2011), is
regulated by NFAT transcriptional factors (Fougere et al.,
2010). As expected, the depletion of NFAT5 decreased the
S100A4 and LCN2 mRNA levels (Figure 3a). In addition,
chromatin immunoprecipitation (ChIP) assay using
NFAT5 antibody indicated that NFAT5 was bound to
the S100A4 and LCN2 promoters (Figure 3b, Supple-
mentary Figure S3), as expected (Chen et al., 2009).

We next tested the role of ddx5 and ddx17 on the
regulation of S100A4 and LCN2 genes. The depletion of
both ddx5 and ddx17 decreased the S100A4 and LCN2
mRNA levels (Figure 3c). Furthermore, the sub-optimal
depletion of NFAT5 together with ddx5 and ddx17
showed an additive effect (Figure 3d, Supplementary
Figure S1). To test whether the observed effects were
direct transcriptional effects, ChIP assay was performed
after MDA-MB-231 transfection with either HA-ddx5
or FLAG-ddx17 expression vectors. Both ddx5 and
ddx17 specifically bound to the S100A4 and LCN2
promoters and, importantly, NFAT5 depletion reduced
their recruitment (Figures 3e and f). Together with the
interaction and transactivation studies (Figure 1), these
results demonstrate that ddx5 and ddx17 are bona fide
transcriptional coactivators of the NFAT5 pro-migra-
tory transcriptional factor.

Ddx5 and ddx17 regulate alternative splicing of the
NFAT5 gene
We tested whether the effects of ddx5/ddx17 depletion
on cell migration and gene expression might be due to a
decrease in NFAT5 protein level. Remarkably, ddx5/
ddx17 depletion in MDA-MB-231 cells did not decrease
NFAT5 protein level, but instead strongly increased it
(left panel, Figure 4a). Similar results were obtained in
the human MCF-7 breast cancer cells (right panel,
Figure 4a) and in the human HeLa cells (see below). We
demonstrated that the protein detected by immunoblot
with the NFAT5 antibody after ddx5/ddx17 depletion
was indeed NFAT5, by co-transfecting MDA-MB-231
cells with an siRNA targeting NFAT5 (Figure 4b).
Therefore, the effects described above of ddx5/ddx17
depletion on migration and NFAT5 target genes are
clearly not explained by a decrease in NFAT5 protein
level. In fact, the inhibition of NFAT5 target genes
expression resulting from ddx5/ddx17 depletion (Fig-
ure 3) despite the increase in NFAT5 protein level in
these conditions (Figure 4a) is probably due to the
requirement of ddx5 and ddx17 in mediating NFAT5
transcriptional effects (Figures 1 and 3).

We next analyzed the mechanisms by which ddx5 and
ddx17 control NFAT5 expression level. Remarkably, the
depletion of ddx5 and ddx17 did not affect the total
NFAT5 mRNA level in any of the tested cell lines
(Figure 4c). However, RT–PCR using primers in exons 3
and 6 that flank known alternative exons 4 and 5 (Dalski
et al., 2002; Maouyo et al., 2002) revealed that ddx5/
ddx17 depletion in MDA-MB-231, HeLa and MCF-7
cells favored the shorter NFAT5 product that did not

contain exons 4 and 5 (E3/E6, Figure 4d). This result was
further supported after sequencing the PCR products
(not shown) and by quantifying NFAT5 splicing variants
by RT-Quantitative (q)PCR. As expected from PCR
results (Figure 4d), ddx5/ddx17 depletion increased the
splicing variants lacking exons 4 and 5 (E3/E6,
Figure 4e), whereas decreasing the level of the splicing
variants containing exon 5 (E5/E6, Figure 4e). The level
of the splicing variants containing exon 4 but not exon 5
(E4/E6) was not affected in HeLa and MCF-7 cells and
increased in the MDA-MB-231 cells (E4/E6, Figure 4e).

These results indicated that ddx5/ddx17 depletion
induced the skipping of exon 5 and this was confirmed
by using primers that allowed to specifically quantify
each splicing variant containing or not exon 5. Indeed,
the level of exon 5 containing transcripts decreased after
ddx5/ddx17 depletion when compared with the level of
transcripts that did not contain exon 5, either in the
presence or in the absence of exon 4 (Figure 4f).

These data suggested that ddx5/ddx17 depletion
impacts on alternative splicing of the human NFAT5
exon 5. This possibility was first confirmed by using
another set of siRNAs targeting the UTRs of ddx5 or
ddx17 (siUTRddx5/17) that indeed increased the level
of NFAT5 splicing variants that did not contain exon 5
in HeLa cells (E3/E6 vs E5/E6 and E4/E6 vs E5/E6,
Figure 5a). In addition, cell co-transfection with wild-
type ddx5 or ddx17 cDNAs that do not contain UTR
sequences and that are therefore not affected by
siUTRddx5/17, partially rescued the siUTRddx5/17
effect on NFAT5 splicing (Figure 5a). Importantly,
mutated ddx5 and ddx17 cDNAs encoding proteins
lacking the helicase activity did not rescue the splicing
phenotype (Figure 5a). Furthermore, ddx5 and ddx17
depletion resulted in a strong increase in NFAT5
protein expression level in HeLa cells (Figure 5b), as
observed in MDA-MB-231 and MCF-7 cells
(Figure 4a); this was rescued by ddx5 or ddx17 over-
expression (Figure 5b).

Going a step forward, we next tested whether ddx5
and/or ddx17 immunoprecipate the NFAT5 pre-
mRNA. HeLa cells were transfected either with HA-
ddx5 or FLAG-ddx17 expression vectors or with the
corresponding empty expression vectors as controls that
did not affect NFAT5 pre-mRNA level (IN, Figure 5c).
After formaldehyde-mediated crosslinking of HeLa
cells, HA and FLAG antibodies immunoprecipitated
NFAT5 pre-mRNA in the HA-ddx5- and FLAG-
ddx17-transfected cells, respectively, but not in the
control cells (Figure 5c). Similar results were obtained
using inducible stable MCF-7 cells expressing HA-ddx5
or FLAG-ddx17 proteins (Figure 5d).

To further test the potential role of ddx5 and ddx17
in NFAT5 alternative splicing, a minigene containing
the human NFAT5 exon 5 and about 200 nucleotides
of the surrounding introns was generated (Figure 5e). As
expected, ddx5/ddx17 depletion in HeLa cells induced
the skipping of the minigene exon 5 (Figure 5e).
Furthermore, the over-expression of wild-type but not
mutated ddx5 and ddx17 proteins in HeLa cells
antagonized the splicing effect of ddx5/ddx17 depletion
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IgG. (c) RT–qPCR analysis of S100A4 and LCN2 mRNA levels after transfection of MDA-MB-231 cells with a control siRNA or
siddx5/17. (d) RT–qPCR analysis of S100A4 and LCN2 mRNA levels after transfection of MDA-MB-231 cells with a control siRNA,
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(Figure 5f). Similarly, the over-expression of wild-type
ddx5 or ddx17 in MDA-MB-231 cells favored exon 5
inclusion in the minigene assay, whereas the over-
expression of mutated ddx5 or ddx17 form induced
exon 5 skipping (Figure 5g). Collectively, these results
demonstrated that ddx5 and ddx17 favor NFAT5 exon 5
inclusion in an RNA helicase activity-dependent manner.

NFAT5 protein level is regulated by splicing coupled to
NMD
On analyzing NFAT5 sequence, we observed that
NFAT5 exon 5 contains two in-frame stop codons
that are conserved during evolution (Figure 6a). This

suggested that NFAT5 transcripts containing this exon
might be unproductive (that is, not-translated) tran-
scripts and regulated by the NMD pathway. To test this
hypothesis, MDA-MB-231 and HeLa cells were treated
for 4 and 6 h with the translation inhibitor cyclohex-
imide, which inhibits mRNA degradation by the NMD
pathway that requires on-going translation. As shown
on Figure 6b, cycloheximide treatment increased the
level of the NFAT5 splicing variants containing exon 5
(E5/E6, Figure 6b). Therefore, the ratio of transcripts
containing exon 5 to transcripts that do not contain
exon 5 was increased by cycloheximide treatment
in both MDA-MB-231 and HeLa cells (Figure 6c).
Similarly, cell transfection with a siRNA targeting
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UPF1, a major actor of the NMD pathway, increased
by B20 to 50% the ratio of transcripts containing exon
5 to transcripts that do not contain exon 5 in MDA-
MB-231 cells (MDA-MB-231, Figure 6d). A stronger
increase by B100% was observed in HeLa cells (HeLa,
Figure 6d). Therefore, the data described on Figures 5
and 6 indicated that the regulation by ddx5 and ddx17
of NFAT5 exon 5 inclusion coupled with NMD
provides a means for regulating NFAT5 protein
expression level.

To further test this model, siRNAs targeting either
all NFAT5 splicing variants (siN5 targeting sequences
in exons 7 and 9) or specifically the splicing variants
containing human exon 5 (siE5) were generated. As
expected, cell transfection with siN5 or siE5 decreased
the global level of all NFAT5 transcripts (Total,
Figure 6e) and the level of the splicing variants
containing E5 (E5/E6, Figure 6e). As expected, siE5
did not affect the level of the transcripts that do not
contain exon 5 in contrast to siN5 (E3/E6, Figure 6e),
which demonstrated the specificity of the siE5 siRNA.
More importantly, siN5, but not siE5, strongly de-
creased the NFAT5 protein level (Figure 6f). This result
indicated that NFAT5 transcripts containing exon 5 did
not significantly contribute to NFAT5 protein synthesis.
This result was confirmed by using an other siRNA
targeting NFAT5 exon 2 (siE2) that has also been
shown to be alternatively spliced (Dalski et al., 2002).
Indeed, although siE2 had a similar effect to siE5 on the
global NFAT5 mRNA level (Total, Figure 6e), siE2 but
not siE5 decreased NFAT5 protein level (Figure 6g).
Collectively, these results demonstrated that ddx5 and
ddx17 decreased NFAT5 protein level by favoring
exon 5 inclusion, which resulted in the synthesis of
unproductive (that is, not translated) mRNAs.

Discussion

Ddx5 and ddx17 are two highly related RNA helicases
that have been involved in several steps of the gene
expression process (Fuller-Pace and Ali, 2008; Jan-
knecht, 2010). In particular, ddx5 and ddx17 act as
transcriptional coregulators of transcription factors like
estrogen receptor alpha, p53 and beta-catenin that have
important roles in cancer initiation and progression.
Although the role of ddx5 and ddx17 in cancer cell
proliferation has been reported, our data identified
a role for ddx5/ddx17 in cell migration (Figure 2).
This new function of ddx5 and ddx17 is likely to be
mediated, at least in part, by the regulation of the
expression of the S100A4 and LCN2 genes that
are involved in tumor progression and that are target
genes of the NFAT5 transcription factor (Figures 1
and 3), which itself is known to favor cell migration
(Jauliac et al., 2002).

Indeed, it has been shown that, in breast cancer,
intracellular S100A4 can induce cell motility in part
through its ability to interact with myosin-IIA and
extracellular S100A4 can stimulate MMP-13 activity,

possibly contributing to tumor invasion (Garrett et al.,
2006; Li and Bresnick, 2006). Therefore, S100A4 can
promote metastasis and crossing mice that overexpress
S100A4 in the mammary epithelium with mouse models
of metastasis dramatically increases the incidence of
metastasis (Davies et al., 1996). Finally, S100A4
expression is associated with a metastatic phenotype in
multiple types of carcinoma, including breast cancer
(Garrett et al., 2006). Similarly, elevated levels of LCN2
expression have been reported in various cancers,
including breast cancer. Remarkably, there is a strong
association between LCN2 and metastasis (Yang et al.,
2009). LCN2 is a member of the lipocalin family
composed of small extracellular proteins that transport
and present ligands to cell surface receptors, and form
macromolecular complexes, thus playing important
roles in cell regulation, proliferation and differentiation
(Flower, 1994). LCN2 can enhance tumor growth and
metastasis by protecting matrix metalloproteinase-9
from degradation and by increasing angiogenesis and/
or by promoting the epithelial to mesenchymal transi-
tion, which is associated with breast cancer progression
(Leng et al., 2009; Yang et al., 2009). Therefore, this
study identified a novel gene regulatory pathway
(NFAT5 stimulation of S100A4 and LCN2 genes) that
is coactivated by ddx5/ddx17 and that, together with
previously reported ddx5 and ddx17 target genes like
cyclin D1 and Snail (Shin et al., 2007; Yang et al., 2007;
Carter et al., 2010), strengthens the role of ddx5 and
ddx17 in tumor progression.

We also demonstrated that ddx5 and ddx17 regulate
NFAT5 pre-mRNA splicing in addition to acting as
NFAT5 transcriptional coactivators. Indeed, ddx5 and
ddx17 splicing activity, relying on their helicase activity,
favored the inclusion of the human NFAT5 exon 5
(Figures 4 and 5). To the best of our knowledge, this is
the first demonstration that a transcriptional coregula-
tor modulating the activity of a transcriptional factor
can also control its expression at the splicing level. It
must be underlined that ddx5, that coactivates p53, has
been shown to selectively regulate the expression of the
delta133p53 isoform (Moore et al., 2010). However, this
isoform is not generated by alternative splicing but by
transcription from an internal promoter in intron 4 of
the p53 gene. Remarkably, the effect of ddx5 and ddx17
on NFAT5 splicing has a very important role in NFAT5
protein expression level. Indeed, ddx5 and ddx17
favored the inclusion of the NFAT5 exon 5, which
generated unproductive transcripts that were not
translated (Figure 6). Interestingly NFAT5 exon 5 is
one of the 111 ‘ultraconserved elements’ identified in
human protein-coding genes (Bejerano et al., 2004;
McGlincy and Smith, 2008). It has been reported that
many ultraconserved elements are associated with exons
inducing NMD ((Bejerano et al., 2004; McGlincy and
Smith, 2008). In this context, the ddx5/ddx17 effect on
NFAT5 expression was observed in different human cell
lines (Figure 4) as well as in a mouse cell line
(Supplementary Figure S4). Collectively, these observa-
tions strengthen the key role of exon 5 in NFAT5 gene
expression regulation. However, we cannot exclude that,
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in some cellular contexts, the NFAT5 mRNA bearing
exon 5 may escape NMD. However, many reports have
indicated that NFAT5 protein level is tightly regulated,
particularly during differentiation and in response to
hyper-osmotic stresses (Woo et al., 2000; Ferraris et al.,
2002). It has been shown that NFAT5 protein level is
regulated by several mechanisms involving protein
stability and miRNA-mediated mRNA silencing (Dahl
et al., 2001; Irarrazabal et al., 2010; Levy et al., 2010).
We now report that NFAT5 protein level can also be
regulated by the coupling of splicing to the NMD
pathway (Figures 4, 5 and 6). It will be interesting to test
whether this ddx5/ddx17-dependent mechanism is in-

volved in NFAT5 protein level regulation in hyper-
osmotic conditions. Similarly, NFAT5 protein level is
regulated during development and NFAT5 has a role in
muscle differentiation (O’Connor et al., 2007). As ddx5
and ddx17 also have a role in muscle differentiation
(Caretti et al., 2006), it will be interesting to test the
interplay between NFAT5 and ddx5/ddx17 in muscle
development.

In conclusion, our data indicate that, on one hand,
ddx5 and ddx17 transcriptional activity enhances
NFAT5-mediated effects and, on the other hand,
ddx5- and ddx17-splicing activity decreases NFAT5
protein level. These dual functions of ddx5 and ddx17
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experiments. (e) RT–qPCR analysis of all NFAT5 mRNAs (Total), splicing variants containing none of exon 4 and exon 5 (E3/E6),
splicing variants containing exon 2 (E1/E2) or exon 5 (E5/E6) after transfection of MDA-MB-231 cells with a control siRNA, siN5
targeting all NFAT5 splicing variants, siE2 targeting the NFAT5 splicing variants containing exon 2 or siE5 targeting the NFAT5
splicing variants containing exon 5. (f) WB analysis of NFAT5 and actin 48 h after transfection of MDA-MB-231 cells with a control
siRNA (siCTRL), siN5 or siE5. (g) WB analysis of NFAT5 and actin 48 h after transfection of MDA-MB-231 cells with a control
siRNA (siCTRL), siN5, siE2 or siE5. WBs and PCR gels are representative of at least three independent experiments. Histograms
represent the average of at least three independent experiments. Error bars represent s.e.m. (*Po0.05, **Po0.01, ***Po0.001).

Figure 5 Regulation of NFAT5 alternative splicing by ddx5 and ddx17. (a) WB analysis of ddx5 and ddx17 after transfection of HeLa
cells with a control siRNA or siRNAs targeting ddx5 or ddx17 UTRs (siUTRddx5/17) together with control expression vectors or wild-
type ddx5 (ddx5 WT), wild-type ddx17 (ddx17 WT), mutated ddx5 (ddx5 MUT), or mutated ddx17 (ddx17 MUT) expression vectors
(upper panel). Tagged ddx5 protein is marked by an asterisk. RT–qPCR analysis of NFAT5 transcripts, in the same experimental
conditions as described above, using primers to amplify transcripts containing exon 5 (E5/E6), none of exon 5 and exon 4 (E3/E6) or exon
4 alone (E4/E6). Histograms represent the average of the E3/E6 to E5/E6 ratio and the E4/E6 to E5/E6 ratio obtained in three independent
experiments. (b) WB analysis of NFAT5, ddx5, ddx17 and actin, 48h after transfection of HeLa cells with a control siRNA or siRNAs
targeting ddx5 or ddx17 UTRs (siUTRddx5/17) together with control expression vectors or wild-type ddx5 or ddx17 expression vectors.
(c) RT–PCR and RT–qPCR analysis of NFAT5 pre-mRNAs precipitated using HA or FLAG antibodies after transfection of HeLa cells
with HA-ddx5, FLAG-ddx17 or empty expression vectors. Histograms correspond to the average level of precipitated NFAT5 pre-mRNA
compared with the input obtained in three independent experiments. (d) WB analysis of HA-ddx5 and Flag-ddx17 in the presence or
absence of doxycycline using inducible MCF-7/Tet-On stable cell lines. RT–qPCR analysis of NFAT5 pre-mRNAs precipitated using HA,
FLAG or control (IgG) antibodies after induction by doxycycline (dox) of HA-ddx5 or FLAG-ddx17 expression in stable MCF-7 cell
lines. Histograms correspond to the average level of precipitated NFAT5 pre-mRNA compared with the input obtained in three
independent experiments. (e) Schematic representation of the NFAT5 exon 5 minigene (left panel). RT–PCR analysis using primers in the
minigene exons indicated by arrows on the left panel, after HeLa cells transfection with a control siRNA (siCTL) or siddx5/ddx17 (right
panel). (f) RT–PCR using primers in the minigene exons after transfection of HeLa cells in the same experimental conditions as described
in panel A. (g) RT–PCR using primers in the minigene exons after transfection of MDA-MB-231 cells with the minigene together with
wild-type or mutated ddx5 or ddx17 expression vectors. WBs and PCR gels are representative of at least three independent experiments.
Histograms represent the average of at least three independent experiments. Error bars represent s.e.m.
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probably have an important role that is conserved
during evolution in the NFAT5 pathway (Supplemen-
tary Figure S4). Increasing the level of ddx5/ddx17
would enhance NFAT5-mediated pro-migratory effects
and would be antagonized by a decrease in NFAT5
protein level mediated by ddx5-and ddx17-splicing
activity. Meanwhile, decreasing the level of ddx5/
ddx17 would increase NFAT5 protein level but repress
the expression level of ddx5/ddx17-dependent NFAT5
target genes like S100A4 and LCN2. Interestingly, all
NFAT5 target genes might not be ddx5/ddx17-depen-
dant genes. Indeed, among the tested NFAT5 target
genes, we observed that the SMIT (sodium/myo-inositol
cotransporter) gene, a known NFAT5 target gene was
downregulated after NFAT5 depletion, but upregulated
after ddx5/17 depletion, likely owing to the increase in
NFAT5 protein level (Supplementary Figure S5). Even
though the interplay between ddx5/ddx17 and the
NFAT5-signaling pathway is likely complex, ddx5 and
ddx17 seem to have a critical role in the regulation of
a subset of NFAT5 target genes involved in cell migra-
tion as ddx5/ddx17 depletion inhibited this process
(Figure 2). The precise and respective role of ddx5 and
ddx17 in the NFAT5 pathway will also require further
experiments. Indeed, we systematically observed that the
co-depletion of ddx5 and ddx17 had a stronger effect on
NFAT5 pathway and NFAT5 gene expression regulation
than the depletion of either ddx5 or ddx17 alone (Figure 2;
Supplementary Figures S6 and S7). Even though these
results suggest that ddx5 and ddx17 have similar activities,
the data obtained could be explained either by ddx5 and
ddx17 having full redundant functions when co-expressed
in cells (meaning that they work together in the same
complexes) or by their replacement by each other when
one or the other is missing.

Finally, it is interesting to integrate the dual impact of
ddx5 and ddx17 on the pro-migratory NFAT5 tran-
scription factor in the context of the known role of
ddx5 and ddx17 in cancer. Indeed, although there are
increasing evidences that these proteins have an
important role in cancer, their effects are likely to be
context-dependent, as recently reviewed (Fuller-Pace
and Moore, 2011). Ddx5 and ddx17 have been reported
to have either oncogenic functions or tumor cosupressor
roles (Fuller-Pace and Moore, 2011). One intriguing
possibility is that, depending on the cellular context,
ddx5/ddx17-splicing activity or their transcriptional
activity could dominate each other and this could
participate in the dual function of ddx5 and ddx17 in
cancer. In this context, several reports have indicated
that the splicing and transcriptional activities of ddx5
and ddx17 can be modulated by different post-transla-
tional modifications that depend on cellular signaling
pathways (Yang et al., 2006, 2007; Jacobs et al., 2007;
Carter et al., 2010; Mooney et al., 2010a, b). In addition,
several post-translational modifications of ddx5 or
ddx17 have been shown to be altered in different
cancers (Causevic et al., 2001; Yang et al., 2005).
Therefore, different cellular signaling pathways acti-
vated in different cellular contexts may favor one of the
molecular functions of ddx5 and ddx17, which could

have different impact on cell behavior and tumor
progression.

Materials and methods

Cell culture, plasmid constructions and stable cell lines
Cells were maintained in DMEM supplemented with 10% fetal
bovine serum, 1% glutamine, 1% penicillin and streptomycin
antibiotics and 4,5 g/l glucose (HeLa, MCF-7) or 1 g/l glucose
(MDA-MB-231). HA-ddx5 and FLAG-ddx17 were cloned
in pTRE2-hyg vector to generate inducible MCF-7/Tet-On
stable cell lines (Clontech, Saint-Germain-en-Laye, France).
Resistant clones were selected with hygromycin (300 mg/ml,
Clontech) and protein expression was checked after doxycy-
cline treatment (1 mg/ml). NFAT5 exon 5 with 245 and 173 bp
of flanking introns was amplified by PCR with primers
containing NdeI restriction site: NFAT5_in4S (GGAATTCC
ATATGGAATTCCCTACCACTTCCAGC) and NFAT5_
in5AS (GGAATTCCATATGGAATTCCTTTATTGCCTCA
GC). NdeI-digested PCR product was cloned into pTB
minigene. Primers used for minigene assay are: pTBalpha
(CAACTTCAAGCTCCTAAGCCACTGC) and pTBbra
(GGTCACCAGGAAGTTGGTTAAATCA).

Cell transfection
Cells were transiently transfected with siRNAs (Table 1) at a
final concentration of 26.6 nM (except in Figure 3d, 10 nM
siddx5/17 and 20 nM siN5) using RNAiMax (Invitrogen,
Carlsbad, CA, USA). Cells were harvested 48 h after transfec-
tion. Transfections were performed using Lipofectamine LTX
(Invitrogen) in immunoprecipitation and minigene assays.
HeLa cells were plated and transfected with siRNAs targeting
ddx5 and ddx17 UTRs and transfected 24 h later with siRNAs
and expression vectors using Lipofectamine 2000 (Invitrogen)
in rescue experiments.

RNA, RT–PCR and RT–qPCR
Total RNAs were extracted using TRIzol (Invitrogen). 1ml of
Glycoblue (Ambion/Applied Biosystems, Austin, TX, USA)
was added before RNA precipitation with isopropanol. RNAs
(1 mg) were treated with DNase I (DNAfree, Ambion) 30min
at 37 1C and reverse-transcribed using SuperScript II and
random primers (Invitrogen). Before performing PCR, all RT
reaction mixtures were diluted to contain 2.5 ng/ml of initial
RNA. PCRs were performed using 5ml of the diluted cDNAs
and GoTaq polymerase (Promega, Madison, WI, USA).
qPCR was performed using 2.5 ml of the diluted cDNAs and
SYBR Green I Master mix on a LightCycler (Roche,
Mannheim, Germany). Primer sequences are provided in
Table 1. The relative amounts of mRNAs were determined
on the basis of the threshold cycle for each PCR product (Ct)
and were normalized with Actin RNA levels (CCTCCCTGG
AGAAGAGCTA; CCAGACAGCACTGTGTTGG). Primers
used to analyze S100A4 and LCN2 were: S100A4-E2S (GATG
TGATGGTGTCCACCTTC);S100A4-E3AS (GTACTCTTG
GAAGTCCACCTC); LCN2-E2S (GGTAGGCCTGGCAGGG
AATG); LCN2-E3AS (CTTAATGTTGCCCAGCGTGAAC).
Primers used to analyze NFAT5 splicing were: NFAT5-E3S2
(AATGAGTCAGACAAGCGGTG) and NFAT5-E6AS2
(TGGAAGAGGTGGTAAAGGAG). Primers used to analyze
UPF1 were: UPF1-S (ACACCAAGCTCTACCAGGAGG)
and UPF1-AS (ACAATGATGACGCCATACCTTG).

Western blot (WB)
Protein extracts were obtained using NP-40 buffer (50mM

Tris–HCl pH 8, 0.4M. NaCl, 5mM EDTA pH 8, 1% NP40,
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0.2% SDS, 1mM DTT) and protease inhibitors (Sigma
Aldrich, St Louis, MO, USA). 20 mg of proteins were analyzed
by WB. Used antibodies were: NFAT5 (PA1-023, Thermo
Fischer Scientific, Waltham, MA, USA), DDX5 (ab10261,
Abcam, Cambridge, MA, USA), DDX17 (ab24601 and
ab52826 for the in situ PLA, Abcam), c-Myc (9E10,
sc-40, Santa-Cruz Biotechnology, Santa Cruz, CA, USA),
Anti-FLAG M2 (Sigma Aldrich), Anti-HA (3F10, Roche) or
Actin (I19, sc-1616, Santa-Cruz Biotechnology) antibodies.

Co-immunoprecipitation
MDA-MB-231 cells were lysed 24 h after transfection in buffer
containing 50mM Tris–HCl pH 8, 150mM NaCl, 1% NP40,
1mM PMSF, protease and phosphatase inhibitors (Sigma).
Cleared cell extracts were incubated overnight with 4mg of
antibodies bound to protein G magnetic beads (Invitrogen).
The protein-bound magnetic beads were washed three times
with PBS1X, resuspended in loading buffer before WB
analysis. Inputs correspond to 5% volume of the cleared cell
lysates.

In situ PLA
The in situ PLA was conducted using the Duolink II Kit (Olink
Bioscience, Uppsala, Sweden) according to the manufacturer’s
instructions. Proximity ligation signals were detected with a
Zeiss fluorescence microscope (63� objective) and images
were processed with ImageJ software program.

Luciferase assay
The osmotic stress-responsive luciferase reporter plasmid ORE
Luc, which incorporates 132 bp of the human aldose reductase
gene enhancer containing three consensus binding sites for
NFAT5, was made by PCR amplifying genomic DNA (50-
TTACATGGAAAAATATCTGGGCTAG-30; 50-CTGGTAG
TGACTCAAGCAC-30) and cloning the resulting PCR frag-
ment 50 of the minimal SV40 promoter in the luciferase
reporter plasmid pGL3 (Promega) (Lopez-Rodriguez et al.,

2001). MDA-MB-231 were plated in 10-cm plates and
transfected with firefly luciferase reporter gene (3 mg), renilla
luciferase control plasmid (100 ng), NFAT5 (4 mg), ddx5 and
ddx17 expression vectors (2 mg). After 24 h, cells were plated in
6-well plates in triplicates. Harvested cells were lysed with lysis
buffer 5X to measure firefly and renilla luciferase activities
using Dual Luciferase Reporter Assay System (Promega).

ChIP and RNA-ChIP
Cells were cross-linked with 1% formaldehyde for 10min and
lysed in buffer containing 50mM Tris–HCl pH 7.5, 150mM

KCl, 5mM EDTA, 1% NP40, 0.1% SDS, 0.5% sodium
deoxycholate, 50mM sodium fluoride, phosphatase and
protease inhibitors. Chromatin was sheared by sonication
with Bioruptor (Diagenode, Liège, Belgium) to generate
B200-bp DNA fragments and incubated with antibodies and
magnetic beads overnight at 4 1C. Beads were washed five
times with buffer containing 50mM Tris–HCl pH7.5, 150mM

KCl, 1% NP40 and 0.25% sodium deoxycholate, and two
times with TE buffer. Antibody-bound chromatin was reverse-
crosslinked overnight at 65 1C and treated with proteinase K
(Qiagen, Valencia, CA, USA) before DNA purification on
column (Qiagen). Purified DNA was diluted three times in
water and analyzed by PCR using the following primers:
hS100A4-pS1 (CAGAGTCCTGCCCTCAAGGAA); hS100A4-
pAS1 (TCTCCGTGGTCATTCCCATC); hLCN2-pS1 (CCCA
TGCAAGGAGGGAAATC); and LCN2-pAS1 (CCTCATGGG
AGGTGGTGTTG). RNA-ChIP was performed using NFAT5-
E5S2 (TTGCCTCTGAAGCAGGGAGTG) and NFAT5-I5AS
(ATGCTGGTGGTCCACATTCAA) primers as previously
described (Bittencourt et al., 2008).

Migration assay
Cells were transfected with NFAT5 and b-Gal constructs
(1 mg) or with siRNAs (siNFAT5, siddx5/17, siddx5, siddx17).
Migration assay was performed as previously described
(Jauliac et al., 2002).

Table 1 Sequences of the siRNAs and primers used to quantify NFAT5 mRNAs by qPCR

SiRNAs Sequences

siCTRL CGUACGCGGAAUACUUCGAdTdT
siddx5/17 GGCUAGAUGUGGAAGAUGUdTdT
siUTRddx5 AACCGCAACCAUUGACGCCAUdTdT
siUTRddx17 UCAUGCAGAUUAGUUAGAAdTdT; CAGCAGACUUAAUU

ACAUUdTdT
siN5 GAAAGGAGCUGAAGAUAGUdTdT; GUAGGGAUAUUGAA

AUUGAdTdT
siE2 GUUACACCCAUCACAGAAUdTdT; GAAUUUUCAUAGAG

CUGGAdTdT
siE5 GACCUGUAGUUCUCUGCUUdTdT; GCAGGGAGUGUCU

GCAUUAdTdT

Primers Forward primer (50–30) Reverse primer (50–30)

Total human NFAT5 AGTGGACATTGAAGGCACTAC TTGGAACCAGCAATTCCTATTC
E5/E6 GATTTGCCTCTGAAGCAGGG CATAGCCTTGCTGTCGGTGAC
E3/E6 AGCTGTTGTTGCTGCTGATGCa CATAGCCTTGCTGTCGGTGAC
E4/E6 CTGCATTCTCATGTGCATGATCC GGGAGCTGAAGAAGCATCCTTa

E3/E4/E5/E6 AGCTGTTGTTGCTGCTGGGAa GGGAGCTGAAGAAGCATCTATa

E3/E5/E6 AGCTGTTGTTGCTGCTGGATTa GGGAGCTGAAGAAGCATCTATa

E1/E2 GATGCCCTCGGACTTCATCTC CTGTGATGGGTGTAACTTCAGAG
Total mouse NFAT5 GTGGACATTGAAGGTACCAC CTTCAACATCGGCATTCCTC
þmE4 GATTTGCCTCTGAAGCAGGG CATAGCCTTGCTGTCGGTGAC
�mE4 AGCTGTAGTTGCTGCTGATGCa CATAGCCTTGCTGTCGGTGAC

aPrimers overlapping two exons.
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ABSTRACT

Estrogen and androgen receptors (ER and AR) play
key roles in breast and prostate cancers, respect-
ively, where they regulate the transcription of large
arrays of genes. The activities of ER and AR are
controlled by large networks of protein kinases
and transcriptional coregulators, including Ddx5
and its highly related paralog Ddx17. The Ddx5 and
Ddx17 RNA helicases are also splicing regulators.
Here, we report that Ddx5 and Ddx17 are master
regulators of the estrogen- and androgen-signaling
pathways by controlling transcription and splicing
both upstream and downstream of the receptors.
First, Ddx5 and Ddx17 are required downstream of
ER and AR for the transcriptional and splicing regu-
lation of a large number of steroid hormone target
genes. Second, Ddx5 and Ddx17 act upstream of
ER and AR by controlling the expression, at the
splicing level, of several key regulators of ER and
AR activities. Of particular interest, we demonstrate
that Ddx5 and Ddx17 control alternative splicing of
the GSK3b kinase, which impacts on both ER and AR
protein stability. We also provide a freely available
online resource which gives information regarding
splicing variants of genes involved in the estrogen-
and androgen-signaling pathways.

INTRODUCTION

The sex steroid hormones, estrogen and testosterone,
influence normal physiology, reproduction and behavior.
Their biological functions are mediated through cognate
nuclear receptors that govern gene expression in hormone-

sensitive tissues. Many lines of evidence have implicated
steroid hormones as etiologic factors in the origin and
progression of various malignancies (1,2). Perturbation
of the estrogen-signaling pathway is associated with two-
thirds of breast cancers that express the estrogen receptor
alpha (ERa), which is considered as a good prognosis
marker. The androgen receptor (AR) is activated by the
binding of testosterone or its physiologically active metab-
olite, 5a-dihydrotestosterone (DHT) and is involved in
prostate cancer initiation and metastasis.
ERa and AR are members of the large superfamily of

nuclear receptors and act as ligand-activated transcription
factors. The canonical model of steroid receptor action
implies a ligand-specific conformational change triggering
its phosphorylation, homodimerization and binding to
hormone responsive elements located in promoters or regu-
latory regions of target genes (3). Activation of the estrogen
and androgen pathways requires the concerted action of a
plethora of factors. Some of them are involved in posttrans-
lational modifications of the hormone receptors, impacting
for example on their subcellular localization or stability (4–
6). Other factors, the so-called transcriptional coregulators,
are recruited by hormone receptors on target promoters to
mediate their effects on transcription (7,8). For both ERa
andAR, dozens of coregulators, including coactivators and
corepressors, have been identified. However, most of them
have been studied in the context of a few target genes, and
therefore it is currently unknown whether they contribute
to the hundreds of gene regulations induced by hormones.
Among these, the DEAD-box RNA helicase Ddx5

(p68) and its highly related paralog, Ddx17 (p72), are tran-
scriptional coregulators of ERa and AR (9,10). Ddx5 and
Ddx17 interact directly with ERa and AR and were shown
in a few cases to be recruited to target promoters (11,12)
where they might modulate RNA polymerase II recruit-
ment. However, the extent of ERa and AR endogenous
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target genes on which Ddx5/Ddx17 act as transcriptional
coregulators is not known. In addition to being transcrip-
tional coregulators, Ddx5 and Ddx17 are bona fide com-
ponents of the splicing machinery, the spliceosome (13),
and play a role in the regulation of alternative splicing that
leads to the production from the same gene of several
splicing variants coding for different protein isoforms
with different and sometimes opposite biological activities
(14–17). Alternative splicing is the rule, not the exception,
as 90% of human genes produce several splicing variants.
Alternative splicing is the main mechanism increasing the
diversity of the proteome coded by a limited number of
genes (18). In this context, the Ddx5 and Ddx17 multi-
functional proteins could coordinate transcription and
splicing allowing the production of the proper isoform
from hormone target genes as previously suggested by
using minigene reporter assay (19). However, whether
Ddx5 and Ddx17 regulate splicing of endogenous
hormone target genes is not known.
In this work, we report using large-scale approaches for

first time that Ddx5 and Ddx17 are master regulators of
the estrogen and androgen-signaling pathways. Indeed,
these proteins are not only required for regulating the
expression of a large number of endogenous estrogen-
and androgen-target genes both at the transcriptional
and splicing level but remarkably, they are also acting
upstream of the estrogen and androgen receptors by
controlling the expression, at the splicing level, of several
key regulators of the hormone-signaling pathways.

MATERIALS AND METHODS

Cell culture and stable cell lines

MCF-7 cells were grown in DMEM and LNCaP cells in
RPMI-1640 (Gibco/LifeTechnologies). Both mediums
were supplemented with 10% fetal bovine serum, 1%
glutamine and 1% penicillin/streptomycin. Cells were
maintained at 37�C in a humidified atmosphere of 95%
air and 5% CO2. Wild-type Ddx5-HA and Ddx17-HA
and mutated Ddx5-HA K144A and Ddx17-HA K142R
were cloned into pTRE2-hyg vectors to generate inducible
MCF-7/Tet-On stable cell lines (Clontech). Resistant
clones were selected with hygromycin (300mg/ml,
Clontech) and protein expression was checked after
Doxycycline treatment (1mg/ml) for 48 h.

Cell transfection and treatment

A total of 3� 106 cells were transiently transfected with
26.6 nM siRNAs (Supplementary Table S3) using Lipo-
fectamine RNAiMax (LifeTechnologies). Twenty-four
hours before treatment, MCF-7 and LNCaP cells, were
cultured in red phenol-free medium supplemented with 2%
charcoal-treated FBS. Cells were treated with E2 (10 nM;
Sigma) for 1 or 10 h or DHT (10 nM; Sigma) for 24 h.
Control cells received equal volumes of vehicle (ethanol).

RNA preparation, RT–PCR and RT–qPCR

Total RNAs were prepared using TRIpure Isolation
Reagent (Roche), and 1 ml of Glycoblue (Ambion) was

added before RNA precipitation. Nuclear fractionation
was performed as previously described (20). Reverse tran-
scription (RT) was performed with 1–2 mg of total RNA
using M-MLV Reverse Transcriptase (LifeTechnologies)
and random primers. The RT reactions were diluted and
used either for PCR analysis using GoTaq Flexi DNA
Polymerase (Promega) or in qPCR using SYBR Green I
Master Mix (Roche) on a Roche LightCycler 480 II.
Primer sequences are provided in Supplementary Table
S3. The relative RNA levels were determined on the
basis of the threshold cycle (Ct) for each qPCR product
and normalized to 18S ribosomal RNA levels.

Affimetrix exon array

One microgram of total RNA was processed with the
GeneChip WT Sense Target Labeling kit and hybridized
to GeneChip Human Exon 1.0 ST arrays. Affymetrix
exon-array data were normalized with quantile normaliza-
tion. Antigenomic probes were used to perform the back-
ground correction. Only probes targeting exons annotated
from full-length cDNA were retained for analysis. Cross
hybridizing probes and probes with lower signals intensity
than anti-genomic background probes showing the same
GC content were removed. Only probes with a DABG
P-value� 0.05 in at least half of the arrays were con-
sidered for further statistical analysis. Arrays were per-
formed in four independent replicates. The strategies
adopted to identify E2-, DHT-regulated and Ddx5/17-
dependent genes are described in Supplementary Figure
S1. Briefly, the median intensity of all constitutive
exonic probes was calculated for each gene in each
sample, and the experimental samples and control
groups were compared using a Student’s paired t-test.
Paired statistical analyses were performed using the
Student’s paired t test on the splicing index (SI) to
analyze the Exon Array data at the exon level (SI> 1.5,
P< 0.05). The SI corresponds to a comparison of gene-
normalized exon intensity values between the two
analyzed experimental conditions.

Western blot analysis

Total protein extracts were obtained using NP-40 buffer
(50mM Tris–HCl pH 8, 0.4M. NaCl, 5mM EDTA pH 8,
1% NP40, 0.2% SDS, 1mM DTT) supplemented with
Protease and Phosphatase Inhibitors (Roche). An
amount of 20 mg of proteins were separated by
NuPAGE� Novex 3-8% Tris-Acetate or 12% bis-tris-
Acetate Gels (LifeTechnologies). Membranes were
incubated with specific primary antibodies against Ddx5
(ab10261, Abcam), Ddx17 (ab24601 Abcam), SMRT (H-
300, sc-20778 Santa Cruz), AR (441, sc-7305), ERa (F-10,
sc-8002 Santa Cruz), GSK3b (27C10, Cell signaling) and
b-Actin (I-19, sc-1616 Santa Cruz).

Chromatin-immunoprecipitation

ERa chromatin-immunoprecipitation (ChIP) assay was
performed in MCF-7 cells using anti-ERa antibody
(HC-20, sc-543 Santa Cruz). Ddx5-HA ChIP assay was
performed in inducible MCF-7 cell line as previously
described (21) using anti-HA antibody (3F10, Roche).
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MCF-7 or MCF-7 inducible cell lines were maintained in
red phenol-free medium supplemented with 2% charcoal-
treated FBS. Cells were treated with E2 (10 nM; Sigma)
for 1 h before fixation. Primers used are detailed in
Supplementary Table S3.

RESULTS

Ddx5 and Ddx17 are master regulators of the estrogen-
signaling pathway

In order to assess the extent to which Ddx5 and Ddx17
participate in gene expression regulation in response to
estradiol (E2), ER-positive MCF-7 breast cancer cells
were treated with E2 or vehicle for 10 h after being trans-
fected with a control siRNA (siCTRL) or an siRNA
(siDdx5/17) targeting a conserved region shared by
Ddx5 and Ddx17 (Figure 1A). Whole-transcriptome
analysis was performed using Affymetrix Exon Arrays,
which allowed us to assess expression at the global gene
level as well as at the exon level. The median intensity of
exonic probes of each gene was computed in each sample
from four independent experiments. Using cutoffs of 1.5
for fold change and 0.05 for P-value, 354 (67%) and 173
(33%) genes were predicted to be activated and repressed
by E2, respectively (Figure 1B). Comparative analysis of
control and Ddx5/17-depleted cells (Supplementary Table
S1) revealed that Ddx5 and Ddx17 are required for the
regulation of 186 (53%) of E2-activated and 98 (57%) of
E2-repressed genes (Figure 1B and Supplementary Table
S1) as validated by RT–qPCR for a large number of cases
(Figure 1C). Similar results were observed in a subset of
selected genes using another set of siRNAs targeting Ddx5
and Ddx17 (Figure 1D and Supplementary Figure S2A).

The observed effects likely occurred at the transcrip-
tional level as Ddx5/17 depletion abrogated E2-mediated
effects at the pre-mRNA level and did not significantly
affect the half-life of the tested E2-regulated mRNAs
(Figure 1E and Supplementary Figure S2C).
Furthermore, ERa and Ddx5 were detected on a subset
of E2-target genes and their recruitment was increased
after E2 treatment as demonstrated by ChIP assay
(Figure 1F). These results are in agreement with
previous reports (9,11,22,23) indicating that Ddx5 and
Ddx17 are bona fide ERa transcriptional coregulators
and are therefore required for mediating E2 effects on
transcription. However, we observed that Ddx5/17 deple-
tion also decreased ERa protein (but not mRNA) levels
(Figure 1G), suggesting that Ddx5 and Ddx17 may also
contribute to the estrogen-signaling pathway by another
mechanism (see below). Of note, Ddx5/17 depletion did
not affect other signaling pathways (Supplementary
Figure S2D).

In addition to their role in transcription, Ddx5 and
Ddx17 have been shown to play a role in alternative
splicing regulation (14–17). The analysis of Exon Array
data revealed that Ddx5 and Ddx17 silencing changed
the splicing pattern of 65 genes among the E2-regulated
genes (Figure 2A and Supplementary Table S1), as
validated by RT–PCR (Figure 2B). Therefore, Ddx5 and
Ddx17 are not only required for the E2-mediated effects on

transcription, but also for the production of specific
isoforms from, at least, a subset of endogenous E2-
regulated genes. However, as most of the genes regulated
at the splicing level by Ddx5 and Ddx17 were not regulated
at the transcriptional level by E2 treatment (Figure 2A),
this suggested that Ddx5/17 effects on splicing and E2
effects on transcription were mainly independent.

Ddx5 and Ddx17 regulate splicing of several genes
involved in the estrogen-signaling pathway

Among 193 genes encoding for mediators or regulators of
the estrogen-signaling pathway, 26 were predicted to be
regulated by Ddx5/17 at the splicing level (Figure 2C and
Supplementary Figure S3A). For example, several genes
coding for protein kinases involved in ERa phosphoryl-
ation, including CDK2, p38 MAPK (ERK2) and GSK3b,
were affected at the splicing level when Ddx5 and Ddx17
were knocked down (Figure 2D and Supplementary
Figure S3A). Likewise, several ERa transcriptional
coregulators were affected at the splicing level by Ddx5/
17 silencing (Figure 2D and Supplementary Figure S3A).
This included transcriptional coactivators like CREB-
binding protein (CBP) and the Mediator Subunit 1
(MED1) that plays a crucial role to anchor liganded
ERa to the transcriptional pre-initiation complex (24),
as well as several corepressors such as the nuclear
corepressor 1 (N-CoR1) and its paralog N-COR2, also
known as SMRT (Silencing Mediator of Retinoic acid
and Thyroid hormone receptor) (25). The identity of
some splicing variants was verified by sequencing
(Supplementary Figure S4).
To further confirm the effects of Ddx5 and Ddx17 on

splicing, inducible stable MCF-7 cell lines expressing wild
type or helicase-mutated Ddx5 were transfected with a
control siRNA or a mixture of siRNAs targeting DDX5
andDDX17UTRs. The re-expression of wild-type, but not
mutated Ddx5, partially rescued the effect of the siDdx5/17
UTR on the splicing pattern (Figure 2E, left panel). Similar
results were obtained in inducible stable MCF-7 cell lines
expressing wild-type Ddx17 or the mutant K142R lacking
the helicase activity (Figure 2E, right panel). This observa-
tion raised the possibility that Ddx5 and Ddx17
contributed to the ERa-signaling pathway not only as
ERa transcriptional coregulators but also by regulating
the splicing pattern of key actors of the pathway.
To address the functional relevance of splicing regula-

tion of key actors of the ERa-signaling pathway by Ddx5
and Ddx17, we focused on the SMRT transcriptional
corepressor. As shown in Figure 3A, RT–qPCR analysis
confirmed the RT–PCR data (Figure 2D) and showed
that Ddx5/17 depletion induced exon 42 skipping
(SMRT�E42). Interestingly, exon 42 skipping is predicted
to introduce a premature stop codon in exon 43
(Figure 3B, upper panel), suggesting that SMRT�E42
transcripts might be unproductive (that is, not translated)
and regulated by the nonsense-mediated mRNA decay
(NMD) pathway. Supporting this hypothesis, incubation
of MCF-7 cells with the translation inhibitor
cycloheximide, that blocks mRNA degradation by the
NMD pathway, increased the ratio of SMRT�E42
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transcripts to transcripts containing exon 42
(SMRT+E42) (Figure 3B, lower panel). In addition and
as expected from the increased NMD-degraded
SMRT�E42 production, Ddx5/17 depletion induced a

decrease of SMRT protein expression levels (Figure 3C,
left panel). Finally, MCF-7 cells transfected with siRNA
targeting SMRT mRNA showed a significantly reduced
E2 effect on a subset of downregulated transcripts

A

D

F

G

E

B C

Figure 1. Ddx5 and Ddx17 are master regulators of the estrogen-signaling pathway. (A) Western blot analysis of Ddx5, Ddx17 and b-Actin as
loading control, using total protein extract from MCF-7 cells transfected with either a control siRNA or siDdx5/17 in the presence or absence of
estradiol (E2) for 10 h. (B) In silico prediction of Exon array analysis of genes regulated at the global expression level by E2 and dependent of Ddx5
and Ddx17 (in gray). (C) Hormone fold change induced by E2 treatment for 10 h of the expression level of a subset of mRNAs as determined by
RT–qPCR in MCF-7 cells transfected with siCTRL or siDdx5/17 (genes upregulated by E2 in the upper panel and genes downregulated by E2 in the
lower panel). (D) Hormone fold change induced by E2 treatment for 10 h of the expression level of a subset of mRNAs as determined by RT–qPCR
in MCF-7 cells transfected with siCTRL or a mixture of siRNAs-targeting Ddx5 and Ddx17 UTRs (siDdx5/17 UTR). (E) Hormone fold change as
assessed by RT-qPCR measuring the unspliced pre-mRNAs of E2-regulated genes in the nuclear extracts. MCF-7 cells were transiently transfected
with Control siRNA or siDdx5/17 then treated with E2 or vehicle for 1 h. (F) qPCR analysis using primers spanning promoter regions of a subset of
E2-regulated genes on genomic DNA in a ChIP assay using MCF-7 for ERa (left panel) and MCF-7 stable cell lines expressing Ddx5-HA (right
panel). (G) Western blot analysis of ERa and b-Actin as loading control using MCF-7 cells transfected with either a control siRNA or siDdx5/17 in
the presence or absence of estradiol (E2) for 10 h (left panel). Relative expression level of ERa mRNA as assessed by RT–qPCR analysis (right
panel). Histograms represent the average of at least three independent experiments. Error bars, s.e.m.; *P< 0.05; **P< 0.01; ***P< 0.001 (t-test).
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compared with control cells (Figure 3C, right panel and
3D). Altogether, these data indicated that the role of Ddx5
and Ddx17 in the regulation of the estrogen-signaling
pathway is not limited to their function as ER transcrip-
tional coregulators on estrogen-regulated genes, but also
pointed to a previously undocumented regulation of
coregulated splicing events directly linked to this pathway.

Ddx5 and Ddx17 play a major role in the androgen-
signaling pathway

As for ERa, Ddx5 and Ddx17 are transcriptional
coregulators of AR. To study the genome-wide contribu-
tion of Ddx5 and Ddx17 to the androgen-signaling
pathway, we applied the same experimental strategy
using the human LNCaP prostate cancer cell line that
was treated with DHT for 24 h (Figure 4A). Affymetrix
Exon array analysis predicted that out of a total of 1573
DHT-regulated genes, 1319 (84%) were activated and 254
(16%) repressed (Figure 4B). In silico analysis predicted
that 868 (66%) of DHT-activated and 103 (40%) of DHT-
repressed genes were regulated in a Ddx5/17-dependent
manner (Figure 4B and Supplementary Table S2), as
validated by RT–qPCR (Figure 4C).

When analyzing Exon Array data at the exon level, we
identified 371 DHT-regulated genes (among 1573) whose

splicing was affected by Ddx5/17 depletion (Figure 4D
and Supplementary Table S2), as validated by RT–PCR
(Figure 4E). Finally, as shown in Figure 4F, several (24
out of 144) Ddx5/17-regulated splicing variants are
produced from genes involved in the regulation of the
androgen-signaling pathway (Figure 4G and
Supplementary Figure S3B).
Of particular interest, and similarly to our observation

on ERa, Ddx5/17 depletion in LNCaP cells, reduced
AR protein (but not mRNA) level (Figure 4H).
Therefore, Ddx5 and Ddx17 likely contribute to both
estrogen and androgen-signaling pathways through
several mechanisms.

Ddx5 and Ddx17 stabilize ERa and AR by modulating
GSK3b splicing

Comparing the data obtained in both MCF-7 and LNCaP
cells, we observed that several genes regulated at the
splicing level by Ddx5/17 are involved in both ERa and
AR-signaling pathways (e.g. CBP, MED1, N-COR1,
SMRT and GSK3b) (Figure 2D, 4G and Supplementary
Figure S3). Interestingly, it has been shown that the
GSK3b kinase phosphorylates and stabilizes both ERa
(5,26) and AR (6,27). Two GSK3b isoforms, resulting
from exon 9 alternative splicing, have been reported in
rodents (28,29) and human (30). The conventional

A

C D E

B

Figure 2. Ddx5 and Ddx17 regulate splicing of a subset of E2-target genes and genes involved in estrogen-signaling pathway. (A) in silico prediction
of Exon array analysis. Venn diagram representing E2-regulated genes and genes that were regulated by Ddx5 and Ddx17 at the splicing level. (B)
Validation by RT–PCR of splicing variants produced from E2-target genes and regulated by Ddx5 and Ddx17. Exons are represented by white boxes
and primers used for PCR by black arrows. (C) Diagram representing ER-signaling regulators genes that were regulated by Ddx5 and Ddx17 at the
splicing level. (D) Validation by RT–PCR of splicing events regulated by Ddx5/17. MCF-7 cells were transfected for 48 h with a Control siRNA
(siCTRL) or siDdx5/17, then treated for 10 h with E2 (10 nM). Depletion of Ddx5 and Ddx17 induced both exon inclusion and exon skipping. (E)
Rescue experiments in inducible stable cell lines. Re-expression of wild-type or mutated Ddx5 (left panel) and Ddx17 (right panel) forms in MCF-7
inducible stable cell lines after transfection with siRNAs targeting DDX5 and DDX17 UTRs was induced by Doxycyclin (1 mg/ml) treatment.
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isoform GSK3b1 that regulates ERa and AR protein sta-
bility does not contain exon 9 in contrast to the GSK3b2
isoform (Figure 5A, upper panel). Interestingly, exon 9
encodes for a 13 amino acid peptide within the kinase
catalytic domain, which reduces the kinase activity of
the GSK3b2 isoform compared with the canonical
GSK3b1 isoform (28,30,31).
We first validated the effect of Ddx5/17 depletion on

GSK3b exon 9 splicing by RT–qPCR analysis (bottom
panel of Figure 5A). This confirmed that in the absence
of Ddx5/17, exon 9 inclusion augments, indicating that the
production of GSK3b2 splicing variant is increased while
the GSK3b1 splicing variant is decreased in MCF-7 cells.
Accordingly, a western blot analysis showed that Ddx5/17
silencing resulted in the appearance of a slower migrating
protein band detected by the GSK3b antibody (Figure
5B), consistent with the detection of the GSK3b2
isoform (32), while the GSK3b1 isoform decreased.
As previously reported (5,26,33), GSK3b depletion and

pharmacological inhibition resulted in ERa protein
level decrease (Figure 5C). Remarkably, Ddx5/17 deple-
tion had the same effect (Figure 5C) and this effect was
further enhanced in MCF-7 cells transfected with specific
siRNAs (Figure 5D, upper panel) targeting the GS3K3b1
but not the GSK3b2 isoform (Figure 5D, bottom panel).
Collectively these results support a model in which Ddx5/
17 silencing reduces the production of the canonical
GSK3b1 isoform, resulting in a decreased ERa protein
level. Similar results were obtained in LNCaP cells:
Ddx5/17 depletion decreased the production of the
conventional GSK3b1 isoform (Figure 5E, upper panel)
as well as AR protein level, as did GSK3b depletion or

pharmacological inhibition (Figure 5E, bottom panel), as
previously reported (6,27,34,35).

Therefore, Ddx5/17 directly participate to the estrogen-
and androgen-signaling pathways as ERa and AR tran-
scriptional coregulators but also indirectly by regulating
alternative splicing of other transcriptional coregulators
or other actors of the signaling pathways (Figure 5F,
and see ‘Discussion’ section).

DISCUSSION

Activation of the estrogen and androgen-signaling
pathways requires the concerted action of a plethora of
factors that either affect post-translational modifications
of ERa and AR or are recruited on hormone target genes
to mediate their transcriptional effects. In this work, we
report that the Ddx5 and Ddx17 RNA helicases, that have
been shown to be ERa and AR transcriptional
coregulators (see ‘Introduction’ section), are master regu-
lators of the estrogen and androgen-signaling pathways by
controlling transcription and splicing both upstream and
downstream of receptors (Figure 5F). Indeed, Ddx5 and
Ddx17 regulate the expression of a large number of
estrogen- and androgen-target genes both at the transcrip-
tional and splicing levels (Figures 1–4). Therefore, Ddx5
and Ddx17 intervene downstream of the signaling
pathways for the transcriptional and splicing regulation
of hormone-targeted genes. This result observed on a
large scale on endogenous hormone target genes
supports a model where at least some transcriptional
coregulators are not only involved in the quantitative
regulation of endogenous gene expression but also in

A B C

D

Figure 3. Ddx5 and Ddx17 control SMRT protein expression level. (A) RT–qPCR analysis measuring SMRT splicing variant expression level in
MCF-7 cells transfected for 48 h with a control siRNA (siCTRL) or siDdx5/17. Specific primers were designed to amplify transcripts containing or
not exon 42, SMRT+E42 and SMRT�E42, respectively. (B) Upper panel, skipping of exon 42 results in a premature stop codon in exon 43. Lower
panel, RT–qPCR analysis measuring SMRT splicing variant ratio in MCF-7 cells after 6 h of cycloheximide treatment (10 mg/ml). (C) Western blot
analysis of SMRT protein expression level and b-Actin as a loading control in MCF-7 cells transfected with a control siRNA, siDdx5/17 or siRNA-
targeting SMRT mRNA. (D) Hormone fold change induced by E2 treatment for 10 h of the expression level of a subset of mRNAs as determined by
RT-qPCR in MCF-7 cells transfected with siCTRL or siSMRT. Histograms represent the average of at least three independent experiments. Error
bars represent s.e.m.; **P< 0.01; ***P< 0.001 (t test).
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their qualitative regulation by allowing the production of
specific splicing variants in response to stimuli.

Furthermore, we show that Ddx5 and Ddx17 act
upstream of the estrogen and androgen-signaling
pathways by controlling the expression, at the splicing

level, of several key regulators of the hormone-signaling
pathways. (Figures 1–4 and 5F). Of particular interest, we
showed that Ddx5 and Ddx17 controlled the expression
level of the SMRT transcriptional coregulator. Indeed,
Ddx5/17 depletion favored the production of a SMRT

A

D

F

H

G

E

B C

Figure 4. Ddx5 and Ddx17 play a major role in the androgen-signaling pathway. (A) Western blot analysis of Ddx5, Ddx17 and b-Actin as loading
control, using total protein extract from LNCaP cells transfected with either a control siRNA (siCTRL) or siDdx5/17 in the presence or absence of
DHT for 24 h. (B) In silico prediction of exon array analysis of genes regulated at the global expression level by DHT and dependent of Ddx5 and
Ddx17 (in gray). (C) Hormone fold change induced by DHT treatment for 24 h of the expression level of a subset of mRNAs as determined by RT–
qPCR in LNCaP cells transfected with siCTRL or siDdx5/17 (genes upregulated by DHT in the upper panel and genes downregulated by DHT in
the lower panel). (D) In silico prediction of Exon array analysis. Venn diagram representing DHT-regulated genes and genes that were regulated by
Ddx5 and Ddx17 at the splicing level. (E) Validation by RT–PCR of splicing variants produced from DHT-target genes and regulated by Ddx5 and
Ddx17. LNCaP cells were transfected with siCTRL or siDdx5/17 then treated by DHT (10 nM) for 24 h. (F) Diagram representing AR-signaling
regulators genes that were regulated by Ddx5 and Ddx17 at the splicing level. (G) Validation by RT–PCR of splicing events regulated by Ddx5/
Ddx17 in the same experimental condition than F panel. (H) Western blot analysis of Ddx5, Ddx17, AR proteins level. b-Actin was used as loading
control (left panel). LNCaP cells were transfected with either a control siRNA or siDdx5/17 in the presence or absence of DHT for 24 h. RT–qPCR
analysis of the relative expression level of AR mRNA (right panel). Histograms represent the average of at least three independent experiments.
Error bars represent s.e.m.; *P< 0.05; **P< 0.01 (t-test).
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splicing variant that is degraded by the NMD pathway,
leading to the decrease of SMRT protein level (Figure 3).
Furthermore, we demonstrated that Ddx5 and Ddx17
regulated alternative splicing of GSK3b, thereby
controlling AR and ERa protein levels (Figure 5). Thus,
our data show that Ddx5/17 control steroid hormone-sig-
naling pathways on a large scale, by acting both upstream
and downstream of hormone receptors.
One interesting remaining question is whether Ddx5

and Ddx17 effects on transcription and splicing are
somehow connected. At the transcriptional level, it
has been proposed that Ddx5 and Ddx17 are recruited
at the promoter level by transcriptional factors and
serve as a bridge between transcription factors and
other transcriptional coregulators, in particular, histone
modifiers CBP (36,37) and HDACs (38). The effects
of Ddx5 and Ddx17 in splicing are less characterized.

It has been proposed that, these proteins may help the
binding of splicing regulators on their target pre-
mRNAs owing to their RNA helicase activity (14,15,39).
Interestingly, Ddx5 and Ddx17 interact with RNA poly-
merase II (RNAPII) and could affect transcription
elongation (40,41). Because transcription elongation can
have an impact on alternative splicing regulation (42),
Ddx5 and Ddx17 could impact on splicing owing to
their effects on transcription elongation. However, as
most of the genes regulated at the splicing level by
Ddx5 and Ddx17 were not regulated at the transcriptional
level by E2 or DHT treatment (Figures 2A and 4D),
this suggested that Ddx5/17 effects on splicing and E2
or DHT effects on transcription were mainly independent.
However, this does not exclude a link between tran-
scription and splicing. For example, Ddx5 and Ddx17
may have to be first recruited by the transcriptional

A

E F

B

C

D

Figure 5. Ddx5 and Ddx17 stabilize ERa and AR protein by modulating GSK3b splicing. (A) Schematic representation of GSK3b primary tran-
scripts (upper panel). RT–qPCR analysis measuring the GSK3b1 and GSK3b2 ratio in MCF-7 cells transfected with a control siRNA or siDdx5/17.
(B) Western blot analysis of GSK3b and b-actin as a loading control in MCF-7 cells transfected with a control siRNA or siDdx5/17. (C) Western
blot analysis of ERa protein level and b-actin as a loading control in MCF-7 cells transfected with a control siRNA, siDdx5/17 or siGSK3b (left
panel) or treated with 20 mM of the SB-216673 GSK3b inhibitor for 24 h (right panel). (D) RT–qPCR analysis measuring GSK3b1 and GSK3b2
splicing variant expression level in MCF-7 cells transfected with specific siRNAs targeting each isoform (i.e. siGSK3b1 and siGSK3b2, upper panel).
Western blot analysis of ERa protein level and b-Actin as a loading control in MCF-7 cells transfected with a control siRNA, siDdx5/17 and
siGSK3b1 or siGSK3b2 (lower panel). (E) RT–qPCR analysis measuring the GSK3b1 and GSK3b2 ratio in LNCaP cells transfected with a control
siRNA or siDdx5/17 (upper panel). Western blot analysis of AR protein level and b-actin as a loading control in LNCaP cells transfected with a
control siRNA, siDdx5/17 or siGSK3b or treated with 20 mM of the SB-216673 GSK3b inhibitor for 24 h (lower panels). (F) Ddx5 and Ddx17 that
are recruited by Steroid Hormone Receptors (HR) on Hormone Responsive Elements (HRE) act as transcriptional coregulators and regulate
alternative splicing of a least a subset of hormone-regulated genes (left panel). Meanwhile, Ddx5 and Ddx17 control the expression at the
splicing level of key regulators of the steroid hormone-signaling pathways. Effectors of the steroid hormone-signaling pathways regulated at the
splicing level by Ddx5/17 can either be transcriptional coregulators (e.g. SMRT) or proteins modulating HR post-translational modifications, like
GSK3b that controls AR and ERa protein expression levels.
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machinery before being loaded onto the nascent RNA
molecules to impact on splicing; the recruitment by the
transcriptional machinery may not necessarily be measur-
able by an effect on gene transcription activity.

Even though further experiments are required to better
understand the mechanisms by which Ddx5 and Ddx17
affect transcription and splicing, their broad effects on
the estrogen and androgen-signaling pathways has
several physio-pathological consequences. First, the
misregulation of Ddx5 and/or Ddx17 expression level
and/or activity owing to posttranslational modifications
that was reported in many cases of breast and prostate
cancer (10,23,43–45), may have a broad impact on the
estrogen- and androgen-signaling pathways that play a
major role in the etiology and progression of those
cancers. For example, the Ddx5 gene is fused in frame
to the ETV4 gene in prostate tumors (43). Based on our
data, it can be anticipated that such a translocation may
have a broad impact on the androgen-signaling pathway
in these tumors.

Second, we observed that many of the Ddx5/17 splicing-
regulated genes have been reported to play a direct role in
tamoxifen resistance, one of the major endocrine therapies
of breast cancer. This includes several transcriptional
coregulators such as SMRT, MED1 and NCoR1
involved in resistance to tamoxifen (46–48) and several
kinases such as GSK3b, CDK2 and RET which partici-
pate, directly or indirectly, to ERa phosphorylation and
thus, the hormone-independent activation of ER and tam-
oxifen resistance (49–51). Interestingly as well, Ddx5
expression correlates with that of HER-2/neu epidermal
growth factor receptor (23,45). It has been reported that
overexpression of HER2/neu is associated with increased
ER phosphorylation on ser-118 residue (52) which could
play a role in resistance to tamoxifen by permanent ERa
activation. Interestingly, even though further experiments
are required because of potential contradictory reported
data, high Ddx5 expression level could be associated with
higher tumor grade or poor prognosis in ER-positive
breast cancer patients (23,53). Furthermore, a recent
report indicate that, Ddx5 and Ddx17 proteins level
change significantly according to breast cancer subtype
(45) and is highly dependent on certain miRNAs abun-
dance and regulation, in particular miR-206 that has
been reported to play a major role in breast cancer and
estrogen pathway (54). Therefore, changes in the expres-
sion of Ddx5 and Ddx17, in particular under the control
of altered miRNAs in breast cancer, could play a role in
resistance to tamoxifen, in particular owing to their effects
on splicing of genes involved in resistance (see above). It
would be particularly interesting to test whether resistance
to endocrine therapy is associated with mis-regulation of
splicing of genes involved in steroid hormone-signaling
pathways.

While many researches have been concentrated on the
canonical GSK3b1, ubiquitously distributed in organs,
minor attention was attributed to GSK3b2 isoform,
whose substrate preference and physiological significance
remain unclear. In GSK3b2 long isoform, exon 9 transla-
tion produces a 13 amino acid insert of unknown function
in an external loop near the catalytic domain (28–30)

which was associated with reduced kinase activity
(30,31). Changes in the balance of GSK3b2/GSK3b1
isoforms due to alternative splicing regulation could
have a broad impact in cancer initiation or progression,
not only owing to an effect on ER and AR protein level, as
reported in this work but also owing to the key role of
GS3Kb in the b-catenin homeostasis and its cross-talk
with WNT-signaling pathway.
Because there is increasing evidence that the interplay

between transcription and splicing participates in signal-
ing pathway regulation and outcomes, we created a freely
available website, named SSAS-DB (http://fasterdb.lyon.
unicancer.fr/ssas-db/home.pl) that provides genome-wide
information on the impact of estrogen, androgen and
Ddx5/17 on gene expression in breast and prostate
cancer cell lines, at both whole-gene (transcriptional)
and exon- (alternative splicing) levels. This website is a
valuable tool to analyze the splicing variants of
hormone-regulated genes or genes involved in hormone-
signaling pathways (see Supplementary Figure S5 for
further information on SSAS-DB).
In conclusion, our work provides a new understanding

of steroid hormone-signaling pathways owing to the iden-
tification of two related proteins, Ddx5 and Ddx17, that
not only mediate the regulation at both transcriptional
and splicing levels of a large subset of steroid hormone
target genes, but also control a set of splicing events in
genes that, in turn, control steroid receptor abundance
and activity. Thus, we propose that Ddx5 and Ddx17
are master regulators of estrogen and androgen-signaling
pathways by acting both upstream and downstream of
receptors.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online,
including [55].
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