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Abstract  

Our previous studies have shown that IWS1 (Interacts with Spt6) is a phosphorylation target of 

AKT and regulates the alternative RNA splicing of FGFR-2, linking IWS1 with human Non-Small 

Cell Lung Cancer. To further address the role of IWS1 in alternative RNA splicing in lung cancer, 

we performed an RNA-seq study using lung adenocarcinoma cells in which IWS1 was knocked 

down or replaced by its phosphorylation site mutant. The results identified a novel, exon 2 

deficient splice variant of the splicing factor U2 Associated-Factor 2 (U2AF2), whose abundance 

increases, upon the loss of phosphorylated IWS1. This exon encodes part of the U2AF65 Serine-

Rich (SR) Domain, which is required for its binding with pre-mRNA Processing factor 19 (Prp19). 

Here, we show that U2AF2 exon 2 inclusion depends on phosphorylated IWS1, by promoting 

histone H3K36 trimethylation and the assembly of LEDGF/SRSF1 splicing complexes, in a cell-

cycle specific manner. Inhibition of the pathway results in the downregulation of cell cycle division 

associated 5 (CDCA5), a phosphorylation target and regulator of ERK, leading to G2/M phase 

arrest, impaired cell proliferation and tumor growth in mouse xenografts models, an effect more 

pronounced in EGFR mutant cells. Analysis of lung adenocarcinoma samples revealed strong 

correlations between IWS1 phosphorylation, U2AF2 RNA splicing, and Sororin/p-ERK levels, 

especially in EGFR, as opposed to KRAS mutant patients. More importantly, IWS1 

phosphorylation and U2AF2 RNA splicing pattern are positively correlated with tumor stage, grade 

and metastasis, and associated with poor survival in lung adenocarcinoma patients, harboring 

EGFR, but not KRAS, mutations. This work highlights the instrumental role of the AKT/p-IWS1 

axis to alternative RNA splicing in governing cell cycle progression and tumorigenesis, and 

proposes this axis as a novel drug target in EGFR mutant lung adenocarcinoma, by concomitantly 

affecting the epigenetic regulation of RNA processing and oncogenic signals. 
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Introduction 

  Cells use a variety of mechanisms to regulate the fine-tuning of mRNA expression 

(Glisovic T. et al., 20081). These co- and post-transcriptional processes are orchestrated by a 

complex RNA-binding protein network. (Jewer M. et al., 20122). One of the main mechanisms of 

this regulation is alternative RNA splicing. Most human genes harbor introns which are removed 

during pre-mRNA splicing (Pan Q. et al., 20083), a common mechanism employed by eukaryotic 

cells to generate multiple transcripts and expand their functional network of the generated protein 

products. Thus, regulation of alternative RNA splicing affects cellular fate and function and 

controls the pathobiology of many diseases, including cancer (Paronetto M.P. et al., 20164, Zhang 

X. et al., 20165). Its importance has been demonstrated in different types of cancer, including non-

small cell lung carcinoma (NSCLC) (Coomer A.O. et al., 20196).  

Non-small cell lung carcinoma (NSCLC) is the 2nd most common cancer, with more than 

250,000 new cases per year in the US and extremely poor prognosis with <5% 5-year survival 

(Siegel et al., 20207). NSCLC is further divided into lung adenocarcinoma, squamous cell 

carcinoma and large cell carcinoma based on histological features. (Yuan M et al, 20198). Notably, 

up to 69% of NSCLCs harbor mutations in the Epidermal Growth Factor Receptor (EGFR) and 

Kirsten Rat Sarcoma (KRAS) genes, affecting major downstream oncogenic signal such as the 

PI3K/AKT and ERK/MAPK pathway  (Sequist et al., 20209).  

Following our original observations linking the alternative RNA splicing of FGFR-2 with 

NSCLC (Sanidas et al., 201410), several additional splicing events have been linked to the biology 

of NSCLC including Bcl-XL, CD44, Androgen Receptor (AR), HLA-G and PKM, by promoting cell 

survival, metastasis, chemoresistance, immune surveillance and metabolic advantage, 

respectively (Li Z. et al., 201611, Todaro M. et al., 201412, Oltean S. et al., 201413, Calabretta S. 

et al., 201614). Furthermore, another mechanism utilized by lung cancer cells involves the re-

programming of alternative splicing through the introduction of de novo mutations which create 

new splice sites and alternatively spliced isoforms (Vo N.S. et al., 201815, Giaj Levra M. et al., 
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201416). This knowledge has led to an ongoing phase I clinical trial to determine the effects of a 

modulator of the core splicing function, H3B-8800, in cancer patients (Seiler M., 201817). Thus, 

deeper comprehension of the molecular regulation of RNA splicing in lung cancer, and other 

cancer types, is a necessity for proper design of anti-tumor therapies. 

Mechanistically, alternative RNA splicing is regulated co-transcriptionally and through 

chromatin modifications in the body of transcribed genes. When the rate of transcription is low, it 

increases the probability for exons that are not efficiently spliced, to be spliced out of the mature 

transcript. (Listerman et al., 201218) Chromatin modifications are recognized by readers of 

epigenetic marks, which orchestrate the assembly of molecular complexes that bind to, and 

functionally regulate RNA-associated enhancers or repressors of splicing (cis-acting RNA 

sequences). This alters the rate of assembly and the composition of spliceosomal complexes 

(trans-acting RNA Binding Proteins-RBPs) (Luco et al., 201019, Pradeepa et al., 201220, Oltean 

S. et al., 201410). Cancer cells utilize this machinery in order to manipulate alternative RNA 

splicing and promote tumorigenesis. Well studied families of RBPs include the Serine/Rich (SR 

proteins) and heterogeneous nuclear ribonucleoproteins (hNRNPs). (Chen M. et al., 200921). SR 

proteins bind RNA exonic splicing enhancers (ESE) and intronic splicing enhancers (ISE) and 

usually promote exon inclusion. (Obeng et al., 201922). On the contrary, hnRNPs bind to exonic 

splicing silencers (ESS) and intronic splicing silencers (ISS) and in most cases lead to exon 

skipping. (Martinez-Contreras et al., 200723). Several reports have shown the role of these RBPs 

in the regulation of alternative RNA splicing and tumor growth in cancer cells, including Serine 

Rich Specific Factor 1 (SRSF1) and Polypyrimidine Tract Binding Protein (PTB) (de Miguel et al., 

201424, Chen M et al., 201225, Jin W et al., 200326).  

One cellular function, which interfaces with the RNA splicing machinery, is the cell cycle 

regulation (Dominguez et al., 201627). Progression through the cell cycle depends on periodic 

changes of RNA metabolism, which can be achieved by multiple mechanisms, one of which is 

the periodic modulation of RNA splicing (Dominguez et al., 201627). On the other hand, alterations 
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in RNA splicing, are regulated by periodic shifts in the expression and the activity of known cell 

cycle regulators, such as the Aurora kinases (Moore et al., 201028), the large SR domain-

containing protein SON (Ahn et al., 201129), the RNA recognition motif (RRM)-containing protein 

TgRRM1 (Suvorova et al, 201330) and CLK1 (Dominguez et al., 201627), demonstrating the 

bidirectional relationship of these cellular functions.   

We have previously shown that the transcription elongation factor IWS1 and the Akt3 

kinase play a central role in the regulation of the alternative RNA splicing of FGFR-2, by promoting 

the exclusion of exon 8. This exclusion event depends on the phosphorylation of IWS1 by AKT3 

at Ser720/Thr721. IWS1 binds SPT6, which is attached to the phosphorylated Ser2 of the C-

terminal domain (CTD) of RNA polymerase II. SETD2, a histone H3 trimethyl-transferase, binds 

to the IWS1/Spt6 complex only when IWS1 is phosphorylated at Ser720/Thr721. SETD2 bound 

to the phosphorylated and CTD-associated IWS1, trimethylates histone H3 at K36 during 

transcription. The histone H3K36me3 marks in the body of actively-transcribed target FGFR-2 

gene are recognized by MRG15, which interacts with PTB leading to exclusion of exon 8 in the 

mature FGFR2 mRNA transcript, affecting cell invasion, migration, cell proliferation and tumor 

growth in mouse xenografts models. More importantly, we had shown robust expression of IWS1 

phosphorylation in 21 out of 24 NSCLC samples, which correlates with AKT phosphorylation, 

introducing the role of IWS1 in lung cancer (Sanidas et al., 201410).  

Here, to gain insight on the role of IWS1 phosphorylation in the pathogenesis of lung 

cancer and the epigenetic regulation of alternative RNA splicing genome-wide, we performed 

RNA-seq studies in lung adenocarcinoma cells NCI-H522, in which IWS1 was knocked down or 

replaced by its phosphorylation site mutant. The results revealed a novel RNA splice variant of 

the splicing factor U2 Associated Factor A2 (U2AF2), which lacks exon 2 upon loss of 

phosphorylated IWS1. U2AF65, its protein product, as a splicing factor binds to the Polypyrimidine 

(Py)-tract/3’ splice site and initiates spliceosome assembly, by promoting the interaction between 

U2 snRNP and the branchpoint (Shen H. et al., 200431). Several reports have illustrated the role 
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of U2AF65 in lung cancer. Specifically, cancer-associated mutations of U2AF2 in lung cancer 

patients alter the affinity of its RNA-Binding Domain with Py-tract (Glasser E. et al., 201732). 

Furthermore, it has been shown that stabilization of U2AF65 by OTUB2 promotes Warburg effect 

and tumorigenesis in NSCLC, pointing out the importance of this splicing factor in NSCLC. (Li J. 

et al., 201833). In this report, our goal was to further investigate the molecular mechanisms that 

control exon inclusion phenotype induced by IWS1 phosphorylation, to characterize this novel 

variant and to highlight its significance in lung carcinogenesis. 

Results  

IWS1 expression and phosphorylation regulate alternative mRNA splicing. 

We have previously reported that IWS1 phosphorylation at Ser 720/Thr721, primarily by 

AKT3, resulted in the exclusion of exon 8 of FGFR-2 in the human NSCLC cell lines NCI-H522 

and NCI-H1299 (Sanidas et al., 201410).  To explore the molecular mechanisms driving the IWS1 

phosphorylation-dependent RNA splicing and gene expression, we performed RNA-Seq to 

examine the transcriptome of shControl, shIWS1, shIWS1/wild type IWS1 rescue (shIWS1/WT-

R) and shIWS1/phosphorylation site IWS1 mutant rescue (shIWS1/MT-R) NCI-H522 cells. First, 

we confirmed the significant down-regulation of IWS1 expression after the transduction of the 

cells with lentiviral shIWS1 construct and the rescue of IWS1 knock-down with the Flag-tagged 

wild type and phosphorylation IWS1 site mutant (Fig. 1A). Differential expression analysis of the 

RNA-seq data, identified 1,621 and 562 differentially expressed genes between shControl and 

shIWS1 and between shIWS1/WT-R and shIWS1/MT-R cells, respectively (p≤0.01, FDR ≤0.2). 

340 genes were detected as differentially expressed in both comparisons (Fig. S1A, S1B). 

Moreover, 19 out of the FDR-ranked top 100 differentially expressed genes, in shControl versus 

shIWS1 cells, were also differentially expressed in shIWS1/WT-R versus shIWS1/MT-R  (Fig. 
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S1C). Gene Set Enrichment analysis (Subramanian et al., 200534), revealed significant 

enrichment of genes involved in RNA metabolism and regulation of RNA processing (Fig. S1D).  

Using an unbiased approach, we performed differential exon usage analysis of the RNA-

seq data, DEXseq (Anders et al., 201235), to determine the effect of IWS1 expression and 

phosphorylation on RNA splicing. This analysis identified 1,434 (corresponding to 851 genes) and 

436 (corresponding to 273 genes) differentially employed exons between shControl versus 

shIWS1 and shIWS1/WT-R versus shIWS1/MT-R cells, respectively (p ≤0.05). The 1,796 

differentially expressed genes and the 692 genes with differential exon usage in shIWS1 versus 

shControl cells, exhibited an overlap of 165 genes (p≤0.05). Similarly, the 858 differentially 

expressed genes and the 230 genes with differential exon usage, between shIWS1/MT-R and 

shIWS/WT-R cells revealed an overlap of 44 genes (Fig. 1B). 

Our earlier studies have shown that the IWS1 expression and phosphorylation promote 

exon exclusion in the FGFR-2 gene (Sanidas et al., 201410). Therefore, we analysed the exon 

usage data, and we observed that the most common event associated with the expression and 

phosphorylation of IWS1, was exon inclusion (Fig. 1C). Functional analysis of the IWS1-regulated 

alternative spliced genes, focused on GO-biological processes, identified significant enrichment 

of genes involved in RNA processing and RNA splicing, among the top biological processes 

regulated by IWS1-dependent alternative RNA splicing (Fig. 1D, 1E). It is remarkable that the 

results were similar with the results generated from the functional analysis of the IWS1-dependent 

differential gene expression. Therefore, these findings imply that the effect of IWS1 on RNA 

processing may be direct or indirect. The indirect effect may be due to the IWS1 expression and 

phosphorylation-dependent differential regulation of genes involved in RNA processing.  

Validation of the RNA-seq, using RT-PCR, showed several examples of alternative RNA 

splicing of genes which are regulated by IWS1 and IWS1-phosphorylation, via exon inclusion 

(Fig. 1, S1G-S1J). One of these events is the inclusion of exon 2 in the mature mRNA transcript 

of U2AF2, the gene encoding the splicing factor U2AF65. Whereas the predominant U2AF2 
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mRNA transcript in shControl and shIWS1/WT-R cells contains exon 2, the predominant transcript 

in shIWS1 and shIWS1/MT-R cells, is a novel transcript lacking exon 2. To validate these results, 

we examined the ratio of exons 2 and 3 (E2/E3 U2AF2) by RT-PCR in NCI-H522 and NCI-H1299 

shControl, shIWS1, shIWS1/WT-R and shIWS1/MT-R cells. The results revealed a decrease in 

the E2/E3 ratio in shIWS1 and shIWS1/MT-R cells, relative to shControl cells (Fig. 1F, 1G). The 

decrease in the E2/E3 ratio in shIWS1 and shIWS1/MT-R, relative to shControl cells, was 

confirmed by quantitative RT-PCR (Fig. S1E). Notably, the knockdown of IWS1 or the rescue with 

the non-phosphorylatable site mutant (IWS1/MT-R) did not significantly change the total 

expression of U2AF2 in NCI-H522 and NCI-H1299 cells. (Fig. S1F).  

To establish whether IWS1 is directly involved in the molecular complex that regulates 

U2AF2 RNA splicing, in  NCI-H522 and NCI-H1299 cells transduced with shControl, shIWS1, 

shIWS1/WT-R and shIWS1/MT-R, we performed chromatin immunoprecipitation (ChIP) assays. 

The results revealed that both IWS1 WT and S720A/T721A bind equally well to exon 2 and exon 

3 of U2AF2 (Fig. 1H). Therefore, IWS1 phosphorylation controls U2AF2 exon 2 alternative RNA 

splicing by regulating events occurring after the binding of IWS1 to chromatin.  

IWS1 phosphorylation-dependent mRNA splicing of U2AF2 is regulated by serum and IGF-

1 via AKT3.   

IWS1 is phosphorylated by AKT3, and to a lesser extent by AKT1, at Ser720/Thr721 

(Sanidas et al., 201410). Since the phosphorylation and activity of the AKT isoforms can be 

induced by tyrosine-kinase signals, we questioned whether IGF-1 stimulation of serum starved 

NCI-H522 and NCI-H1299 cells, promotes U2AF2 exon 2 inclusion along with the expected AKT 

activation and IWS1 phosphorylation. The results showed that the E2/E3 U2AF2 ratio indeed 

parallels the activation of AKT and the subsequent phosphorylation of IWS1 (Fig. 2A, S2A). To 

address whether the U2AF2 exon 2 inclusion depends on AKT activation, we treated NCI-H522 

and NCI-H1299 cells growing in serum-containing complete media with 5 μM of the pan-AKT 
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inhibitor MK2206, a dose that fully inhibits all AKT isoforms (Sanidas et al., 201410) .The results 

confirmed that MK2206 inhibits both AKT (T308 and S473) and IWS1 phosphorylation (S720) and 

U2AF2 exon 2 inclusion (Fig. 2B, S2B). To determine whether it is the AKT3 isoform, which is 

responsible for the observed effects of AKT inhibition on the U2AF2 alternative RNA splicing, we 

transfected NCI-H522 and NCI-H1299 cells with siAKT3, along with siControl, and we examined 

its effects on the alternative splicing of U2AF2 exon 2, using RT-PCR and qRT-PCR. The results 

phenocopied the inhibition with MK2206 (Fig. 2C, S2C), providing evidence that the physiological 

regulation of alternative RNA splicing of U2AF2 by external stimuli depends on the 

phosphorylation of IWS1 by AKT3. 

U2AF2 Exon 2 inclusion, induced by IWS1 phosphorylation at Ser720/Thr721, depends on 

histone H3K36 trimethylation by SETD2.  

We have previously reported that IWS1 phosphorylation by AKT promotes the exclusion 

of exon 8 from the mature FGFR-2 mRNA transcript, via a process that depends on histone 

H3K36 trimethylation by SETD2, and that the latter is recruited to the CTD of RNA Pol lI by 

phosphorylated IWS1 (Sanidas et al., 201410). To determine whether the U2AF2 exon 2 inclusion 

phenotype is also dependent on histone H3K36 trimethylation, we performed ChIP assays in 

shControl, shIWS1, shIWS1/WT-R and shIWS1/MT-R NCI-H522 and NCI-H1299 cells, 

addressing the abundance of H3K36me3 marks on exons 2 and 3 of U2AF2, as well as on the 

U2AF2 transcriptional start site (TSS) and the GAPDH gene, which were used as controls. The 

results revealed that the knockdown of IWS1 or the replacement with the phosphorylation-site 

mutant significantly decreased the abundance of H3K36me3 on U2AF2 exon 2 and 3 (Fig. 3A). 

More important, inhibition of AKT, using MK2206, phenocopied the H3K36me3 pattern of 

phosphorylation-deficient IWS1 mutant (Fig. 3B). Since IWS1-phosphorylation recruits SETD2 in 

C-terminal domain of RNA-pol II, we examined the binding of SETD2 on U2AF2 and GAPDH 

gene in the same NCI-H522 and NCI-H1299 cells, transduced using a SETD2 lentiviral construct, 
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with a Hemagglutinin (HA)-tag. The results showed a pattern of SETD2 binding, which parallels 

the IWS1 phosphorylation-dependent pattern of H3K36me3 abundance (Fig. 3C), suggesting that 

H3K36 trimethylation is mediated by SETD2. 

The preceding data suggested that the enzymatically active SETD2 contributes to the 

IWS1 phosphorylation-dependent regulation of the U2AF2 alternative RNA splicing. The role of 

catalytically-active SETD2 was confirmed by SETD2 knockdown and rescue experiments in NCI-

H522 and NCI-H1299 cells. Using RT-PCR and qRT-PCR, we observed that the knockdown of 

SETD2 phenocopies the knockdown of IWS1 on the U2AF2 RNA splicing, an effect rescued by 

the wild type SETD2, but not by the SETD2 methyltransferase mutant R1625C, which globally 

silences H3K36me3 (Hacker et. al., 201636) (Fig. 3D). We conclude that the catalytically-active 

SETD2 is indeed required for the inclusion of exon 2 in the mature U2AF2 mRNA.  

Recently, and after the completion of the ChIP experiments, we carried out ChIP-Seq 

experiments, addressing the binding of IWS1 and SETD2 and the distribution of H3K36me3 

marks genome-wide in NCI-H522 shIWS1/WT-R and shIWS1/MT-R cells. The unbiased data on 

the abundance of these markers in the U2AF2 gene were in general agreement with the ChIP 

data described above. Specifically, IWS1 was found to bind U2AF2 E2 independent of its 

phosphorylation, but SETD2 binding and H3K36me3 abundance on U2AF2 E2 increased only 

when IWS1 was phosphorylated (Fig. 3E). 

If the recruitment of SETD2 in C-terminal domain of RNA-pol II depends on the 

phosphorylation of IWS1, as our data indicate, one would expect that ectopic overexpression of 

SETD2 would fail to rescue the U2AF2 alternative RNA splicing phenotype in shIWS1 and 

shIWS1/MT-R cells. This was confirmed by experiments addressing the rescue of U2AF2 

alternative RNA splicing in NCI-H522 and NCI-H1299 shCon, shIWS1, shIWS1/WT-R and 

shIWS1/MT-R cells  transduced with a SETD2 lentiviral construct, with a Hemagglutinin (HA)-tag 
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(Fig. S3A). The failure of SETD2 to rescue the phenotype supports the model of SETD2 

recruitment by phosphorylated IWS1. 

However, histone methylation is a dynamic step-by-step process. (Greer et al., 201237) 

and while SETD2 is the only known H3K36 trimethyl-transferase in mammalian cells (Hyun K. et 

al., 201738), there are several Lysine methyltransferases, which catalyze mono- or di-methylation 

of histone H3 at K36 and may influence the SETD2 output. Transfection of the NCI-H522 and 

NCI-H1299 cells with siRNAs targeting a set of methyltransferases that are known to catalyze 

histone H3K36 mono and di-methylation (NSD1, NSD2 and NSD3), or only di-methylation 

(SMYD2 and ASHL1) (Lucio-Eterovic et al., 2010339, Q. Qiao et al., 201040, Berdasco et al., 200941 

, Rahman et al., 201142, Brown M.A et al., 200643, Gregory G.D. et al., 200744), revealed no 

contribution to the regulation of the alternative RNA splicing of U2AF2 (Fig. S3A).  

Conversely, histone methylation is a reversible process (Bannister et al., 200245). The 

histone H3K36me3 marks are erased by KDM4A and KDM4C, two members of the KDM4 JmjC 

domain-histone demethylase family (Berry, W.L et al., 201346, Cloos, P.A et al., 200747, Li, W et 

al., 201148). Ectopic expression of KDM4A, KDM4B and KDM4C using lentiviral constructs in NCI-

H522 and NCI-H1299 cells showed that none of these three altered the IWS1 phosphorylation-

dependent alternative RNA splicing pattern of U2AF2 (Fig. S3C). Overall, these data indicate that 

the reported demethylation of H3K36me3 by members of KDM4/JMJD2 histone demethylase 

family does not play a significant role in our model.  

The regulation of the alternative RNA splicing of the U2AF2 exon 2 by IWS1 

phosphorylation, depends on the p52 isoform of the H3K36me3 reader LEDGF.  

Based on our preceding studies, the regulation of the FGFR-2 alternative RNA splicing by 

IWS1 phosphorylation depends on the reading of the histone H3K36me3 marks by MRG15 

(Sanidas et al., 201410). To determine whether MRG15 is also the reader of the IWS1-dependent 
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alternative RNA splicing of U2AF2, we knocked down MRG15 in both NCI-H522 and NCI-H1299 

cells.  Using RT-PCR and qRT-PCR to monitor the alternative splicing of U2AF2 in these cells, 

revealed that it is independent of MRG15 (Fig. 4A Left panels). In agreement with this result, the 

knockdown of the splicing repressor and binding partner of MRG15, PTB, also had no effect on 

the RNA splicing of U2AF2 (Fig. 4A Right panels), results not surprising since IWS1 

phosphorylation mediates exon inclusion signals in our model. 

To identify the factor that controls the IWS1 phosphorylation-dependent exon inclusion of  

U2AF2 exon 2, we transfected NCI-H522 and NCI-H1299 cells with siRNAs of the known 

H3K36me3 readers PHF1 (Cai L. et al., 201349), BRPF1 (Vezzoli et al., 201050), MSH6 (Li F. et 

al., 201451), GLYR-1 (Vermuelen et al., 201052) and LEDGF (Pradeepa et al., 201220), along with 

a control siRNA. After validating the significant downregulation of the expression by Western 

blotting, monitoring the effects of these transfections on E2/E3 U2AF2 ratio using RT-PCR and 

qRT-PCR, revealed that only the knockdown of LEDGF phenocopied the knockdown of IWS1 on 

the alternative RNA splicing of U2AF2, suggesting that LEDGF is the sole H3K36me3 reader 

responsible for the observed phenotype (Fig. 4B, S4A). To confirm this conclusion and to 

determine which isoform of LEDGF may be responsible for the phenotype, we used a lentiviral 

shRNA construct to knockdown LEDGF, targeting the 3’ UTR, and we rescued the knockdown by 

transducing the cells with lentiviral constructs of the alternatively spliced LEDGF isoforms, p75 

and p52, with a V5-tag (Fig. 4C, upper panel). Monitoring the effects of these transductions by 

RT-PCR and qRT-PCR, revealed that only the p52 isoform rescues the shLEDGF-induced U2AF2 

alternative RNA splicing phenotype. More important, the A51P mutant of p52-LEDGF, which 

cannot bind histone H3K36me3 (Shun et al., 200853), failed to rescue the splicing defect, 

suggesting that the U2AF2 exon inclusion depends on the reading of the H3K36me3 marks by 

p52/LEDGF (Fig. 4C, S4B).  

WITHDRAWN

see manuscript DOI for details

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 15, 2020. ; https://doi.org/10.1101/2020.07.14.195297doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.14.195297
http://creativecommons.org/licenses/by-nd/4.0/


The preceding data provide strong genetic evidence that p52/LEDGF regulates the U2AF2 

alternative RNA splicing by reading the IWS1 phosphorylation-dependent histone H3K36me3 

marks. To validate these observations, chromatin Immunoprecipitation assays for the V5-tagged 

p52/LEDGF isoform, confirmed that the p52/LEDGF binds U2AF2 exons 2 and 3 only when IWS1 

is phosphorylated, observations consistent with SETD2 binding and H3K36me3 abundance (Fig. 

4D, S4C).  

If the p52 isoform of LEDGF regulates the alternative RNA splicing of U2AF2 by reading 

the histone H3K36me3 mediated by IWS1-phosphorylation, as suggested by the preceding data, 

one would expect that overexpression of p52/LEDGF would not rescue the U2AF2 alternative 

RNA splicing phenotype in shIWS1 and shIWS1/MT-R cells. This was confirmed by experiments 

addressing the U2AF2 RNA splicing in NCI-H522 and NCI-H1299 shControl, shIWS1, 

shIWS1/WT-R and shIWS1/MT-R cells along with a V5-tagged p52/LEDGF construct (Fig. S4D). 

Altogether, these data support the model based on which p52/LEDGF regulates the alternative 

RNA splicing of U2AF2 by reading the histone H3K36 trimethylation on the body of U2AF2 gene, 

induced by IWS1 phosphorylation at S720/T721, mediated by SETD2. 

The p52 isoform of LEDGF regulates the alternative RNA splicing of U2AF2, via its 

interaction with the RNA splicing factor SRSF1. 

It has been reported that the p52/LEDGF isoform re-localizes in the nucleus, through 

signals mediated from its unique C-terminal domain, and interacts with the splicing factor SRSF1, 

affecting its distribution to alternatively spliced genes. (Pradeepa et al., 201220). To investigate a 

potential role of SRSF1 in U2AF2 alternative RNA splicing, we knocked down SRSF1 and we 

showed that its loss phenocopies the knockdown of IWS1. The dependence of the U2AF2 exon 

2 splicing on SRSF1, which was suggested by this result, was confirmed by rescue experiments 

with wild type SRSF1 (Fig. 4E, S4E). We therefore conclude that SRSF1 regulates the alternative 
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RNA splicing of the U2AF2 exon 2. More importantly, SRSF1 did not rescue the U2AF2 RNA 

splicing phenotype induced by shIWS1 or shIWS1/MT-R (Fig. S4F), suggesting that it does not 

function independently. Instead, we hypothesized that it provides the link between IWS1 

phosphorylation-dependent chromatin modifications and p52/LEDGF binding to the RNA splicing 

machinery. To test this hypothesis, we performed ChIP experiments addressing the binding of 

SRSF1 to U2AF2 exons 2 and 3 in shControl, shIWS1, shIWS1/WT-R and shIWS1/MT-R NCI-

H522 and NCI-H1299 cells, transduced with a V5-tagged SRSF1 lentiviral construct. The U2AF2 

TSS and GAPDH exon 3 regions were again used as controls. The results confirmed that the 

binding of SRSF1 to exons 2 and 3 parallels the SETD2 and p52/LEDGF binding along with 

H3K36me3 abundance and occurs only when IWS1 is phosphorylated (Fig. 4F, S4G), providing 

support to the proposed hypothesis. 

Based on the preceding data, we hypothesize that the binding of SRSF1 to the chromatin-

associated p52/LEDGF should bring it into proximity with the nascent pre-mRNA, facilitating their 

interaction.  Analysis of the U2AF2 mRNA sequence, using the web-based pipeline RBP-map 

(Paz et al., 201455), identified four potential SRSF1 binding sites (2 in U2AF2 exon 2 and 2 in 

exon 3) (Fig. S4I), providing additional support to this hypothesis. To experimentally address the 

proposed model, we carried out RNA-IP (RIP) experiments in the same shControl, shIWS1, 

shIWS1/WT-R and shIWS1/MT-R NCI-H522 and NCI-H1299 cells, focusing on the binding of 

SRSF1 to the U2AF2 exon 2, intron 2 and exon 3. The results confirmed that SRSF1 binds 

primarily to exon 2, but only in the shControl and shIWS/WT-R cells, which parallels its chromatin 

binding to the H3K36me3-bound p52/LEDGF (Fig. 4G, S4H).  

Based on the data presented in Figure 3 and Figure 4, we propose that IWS1 

phosphorylation by AKT is required for the recruitment of SETD2 to CTD of RNA Pol II. The latter 

promotes the trimethylation of histone H3 at K36 on the body of U2AF2 and perhaps other target 
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genes. This facilitates the recruitment of the histone H3K36me3-interacting protein p52/LEDGF 

and its binding partner SRSF1, resulting in exon inclusion of U2AF2 exon 2. (Fig. 4H) 

The novel U2AF65 splice variant lacking exon 2, does not interact with Prp19. 

 The predominant novel splice variant of the U2AF2 mRNA that we identified in shIWS1 

and shIWS1/MT-R cells, lacks exon 2, which encodes part of the N-terminal SR domain of 

U2AF65 (Fig 5A). This domain is responsible for the interaction of U2AF65 with several factors 

that contribute to mRNA splicing, 3’ cleavage and polyadenylation (Millevoi et al., 200657, Shen 

H, et al., 200458). One of these factors is Prp19, a component of the seven-member ubiquitin 

ligase complex Prp19C (S.P Chan et al., 200359, S.P Chan et al., 200560, R. Hogg et al., 201061, 

Chanarat S. et al., 201362).  

Using co-immunoprecipitation experiments in HEK-293T cells engineered to express the 

exon-2 containing U2AF65α or the exon 2-excluded U2AF65β variants, with a V5-tag, we 

confirmed that only the U2AF65α splice variant interact with the endogenous Prp19 (Fig. 5B). 

More important, consistent with the previous results, immunoprecipitation of endogenous U2AF65 

in NCI-H522 and NCI-H1299 shControl, shIWS1, shIWS1/WT-R and shIWS1-MT-R cells, 

revealed impaired U2AF65-Prp19 interaction in shIWS1 and shIWS1/MT-R cells, which express 

primarily U2AF65β, while maintaining interaction with its U2-heterodimer partner, U2AF35 (Fig. 

5B, S5A). These data confirmed that the interaction of U2AF65 with Prp19 depends on the 

sequence encoded by U2AF2 exon 2, whose inclusion is regulated by IWS1 phosphorylation.  

The splicing of the U2AF2 mRNA downstream of IWS1 phosphorylation, regulates the 

mRNA splicing and expression of CDCA5.  

Based on previous reports, U2AF65 binds RNA Pol II, leading to an U2AF65-dependent 

recruitment of Prp19 to the newly-synthetized pre-mRNA and promoting proper co-transcriptional 
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splicing activation (C.J David et. al., 201163). Furthermore, it had been shown that U2AF65 and 

Prp19 are necessary for the pre-mRNA splicing and accumulation of Sororin, a component of the 

cohesin complex, which is encoded by CDCA5 (Watrin et. al., 201464). Given that aberrant splicing 

of U2AF2 in shIWS1 and shIWS1/MT-R cells resulted in the loss of the interaction between 

U2AF65 and Prp19, we hypothesized that the pre-mRNA splicing of CDCA5 in these cells will be 

impaired. We therefore employed qRT-PCR to examine the ratio of spliced and unspliced CDCA5 

mRNA in the same cells. The results confirmed that the mRNA splicing of CDCA5 was impaired 

in both the shIWS1 and shIWS1/MT-R cells, with no significant change in the spliced/unspliced 

ratios of the control GUSB mRNA (Watrin et. al., 201464) (Fig. 5D, S5B, S5C upper panels).  

More important, the splicing defect was rescued by U2AF65α but not by U2AF65β. (Fig. 5E, S5D 

upper panels).   

To determine how IWS1 phosphorylation regulates CDCA5 RNA splicing, we performed 

RNA Immunoprecipitation (RIP) experiments in shControl, shIWS1, shIWS1/WT-R and 

shIWS1/MT-R NCI-H522 and NCI-H1299 cells. The results confirmed that both spliced variants 

of U2AF65 bind equally well CDCA5 pre-mRNA, as well as the control GUSB pre-mRNA, as 

expected (Fig. 5D, 5E, S5C, S5D middle panels) (Shen H. et al., 200431). However, Prp19 

binding to the same pre-mRNA regions of CDCA5 was significantly impaired in shIWS1 and 

shIWS1/MT-R cells, which predominantly express the U2AF65β isoform (Fig. 5D, S5C lower 

panels). More important, the impaired Prp19 binding to CDCA5 pre-mRNA was rescued by 

U2AF65α, but not U2AF65β (Fig. 5E, S5D lower panels). 

Given that only spliced mRNAs are transported out of the nucleus, we also examined the 

abundance of cytosolic CDCA5 mRNA in shControl, shIWS1, shIWS1/WT-R, shIWS1/MT-R and 

shIWS1 rescues with U2AF65α or U2AF65β. To this extent, we fractionated the nuclear and 

cytosolic compartments of these NCI-H522 and NCI-H1299 cells. Then, using western blotting, 

we confirmed the validity of the fractionation by the expected expression of Lamin A/C and 

GAPDH only in the nuclear and cytosolic protein compartment, respectively (Fig. S5E). The 
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results also confirmed that the mature CDCA5 mRNA in the cytoplasm was downregulated as 

expected, and that the RNA transport deficiency is rescued by U2AF65α, but not U2AF65β (Fig. 

5F).  

To determine whether the CDCA5 RNA splicing defect in shIWS1 and shIWS1/MT-R NCI-

H522 and NCI-H1299 cells prevents the expression of its protein product, Sororin, we examined 

the its expression along with the expression of IWS1, p-IWS1, U2AF65 and Prp19, by western 

blotting. The results confirmed that the expression of Sororin parallels IWS1 phosphorylation as 

it was impaired in shIWS1 and shIWS1/MT-R NCI-H522 and NCI-H1299 cells. More important, 

the low expression of Sororin in shIWS1 was rescued by U2AF65α, but not by U2AF65β (Fig. 

5G, S5F upper panels). Taken together, these data confirm that IWS1 phosphorylation via the 

alternative RNA splicing of U2AF2, is ultimately responsible for the regulation of the mRNA 

splicing of CDCA5. 

CDCA5 and p-ERK, form a positive feedback loop, which is activated by IWS1 

phosphorylation and promotes the expression of CDK1 and Cyclin B1. 

It has been previously shown that the downregulation of Sororin leads to reduced ERK 

phosphorylation, in human Colorectal Cancer (CRC) and human Hepatocellular Carcinoma 

(HCC) (Wang J., et al., 201865, A. Zhen et. al., 201966). Since the IWS1 phosphorylation-

dependent U2AF2 alternative RNA splicing regulates the abundance of Sororin, we hypothesized 

reduced ERK phosphorylation in NCI-H522 and NCI-H1299 shIWS1 and shIWS1/MT-R cells. This 

was confirmed by experiments showing that ERK phosphorylation at Y202/T204 was reduced in 

shIWS1 and shIWS1/MT rescue cells, while total ERK was not. More important, the reduction of 

p-ERK levels in shIWS1 cells was rescued by U2AF65α, but not by U2AF65β (Fig. 5G, S5F lower 

panels), confirming the p-IWS1/Sororin/p-ERK axis in lung adenocarcinoma. 

Sororin is a known target of ERK, which phosphorylates the protein at S79 and S209 

(Nguyen et. al., 201067). Interestingly, whereas the wild type Sororin and the Sororin 
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phosphomimetic mutant S79E/T209E (Sororin DM-E) rescued the phosphorylation of ERK in 

shIWS1 cells, the S79A/S209A (Sororin DM-A) mutant did not (Fig 5G and S5F Lower panels). 

This suggests a Sororin-ERK phosphorylation positive feedback loop in lung adenocarcinoma, 

which is controlled by the AKT-dependent IWS1 phosphorylation, and the U2AF2 alternative RNA 

splicing. 

Based on previous observations, down-regulation of Sororin leads to impaired expression 

of CDK1 and Cyclin B1 (Wang J., et al., 201865, A. Zhen et. al., 201966). To this extent, we 

hypothesized that IWS1 phosphorylation regulates the  expression of CDK1 and Cyclin B1, 

through the regulation of U2AF2 RNA splicing and the abundance of Sororin. Consistent with the 

preceding data, western blotting revealed reduced levels of CDK1 (Y15) phosphorylation, CDK1 

and Cyclin B1 levels in shIWS1 and shIWS1/MT-R cells. More importantly, the downregulation of 

these molecules in shIWS1 cells was rescued by U2AF65α, but not by U2AF65β, wild type Sororin 

and Sororin DM-E but not by Sororin DM-A (Fig. 5G, S5F lower panels). These data indicate 

that the Sororin-ERK phosphorylation feedback loop, downstream of IWS1 phosphorylation, 

controls the expression of CDK1 and Cyclin B1, through a process depending on U2AF2 

alternative RNA splicing. 

IWS1 phosphorylation controls the ERK phosphorylation levels, in cells harboring EGFR 

and KRAS mutations, through U2AF2 RNA splicing. 

 EGFR and KRAS are frequently mutated in human lung adenocarcinoma and promote 

downstream pro-oncogenic signals through the phosphorylation of ERK (Guo et al., 202068, Wee 

et al., 201769). We therefore addressed the role of IWS1 phosphorylation and U2AF2 alternative 

RNA splicing on Sororin and ERK phosphorylation in lung adenocarcinoma cells harboring K-

RAS (A549 and NCI-H460) and EGFR (NCI-H1975, PC-9, NCI-H1650) mutations. The results 

showed that U2AF2 alternative RNA splicing pattern is independent of the mutational status. (Fig. 

5H, upper and lower left panels) More important, the knockdown of IWS1 downregulated the 
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expression of Sororin and ERK phosphorylation (Fig. 5H, upper panel). These data were striking, 

because they showed that the effect of Sororin on ERK phosphorylation is dominant over the 

effect of K-RAS and EGFR mutations. Surprisingly, the reduction of ERK phosphorylation induced 

by the loss of IWS1 phosphorylation was more robust in EGFR as opposed to the KRAS mutated 

cells (Fig. 5H, lower right panels). Altogether, this data suggests that IWS1 phosphorylation 

controls the U2AF2 alternative RNA splicing independent of the cellular mutational status and 

shows robust reduction of the Sororin/ERK phosphorylation axis in lung adenocarcinoma cell 

lines, harboring EGFR mutations. 

IWS1 phosphorylation promotes cell proliferation by controlling the Sororin/ERK 

phosphorylation feedback loop, through the novel U2AF2 RNA splicing pattern. 

Given that the Sororin/ERK phosphorylation positive feedback loop, activated by IWS1 

phosphorylation, promotes the expression of CDK1 and Cyclin B1, we hypothesized that the 

stimulation of cell proliferation by IWS1, we had observed previously (Sanidas et al., 201410), may 

depend on the activation of the U2AF2 RNA splicing-regulated CDCA5/ERK phosphorylation 

loop. To address this hypothesis, we examined the rate of proliferation of shControl, shIWS1, 

shIWS1/Sororin WT, shIWS1/Sororin DM-A and shIWS1/Sororin DM-E NCI-H522 and NCI-

H1299 cells growing under standard culture conditions. The results showed that cell proliferation 

was inhibited by shIWS1. More importantly, the inhibition was rescued by wild type Sororin and 

Sororin DM-E but not by the Sororin DM-A. Significantly, the proliferative effect of the Sororin DM-

E was more robust than the proliferative effect of wild type (wt) Sororin (Fig. 6A). Western blotting 

revealed reduced expression of the cell proliferation marker PCNA in NCI-H522 and NCI-H1299 

shIWS1 cells, which was rescued by U2AF65α, but not U2AF65β, confirming that the regulation 

of cell proliferation depend on the novel U2AF2 RNA splicing pattern (Fig. 6B). 

As we pointed out above, the loss of phosphorylated IWS1 results in more robust down-

regulation of ERK phosphorylation in EGFR as opposed to K-RAS mutated lung adenocarcinoma 

WITHDRAWN

see manuscript DOI for details

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 15, 2020. ; https://doi.org/10.1101/2020.07.14.195297doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.14.195297
http://creativecommons.org/licenses/by-nd/4.0/


cells (Fig. 5H), suggesting that the EGFR mutated cells would be more sensitive to the knockdown 

of IWS1. This was confirmed by experiments showing reduced cell proliferation of A549 (KRAS 

mutant) and NCI-H1975 (EGFR mutant) shIWS1 cells. More importantly, in parallel with the data 

of the reduction of ERK phosphorylation, EGFR mutated cell line NCI-H1975, demonstrates the 

highest reduction in cell proliferation induced by the loss of IWS1 (Fig. S6A). Additional support 

was provided by experiments showing that   the shIWS1-induced downregulation of PCNA was 

more robust in EGFR (NCI-H1975, NCI-H1650) as opposed to K-RAS mutated (A549, NCI-H460) 

cells. (Fig. 6C, S6B). Moreover, the PCNA downregulation in these cell lines was rescued by 

U2AF65α, but not the U2AF65β, suggesting that the U2AF2 RNA splicing affects cell proliferation 

in K-RAS and EGFR-mutated cells (Fig. 6D, S6B). Altogether, these data suggest that IWS1 

phosphorylation controls cell proliferation through the regulation Sororin/ERK phosphorylation 

mediated by U2AF2 RNA splicing.  

To determine whether IWS1 phosphorylation stimulates cell proliferation by promoting 

progression through the G2/M phase of the cell cycle, we stained log phase  cultures of shControl, 

shIWS1 NCI-H522, NCI-H1299, A549 and NCI-H1975 cells with Propidium Iodide (PI) and we 

examined the percentage of cells in different phases of the cell cycle by flow-cytometry. The 

results confirmed that the knockdown of IWS1 induced prolonged G2/M phase of the cell cycle, 

an effect less pronounced in KRAS mutant cell line, A549 (Fig. 6E). Altogether, data presented 

in figures 5 and 6 suggest that the EGFR mutated lung adenocarcinoma cell lines are more 

sensitive than K-RAS mutant cells upon the loss of IWS1 phosphorylation. 

IWS1 phosphorylation and novel U2AF2 splice variant fluctuate during progression 

through the cell cycle. 

The preceding findings suggest that an RNA splicing event, regulated by the AKT-

mediated phosphorylation of IWS1, plays a critical role in cell cycle progression. Given that the 

expression and activity of molecules critically involved in the regulation of the cell cycle, tend to 
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fluctuate as cells transit from one cell cycle phase to the next (Kent et al., 201970), we examined 

the expression and phosphorylation of IWS1, the U2AF2 alternative RNA splicing pattern and the 

expression of SETD2, Sororin and the trimethylation of histone H3K36 in G1, S and G2/M in NCI-

H1299 cells. To this end, using carboxyfluorescein succinimidyl ester (CFSE)-like DNA dyes, cells 

were stained in G1, S and G2/M phase and they were fractionated by FACS sorting (Begum et 

al, 201371). Western blotting of these fractions confirmed that IWS1, phospho-IWS1, SETD2, 

histone H3K36me3 and Sororin are indeed upregulated in S and G2/M. As specific cell cycle 

phase markers, Cyclin E1 (G1 phase), CDC25A (S phase) and phosphorylated Histone H3 (S10) 

were used, validating the integrity of the fractionation (Fig. 6F lower panels). More important, 

IWS1 expression and phosphorylation occured more during S phase, whereas Sororin, SETD2 

and Histone H3K36me3 levels were more robust during G2/M phase, as previously reported 

(Watrin et al., 201464, Dronamraju et al., 201872) (Fig. 6F upper panels). Furthermore, using RNA 

extracts from the same cells, RT-PCR experiments revealed an U2AF2 RNA exon inclusion 

pattern which parallels the expression of IWS1 during the cell cycle (Fig. 6F). Moreover, qRT-

PCR confirmed that the expression of IWS1 and CDCA5 in the RNA level parallels their protein 

expression, with no change of total U2AF2 levels (Fig. 6G). 

Chromatin Immuno-Cleavage (ChIC) experiments revealed increased binding of IWS1 on 

U2AF2 exon 2 and 3 during S and G2/M phase, with significantly more binding during S phase 

(Fig. 6H upper panel). Consistently, the binding of SETD2, the abundance of H3K36me3 and 

the E2/E3 U2AF2 ratio parallel the levels and the binding of IWS1 on U2AF2 gene, although total 

SETD2 and H3K36me3 are more abundant during G2/M phase (Fig. 6H, 6I).  

Overall, these data provide strong evidence for the model in which IWS1, whose 

expression increases during S and G2/M, recruits SETD2 to CTD of RNA-Pol II, following 

phosphorylation by AKT. RNA-Pol II-associated SETD2 trimethylates histone H3 at K36 during 

transcriptional elongation, resulting in the assembly of p52/LEDGF-SRSF1 complexes which 

promote the inclusion of exon 2 in the U2AF2 mRNA. Subsequently, the U2AF65α isoform along 
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with Prp19, facilitate the proper splicing of CDCA5 pre-mRNA, leading to Sororin accumulation 

during S and G2/M phase. Finally, Sororin forms a positive feedback loop with ERK 

phosphorylation, and controls the progression through the cell cycle in lung adenocarcinoma. The 

events described in this model define a molecular mechanism of a novel splice variant which is 

epigenetically regulated during the cell cycle, feeding back into its regulation (Fig. 6J, S6C). 

IWS1 phosphorylation controls tumor growth in vivo, by regulating the U2AF2/Sororin/ERK 

axis. 

 Based on our preceding studies, the loss of IWS1 and IWS1 phosphorylation impair tumor 

growth in a mouse xenograft model (Sanidas et al., 201410). To further validate and expand this 

observation, we knocked down IWS1 in NCI-H1299 and A549 cells and we  injected  them 

subcutaneously, along with shControl cells, in immunocompromised NSG mice. The animals were 

monitored for tumor development and were sacrificed 4 and 6 weeks later, respectively. The 

results revealed that the knockdown of IWS1 reduced tumor weight and volume (Fig. 7A). They 

also showed that the reduction of tumor growth induced by the loss of IWS1 was less pronounced 

in A549 cells, harboring KRAS mutations (Fig. 7B). The weak growth reduction of tumours derived 

from shIWS1 A549 cells, paralleled the weak inhibition of ERK phosphorylation (Fig 5H) and cell 

proliferation (Fig S6A) induced by the knockdown of IWS1 in these cells.   

 The preceding data confirmed that the knockdown of IWS1 reduces tumour growth. 

Following confirmation, we proceeded to address the mechanism of the growth inhibition, which 

had not been adequately addressed in our earlier studies. First, we confirmed the efficiency of 

the IWS1 knockdown, by probing western blots of tumour cell lysates with anti-IWS1 and anti-

phospho-IWS1 (S720) antibodies (Fig. 7C). Following this, we employed RT-PCR and qRT-PCR 

on RNA derived from these tumours, to address the usage of exon 2 in the U2AF2 mRNA. The 

results confirmed that the knockdown of IWS1 has no effect on the total U2AF2 mRNA levels 

(Fig. S7A), but promotes the exclusion of exon 2 from U2AF2 mRNA (Fig. 7C, upper panels, 
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7D).  Probing both tumour lysates and tissue sections with antibodies to regulators and targets of 

the Sororin/ERK feedback loop, confirmed that the activity of the loop is reduced in tumours 

derived from shIWS1 cells (Fig. 7C, lower panels, S7B). Measuring the abundance of the PCNA 

and Ki-67 proliferation markers by western blotting (PCNA), or Immunohistochemistry (Ki-67), 

also confirmed the reduced expression of these markers in the shIWS1 tumours (Fig. 7C, lower 

panels, 7E).  

Quantitative analyses of the western blot (p-ERK and PCNA) and IHC data (Ki-67) (Fig. 

7F), showed that the reduction of all these markers was less pronounced in the K-RAS mutant 

A549 tumors suggesting that KRAS mutant cells are more resistant to the loss of IWS1. 

Altogether, these results are in agreement with the less pronounced effect of shIWS1 in the tumor 

growth in A549-derived tumors (Fig. 7B) and with the less pronounced effect of shIWS1 in p-ERK 

levels (Fig. 5H), cell proliferation in culture and degree of G2/M arrest in these cells (Fig. 6). 

The AKT3/p-IWS1/U2AF2 axis is active in human lung adenocarcinoma and affects the 

clinical outcome of EGFR mutant patients. 

To determine whether the pathway activated by IWS1 phosphorylation leading to Sororin 

expression and ERK phosphorylation is active in human lung adenocarcinoma (LUAD), we 

examined the expression and phosphorylation of several components of this axis, along with the 

alternative RNA splicing pattern of U2AF2 in a set of 40 human LUAD samples. For 30 of these 

tumors, Normal Adjacent Tissue (NAT) was also available and it was tested on parallel with the 

matching tumor sample. (Fig. 8A). More importantly, the exon 2-containing U2AF2 transcript was 

more abundant in tumor versus normal samples, with no change in total levels of U2AF2. (Fig. 

S8A). Overall, these results confirmed that the pathway was active in the tumors, but not in the 

NAT. 

Human LUAD frequently harbors K-RAS or EGFR mutations and data presented in this 

report suggest that lung adenocarcinoma cells harboring EGFR mutations are more sensitive to 

WITHDRAWN

see manuscript DOI for details

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 15, 2020. ; https://doi.org/10.1101/2020.07.14.195297doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.14.195297
http://creativecommons.org/licenses/by-nd/4.0/


the loss of IWS1, as opposed to KRAS mutant cells (Fig. 5 and Fig. 6). We therefore used 

monoclonal antibodies, which selectively recognize K-RAS and EGFR mutant forms (Kim et al., 

201574), and we identified tumors harboring these mutations (Fig. 8A).  Comparison of the 

correlations coefficients of IWS1 and phosphorylated IWS1 with the E2/E3 U2AF2 and all the 

components of the downstream Sororin/ERK phosphorylation pathway, revealed strong 

correlations in the entire cohort with more robust correlations in the EGFR than the KRAS mutant 

tumors (Fig. 8B). Strikingly, the levels of IWS1 phosphorylation and abundance of exon 2-

containing U2AF2 isoform exhibit strong correlation with more aggressive clinical stage and 

defines poor survival in the entire patients’ and the EGFR mutant cohort, but not in the KRAS 

mutated group (Fig. 8C, 8D). 

The preceding data were confirmed by IHC, using sections of a commercially available 

tissue microarray (TMA) of 50 LUAD with paired NAT. The TMA samples were probed with 

antibodies against p-IWS1, Sororin, p-ERK, p-CDK1 and EGFR E746-A750 deletion (Fig. S8B, 

S8C). The results confirmed that the pathway is more active in the tumors, compared to the NAT 

samples (Figure S8D). More importantly, IWS1 phosphorylation expression exhibits strong 

correlations with the components of the Sororin/ERK axis, with more robust correlations in the 

EGFR mutant tumors (Fig. S8E). Consistently, the results also showed that the activity of the 

pathway correlates with clinical stage and histological grade (Fig. S8F, S8G). In addition to 

confirming the western blot data in our set of LUAD patients, the IHC data also demonstrate that 

the activity of the pathway can be monitored clinically in human tumors by IHC. 

The data generated from the analysis of our LUAD samples and the TMA were confirmed 

by data in publicly available databases. Analysis of the data derived from Tumor Cancer Genome 

Atlas (TCGA), revealed correlations between IWS1 or SRSF1, U2AF2 E2 and other components 

of the IWS1 phosphorylation pathway (Fig. 8E). The results also showed that the U2AF2 E2/E3 

ratio and the expression of CDCA5 mRNA were significantly upregulated in TCGA LUAD patients 

with high IWS1, compared to the low IWS1 group (Fig. S8H). More importantly, IWS1 expression 
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correlates with more aggressive tumor stage in tumors harboring EGFR but not KRAS mutations 

(Fig. S8I). 

Based on recent reports, 55% of lung adenocarcinoma patients relapse and up to 40% of 

them develop metastatic disease. (Popper et al., 201675, West et al., 202076). Given that the IWS1 

phosphorylation controls oncogenic signals and plays a critical role in patients with lung 

adenocarcinoma, as suggested in this report, we questioned whether the IWS1-mediated axis is 

associated to clinical relapse or metastasis in LUAD patients. Analysis of a relapse-related 

molecular signature database GSE13213 (Tomida et al., 200977), revealed increased expression 

of the IWS1/Sororin axis in relapsing patients harboring EGFR, but not with KRAS mutations (Fig. 

8F, S8J). We therefore conclude that the activation of the IWS1 phosphorylation pathway may 

also contribute to the relapse of lung adenocarcinoma, especially with EGFR mutations.  

Furthermore, analysis of RNA-seq data derived from dissected brain metastatic lesions from lung 

adenocarcinoma patients (GSE141685), revealed increased expression of the components of 

IWS1/Sororin axis in the metastatic as opposed to primary lung adenocarcinoma lesions. 

Importantly, the U2AF2 mRNA E2/E3 ratio was also elevated in the metastatic tumours, while the 

E8/E9 ratio of the FGFR-2 mRNA was reduced (Fig. S8K and S8L), in agreement with our earlier 

observations, showing that IWS1 phosphorylation promotes FGFR-2 exon 8 skipping (Sanidas et 

al, 201410). Analysis of the RNA-Seq data in the TCGA LUAD dataset, which contains information 

on cancer-associated mutations, confirmed the link between IWS1 expression and metastatic 

disease, but also showed that IWS1 is again upregulated in tumours derived from patients with 

metastatic disease, and harbouring EGFR, but not K-RAS mutations (Fig. S8M).  

As expected from the preceding data, IWS1 expression, U2AF2 exon 2 inclusion and FGFR-2 

exon 8 exclusion, are indicators of poor prognosis in patients with lung adenocarcinomas in the 

TCGA LUAD dataset, harbouring EGFR, but not K-RAS mutations (Fig. 8H). In addition, the 

survival of patients with lung adenocarcinomas in the same dataset, expressing high levels of 

IWS1, was reduced if the tumours also harboured a mutated EGFR (Fig. S8N). Confirmatory to 
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these observations, was the finding that the synergy between IWS1 expression and EGFR 

mutations, was also observed in the GSE13213/GSE26939 dataset (Fig. S8O).   

Altogether, these data come in agreement with the in vitro (Fig. 5 and Fig. 6) and in vivo 

(Fig. 7) data provided in this report, that indicate that the p-Akt/p-IWS1 axis through the epigenetic 

regulation of U2AF2 alternative RNA splicing and oncogenic signals, defines poor survival in lung 

adenocarcinoma patients harboring EGFR mutations. 

Discussion 

Regulation of the Sororin/ERK phosphorylation loop from IWS1 phosphorylation 

Our studies implicate IWS1 phosphorylation as a regulator of oncogenic signals in lung 

adenocarcinoma through alternative RNA splicing. We report a novel U2AF2 splice variant in lung 

adenocarcinoma which lacks exon 2 upon loss of phosphorylated IWS1. This signaling pathway 

is initiated by the AKT3-dependent phosphorylation of IWS1, which induces the epigenetic 

regulation of U2AF2 alternative RNA splicing, through H3K36me3-mediated signals (Fig. 3). The 

shift in the alternative RNA pattern controls the interaction of U2AF65 with Prp19. These two 

factors regulate the pre-mRNA splicing of CDCA5 and the expression of its protein product, 

Sororin, co-transcriptionally (Fig. 5). Our data provide insight for the existence of a novel 

Sororin/ERK phosphorylation feedback loop in lung adenocarcinoma, which is regulated by the 

alternative RNA splicing of U2AF2. Notably, the Sororin-dependent regulation of ERK 

phosphorylation by IWS1 is dominant over the ERK-activating EGFR mutations and has a major 

impact in the biology of these cells harboring such mutations (Fig. 5 and Fig. 6). Sororin is a 

member of the cohesin complex, a  seven member protein complex which plays a central role in 

sister chromatid cohesion and higher chromosomal architecture during meiosis (Ishiguro et al., 

201978). This molecular Sororin/ERK phosphorylation switch controls cell proliferation and the 

progression through the G2/M phase of the cell cycle (Fig. 6). Defects in Sororin expression lead 
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to the activation of spindle assembly checkpoint, delaying the progression through the G2/M 

phase (Dreier et al., 201179). Given that loss of IWS1 reduced the expression of Sororin, this could 

explain the G2/M phase delay observed in shIWS1 cells (Fig. 6) How the ERK-phosphorylated 

Sororin promotes the phosphorylation and activation of ERK is currently unknown. Our working 

hypothesis is that the phosphorylation and activation of ERK is due to signals induced by the 

interaction of Sororin with its partners in the cohesin complex.  If this is the case, the cell may use 

this mechanism to sense the successful progression from prometaphase to metaphase, in order 

to activate a molecular switch. This enhances the phosphorylation of Sororin, facilitating 

progression through the G2/M phase of the cell cycle. In addition, data presented in this report 

show that the loss of IWS1 leads to impaired expression of CDK1 and Cyclin B1, a phenotype 

regulated through the Sororin/ERK phosphorylation loop (Fig. 5). On the other hand, our data 

indicate strong correlation of CDCA5, CDK1 and Cyclin B1 mRNA levels in LUAD patients, 

derived from TCGA database (Fig. 8) These observations indicate that the induction of cyclin B1 

and CDK1 by Sororin is most likely at the level of transcription. A potential mechanism for this 

transcriptional regulation, controlled by IWS1, was suggested by earlier studies showing that the 

Cohesin complex interacts with the Mediator complex. The Mediator-Cohesin complexes are 

loaded by the NIBPL Cohesin loading factor to enhancers and core promoters of target genes. 

Enhancer and core promoter-associated complexes promote loop formation between these 

segments, and regulate transcription (Kagey et al., 201080). The contribution of this and other 

mechanisms on the regulation of CCNB1 and CDK1 expression is under investigation. 

Regulation of RNA processing in multiple layers 

Another important conclusion, based on the data presented in this report, is that RNA 

splicing is a process regulated at multiple levels. IWS1 phosphorylation directly regulates the 

alternative RNA splicing of U2AF2, via a H3K36me3-mediated mechanism (Fig. 3) and thus, 

introducing a new layer of RNA splicing regulation. This shift in alternative RNA splicing pattern 
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affects the binding and formation of the U2AF65/Prp19 interacting complex, required for the 

efficient splicing of CDCA5, which ultimately controls pro-oncogenic ERK phosphorylation signals 

(Fig. 5, Fig. 6). The reason for the multilayered control of RNA splicing by a single RNA splicing 

regulator could be that this allows a limited number of available pathways to converge, in different 

combinations, on a large number of RNA splicing events and differentially regulate them. To this 

extent, our data provide insight on the novel importance of the AKT/IWS1 phosphorylation axis 

on the fine-tuning of the global epigenetic regulation of RNA splicing cellular program, governing 

cell cycle regulation and tumor progression. 

IWS1 phosphorylation and U2AF2 splicing are regulated through the cell cycle, feeding 

back to its regulation, enhancing tumor proliferation. 

Given that the cell cycle is an integrated system and that cell cycle regulatory mechanisms 

tend to also be cell cycle-regulated, we examined and confirmed that IWS1 expression and 

phosphorylation fluctuate through the cell cycle, regulating U2AF2 RNA splicing. The mechanism 

of the expression of IWS1 is under investigation. The increased activity of the pathway may also 

occur due to cell cycle-dependent changes in the activity of AKT. Earlier reports have shown that 

CDK2-Cyclin A2 complex is activated in S phase and phosphorylates AKT at Ser477/Thr479 (Liu 

et al., 201473), which further enhances the activity of IWS1 pathway. Furthermore, our results 

show that the epigenetic complexes assembled upon the phosphorylation of IWS1 on U2AF2 

gene, are regulated in a cell-cycle specific manner. These results come in agreement with 

previous reports stating that spliceosomal assembly is also regulated through the cell-cycle, 

implying an extra layer of alternative RNA splicing regulation. (Karamysheva et al., 201581, 

Hofmann et al., 201082). More importantly, our results reveal that IWS1 phosphorylation 

epigenetically controls the dynamics of a novel U2AF2 splice variant through the cell cycle and 

regulates the levels of Sororin, which subsequently feeds back to the regulation of the cell cycle 

and tumor proliferation, through enhancement of ERK oncogenic signals (Fig. 6). 
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Interpretation of the same histone modification signal through different epigenetic 

complexes, affecting lung adenocarcinoma development. 

Data presented in this report showed that signals originate from AKT phosphorylation may 

regulate alternative RNA splicing of target genes by different mechanisms, through IWS1 

phosphorylation. Our previous findings had shown that IWS1 phosphorylation regulates the 

alternative RNA splicing of FGFR-2 by promoting the exclusion of exon 8 from the mature 

transcript. (Sanidas et al., 201410) Here we show that, similar to the FGFR-2, the exon inclusion 

of U2AF2 exon 2, is also under the control of the SETD2-dependent histone H3K36 trimethylation 

in the body of the actively transcribed genes. However, the reader of the histone H3K36me3 mark 

is the p52 isoform of LEDGF which interacts with the RNA-binding protein SRSF1, as opposed to 

the MRG15/PTB complex. Therefore, although the transduction signal and the regulatory 

chromatin modification mark is the same for both the exon inclusion and exclusion signals, the 

effector complexes assembled around H3K36me3, that are responsible for the effects on RNA 

splicing differ.  Interestingly, both the IWS1 phosphorylation splicing targets affect lung 

adenocarcinoma development. On the one hand, the FGFR-2 exon exclusion pattern promotes 

invasion and EMT (Sanidas et al., 201410) and to the other hand, U2AF2 exon inclusion pattern 

promotes oncogenic and survival signals, converging towards more aggressive phenotype and 

clinical profile in lung adenocarcinoma patients, especially with EGFR mutations. This isoform 

specific aggressive clinical phenotype, comes in agreement with recent reports in the literature 

describing the existence of a cancer-specific splicing addiction network, in which cancer-related 

isoforms, in our case U2AF2 and FGFR-2, manipulate and maintain oncogenic and invasion 

signals (Bonnal et al., 202083, Wang  and Aifantis, 202084). 
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The clinical impact of the p-IWS1/U2AF2 axis in EGFR mutant lung adenocarcinoma. 

 Throughout this report, we provide evidence that IWS1 phosphorylation, through the 

epigenetic regulation of U2AF2 alternative RNA splicing, represents an important oncogenic 

signal in EGFR mutant lung adenocarcinoma. Based on consistent results in cell lines (Fig. 6), 

animals (Fig. 7) and human tumor samples (Fig. 8), we showed the major impact of IWS1 

phosphorylation on proliferation, tumor growth and, eventually, clinical outcome in EGFR mutant 

lung adenocarcinoma patients. Since, the PI3K/AKT axis is triggered by the EGFR mutated 

landscape, and as our data suggest, the activity of the IWS1 phosphorylation/U2AF2/Sororin axis 

would be increased (Fig. 8), further inducing the activation and maintenance of the tumorigenic 

ERK phosphorylation signals. To this extent, signals derived from the AKT/IWS1 phosphorylation 

pathway facilitates and maintains the oncogenic addiction of these tumors which depends on ERK 

phosphorylation. Furthermore, our data indicate that IWS1 phosphorylation and the RNA splicing 

pattern of its targets, U2AF2 and FGFR-2, selectively correlates not only with tumor grade, stage 

and patient survival, but also with metastasis and with relapse (Fig. 8). Based on these findings, 

we propose two translational applications for the IWS1 phosphorylation pathway described in this 

report. First, EGFR mutant lung adenocarcinoma patients may benefit from a dual inhibition of 

EGFR and specific AKT1/3 inhibitors (not currently investigated) or dual AKT/MEK inhibition 

(MK2206-AZD6244 : NCT01306045), limiting the ERK oncogenic addiction. Secondly, the IWS1 

phosphorylation-dependent cancer splicing addiction can be manipulated by synergistic use of 

EGFR Tyrosine Kinase Inhibitors, inhibitors of the AKT/IWS1 axis and the use of highly isoform-

specific antisense oligonucleotides and pharmacologic modulators of splicing machinery (Obeng 

et al., 201985), which are currently under clinical trials (NCT03901469, NCT02711956, 

NCT02268552, NCT02908685).  

Collectively, our results suggest that IWS1 phosphorylation by AKT acts as an epigenetic 

switch that, through H3K36me3-mediated signals, regulates RNA splicing in lung 
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adenocarcinoma maintaining the oncogenic and splicing addiction, and may serve as a novel 

precision-medicine marker and important drug target in EGFR mutant lung adenocarcinoma. 

 

Materials and methods 

Cells and culture conditions, growth factors and inhibitors 

Cells, Growth factors, inhibitors, siRNAs and shRNAs, retroviral and lentiviral constructs and 

experimental protocols are described in detail in the supplemental experimental procedures. 

Experimental protocols include stimulation with growth factors, transfection with siRNAs, retroviral 

and lentiviral packaging, and cellular transduction with retroviral and lentiviral constructs. 

Cell Proliferation assay, Cell cycle analysis and FACS-sorting of cells in different phases 

of the cell cycle  

Cell proliferation of cells growing under normal culture conditions was monitored using the 

Incucyte S3 Live-Cell Imaging and Analysis System (Essen Biosciences, Ann Arbor, MI). 

Captured data were analyzed using the native analysis software. The cell cycle distribution of 

exponentially growing cells was monitored by FACS analysis of ethanol-fixed, propidium iodide 

stained, cell cultures. To separate cells in different phases of the cell cycle for further analysis, 

NCI-H1299 cells were stained with Vybrant™ DyeCycle™ Ruby Stain (Thermo Fisher, Cat. No. 

V10309) and they were sorted using the BD FACS Aria III cell sorter (BD Biosciences, San Jose, 

CA). For details on all the above, see Supplemental Experimental Procedures. 
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RNA-seq analysis  

Detailed descriptions of total RNA isolation from NCI-H522 cells, library preparation, RNA 

sequencing methodology and data analyses are presented in the Supplemental Experimental 

Procedures  

Immunoblotting and Protein Immunoprecipitation  

Cells were lysed with RIPA buffer and cell lysates were resolved by electrophoresis in SDS-PAGE 

and analyzed by immunoblotting. Protein immunoprecipitation was carried out, following 

established protocols (Mohammed, H. et al, 201686), with modifications. Images were acquired 

and analyzed, using the Li-Cor Fc Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE). 

For the lists of antibodies used for immunoprecipitation and western blotting and for other details, 

see Supplemental Experimental Procedures. 

Cloning and site-directed mutagenesis  

The cDNA clones used in experiments in this report were purchased from multiple sources. Open 

reading frames of all the cDNAs were subcloned in lentiviral vectors. Point mutations were 

introduced into the open reading frames of these clones by site-directed mutagenesis. For details 

see  Supplemental Experimental Procedures. 

Subcellular Fractionation  

Cell pellets were fractionated into nuclear and cytoplasmic fractions, which were used to measure 

the relative abundance of proteins and RNAs in the nucleus and the cytoplasm. For details, see 

Supplemental Experimental Procedures.   
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RT-PCR and qRT-PCR  

Total RNA was isolated using the PureLink RNA Kit (Invitrogen, Cat. No 12183018A). Isolated 

RNA was analyzed by real-time RT-PCR for the expression of the indicated mRNAs. The mRNA 

levels were normalized based on the levels of GAPDH (internal control). The primer sets used 

are listed in the Supplemental Experimental Procedures. 

Chromatin Immunoprecipitation-Sequencing (ChIP-Seq), ChIP and Chromatin Immuno-

Cleavage (ChIC)  

The distribution of chromatin-bound IWS1 and SETD2 and the distribution of histone H3K36me3 

genome-wide were addressed by ChIP-Seq experiments. The binding of IWS1 and SETD2 and 

the abundance of histone H3K36me3 on the U2AF2 locus, were addressed by chromatin 

immunoprecipitation or chromatin Immuno-cleavage (Skene et al., 201887). The latter was 

employed for experiments with FACS-sorted cells in different phases of the cell cycle. For details, 

regarding the sorting, the ChIP/ChIC protocols, ChIP-seq library preparation and analysis, see 

Supplemental Experimental Procedures.  

RNA Immunoprecipitation  

The binding of RNA binding proteins to regions of the U2AF2, CDCA5 and GUSB pre-mRNAs 

was addressed by RNA Immunoprecipitation. For details, see Supplemental Experimental 

Procedures.  

Tumor xenografts.   

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice  were injected subcutaneously with 2x106 or 5x106 

shControl or shIWS1 NCI-H1299 and A549 cells, and they were monitored for 4 and 6 weeks, 

respectively. Tumor metrics, protein and RNA extraction and tumor immunohistochemistry are 
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described in detail in the Supplemental Experimental Procedures. All mouse experiments were 

reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the Ohio 

State University.  

Human Tumor Samples.  

Thirty Lung Adenocarcinoma samples with matching normal adjacent tissue were obtained from 

the Tissue Bank of The Ohio State University. Ten additional lung adenocarcinomas without 

matching normal tissue had been obtained earlier from the tissue bank of Tufts Medical Center. 

The latter had been used also in an earlier study on the role of IWS1 in NSCLC (Sanidas et al., 

201410). Protein and RNA extraction, and correlations of the abundance of IWS1 and the inclusion 

of Exon 2 in the U2AF2 mRNA with tumor stage and patient survival were carried out as described 

in the Supplemental Experimental Procedures.  

Immunohistochemistry  

Human lung adenocarcinoma tissue arrays (US Biomax, Cat. No. LC1504) and tumor 

xenografts from immunodeficient mice, were stained with antibodies. Antibody staining, 

image acquisition and signal intensity measurements, along with the correlation of IWS1 

signal intensity with tumor grade and stage, are described in the Supplemental 

Experimental Procedures. 

TCGA/dataset analysis 

TCGA data were downloaded from https://portal.gdc.cancer.gov/ and analysed as described in 

the Supplemental Experimental Procedures. The  microarray and RNA-seq analysis for the 

publicly available datasets GSE13213, GSE26939 and GSE141685 are outlined in the 

Supplemental Experimental Procedures. 
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Data availability 

All the source data derived from this report have been deposited in the Mendeley Dataset (Laliotis 

et al., 202088). Raw RNA-Seq and ChIP-Seq data of NCI-H522 cell lines, transduced with lentiviral 

constructs of shControl, shIWS1, shIWS1/WT-R or shIWS1/MT-R will be deposited in Gene 

Expression Omnibus (GEO). 
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Figure 1. IWS1 expression and/or phosphorylation regulate alternative mRNA splicing 

A. Western blots of lysates of NCI-H522 and NCI-H1299 cells, transduced with the indicated constructs, 

were probed with anti-IWS1 and anti-GAPDH (control) antibodies. B. Overlaps between differentially-

expressed and differentially spliced genes in shControl and shIWS1 or shIWS1/WT-R and shIWS1/MT-R 
NCI-H522 cells (p<0.05) are illustrated, using Venn diagrams. C. Bar graphs show the number of alternative 

splicing events with exon inclusion (inclusion level >20%) in shControl versus shIWS1 (upper panel) and 

shIWS1/WT-R versus shIWS1/MT-R (lower panel) NCI-H522 cells. The comparisons were limited to 

alternative splicing events with a p value < 0.05. This shows that IWS1 phosphorylation promotes exon 

inclusion (see diagram on the left) in multiple alternatively spliced genes.  D. GO analysis, based on 

differences in the abundance of alternative splicing events in shControl versus shIWS1 (upper panel) and 

shIWS1/WT-R versus shIWS1/MT-R (lower panel) NCI-H522 cells. Comparisons were limited to alternative 

splicing events whose abundance changes significantly with the expression or phosphorylation of 
IWS1(p<0.05). Red boxes highlight gene sets involved in the regulation of RNA processing. E. Volcano 

plots of the -log p value vs the exon inclusion levels of all the exon inclusion and exon exclusion alternative 

splicing events, detected  by DEXseq in the comparisons between shControl and shIWS1 (upper panel), or 

shIWS1/WT-R and  shIWS1/MT-R (lower panel) NCI-H522 cells. The statistically significant events 

(p<0.05) with an inclusion level of >0.2 or <-0.2 are shown in red. Statistically significant events in genes in 

the GO functions RNA splicing or RNA metabolic processes are shown in green. Alternatively-spliced IWS1 

targets validated in this report are shown in blue. (U2AF2, IFT88, SLC12A2, C1qTNF6, STXBP1).  The 

validation of these through RT-PCR is shown in Figure S1. F. IWS1 phosphorylation regulates U2AF2 

alternative mRNA splicing. (Upper panel) RT-PCR of U2AF2, using oligonucleotide primers that map in 

exons 1 and 3 or exons 8 and 10 (U2AF2 expression control). RNA transcripts containing or lacking exon 

2 are distinguished based on the size of the amplified cDNA derived from these transcripts. RT-PCR was 

carried out using RNA derived from shControl, shIWS1 shIWS1/WT-R and shIWS1/MT-R NCI-H522 and 

NCI-H1299 cells. GAPDH was used as the loading control. (Lower panel) The relative abundance of the 

amplified cDNA bands in the upper panel was determined, and the ratio between exons E2 and E3 was 

calculated relative to the ratio in shControl cells, which was given the arbitrary value of 1. G. Sequencing 
chromatograms showing the junction between exons 1 and 2 and exons 1 and 3 in the two alternatively 

spliced U2AF2 RNA transcripts.   H. IWS1 binds exons 2 and 3, but not the transcription start site (TSS) of 

the U2AF2 gene. (Upper) UCSC browser snapshot showing exons 1, 2 and 3 of the human U2AF2 gene. 

The map position of the PCR primer sets used in the ChIP experiments in this figure is indicated by blue 

marks. (Lower) ChIP assays addressing the binding of IWS1 on the U2AF2 and GAPDH genes in shControl, 

shIWS1 shIWS1/WT-R and shIWS1/MT-R NCI-H522 and NCI-H1299 cells. Bars show the mean fold 

enrichment (anti-IWS1 IP, vs IgG control IP) in IWS1 binding, in shIWS1 relative to shControl cells or in 

shIWS1/MT-R relative to shIWS1/WT-R cells ±SD. Data were normalized relative to the input (2%). All 
assays were done in triplicate, on three biological replicates. n.s : non-significant  *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. (one-side unpaired t-test) 
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Figure S1 (relative to Figure 1). IWS1 expression and/or phosphorylation regulate alternative mRNA 
splicing 

 

A. Venn diagram shows the genes that are differentially expressed in shControl versus shIWS1 or 
shIWS1/WT-R versus shIWS1/MT-R NCI-H522 cells (p<0.01) and the overlap between the two sets. B. 
Volcano plots of all the differentially expressed genes in shControl versus shIWS1 (upper panel) and 

shIWS1/WT-R versus shIWS1/MT-R NCI-H522 cells (lower panel). Genes upregulated or downregulated 

with a p value <0.01 are shown in red and blue, respectively.  C. Heatmaps of the top 100 differentially-

expressed genes (highest FDR) in shIWS1 relative to shControl and in shIWS1/MT-R relative to 

shIWS1/WT-R NCI-H522  cells.  Genes present in both sets are shown in red. The abundance of IWS1 

was significantly lower in shIWS1 cells, relative to the shControl cells, as expected (red box). D. Gene Set 

Enrichment Analysis (GSEA) of genes differentially expressed in shControl versus shIWS1 (upper panels) 
and in shIWS1/WT-R versus shIWS1/MT-R (lower panels) NCI-H522 cells demonstrates significant 

enrichment in genes involved in RNA processing.  (NES–normalized enrichment score, FDR–false 

discovery ratio) E. IWS1 expression and phosphorylation regulate the alternative splicing of the U2AF2 

exon 2. Quantitative RT-PCR showing the E2/E3 ratio in the U2AF2 mRNA transcripts in shControl, 

shIWS1, shIWS1/WT-R and shIWS1/MT-R NCI-H522 and NCI-H1299 cells. Bars show the E2/E3 ratio 

(mean ± SD) in all the cell lines, normalized relative to the shControl. F. Quantitative RT-PCR, showing the 

abundance of all the U2AF2 mRNA transcripts in shControl, shIWS1, shIWS1/WT-R and shIWS1/MT-R 

NCI-H522 and NCI-H1299 cells. Bars show the total U2AF2 mRNA (mean ± SD) relative to GAPDH. G., 
H., I. and J. IWS1 expression and phosphorylation regulate the alternative RNA splicing of SLC12A2 (exon 

21), IFT88 (exon 8), STXBP1 (exon 18) and C1qTNF6 (exon 3). In all cases, IWS1 promotes exon inclusion. 

Upper panels show the electrophoresed products of the corresponding RT-PCR reactions. These products 

were quantified and the ratios of the alternatively spliced to non-alternatively spliced adjacent exons were 

normalized relative to the ratio in the shControl cells. Bars show the relative exon ratios (mean ± SD) in 

shControl, shIWS1, shIWS1/WT-R and shIWS1/MT-R NCI-H522 and NCI-H1299 cells.  Assays were done 

in triplicate, on three biological replicates. n.s : non-significant  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
(one-side unpaired t-test)  
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Figure 2. IWS1 phosphorylation-dependent mRNA splicing of U2AF2 is regulated by serum and IGF-
1-induced signals transduced by AKT3  

A. IGF-1 promotes the IWS1-dependent  U2AF2 exon 2 (E2) inclusion. (Upper panel) Following serum 

starvation for 24 hours, NCI-H522 and NC-H1299 cells were stimulated with IGF-1 or harvested. Four hours 

later, the stimulated cells were lysed, and all the lysates were probed with the indicated antibodies. (Middle 

panel) RT-PCR with mRNA derived from the cells shown in the upper panel and oligonucleotide primers 

mapping to exons 1 and 3 of the U2AF2 gene, show that IGF1-induced signals promote U2AF2 exon 2 

inclusion. (Lower panel) The U2AF2 gene E2/E3 ratio was calculated following quantification of the RT-
PCR products in the middle panel. The bars show this ratio (mean± SD) in IGF-1 stimulated NCI-H522 and 

NCI-H1299 cells relative to the ratio in untreated serum-starved cells.  B. U2AF2 exon 2 (E2) inclusion 

depends on AKT. (Upper panel) NCI-H522 and NCI-H1299 cell lysates, harvested following a 4 hr treatment 

with MK2206 (5μM) or DMSO, were probed with the indicated antibodies. (Middle panel) RT-PCR reactions, 

using mRNA derived from the cells in the upper panel and oligonucleotide primers mapping in U2AF2 exons 

1 and 3 show that inhibiting AKT inhibits the inclusion of exon 2 in mature U2AF2 mRNA transcripts in both 

cell lines. (Lower panel) The U2AF2 mRNA E2/E3 ratio was calculated following quantification of the RT-

PCR products in the middle panel. The bars show this ratio (mean± SD) in MK2206-treated (5μM) NCI-
H522 and NCI-H1299 cells relative to the ratio in DMSO-treated cells.  C. U2AF2 exon 2 (E2) inclusion 

depends on AKT3. (Upper panel) NCI-H522 and NCI-H1299 cell lysates, harvested 48 hr after transfection 

with siAkt3 or siControl, were probed with the indicated antibodies. (Middle panel) RT-PCR reactions, using 

mRNA derived from the cells in the upper panel and oligonucleotide primers mapping in U2AF2 exons 1 

 

IGF-1 - + - +

IWS1

p-IWS1 (S720)

p-AKT (T308)

p-AKT (S473)

pan-AKT

GAPDH

MK2206 - + - +

-150

-150

-50

-75

-50

-75

-50

-75

-37

-150

-150

-50

-75

-50

-75

-50

-75

-37

A

siCon + - + -
siAKT3 - + - +

NCI-H522 NCI-H1299

IWS1

p-IWS1 (S720)

p-AKT (T308)

p-AKT (S473)

pan-AKT

GAPDH

-50

-37

AKT3

GAPDH

1 2 3

U2AF2

8 9 10

GAPDH

1 2 3

U2AF2

8 9 10

GAPDH

NCI-H522 NCI-H1299

E2
/E3

 R
ela

tiv
e t

o c
on

tro
l

**** ****15

10

5

0

starved
IGF-1

U2AF2 quantification

B CNCI-H522 NCI-H1299

NCI-H522 NCI-H1299

E2
/E3

 R
ela

tiv
e t

o c
on

tro
l

**** ****1.5

1.0

0.5

0

DMSO
MK2206

U2AF2 quantification

NCI-H522 NCI-H1299

1 2 3

U2AF2

8 9 10

GAPDH

NCI-H522 NCI-H1299

E2
/E3

 R
ela

tiv
e t

o c
on

tro
l

**** ****1.5

1.0

0.5

0

siControl
siAKT3

U2AF2 quantification

WITHDRAWN

see manuscript DOI for details

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 15, 2020. ; https://doi.org/10.1101/2020.07.14.195297doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.14.195297
http://creativecommons.org/licenses/by-nd/4.0/


and 3 show that knocking down Akt3 inhibits the inclusion of exon 2 in mature U2AF2 mRNA transcripts in 

both cell lines.  (Lower panel) The U2AF2 mRNA E2/E3 ratio was calculated following quantification of the 

RT-PCR products in the middle panel. The bars show this ratio (mean± SD) in siAKT3-transfected NCI-

H522 and NCI-H1299 cells relative to the ratio in mock-transfected cells.  All experiments in this figure were 
done in triplicate, on three biological replicates. n.s. : non-significant *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. (one-side unpaired t-test). 

 

 

 

Figure S2 (relative to Figure 2). IWS1 phosphorylation-dependent mRNA splicing of U2AF2 is 
regulated by serum and IGF-1-induced signals transduced by AKT3  

 A. B. and C.  The U2AF2 mRNA E2/E3 ratio in the cells in figure 2 was also measured by quantitative RT-

PCR. Bars show the E2/E3 ratio in IGF-1, MK2206 and siAKT3-treated cells relative to the control 

cells.   Error bars indicate SD.  All experiments in this figure were done on three biological replicates, in 

triplicate. n.s. : non-significant *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (one-side unpaired t-test)  

 

 

 
 

 

 

 

 

 

 

 
 

 

NCI-H522 NCI-H1299E2
/E

3 
R

el
at

iv
e 

to
 c

on
tr

ol 10

2

0

starved
IGF-1

qPCR U2AF2 SplicingA B C

4

6

8

*** ****

NCI-H522 NCI-H1299E2
/E

3 
R

el
at

iv
e 

to
 c

on
tr

ol

0.5

0

DMSO
MK2206

qPCR U2AF2 Splicing

****

NCI-H522 NCI-H1299E2
/E

3 
R

el
at

iv
e 

to
 c

on
tr

ol siCon
siAKT3

qPCR U2AF2 Splicing

*** ****

1.0

1.5
****

0.5

0

1.0

1.5

WITHDRAWN

see manuscript DOI for details

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 15, 2020. ; https://doi.org/10.1101/2020.07.14.195297doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.14.195297
http://creativecommons.org/licenses/by-nd/4.0/


 
 

 
 
 

A

TSS E2 E3 GAPDH E3

shCon shIWS1 WT-R MT-R

0

4

8

12
ChIP H3K36me3

(n=3)

NCI-H1299

p=0.1479

**

Fo
ld

 e
nr

ic
hm

en
t

** ***

**
**

**

TSS E2 E3 GAPDH E3
0

4

8

12

NCI-H522

p=0.0779

***

Fo
ld

 e
nr

ic
hm

en
t ******

**
**

***

B

TSS E2 E3 GAPDH E30

4

8

12 ChIP H3K36me3
(n=3)

NCI-H1299
Fo

ld
 e

nr
ic

hm
en

t

TSS E2 E3 GAPDH E3

DMSO MK2206

0

4

8

12

NCI-H522

****

Fo
ld

 e
nr

ic
hm

en
t

***

****

****

C

TSS E2 E3 GAPDH E3

ChIP HA-SETD2
(n=3)

NCI-H1299

n.s

Fo
ld

 e
nr

ic
hm

en
t

TSS E2 E3 GAPDH E3
0

4

6

8

NCI-H522

Fo
ld

 e
nr

ic
hm

en
t *******

2

0

4

6

8

2

****

****
***

**

p=0.1205
****

****
****

****
****

****

shCon + - - -
shSETD2 - + + +

- - + -
SETD2 R1625C - - - +
SETD2 wt

-250

-120

-21
-200

-15

SETD2
H3K36me3

Vinculin

shCon + - - -
shSETD2 - + + +

- - + -
SETD2 R1625C - - - +
SETD2 wt

-250

-120

-21
-200

-15

SETD2
H3K36me3

Vinculin

E2
/E

3 
Re

la
tiv

e 
to

 c
on

tro
l 1.5

1.0

0.5

0

U2AF2 quantification U2AF2 quantification

E2
/E

3 
Re

la
tiv

e 
to

 c
on

tro
l

1.5

1.0

0.5

0

2.0

E2
/E

3 
Re

la
tiv

e 
to

 c
on

tro
l 1.5

1.0

0.5

0

qPCR U2AF2 Splicing

NCI-H522 NCI-H1299

E2
/E

3 
Re

la
tiv

e 
to

 c
on

tro
l

qPCR U2AF2 Splicing

shCon shSETD2 SETD2 WT-R SETD2 R1625C

****
****

****
****

1 2 3

U2AF2

8 9 10

GAPDH

1 2 3

U2AF2

8 9 10

GAPDH

1.5

1.0

0.5

0

***
***p=0.1286

****
***n.s

shCon shIWS1 WT-R MT-R

Flag-IWS1

HA-SETD2

H3K36me3

U2AF2

D

E

RNA-Seq

H522 shIWS1/WT-R
H522 shIWS1/MT-R
(0-626)

(0-2556)

(0-2055)

(0-277)

(0-737)

(0-2236)

(0-729)

(0-700)

WITHDRAWN

see manuscript DOI for details

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 15, 2020. ; https://doi.org/10.1101/2020.07.14.195297doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.14.195297
http://creativecommons.org/licenses/by-nd/4.0/


Figure 3. U2AF2 Exon 2 inclusion, induced by IWS1 phosphorylation at Ser720/Thr721, depends on 
H3K36 trimethylation by SETD2.  

A. ChIP assays showing the abundance of H3K36me3 on the U2AF2 and GAPDH genes in shControl, 

shIWS1 shIWS1/WT-R and shIWS1/MT-R NCI-H522 (left) and NCI-H1299 cells (right). Bars show the 
mean fold enrichment in H3K36me3 (anti-H3K36me3 IP, vs IgG control IP) in the indicated regions of the 

U2AF2 gene, in shControl, shIWS1, shIWS1/WT-R and shIWS1/MT-R cells ±SD. Data were normalized 

relative to the input (2%). B. AKT inhibition interferes with the H3K36me3 trimethylation in the U2AF2 gene. 

ChIP assays showing the abundance of H3K36me3 on the U2AF2 and GAPDH genes in NCI-H522 (left) 

and NCI-H1299 cells (right), before and after the treatment with MK2206 (5μM) or DMSO. The bars show 

the mean fold enrichment of H3K36me3 (anti-H3K36me3 IP, vs IgG control IP) in the indicated regions of 

the U2AF2 gene, in shControl, shIWS1 shIWS1/WT-R and shIWS1/MT-R cells ±SD. Data were normalized 

relative to the input (2%). C. ChIP assays showing the binding of HA-SETD2 to the indicated regions of the 
U2AF2 and GAPDH genes, in shControl, shIWS1 shIWS1/WT-R and shIWS1/MT-R NCI-H522 (left) and 

NCI-H1299 cells (right), transduced with a lentiviral HA-SETD2 construct. The bars show the mean fold 

enrichment in SETD2 binding (anti-HA IP, vs IgG control IP) in the indicated regions of the U2AF2 gene, in 

shControl, shIWS1, shIWS1/WT-R and shIWS1/MT-R cells ±SD. Data were normalized relative to the input 

(2%). The expression of HA-SETD2 is presented in Figure S3A.  D. The IWS1-regulated alternative RNA 

splicing of U2AF2, depends on enzymatically active SETD2. (Upper panel) Lysates of NCI-H522 (left) and 

NCI-H1299 (right) cells transduced with shControl or shSETD2 lentiviral constructs and shSETD2 cells 

rescued with wild type SETD2, or the catalytically inactive SETD2 R1625C mutant.   were probed with the 
indicated antibodies. RT-PCR, using RNA derived from these cells and oligonucleotide primers mapping in 

U2AF2 exons 1 and 3, revealed that the inclusion of exon 2 in the mature U2AF2 mRNA transcripts depends 

on the expression of enzymatically active SETD2. (Middle panel) The RT-PCR products in the experiment 

in the upper panel were quantified. Bars show the E2/E3 ratio relative to the shControl, which was given 

the value of 1. (Lower panel) The ratio of the U2AF2 exons 2 and 3 was determined by quantitative RT-

PCR, using the mRNA isolated from the cells in the upper panel. Again, bars show the E2/E3 ratio relative 

to the shControl. Error bars indicate SD.  All experiments in this figure were done on three biological 
replicates, in triplicate. n.s: non-significant *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (one-side unpaired 

t-test)  E. Snapshots of the integrative genomic viewer showing the distribution of Flag-IWS1, HA-SETD2, 

and histone H3K36me3 marks, within the U2AF2 gene, obtained from a ChIP-Seq analysis, along with the 

distribution of RNA reads obtained from the RNA-seq analysis of shIWS1/WT-R and shIWS1/MT-R NCI-

H522 cells. Scale represents reads per million (RPM). Snapshots of peaks  detected in both biological 

replicates are shown. The black box outlines U2AF2 exons 2 and 3 and the adjacent regions. 
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Figure S3 (relative to Figure 3). U2AF2 Exon 2 inclusion, induced by IWS1 phosphorylation at 
Ser720/Thr721, depends on H3K36 trimethylation by SETD2.  

A. SETD2 does not rescue the shIWS1 and shIWS1/ΜΤ-R U2AF2 alternative splicing phenotype. (Upper 

panels-First two lines) Lysates of shControl, shIWS1 shIWS1/WT-R and shIWS1/MT-R NCI-H522 and NCI-

H1299 cells, transduced with a lentiviral construct of wild type HA-SETD2, were probed with the indicated 

antibodies. (Upper panels-third line) RT-PCR reactions, using mRNA derived from the same cells, and 

oligonucleotide primers mapping in U2AF2 exons 1 and 3 show that SETD2 does not rescue the shIWS1-

induced exclusion of exon 2 from the U2AF2 mRNA (Middle panel) U2AF2 E2/E3 ratio in HA-SETD2-

transduced shIWS1, shIWS1/WT-R and shIWS1/MT-R cells, relative to HA-SETD2-transduced shControl 

cells. Data based on quantification of the RT-PCR products above. (Lower panel) The RT-PCR results were 
confirmed by quantitative RT-PCR. Bar graphs show again the E2/E3 ratio in HA-SETD2-transduced 

shIWS1, shIWS1/WT-R and shIWS1/MT-R cells, relative to HA-SETD2-transduced shControl cells ± SD. 
B. (Upper panels. first 6 lines) The listed H3K36 methyltransferases were efficiently knocked down in NCI-

H522 and NCI-H1299 cells, by siRNA transfection, as determined by probing western blots of transfected 

cell lysates with the indicated antibodies. (Upper panels,  lines 7 and 9) RT-PCR, using RNA isolated from 

these cells, and U2AF2 exon 1 and exon 3 or exon 8 and 10 oligonucleotide primers shows that none of 

these methyltransferases control the splicing pattern of the U2AF2 mRNA. (Middle panels) U2AF2 E2/E3 

ratio in the siRNA-transfected cells, relative to the siControl cells. Data based on quantification of the RT-
PCR products above.  (Lower panels) The RT-PCR results were confirmed by quantitative RT-PCR. Bar 

graphs show the E2/E3 ratio in NCI-H522 and NCI-H1299 cells, after the knockdown of the indicated 

methyltransferases, relative to the siControl cells ± SD. C. (Upper Panels, first 3 lines) The listed H3K36 

demethylases were overexpressed in NCI-H522 and NCI-H1299 cells, using viral constructs (pLX304 

constructs for KDM4A and KDM4B and a pBabe-puro construct for KDM4C). Expression was determined 
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by probing western blots of transduced cell lysates with the indicated antibodies. (Upper panels 4th and 5th 

lines) RT-PCR, using RNA isolated from these cells, and U2AF2 exon 1 and exon 3 or exon 8 and 10 

oligonucleotide primers shows that none of these demethylases control the splicing pattern of the U2AF2 

mRNA. (Middle panels) U2AF2 E2/E3 ratio in the transduced cells, relative to the vector-transduced 
(pLX304 EV plus pBabe-puro EV) cells. Data based on quantification of the RT-PCR data above.  (Lower 

panels) The RT-PCR results were confirmed by quantitative RT-PCR. Bar graphs show the E2/E3 ratio in 

NCI-H522 and NCI-H1299 cells, after transduction with the indicated demethylases, relative to the Control 

cells ± SD. All assays in this figure were done in triplicate, on three biological replicates. n.s : non-

significant  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (one-side unpaired t-test) . 
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Figure 4. The regulation of the alternative splicing of the U2AF2 exon 2 by IWS1 and IWS1 
phosphorylation, depends on the p52 isoform of the H3K36me3 reader LEDGF and its splicing 
partner SRSF1.  

A. The H3K36me3 reader MRG15 and its binding partner PTB, play no role in the regulation of U2AF2 

alternative RNA splicing. (Upper panel) Western blots of lysates of NCI-H522 and NCI-H1299 cells 
transduced with shControl and shMRG15 (left) or shControl and shPTB (right) were probed with the 

indicated antibodies. RT-PCR, using RNA isolated from these cells and U2AF2 exon 1 and exon 3 or exon 
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8 and 10 oligonucleotide primers shows that the knockdown of neither MRG15 nor PTB affects the 

alternative splicing of U2AF2. (Middle and lower panel) The RT-PCR results were confirmed by quantitative 

RT-PCR. Bar graphs show the E2/E3 ratio in shMRG15 and shPTB NCI-H522 and NCI-H1299 cells, relative 

to the shControl ± SD. B. The alternative splicing of the U2AF2 exon 2 is regulated by the H3K36me3 

reader LEDGF. (Upper Panel) The listed H3K36me3 readers were efficiently knocked down by siRNA 

transfection of NCI-H522 cells, as determined by probing western blots of transfected cell lysates with the 

indicated antibodies. RT-PCR, using RNA isolated from these cells and U2AF2 exon 1 and exon 3 or exon 

8 and 10 oligonucleotide primers shows that only the knockdown of LEDGF affects the alternative splicing 

of U2AF2. (Middle and lower panel) The RT-PCR results were confirmed by quantitative RT-PCR. Bar 

graphs show the E2/E3 ratio in NCI-H522 cells, after the knockdown of the indicated readers, relative to 

the siControl ± SD.   C. The alternative RNA splicing of the U2AF2 exon 2 is regulated by the p52, but not 

the p75 isoform of LEDGF.(Upper panel) Schematic representation of the p52 and p75 isoforms of LEDGF 
showing the position of the PWWP domain (green), the AT hook-like domain (red), the unique to p52 8 aa 

long C-terminal domain (black) and the unique to p75  integrase binding domain (IBD) (blue) (Ferris et al., 

201054). (Middle panel) Western blots of lysates of shControl, shLEDGF, shLEDGF/LEDGF-p75-

R,shLEDGF/LEDGF-p52WT-R,shLEDGF/LEDGF-p52A51P-R NCI-H522 cells, were probed with the 

indicated antibodies. RT-PCR, using RNA isolated from these cells and U2AF2 exons 1 and 3 or exons 8 

and 10 oligonucleotide primers shows that only the wild type p52 isoform of LEDGF rescues the alternative 

splicing of U2AF2 in shLEDGF-transduced cells. The p75 isoform and the p52 mutant A51P, which does 

not bind H3K36me3, failed to rescue. (Lower panels) The RT-PCR results were confirmed by quantitative 
RT-PCR. Bar graphs show the E2/E3 ratio in shLEDGF-transduced  NCI-H522 cells,  before and after the 

rescue with the indicated constructs, relative to the shControl ± SD. D. The recruitment of p52/LEDGF to 

the U2AF2 gene depends on IWS1 phosphorylation. ChIP assays showing the binding of p52/LEDGF  to 

the U2AF2 and GAPDH genes in shControl, shIWS1 shIWS1/WT-R and shIWS1/MT-R NCI-H522 cells, 

transduced with a lentiviral V5-p52/LEDGF construct. The bars show the mean fold enrichment in 

p52/LEDGF binding (anti-V5 IP, vs IgG control IP) to the indicated regions of the U2AF2 gene, in shControl, 

shIWS1 shIWS1/WT-R and shIWS1/MT-R cells ±SD. Data were normalized relative to the input (2%). The 
expression of V5-p52/LEDGF is shown in figure S4D. E. The alternative RNA splicing of the U2AF2 exon 

2 depends on SRSF1.  (Upper panel) Western blots of lysates of shControl, shSRSF1 and 

shSRSF1/SRSF1 WT-R  NCI-H522 cells, were probed with the indicated antibodies. RT-PCR, using RNA 

isolated from these cells and U2AF2 exons 1 and 3 or exons 8 and 10 oligonucleotide primers, shows that 

the knockdown of SRSF1 promotes a shift in the RNA splicing pattern of U2AF2, which favors the exclusion 

of exon 2 from the mature transcripts, and that wild type SRSF1 rescues the shift. (Lower panels) The RT-

PCR results were confirmed by quantitative RT-PCR. Bar graphs show the E2/E3 ratio in shSRSF1-

transduced  NCI-H522 cells,  before and after rescue with wild type SRSF1, relative to the shControl ±SD. 
F. The recruitment of SRSF1 to the U2AF2 gene, depends on IWS1 phosphorylation. ChIP assays showing 

the binding of SRSF1 to the U2AF2 and GAPDH genes in shControl, shIWS1 shIWS1/WT-R and 
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shIWS1/MT-R NCI-H522 cells, transduced with a lentiviral V5-SRSF1 construct. The bars show the mean 

fold enrichment in SRSF1 binding (anti-V5 IP, vs IgG control IP) to the indicated regions of the U2AF2 gene, 

in shControl, shIWS1 shIWS1/WT-R and shIWS1/MT-R cells ±SD. Data were normalized relative to the 

input (2%). The V5-SRSF1 expression is shown in Figure S4F. G. The recruitment of SRSF1 to the U2AF2 

RNA depends on IWS1 phosphorylation. RIP assays showing the binding of SRSF1 to the U2AF2 RNA in 

the NCI-H522 cells in Fig. 4F. The bars show the mean fold enrichment in SRSF1 binding in the indicated 

regions of the U2AF2 RNA (anti-V5 IP, vs IgG control IP) ±SD. Data were normalized relative to the input 

(2%). All assays in this figure were done in triplicate, on three biological replicates. n.s : non-

significant  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (one-side unpaired t-test)  H. Model of the 

regulation of U2AF2 alternative RNA splicing by AKT3-mediated IWS1 phosphorylation at Ser720/Thr721. 
The phosphorylation of IWS1 recruits SETD2 to the Spt6/IWS1/Aly complex in the CTD of RNA Pol II. 

SetD2 in the complex, trimethylates histone H3 at K36 during transcriptional elongation. p52/LEDGF and 
its RNA-binding partner SRSF1, bind histone H3K36me3. Binding of SRSF1 to exon 2 promotes inclusion 

of this exon in the mature U2AF2 transcript. 
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Figure S4 (relative to Figure 4). The regulation of the alternative splicing of the U2AF2 exon 2 by 
IWS1 and IWS1 phosphorylation, depends on the p52 isoform of the H3K36me3 reader LEDGF and 
its splicing partner SRSF1.  
A. The knockdown of the indicated histone H3K36me3 readers in NCI-H1299 cells confirmed that only the 
knockdown of LEDGF results the exclusion of exon 2 from the mature U2AF2 mRNA transcript. This is a 

repeat of the experiment in figure 4B, which was done in NCI-H522 cells. The results confirmed that LEDGF 

controls the mRNA splicing of U2AF2 in multiple cell lines. B. The expression of LEDGF-p75-WT, LEDGF-

p52-WT and LEDGF-p52A51P (a LEDGF mutant, which has lost the ability to bind H3K36me3) in 

shLEDGF-transduced NCI-H1299 cells, confirmed that only LEDGF-p52-WT can rescue the shLEDGF-

induced exclusion of exon 2 from the mature U2AF2 mRNA transcript. This is a repeat of the experiment in 
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figure 4C, which was done in NCI-H522 cells. The results confirmed that the p52 isoform of wild type LEDGF 

controls the mRNA splicing of U2AF2 in multiple cell lines. C. ChIP assays addressing the binding of V5-

LEDGF-p52 in TSS, exon 2 and exon 3 of U2AF2, in shControl, shIWS1, shIWS1/WT-R and shIWS1/MT-

R NCI-H1299 cells, confirmed the binding of this LEDGF isoform in both, exon 2 and exon 3. This is a 
repeat of the experiment in figure 4D, which was done in NCI-H522 cells. The results confirmed that the 

p52 isoform of wild type LEDGF controls the mRNA splicing of U2AF2, by binding the U2AF2 exons 2 and 

3, in multiple cell lines. D. V5-LEDGF-p52 does not rescue the shIWS1 and shIWS1/MT-R U2AF2 

alternative splicing phenotype.  (Upper panel-First two lines) shControl, shIWS1 shIWS1/WT-R and 

shIWS1/MT-R NCI-H522 (left panel) and NCI-H1299 (right panel) cells were transduced with a lentiviral 

construct of V5-p52/LEDGF. The expression of V5-p52-LEDGF was confirmed by probing lysates of these 

cells with an anti-V5 or an anti-α-tubulin (loading control) antibody. (Upper panel-Third  line)  RT-PCR, using 

RNA isolated from these cells and U2AF2 exons 1 and 3 oligonucleotide primers shows that V5-p52-LEDGF 
does not rescue the shIWS1 and shIWS1/MT-R U2AF2 alternative splicing phenotype.   (Middle panel) 

Bars show the mean E2/E3 U2AF2 RNA ratio in NCI-H522 and NCI-H1299 shIWS1, shIWS1/WT rescue 

and shIWS1/MT rescue cells, in the experiment in the top panel, normalized to the shControl cells ± SD 

(one-side unpaired t-test) (Lower panel) The RT-PCR results were confirmed by quantitative RT-PCR. E. 
The alternative RNA splicing of the U2AF2 exon 2 depends on SRSF1.   (Upper panel) The experiment in 

figure 4E, which was carried out in NCI-H522 cells, was repeated in NCI-H1299 cells, with identical 

results. F. V5-SRSF1-WT does not rescue the shIWS1 and shIWS1/MT-R U2AF2 alternative splicing 

phenotype. (Upper panel-First two lines) shControl, shIWS1 shIWS1/WT-R and shIWS1/MT-R NCI-H522 
(left panel) and NCI-H1299 (right panel) cells were transduced with a lentiviral construct of V5-SRSF1. The 

expression of V5-SRSF1 was confirmed by probing lysates of these cells with an anti-V5 or an anti-β-actin 

(loading control) antibody. (Upper panel-Third  line)  RT-PCR, using RNA isolated from these cells and 

U2AF2 exons 1 and 3 oligonucleotide primers shows that V5-SRSF1 does not rescue the shIWS1 and 

shIWS1/MT-R U2AF2 alternative splicing phenotype.   (Middle panel) Bars show the mean E2/E3 U2AF2 

RNA ratio in NCI-H522 and NCI-H1299 shIWS1, shIWS1/WT-R and shIWS1/MT rescue cells, in the 

experiment in the top panel, normalized to the shControl cells ± SD (one-side unpaired t-test) (Lower panel) 
The RT-PCR results were confirmed by quantitative RT-PCR. G. The experiments in NCI-H522 cells, in 

figure 4F, was repeated in NCI-H1299 cells with identical results. H.    The experiments in NCI-H522 cells, 

in figure 4G, was repeated in NCI-H1299 cells with identical results. I. (Upper panel) The 7-nt SRSF1 

binding motif, involved in the regulation of  alternative RNA splicing by SRSF1 (Anczuków et al., 201556) 

(Middle and Lower panels) Boxes show the location of the SRSF1 binding motifs in U2AF2 exons 2 and 3 

and their nucleotide sequence. The height of the boxes is proportional to the -log(p-value) and it is 

presented relative to the height of the box mapping between nucleotides 184 and 192. The binding scores 

(z-scores) and p values are calculated using the RBPmap pipeline (http://rbpmap.technion.ac.il/index.html) 
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Figure 5. IWS1 phosphorylation controls the CDCA5/ERK phosphorylation feedback loop, through 
U2AF2 alternative RNA splicing. 

A. Domain organization of the U2AF65 protein, showing the Serine/Arginine Rich (SR) domain, the U2AF-

ligand motif (ULM), two RNA recognition motifs (RRMs) and the U2AF Homology Motif (UHM). Exon 2 

encodes the N-terminal SR domain. U2AF65 and U2AF35 interact through the U2AF65 UHM domain. The 

numbers on top identify the amino acids at the boundaries of the indicated motifs. B. The novel U2AF65β 

spliced variant, lacking exon 2, doesn’t interact with Prp19. HEK-293T cells were transduced with lentiviral 

constructs V5-U2AF65α, or V5-U2AF65β.  Anti V5-U2AF65 immunoprecipitates from these cells were 
probed with anti-Prp19 or anti-V5-tag antibodies. (Lower panel). Western blots of the input lysates, probed 

with the indicated antibodies are also shown.  C. The U2AF65-Prp19 interaction depends on IWS1-

phosphorylation. (Upper panel) Anti-U2AF65 immunoprecipitated from lysates of shControl, shIWS1 

shIWS1/WT-R and shIWS1/MT-R NCI-H522 cells were probed with anti-U2AF65, anti-Prp19, and anti-

U2AF35 antibodies. Anti-IgG mouse isotype control immunoprecipitates were probed with the anti-Prp19 

antibody. Western blots of the input lysates, probed with the indicated antibodies are also shown. D. IWS1-

phosphorylation controls CDCA5 RNA splicing. (Upper panel). The ratio of spliced to unspliced CDCA5 
RNA transcripts was examined by quantitative RT-PCR, using total RNA isolated from shControl, shIWS1 
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shIWS1/WT-R and shIWS1/MT-R NCI-H522 cells and the listed oligonucleotide primers (E1-E2/E1-I1 and 

E2-E3/E2-I2). The same was done with the transcripts of a control gene (GUSB) (Oligonucleotide primers 

E5-E6/I5-E6). (Middle and lower panels)  RIP assays in the same cells show that whereas the binding of 

Prp19 to the CDCA5 RNA depends on the phosphorylation of IWS1, the binding of U2AF65 does not. The 
bars show the mean fold enrichment in U2AF65 and Prp19 binding in the indicated regions of the CDCA5 

pre-mRNA (anti-U2AF65 or anti-Prp19  IP, vs IgG control IP) ± SD. Data were normalized relative to the 

input (2%).  The primer location within CDCA5 and GUSB can be found in Figure S5B. E. U2AF2 alternative 

RNA splicing, downstream of IWS1 phosphorylation controls CDCA5 splicing. (Upper panel). The ratio of 

spliced to unspliced CDCA5 RNA transcripts was examined in shControl NCI-H522 cells that were either 

not rescued, or rescued with U2AF65α, or U2AF65β,  and in shIWS1 NCI-H522 cells rescued with the same 

U2AF65α, or U2AF65β-encoding constructs. Quantitative RT-PCR was carried out and presented, as in 

Fig 5D. The GUSB gene was used again as the control. (Middle and lower panels)   RIP assays in the same 
cells show that whereas U2AF65α rescues the binding of Prp19 to the CDCA5 RNA in shIWS1 cells, 

U2AF65β does not. Moreover, U2AF65α and U2AF65β, bound equally to the CDCA5 RNA. The 

presentation of the data was the same as in Fig 5D.  
F. The abundance of mature CDCA5 mRNA in the cytoplasm is under the control of the IWS1-

phosphorylation-dependent expression of U2AF65α. The abundance of the cytosolic CDCA5 mRNA was 

measured by quantitative RT-PCR in the cytosolic fraction of shIWS1, shIWS1/WT-R, shIWS1/MT-R, 

shIWS1/U2AF65α-R and shIWS1/U2AF5β-R NCI-H522 (upper panel) and NCI-H1299 (lower panel) cells. 

Bars show the mean cytosolic CDCA5 mRNA expression normalized to GAPDH ± SD in NCI-H522 and 
NCI-H1299 shIWS1, shIWS1/WT-R, shIWS1/MT-R, shIWS1/U2AF65α-R and shIWS1/U2AF5β-R cells 

compared to shControl. The accuracy of the fractionation was validated with the experiment in Figure S5E. 
G. CDCA5 and p-ERK, form a positive feedback loop, which is activated by IWS1 phosphorylation and 

U2AF2 alternative RNA splicing and promotes the expression of CDK1 and Cyclin B1. Lysates  of 

shControl, shIWS1, shIWS1/WT-R and shIWS1/MT-R NCI-H522 cells, along with shControl/U2AF65α, 

shControl/U2AF65β, shIWS1/U2AF65α-R, shIWS1/U2AF5β-R and shIWS1/CDCA5-WT-R, 

shIWS1/CDCA5-DM-A-R and shIWS1/CDCA5-DM-D-R NCI-H522 cells, were probed with the indicated 
antibodies. (DM-A is the S79/S209 CDCA5 mutant and DM-E is the S79/S209EE CDCA5 mutant). H. IWS1 

phosphorylation controls the phosphorylation of ERK in cells harboring EGFR and K-RAS mutations. 
Lysates of shControl, shIWS1, shIWS1/WT-R and shIWS1/MT-R K-RAS (upper left panels) and EGFR 

mutant cell lines were probed with the indicated antibodies. ERK phosphorylation was reduced in all 

shIWS1 and shIWS1/MT-R cells, including the ones with K-RAS and EGFR mutations. RT-PCR, using RNA 

isolated from these cells and U2AF2 exon 1 and exon 3 oligonucleotide primers, confirmed the exclusion 

of exon 2 from the mature U2AF2 mRNA, in all the shIWS1-transduced cells. (Lower left panel) The RT-

PCR results were confirmed by quantitative RT-PCR. Bar graphs show the E2/E3 ratio in all the shIWS1, 
shIWS1/WT-R, and shIWS1/MT-R cells, relative to the shControl ± SD. (Lower right panel) Quantification 

of the reduction of ERK-phosphorylation (Y202/T204), induced by shIWS1 in the indicated cell lines. Bars 
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show the percent reduction, normalized to tubulin. The comparison between the KRAS mutant (A549 and 

NCI-H460) and EGFR mutant cells (NCI-H1975, PC-9, NCI-H1650) was performed with one-way ANOVA 

statistical test. All assays in this figure were done in triplicate, on three biological replicates. n.s : non-

significant  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (one-side unpaired t-test). 

 

Figure S5 (relative to Figure 5). IWS1 phosphorylation controls the CDCA5/ERK phosphorylation 
feedback loop, through U2AF2 alternative RNA splicing. 

A. The experiment in NCI-H522 cells, in figure 5C, was repeated in NCI-H1299 cells with identical results. 
B. UCSC browser snapshot showing the exon position of the relevant portions of the human CDCA5 and 

GUSB genes. The map position of the sequences amplified by PCR is indicated with red lines. The arrows 

indicate the direction of transcription. C. The quantitative RT-PCR and RIP experiments in NCI-H522 cells, 

in figure 5D, were repeated in NCI-H1299 cells with identical results. D. The quantitative RT-PCR and RIP 

experiments in NCI-H522 cells, in figure 5E, were repeated in NCI-H1299 cells with identical results. E. The 

cytosolic and nuclear compartment of the indicated NCI-H522 (upper two lines) and NCI-H1299 cells (lower 
two lines) were probed with the indicated antibodies, to validate the fractionation.  F. The experiment in 

NCI-H522 cells, in figure 5G, was repeated in NCI-H1299 cells with identical results. 
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Figure 6. IWS1 phosphorylation promotes cell proliferation by controlling the Sororin/ERK 
phosphorylation feedback loop, through U2AF2 RNA splicing. 

A. Growth curves of the indicated NCI-H522 (upper) and NCI-H1299 (lower) cells in media supplemented 

with 10% FBS. Cell proliferation was measured every 6 hours using an Incucyte live cell imager. Images of 
live cells  in three independent cultures for each cell type were taken and analyzed using the native Incucyte 

confluence masking software. Results were expressed as confluence percentages ± SD. For simplicity, 12 

and not 6 hour time points are shown. P values were calculated for the endpoint measurements, using the 

one-side unpaired t-test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001  B. U2AF2 alternative RNA splicing 

affects cell proliferation. Lysates derived from the indicated NCI-H522 and NCI-H1299 cells were probed 

with the indicated antibodies. In agreement with the data in A, PCNA was downregulated by shIWS1 in 

both cell lines, and its downregulation was rescued by U2AF65α, but not U2AF65β. C. IWS1 

phosphorylation promotes cell proliferation more robustly in the EGFR mutant lung adenocarcinoma cell 

line NCI-H1975, than in the K-RAS mutant cell line A549. Growth curves of shControl and shIWS1 A549 

(KRAS mutant) and NCI-H1975 (EGFR mutant) cells in media supplemented with 10% FBS. Cell 

proliferation was measured as in A. D. Cell lysates derived from shControl and shIWS1 A549 and NCI-

H1975 cells, before and after rescue with U2AF65α, or U2AF65β, were probed with the indicated 

antibodies. PCNA was again downregulated by shIWS1 in both cell lines, and its downregulation was 

rescued by U2AF65α, but not U2AF65β. E. IWS1 phosphorylation regulates progression through the G2/M 

phase of the cell cycle. Cell cycle profiles of the indicated propidium iodide (PI)-stained cell lines, 

transduced with shControl (left upper panels) or shIWS1 (Right upper panels) lentiviral constructs. The cells 
were plated in equal numbers and they were harvested from semi-confluent cultures 48 hours later. Figure 

shows one representative, out of three biological replicates for each cell line. Numbers in red show the 

mean percentage of cells in different phases of the cell cycle, measured based on the three biological 

replicates. The percent of cells in G2/M in shIWS1 cells was compared with the percent of cells in G2/M in 

shControl cells and the p value of the difference was calculated with the one-side unpaired t-test. (Lower 

panel)  Bars show the shIWS1-induced percent change of the percentage of cells in G2/M  in the indicated 

cell lines. The error bars show the SD of the percent change in 3 biological replicates. The percent change 
is smallest in the K-RAS mutant cell line A549. Supplemental Table S4 lists the data for all the replicates 

and all the conditions. The statistical analysis between the NCI-H1975 and A549 was performed using one-

sided unpaired t-test. F. IWS1 phosphorylation and U2AF2 alternative RNA splicing fluctuate during 

progression through the cell cycle. Protein extracts derived from Exponentially growing NCI-H1299 cell 

cultures were separated into fractions enriched for cells in G0/G1, S and G2/M. Lysates of these cell 

fractions were probed with the indicated antibodies. RT-PCR, using RNA from the same cell fractions, and 

U2AF2 exons 1 and 3 oligonucleotide primers, shows that U2AF2 exon 2 inclusion in the mature U2AF2 

mRNA increases in cells in S and G2/M. G. The abundance of the IWS1, CDCA5 and U2AF2 mRNAs in 
the G0/G1, S and G2/M phases of the cell cycle in NCI-H1299 cells was measured by quantitative RT-PCR 

and is presented relative to the abundance of GAPDH ± SD.  H. IWS1 phosphorylation regulates the U2AF2 
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alternative RNA splicing in a cell-cycle specific manner. ChIC assays showing the binding of IWS1 and 

SETD2 (upper and middle panels respectively) and the abundance of H3K36me3 (lower panel) in the 

U2AF2 gene, in NCI-H1299 cells in the G0/G1, S and G2/M phases of the cell cycle. The bars show the 

mean fold enrichment in IWS1 and SETD2 binding, and in H3K36me3 abundance, in the indicated regions 
of the U2AF2 gene ±SD. I. Quantitative RT-PCR showing the E2/E3 U2AF2 ratio in NCI-H1299 cells. Bars 

show the mean E2/E3 U2AF2 ratio in NCI-H1299 cellular fractions enriched for cells in S and G2/M phase 

relative to G0/G1 enriched fractions. In 6G to 6I, the error bars show the SD of at least 3 biological 

replicates. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (one-side unpaired t-test) J. Model of the 

regulation of the Sororin/ERK loop and cell cycle progression via the U2AF2 alternative RNA splicing, 

through the cell cycle.  IWS1 expression occurs specifically during the S and G2/M phase of the cell cycle. 

Following this cell cycle specific expression, IWS1 is phosphorylated by AKT3 at S720/T721 and 

orchestrates the assembly of epigenetic complexes on U2AF2 gene, which translate the SETD2-mediated 
H3K36me3 signal into shifts of the alternative RNA splicing pattern of U2AF2, in a cell cycle specific 

manner. Subsequently, the U2AF65α isoform along with Prp19, facilitate the proper splicing of CDCA5 pre-

mRNA, leading to accumulation of Sororin during S and G2/M phase. Finally, Sororin forms a positive 

feedback loop with ERK phosphorylation. Activation of this loop plays an important role in the maintenance 

of ERK phosphorylation, and in the progression through the G2/M phase of the cell cycle in lung 

adenocarcinoma. WITHDRAWN
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Figure S6 (relative to Figure 6). IWS1 phosphorylation promotes cell proliferation by controlling the 
Sororin/ERK phosphorylation feedback loop, through U2AF2 RNA splicing. 

A. Percent reduction of cell proliferation, induced by shIWS1 in the indicated cell lines. Bars show the mean 

reduction of cell proliferation, derived from the end-point data in Figure 6A and 6C. The error bars show the 

SD of at least 3 biological replicates. The statistics were performed using one-sided unpaired t-test (NCI-

H522 vs A549 : p = 0.0225,  NCI-H1299 vs A549 : 0.0493, A549 vs NCI-H1975 : p = 0.0001, NCI-H522 vs 

NCI-H1975 : p = 0.0174, NCI-H1299 vs NCI-H1975 : p = 0.0011).  B. Cell lysates derived from the indicated 

NCI-H460 and NCI-H1650 cells, were probed with the indicated antibodies, in a repeat of the experiments 

in figures 6B and 6D, in two additional cell lines. C. Model of the regulation of U2AF2 alternative RNA 

splicing, downstream of IWS1 phosphorylation, through the cell cycle. IWS1 is expressed during S and 

G2/M (this report) and published data indicate that AKT is also activated as the cells enter S phase, via 

phosphorylation by CDK2/Cyclin A2. (Liu et al, 201473) This induces a cell cycle specific alternative RNA 

splicing, resulting in inclusion of exon 2 in U2AF2 mRNA. Subsequently, this isoform regulates the splicing 

and expression of Sororin, which in turn regulates the progression through the G2/M phase of the cell cycle. 
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Figure 7. IWS1 phosphorylation controls tumor growth in vivo, by regulating the 
U2AF2/Sororin/ERK axis. 

A. IWS1 phosphorylation at Ser720/Thr721 promotes tumor growth in xenograft lung adenocarcinoma 

model in NSG mice. NSG mice were injected subcutaneously with shControl or shIWS1 NCI H1299 or A549 
cells. (N=5 mice/group). (Left panels) Images of the induced tumors, harvested at 4 weeks (NCI-H1299 

cells) and 6 weeks (A549 cells) from the time of inoculation (Right panels) Scatter plots showing the tumor 

weight (up) and volume (down) of the harvested tumors. The horizontal lines indicate mean tumor weight 

or volume. Statistical analyses were done using the paired t-test. B. From the weight and volume of the 

tumors induced by shIWS1-transduced cells and shControl-transduced cells, we calculated the shIWS1-

induced percent reduction of both tumor weight and volume. Bars show the mean percent reduction. The 

error bars show the SD of the percent reduction in each group. Statistical analyses were done using the 

one-sided unpaired t-test. C. IWS1 phosphorylation controls the Sororin/ERK phosphorylation axis in vivo. 
Cell lysates derived from NCI-H1299 and A549 (shControl and shIWS1) mouse xenografts, were probed 

with the indicated antibodies. RT-PCR, using RNA isolated from these xenografts and U2AF2 exon 1 and 

exon 3 oligonucleotide primers shows that the knockdown of IWS1 in the xenografts results in U2AF2 exon 

2 exclusion. D. IWS1 phosphorylation controls U2AF2 alternative RNA splicing in vivo. Quantitative RT-

PCR showing the E2/E3 U2AF2 ratio using RNA derived from tumors in Fig 7C. Bars show the mean E2/E3 

U2AF2 in tumors derived from NCI-H1299 (left) or A549 (right) shIWS1 cells relative to those from 

shControl. The error bars are SD of at least 3 technical replicates. **p<0.001, ***p<0.001. (paired t-test) E. 
(Upper panels) Ki-67 staining of tumor xenografts of shControl and shIWS1-transduced NCI-H1299 (left) 
and A549 (right) cells. Formalin-fixed, paraffin-embedded tumor samples were stained with a Ki-67 

antibody. Secondary antibody was HRP-labelled. The boxes delineate the area of higher magnification 

shown in the image below. Scale bar in the right corner of each image. (Lower panel) Scatter plots showing 

the Ki-67 IHC signal relative to the section area in shControl and shIWS1 NCI-H1299 and A549 tumors. 

The horizontal line shows the mean Ki-67 signal in the indicated groups of xenografts. Statistical analyses 

were performed, using the paired t-test. F. KRAS mutant tumors are more resistant to the loss of IWS1 in 

vivo. Percentage of reduction of the described marker induced by shIWS1 in the tumors derived from the 
NCI-H1299 and A549 cell lines. Bars show the mean reduction of the markers, derived from the Western 

blots data in Figure 7C (p-ERK and PCNA) and IHC data in Figure 7E (Ki-67). The error bars are SD of the 

values in each mice group. The statistics were performed with one-sided unpaired t-test. 
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Figure S7 (Relative to Figure 7). IWS1 phosphorylation controls tumor growth in vivo, by regulating 
the U2AF2/Sororin/ERK axis. 

A. Quantitative RT-PCR showing the total U2AF2 in lysates derived from tumors in Fig 7C. Bars show the 

mean U2AF2 levels, relative to GAPDH,  in tumors derived from NCI-H1299 (left) or A549 (right) shControl 
and shIWS1 cells. The error bars are SD of at least 3 technical replicates. n.s : non-significant (paired t-

test) B. IWS1 controls the Sororin/ERK phosphorylation axis in vivo. (Upper panels) Phospho-IWS1 

(Ser720), Sororin, phospho-ERK (Y202/T204)  and phospho-CDK1 (Y15) staining, of NCI-H1299 shControl 

(upper) and shIWS1 (lower) tumor xenografts. Formalin-fixed, paraffin-embedded tumor samples from the 

experiment in Figure 7 were stained with the indicated antibodies. Secondary antibody was HRP-labelled. 

The staining of individual tumors with different antibodies was done, using sequential tumor sections, so 

that we could determine whether the expression and/or phosphorylation of proteins of interest spatially 

overlapped. Boxes delineate the area of higher magnification, shown in the image below. Scale in the right 
lower corner of each image.  
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Figure 8. The p-IWS1/U2AF2 pathway is active in human lung adenocarcinomas and impacts tumor 
grade, stage, metastatic potential and treatment relapse in patients with EGFR mutant, but not K-
RAS mutant tumors.  

A. Lysates form 30 LUAD samples, paired with NAT and 10 unpaired LUAD samples were probed with the 
indicated antibodies. (Fifth line from the top). RT-PCR, using RNA isolated from these tumors, and U2AF2 

exon 1 and exon 3 oligonucleotide primers, shows that phosphor-IWS1 correlates with U2AF2 exon 2 

inclusion, as expected.  (Sixth line) U2AF2 E2/E3 exon ratio in the tumors in the upper panel, relative to the 

average of the 30 normal lung samples. B. IWS1 and phosphor-IWS1 correlate with U2AF2 exon 2 inclusion 

and the activity of the Sororin/ERK axis, most robustly in EGFR mutant lung adenocarcinomas.  Heatmaps 

of the correlation coefficients between the indicated components of the IWS1 phosphorylation pathway, in 

the entire cohort (left), in K-RAS mutant (middle) and in EGFR mutant tumors (right). The correlation 

coefficients were calculated using simple linear regression. The values and the statistical confidence of all 
the comparisons can be found in Supplementary Table S5. C. Violin plots showing the abundance of IWS1 

phosphorylation (left) and the U2AF2 E2/E3 ratio (right) in stage I and Stage II/III tumors. Data shown for 

all tumors in A and B, and selectively for EGFR or K-RAS mutant tumors. The horizontal black lines indicate 

mean values for p-IWS1 levels and U2AF2 E2/E3 ratios. Statistical analyses were performed using the one-

sided unpaired t-test. D. Kaplan-Meier Curves showing the impact of the abundance of phosphor-IWS1 

(left) and U2AF2 E2/E3 ratio (right) on patient survival in the LUAD cohort in 8A. Separate curves are shown 

again for all the patients, or for the patients with K-RAS or EGFR mutant tumors. The effect of phosphor-

IWS1 levels and U2AF2 exon 2 inclusion on patient survival is again significant in EGFR mutant, but not in 
K-RAS mutant tumors. Statistical analyses were performed using the log rank test and Cox’s proportional 

hazards model.  E. Heat Maps showing the correlation of IWS1 or SRSF1 with components of the 

IWS1/U2AF2/CDCA5/ERK/CDK1/CCNB1 pathway in the TCGA LUAD database. The RNA-seq expression 

values from each individual patient were expressed as log2 normalized counts and they were used to 

calculate the correlation coefficients. F. The IWS1 phosphorylation axis correlated with relapse in lung 

adenocarcinoma patients harboring EGFR mutations. Heatmaps showing the expression of IWS1, CDCA5, 

CDK1 and CCNB1 in relapsed and in non-relapsed tumors. Microarray analyses of lung adenocarcinomas 
in the entire cohort (left), K-RAS mutant (middle) or EGFR mutant (right) cohort in the GSE13213 dataset. 

For quantification of gene expression we used the z-scores of the microarray signals. G. IWS1 expression 

and the U2AF2 exon 2 inclusion and FGFR2 exon 8 exclusion pathways correlate strongly with metastasis 

in lung adenocarcinomas. Heat Maps showing the expression of IWS1 and its downstream targets in the 

IWS1/U2AF2 pathway in resected brain metastatic lesions and primary lung adenocarcinomas. RNA-seq 

data from the GSE141685 dataset and primary lung adenocarcinomas derived from TCGA LUAD database. 

The TCGA LUAD samples were picked randomly, independent of their clinical stage or mutational status. 

For quantification of gene expression we used the z-scores of the normalized RNA-Seq reads. The primary 
tumors from the TCGA LUAD database are listed in Table S6. H. The IWS1 phosphorylation axis defines 

poor survival in lung adenocarcinoma patients harboring EGFR mutations. Kaplan-Meier Curves showing 
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the impact of IWS1 expression (left), U2AF2 E2/E3 ratio (middle) and FGFR-2 E8/E9 ratio (right) on patient 

survival in patients in the TCGA LUAD database. Separate curves are shown for all the patients, or for the 

patients with K-RAS or EGFR mutant tumors. The effect of IWS1 levels and U2AF2 exon 2 inclusion in 

patient survival is significant in EGFR mutant, but not in K-RAS mutant tumors. Statistical analyses were 
performed using the log rank test and Cox’s proportional hazards model.   
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Figure S8 (relative to Figure 8). The AKT/p-IWS1/U2AF2 axis is active in human lung 
adenocarcinoma and affects the clinical outcome of EGFR mutant patients. 
A. The overall abundance of the U2AF2 mRNA in lung adenocarcinomas and the adjacent normal tissue is 

similar, but the E2/E3 ratio is higher in the tumors. Quantitative RT-PCR showing the U2AF2 E2/E3 ratio 
(top) and the total U2AF2 mRNA (bottom) in lysates derived from the 30 LUAD samples and the paired 

normal adjacent tissue in Fig 8A. The black lines in the violin plots show the mean U2AF2 E2/E3 ratio 

relative to the matching normal samples, or U2AF2 levels, relative to GAPDH. Statistical analyses were 

done using the paired t-test. B. IWS1 phosphorylation correlates with U2AF2 alternative RNA splicing and 

the Sororin/ERK axis in lung adenocarcinoma patients. Sections of a commercially available tissue 

microarray (TMA) of 50 LUAD with paired NAT, were probed with the indicated antibodies. Figure shows 

the staining of a representative NAT sample and representative samples of  Stage I, II and III lung 

adenocarcinomas (one of each). Boxes delineate the area of higher magnification, shown in the image 
below. Scale in the right lower corner of each image. C. The TMA sections used before were stained with 

the specific monoclonal antibody against EGFR E746-A750 deletion. Figure shows three representative 

lung adenocarcinomas with EGFR deletion (E746-A750 deletion) and the corresponding NATs. Boxes 

delineate the area of higher magnification, shown in the image below. Scale in the right lower corner of 

each image. D. The overall activity of the p-IWS1/CDCA5 is higher in human lung adenocarcinomas than 

in the adjacent normal tissue. Violin plots showing the abundance of IWS1 phosphorylation, along with the 

abundance of Sororin, phospho-ERK and phospho-CDK1, in the LUAD and NAT samples in the tissue 

microarray in B and C. The black line indicates the mean p-IWS1, Sororin, p-ERK and p-CDK1 levels. 
Statistical analyses were done using the paired t-test. E. IWS1 phosphorylation exhibits a more robust 

correlation with Sororin, phospho-ERK and phospho-CDK1 in lung adenocarcinomas with EGFR 

mutations.  Heatmaps showing the correlation coefficient between the indicated components of the IWS1 

phosphorylation pathway in the entire TMA cohort (left) and in the EGFR mutant cohort (right). The 

correlations were calculated using simple linear regression. The statistics and the p values for all the 

comparisons, can be found in Supplementary Table S5. F. The activity of the p-IWS1/CDCA5 pathway 

correlates with tumor stage in human lung adenocarcinomas. Violin plots comparing the phosphorylation 
of IWS1 and the abundance of Sororin, phospho-ERK and phospho-CDK1 in stage I and Stage II/III lung 

adenocarcinomas in the group of 50 tumors sampled in the commercial TMA described above. Statistical 

analyses were performed using the one-sided unpaired t-test. G. The activity of the p-IWS1/CDCA5 

pathway correlates with tumor grade in human lung adenocarcinomas. Violin plots comparing the 

phosphorylation of IWS1 and the abundance of Sororin, phospho-ERK and phospho-CDK1 in histological 

grade 2 and grade 3 lung adenocarcinomas in the group of 50 tumors in the commercial TMA described 

above. Statistical analyses were performed using the one-sided unpaired t-test. H. The expression of IWS1 

correlates with Exon 2 inclusion in the U2AF2 mRNA transcripts (upper panel) and with the expression of 
CDCA5 (lower panel) in the TCGA LUAD dataset. The black line indicates the mean expression of U2AF2 

E2/E3 ratio and CDCA5. Statistical analyses were performed using the one-sided unpaired t-test.  I. Violin 
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plots showing the abundance of IWS1 in stage I/II and in Stage III/IV tumors of patients in the TCGA LUAD 

database. Data shown for all tumors, and selectively for EGFR or K-RAS mutant tumors. The horizontal 

lines indicate mean values for IWS1 levels. Statistical analyses were performed using the one-sided 

unpaired t-test.  J. Violin plots showing the abundance of IWS1 in relapsed and non-relapsed tumors of 
patients in the GSE13213 dataset. Data shown for all tumors, and selectively for EGFR or K-RAS mutant 

tumors. The horizontal lines indicate mean values for IWS1. Statistical analyses were performed using the 

one-sided unpaired t-test. K. The expression of IWS1 is higher in brain metastases of lung 

adenocarcinomas than in primary tumors, while the E8/E9 ratio in mature FGFR2 transcripts (lower panel-

right) is lower in brain metastases relative to primary tumors.  The black lines indicate the mean expression 

of IWS1 and the mean U2AF2 E2/E3 and FGFR-2 E8/E9 ratio. Violin plots were based on the same data 

shown in Figure 8G. Statistical analyses were performed using the one-sided unpaired t-test. L. The E2/E3 

ratio in mature U2AF2 mRNA transcripts are higher in the same patient group as Fig S8L. The black lines 
indicate the mean U2AF2 E2/E3 and FGFR-2 E8/E9 ratio. Violin plots were based on the same data shown 

in Figure 8G. Statistical analyses were performed using the one-sided unpaired t-test. M. (Left panel) Violin 

plots showing the expression of IWS1 in transcripts per million (TPM) in K-RAS and EGFR mutant, primary 

and metastatic lung adenocarcinomas in the TCGA LUAD database. IWS1 expression is higher in tumors 

from patients with metastatic disease (M1) only if the tumors harbor EGFR mutations. (Right panel)  Exon 

E2/E3 ratio in the U2AF2 mRNA and exon E8/E9 ratio in the FGFR-2 mRNA in K-RAS and EGFR mutant 

lung adenocarcinomas. E2/E3 ratio in the U2AF2 mRNA is higher and the E8/E9 ratio in the FGFR2 mRNA 

is lower in tumors from patients with metastatic disease (M1), only if the tumors harbor EGFR mutations. 
The black lines indicate the mean IWS1 expression, and the mean U2FA2 E2/E3 and FGFR-2 E8/E9 ratios. 

Statistical analyses were performed using the one-sided unpaired t-test. N. EGFR mutations predict poor 

survival in patients expressing high levels of IWS1. Kaplan-Meier curves showing the impact of EGFR 

mutations on survival, in patients with lung adenocarcinomas expressing high levels of IWS1. Statistical 

analyses were performed using the log rank test and Cox’s proportional hazards model. O. The abundance 

of IWS1 has a stronger negative impact on the survival of patients with lung adenocarcinomas harboring 

EGFR, than those with lung adenocarcinomas harboring K-RAS mutations. Kaplan-Meier curves showing 
the impact of the abundance of IWS1 on the survival of patients with lung adenocarcinomas harboring K-

RAS mutations (upper panel) or EGFR mutations (lower panel) in the GSE13213/GSE26969 dataset. 

Statistical analyses were performed using the log rank test and Cox’s proportional hazards model. 
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