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Summary

Splicing factor SRSF1 is upregulated in human breast tumors, and its overexpression promotes 

transformation of mammary cells. Using RNA-seq, we identified SRSF1-regulated alternative 

splicing (AS) targets in organotypic three-dimensional MCF-10A cell cultures that mimic a 

context relevant to breast cancer. We identified and validated hundreds of endogenous SRSF1-

regulated AS events. De-novo discovery of the SRSF1 binding motif reconciled discrepancies in 

previous motif analyses. Using a Bayesian model, we determined positional effects of SRSF1 

binding on cassette exons: binding close to the 5′ splice site generally promoted exon inclusion, 

whereas binding near the 3′ splice site promoted either exon skipping or inclusion. Finally, we 

identified SRSF1-regulated AS events deregulated in human tumors; overexpressing one such 

isoform, exon-9-included CASC4, increased acinar size and proliferation, and decreased apoptosis, 

partially recapitulating SRSF1's oncogenic effects. Thus, we uncovered SRSF1 positive and 
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negative regulatory mechanisms, and oncogenic AS events that represent potential targets for 

therapeutics development.

Graphical abstract

Introduction

Alternative splicing (AS) is a key control point in gene expression. In recent years, it has 

become clear that misregulation of splicing can contribute significantly to cancer 

malignancy by regulating the expression of oncogenes and tumor suppressors (Srebrow and 

Kornblihtt, 2006). Cancer cells often display aberrant AS profiles, which can arise due to 

mutations at the splice sites (SS) or splicing-regulatory elements, but can also reflect 

changes in the expression of splicing regulators (Srebrow and Kornblihtt, 2006). Recently, 

recurrent somatic mutations in components of the splicing machinery were identified in 

myeloid tumors (Yoshida et al., 2011), as well as sporadic mutations in lung and breast 

cancers, raising interest in the field and suggesting that alterations in splicing are an 

additional hallmark of cancer (Yoshida and Ogawa, 2014).

The core splicing machinery plus associated regulatory factors in eukaryotes comprises 

more than 300 factors. Splicing regulators can be classified into different groups. One major 

class of splicing factors is the serine/arginine-rich (SR) RNA-binding protein family. This 

family is composed of 12 members, each comprising one or two RNA-recognition motifs 

(RRM) and an RS domain (Long and Caceres, 2009). SR proteins act at multiple steps of the 

spliceosome cycle, and are involved in both constitutive and alternative splicing (Black, 

2003). SR proteins can bind directly to a pre-mRNA and elicit changes in its AS in a 

concentration-dependent manner (Caceres et al., 1994; Mayeda et al., 1992). Thus, changes 

in the expression of these proteins can regulate AS of many genes and are likely involved in 

AS deregulation in cancer, even in the absence of mutations.
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The splicing factor SRSF1 (previously known as SF2/ASF) is a prototypical SR protein that, 

in addition to its function in splicing, also plays a role in nonsense-mediated mRNA decay, 

mRNA export, and translation (reviewed in Das and Krainer, 2014). Although SRSF1 is 

frequently overexpressed in human tumors (Karni et al., 2007), the biological consequences 

of its overexpression in cancer are only beginning to be unraveled. We recently 

demonstrated that overexpressing SRSF1 alone promotes transformation of mammary 

epithelial cells, both in vitro and in vivo (Anczukow et al., 2012). Using a candidate-gene 

approach, we identified several AS events that partially contribute to SRSF1's oncogenic 

activity (Anczukow et al., 2012).

Although SRSF1 has been extensively studied for over two decades, our knowledge about 

its target specificity and regulation is still limited. Most of the known SRSF1 AS targets 

have been investigated in transient assays using either minigenes transfected into HeLa or 

HEK293 cells, or using in vitro binding (Tacke and Manley, 1995; Ray et al., 2009; Ray et 

al., 2013), functional SELEX (Cartegni et al., 2003; Liu et al., 1998; Schaal and Maniatis, 

1999; Smith et al., 2006), or CLIP assays (Sanford et al., 2008; Sanford et al., 2009). Only a 

handful of endogenous SRSF1 AS targets have been reported to date, and accurately 

predicting bona fide SRSF1 AS targets remains a major challenge. Two studies involving 

microarray analysis after SRSF1 knockdown reported endogenous AS targets in flies 

(Blanchette et al., 2005) and in mouse cells (Pandit et al., 2013), but the relevance of these 

targets to human disease has not been established. Furthermore, a surprisingly low 

correlation was reported between SR protein binding and splicing changes in a set of murine 

endogenous targets (Pandit et al., 2013). Although these experiments provided information 

about SRSF1's binding specificity and mechanism of action, the extent to which these 

findings are relevant to SRSF1's functions in normal as well as cancer cells remains unclear. 

Here we have systematically identified human SRSF1-regulated AS splicing events, using 

next-generation RNA-sequencing (RNA-seq) in a cell-culture system relevant to breast-

cancer pathogenesis.

Results

Identifying SRSF1 splicing targets by RNA-seq

To define SRSF1-regulated AS events involved in SRSF1's oncogenic activity, we used a 

model system that recapitulates important features of mammary-gland morphogenesis and 

architecture: human non-transformed mammary epithelial MCF-10A cells, which form acini 

when grown in 3-D culture in Matrigel—a basement-membrane-like extracellular matrix 

(Debnath and Brugge, 2005). These cells undergo a program of proliferation and apoptosis 

to form organized, proliferation-arrested, polarized structures with a hollow center. It is well 

established that the 3-D organization of the glandular epithelium is an important parameter 

that influences cell physiology, and that epithelial cells grown in 3-D culture more closely 

recapitulate the biological conditions than monolayer cultures grown on plastic (Debnath 

and Brugge, 2005). Signaling pathways are differentially regulated in cells grown in 3-D 

versus 2-D cultures (Bissell et al., 2005). Oncogenic stimulation of epithelial cells grown in 

3-D can lead to deregulation of proliferation and apoptosis, and acquisition of invasive 

properties (Debnath and Brugge, 2005). We previously showed that ∼2-fold overexpression 
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of SRSF1, which conservatively mimics the levels observed in human tumors, increased 

MCF-10A acinar size by promoting proliferation and delaying apoptosis, similar to the 

effect of certain oncogenes relevant to breast cancer (Anczukow et al., 2012). Here we took 

advantage of this system to systematically characterize the AS events underlying the 

transformed phenotype.

We performed RNA-seq of duplicate RNA samples from 3-D or 2-D control or SRSF1-

overexpressing (SRSF1-OE) MCF-10A cells (Anczukow et al., 2012). SRSF1-OE acini 

were significantly larger than control acini, as expected (Figure 1A) (Anczukow et al., 

2012). In addition, we used inducible SRSF1-OE HeLa cells (Fregoso et al., 2013) for 

comparison, to identify AS events specific to MCF-10A cells. The level of SRSF1 

overexpression, 2-3 fold compared to endogenous SRSF1, was similar in both MCF-10A 

and HeLa cells (Figure 1B), and comparable with the level observed in human breast tumors 

(Karni et al., 2007). We mapped paired-end reads to the human exon-trio Txdb database 

(Wu et al., 2011) and quantified exon inclusion using our SpliceTrap/SpliceDuo pipeline 

(Figure 1C). SpliceTrap is a method to quantify the percentage of exon inclusion, also 

known as “percent spliced in” or PSI (Venables et al., 2008), using RNA-seq data (Wu et al., 

2011) (see Experimental Procedures). It quantifies the extent to which every exon is 

included, skipped, or subject to size variations due to alternative 3′/5′-SS use or intron 

retention.

Unlike the large dynamic range of gene-expression values observed in RNA-seq data (e.g., 

RPKM values), exon-inclusion profiles are restricted to a small range of probability-like 

values (from 0 to 1) with a beta (“U”-shaped) distribution (Wu et al., 2011). It is therefore 

challenging to assign statistical significance to PSI changes using the variance of the data 

(ΔPSI, PSI fold change), or to implement parametric methods, such as the t-test, to identify 

significant outliers. Thus, we developed SpliceDuo, a non-parametric implementation of the 

Thin Plate Spline (TPS) transformation (Whaba, 1990) to capture the distribution of relative 

AS changes and assign statistical significance. The TPS transformation produces a 

probability density model based on the dispersion of AS changes across two conditions. This 

model is then used to estimate the false discovery rate (FDR) of each AS change in terms of 

their pairwise deviation from the density distribution (see Experimental Procedures).

For each of the samples analyzed, the majority of unique reads mapped to exonic regions, as 

expected, with more than half of the reads mapping to protein-coding sequences. We 

identified a total of 517 SRSF1-regulated AS events in 3-D MCF-10A acini, 404 events in 

2-D MCF-10A cells, and 333 events in HeLa cells (Figure 1D and Table S1) at a cutoff of 

FDR≤0.1. More than half of these AS events correspond to cassette exons (CA) (Figure 1E). 

Alternative 3′ SS or “acceptor” (AA) events were the second most common class of SRSF1-

regulated AS events (Figure 1E), followed by alternative 5′ SS or “donor” (AD) events. 

Intron retention (IR) events were more frequently detected in cells grown in 2-D, compared 

to 3-D cultures (Figure 1E). SRSF1 promoted a similar number of exon inclusion and 

skipping changes (Figure 1F), suggesting a dual role for SRSF1 as a splicing activator and 

repressor, either directly through RNA binding, or indirectly through secondary interactions.
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Among the SRSF1-regulated CA-exons, we detected 60 events in common between 3-D and 

2-D MCF-10A cells, 37 events in common between 2-D MCF-10A and HeLa cells, 32 

events in common between 3-D MCF-10A and HeLa cells, and 5 across the three 

experiments (Table S2). In general, the overlap ranged between 11% and 28%, which, 

though limited, is highly significant, assuming a random probability of coincidence between 

any pair of experiments (see Fisher's exact P-values and Figure S1A). This limited overlap 

likely reflects experimental or cell-type differences, but also suggests that the RNA-seq 

detection sensitivity is not saturated. Accordingly, previous studies showed similar overlaps 

in AS target identification, using different experimental and/or computational methods 

(Pandit et al., 2013; Wang et al., 2014).

Splicing-event validations

To assess the accuracy of our RNA-seq analysis of splicing changes, we individually 

measured the AS of 141 predicted CA-exons across the three different cellular conditions 

(Figures 2, S1-S3 and Table S2). We sampled SRSF1-regulated AS events observed in at 

least one condition, from among the strongest as well as the weakest AS changes (Table S2). 

In addition, we selected AS events not regulated by SRSF1 as negative controls (Figure 

S2C). We performed radioactive RT-PCR in triplicate, using primers that amplify both the 

included and the skipped isoforms (Figures S2-S3, and Table S2). We also performed 

validations using different RNA samples, in addition to the samples used to generate the 

RNA-seq libraries (Figure S2D).

104 out of 141 tested CA events were successfully validated, including 58 exon-inclusion 

and 46 exon-skipping events across the different cell lines (Table S2, Figures S1-S3). We 

also validated 7 out of 7 tested AA events, 3 out of 3 tested AD events, and 1 out of 1 tested 

IR event in MCF-10A 3-D cells (Figures S1-S3 and Table S3).

Among the validated CA-exons, 24 AS events showed consistent changes between the 3-D 

and 2-D SRSF1-OE cells (Figure 2A and Table S2). In contrast, two AS events exhibited 

opposite changes (Figure 2B and Table S2); for example, we observed differential splicing 

of the epithelial-cell polarity regulator Scribble in 3-D compared to 2-D cells (Figure 2B). 

These mRNAs encode different protein isoforms that may exhibit distinct biological 

functions in polarized versus non-polarized cells. In addition, several AS events were 

specifically regulated by SRSF1 in 3-D MCF-10A cells, but remained unchanged in 2-D 

cells, or vice-versa (Figure 2C and Table S2), illustrating differential AS regulation between 

3-D and 2-D conditions. Finally, we identified multiple SRSF1-regulated CA-exons that 

exhibited reciprocal splicing changes in SRSF1-OE MCF-10A cells versus SRSF1-depleted 

MEFs (Pandit et al., 2013) (Table S2), suggesting conserved regulatory mechanisms.

Overall, the validation rate for CA was 74%, although this rate dramatically increased if 

only RNA-seq true positives were considered, with more stringent FDR or |AS change| 

cutoffs (Figure S1B). For example, at FDR≤0.03 the validation rate increased to 88%, 

whereas at |AS change|≥ 0.5 it was 100% (Figure S1C).
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SRSF1 motif analysis

We then performed de-novo discovery of the SRSF1 binding motif, using only the 

sequences of our predicted targets and no binding information (e.g., from CLIP-seq data). 

We used the sequences of the SRSF1-regulated CA exons shared between 3-D and 2-D 

MCF-10A cells to derive an SRSF1 motif (Figure 3A) with the psp-MEME or seeded psp-

MEME tools (Figure S4A). The motifs derived from this training set were then successfully 

tested using a set of different CA events that showed overlap between MCF-10A and HeLa 

cells (Figure 3A and Table S2). Furthermore, we did not detect significant enrichment for 

binding motifs for other splicing factors in the training or test sets (Table S4).

Strikingly, the present RNA-seq-derived SRSF1 motif is closely related to previously 

derived motifs from SELEX (Smith et al., 2006; Tacke and Manley, 1995) and CLIP 

experiments (Pandit et al., 2013; Sanford et al., 2008; Sanford et al., 2009) (Figure S4B), 

even though the latter two motifs appear different from each other (Figure S4C). Moreover, 

the RNA-seq-derived motif consistently identifies previously characterized SRSF1 targets, 

with predictive power comparable to that of the older motifs (Figure S4D).

In addition, 44 of the CA-exons we identified overlap with previously detected SRSF1 

CLIP-tags in HEK293 cells (Sanford et al., 2008; Sanford et al., 2009), and 114 events 

overlap with CLIP-tags in MEFs (Pandit et al., 2013) (Table S2). We then validated by RT-

PCR in MCF-10A cells 9 out of 18 tested CA exons overlapping with SRSF1 CLIP-tags 

(Figures 2 and S2).

To further experimentally validate the RNA-seq-derived SRSF1 motif, we performed 

nuclear magnetic resonance (NMR) and isothermal titration calorimetry (ITC) titrations with 

SRSF1 RRM1+RRM2 and wild-type (WT) or mutated versions of a 5′-UCAGAGGA-3′ 

RNA oligonucleotide (Figure 3B-D). The WT and UCACUGGA mutant interacted equally 

well with SRSF1 RRM1+RRM2 (Figure 3B,C). This is in agreement with recent data 

suggesting that SRSF1 RRM2 binds the 5′-GGA motif (Clery et al., 2013), and with our 

SRSF1 motif, which allows either a GA or a CU dinucleotide at position 4-5. For the four 

additional RNAs mutants (UCAGAGUA, UCAGAUGA, UUAGAGGA, and 

UCGGUUGA), the chemical shift perturbations observed upon RNA binding were shorter 

than in the presence of the WT RNA (Figure 3B,C). This apparent decrease in affinity was 

confirmed by the ITC measurements (Figure 3D). The combined NMR and ITC results 

confirm the validity of the RNA-seq-derived SRSF1 motif.

In addition, we performed a mutational analysis using a reporter minigene containing 

variants of the RNA-seq-derived SRSF1 motif (Figure S4E-G). Briefly, the SRSF1 motif 

TCAGAGGA was introduced at positions 44-51 of SMN2 exon 7 (SRSF1 C1 variant). We 

tested six mutants predicted to abolish SRSF1 binding because of mismatches to the 

consensus SRSF1 motif (M1 to M6 sequences), and 13 variants with more permissive 

nucleotide changes that still match the consensus SRSF1 motif (C2 to C14 sequences) 

(Figure S4E). In this exonic context, an A at position 8 of the motif was required for exon 

inclusion (mutants C5 and C10), but could be compensated for by an A at position 6 

(mutants C7 and C8) (Figure S4F,G). In addition, as predicted from the RNA-seq-derived 

consensus motif, a T at position 7, a C at position 1, and a T at position 2, were each 
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required for exon inclusion (mutants M1-M3) (Figure S4F,G). Mutants M4-M6 were 

predicted to prevent SRSF1 binding, but did not inhibit splicing activation in this context. 

These exceptions might be due to the fortuitous creation of binding sites for other RNA-

binding proteins that promote splicing upon disruption of the SRSF1 site; indeed, the M4-

M6 mutations created TRA2β and hnRNPF motifs and weakened hnRNPH1 motifs. Overall, 

the minigene mutational analysis is consistent with the in vitro binding results, and supports 

our consensus RNA-seq-derived SRSF1 motif.

SRSF1 regulatory maps

Splicing regulatory maps are useful to uncover positional effects of splicing-factor binding 

sites in exons and introns (Huelga et al., 2012; Licatalosi et al., 2008; Pandit et al., 2013). 

Briefly, these are motif-density profiles derived from CLIP-seq data or in-silico predictions, 

which after normalization (e.g., by the sequence size) and smoothing (e.g., by moving 

average) are visualized as density units (e.g., normalized complexity). To gain a better 

understanding of the SRSF1 regulatory mechanisms, we constructed regulatory maps 

(Figure 4 and S5). We examined 113 SRSF1 targets from both the training and test RNA-

seq-derived datasets, in addition to splicing microarray data from SRSF1-depleted murine 

MEFs cells (Pandit et al., 2013) and SRSF1 CLIP analysis of human HEK293 cells (Sanford 

et al., 2008; Sanford et al., 2009). To evaluate differential roles of SRSF1 in splicing 

activation and repression, we treated included and skipped CA-exons separately. SRSF1-

regulated CA-exons, as well as upstream and downstream exons and introns, were queried 

against the motifs, and density likelihood functions were computed (Figure S5A). Finally, 

we used the Bayesian rules of inference to derive the posterior probabilities (PP) of SRSF1 

binding at each sequence position. We constructed a total of nine SRSF1 regulatory maps by 

screening the three datasets above with three SRSF1 motifs: a functional-SELEX-derived 

motif (Smith et al., 2006), a CLIP-derived motif (Sanford et al., 2008) and the RNA-seq-

derived motif (Figure S5B-D). The main differences between our regulatory maps and 

previous ones (Huelga et al., 2012; Licatalosi et al., 2008; Pandit et al., 2013) are that: (i) 

our model reports probabilities, rather than density units, because they are more intuitive; 

(ii) whereas previous studies report background models as independent control curves (e.g., 

non-SRSF1 target CA-exons), our model incorporates this information as marginal 

probabilities, making it visually simpler; and (iii) our model does not require smoothing, 

because it uses prior probabilities and “expanding windows” (see Experimental Procedures).

We observed that SRSF1 binding sites located in CA-exons near the 5′SS promote exon 

inclusion (PP>0.7) but not exon skipping (PP<0.5). In contrast, SRSF1 motifs found in CA-

exons near the 3′SS are indistiguishably associated with either exon skipping or inclusion 

(PP>0.7 for both). This trend can be clearly seen in the median curve summarizing all the 

regulatory maps (Figure 4A) but also in each curve separately (Figure S5B-D). To test the 

specificity of our findings, we compared SRSF1 regulatory maps to those generated using 

other SR protein motifs (SRSF2, SRSF3, SRSF5, SRSF6, and SRSF7) in conjunction with 

SRSF1-associated CA-exons identified by RNA-seq. In the exon-inclusion dataset, a high 

PP was detected for two of the three SRSF1 motifs (RNA-seq-derived motif and functional 

SELEX motif) but not for the other SR proteins, whereas exon skipping was associated with 

binding by either SRSF1 or the other SR proteins (Figure 4B). This observation suggests 
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that SRSF1 can function independently as a splicing activator, whereas its activity as a 

repressor likely involves interaction with other splicing regulators.

As an experimental validation of the position-dependent effect of SRSF1 binding, we 

reanalyzed published data from mutational analyses, and correlated the creation or loss of 

SRSF1 motifs with exon inclusion in two different context: SMN2 exon 7 and ADAR2 exon 

8 (Figure 4C,D). We first exploited a collection of mutations in SMN2 exon 7 (see 

Experimental Procedures), which assessed the effect of nearly every nucleotide change on 

the level of exon 7 inclusion. SMN1 and SMN2 differ from each other mainly by a single 

nucleotide transition in exon 7 (C6T) which abrogates a binding site for SRSF1, thus 

promoting exon skipping (Cartegni and Krainer, 2002). We searched for mutations that 

create SRSF1 motifs in high-inclusion but not in low-inclusion SMN2 mutants. 

Hypothetically, such mutations could explain the rescue of exon 7 inclusion notwithstanding 

the C6T mutation. We scored for SRSF1 motif creation (positive scores) or loss (negative 

scores) in 22 SMN2 mutants with high exon 7 inclusion and 22 with (unchanged) low exon 7 

inclusion. In agreement with our SRSF1 regulatory maps, mutations that promoted exon 

inclusion also created SRSF1 motifs near the 5′ SS; moreover, there was no SRSF1 motif 

enrichment for the mutations that did not promote exon inclusion (Figure 4C).

In parallel, we analyzed a collection of mutants in ADAR2 exon 8 (Goren et al., 2006) in 

which an SRSF1 motif was systematically inserted along different positions of the exon to 

study positional biases (Figure 4D). Once again, we correlated exon-inclusion levels with 

the creation or loss of an SRSF1 motif. Mutations that caused high exon inclusion 

(75-100%) created SRSF1 motifs close to the 5′SS; in contrast, mutations that did not 

strongly promote exon inclusion did not exhibit such a positional bias (Figure 4D). Thus, in 

agreement with our SRSF1 regulatory maps, both examples indicate that binding of SRSF1 

near the 5′SS but not the 3′SS is associated with promoting exon inclusion.

SR protein binding to constitutive exons plays a role in SS selection and exon definition 

(Ram and Ast, 2007). Accordingly, we observed an inverse correlation between the strength 

of both SSs and the number of SRFS1 motifs in the 113 CA-exons used to build the 

regulatory maps (Table S5). A closer look at the 20 strongest and 20 weakest SS pairs 

revealed a greater tendency for SRSF1 motifs to accumulate within 60 nt downstream of the 

weak 3′ SS (34 motifs, Fisher' Exact P-value=0.04) as opposed to the strong 5′ SS (15 

motifs) or strong 3′/5′SS (7 and 9 motifs respectively). Thus, our findings suggest that the 

presence of SRSF1 motifs next to the 3′SS in both exon skipping and inclusion contexts is 

associated with constitutive exon definition and SS selection, whereas a positional bias 

towards the 5′SS relates to the role of SRSF1 as an activator of exon inclusion.

SRSF1-regulated pathways in breast cancer

To further assess the basis of the oncogenic impact of SRFS1 in breast cancer, we 

investigated the biological functions and molecular pathways deregulated upon SRSF1 

overexpression in the mammary-gland context. We determined SRSF1-induced expression 

changes using DEseq (Anders and Huber, 2010) on the read counts from our 3-D or 2-D 

MCF-10A RNA-seq data (Table S6). SRSF1 overexpression promoted mostly upregulation 

of genes, in both 3-D and 2-D MCF-10A cells, accompanied by an enrichment of genes 
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involved in carcinogenesis and RNA biology (Figure S6A). Pathway-enrichment analysis 

using Ingenuity Pathway Analysis suggested that changes in cells grown in 3-D are 

associated with biological functions connected to breast cancer. In contrast, changes in the 

2-D cells had little relevance to the mammary cell type (Figure S6B), highlighting the 

advantages of using an organotypic culture model to identify biologically relevant targets. In 

addition, pathway-enrichment analysis suggested that genes alternatively spliced in SRSF1-

OE cells are associated with gene-expression regulation, post-transcriptional metabolism, 

cell cycle and cell growth, as well as cell assembly and organization (Figure S6C,D). 

Interestingly, 3-D and 2-D SRSF1-OE cells affected more similar pathways when 

comparing their AS changes than when comparing their gene-expression changes.

Splicing targets involved in SRSF1's oncogenic activity

Using the MCF-10A 3-D acini, we identified SRSF1-regulated AS targets in a model system 

in which the only manipulated variable was the overexpression of SRSF1. However, we are 

especially interested in identifying SRSF1-regulated AS events that also occur in human 

tumors, and are thus more likely to be relevant to cancer. To determine which SRSF1-

regulated AS events may play a role in breast cancer, we applied the SpliceTrap/SpliceDuo 

pipeline to a collection of human breast tumors from The Cancer Genome Atlas (TCGA) 

(http://cancergenome.nih.gov). We selected 57 tumors with ≥2-fold overexpression of 

SRSF1 and compared them with 46 control tumors with no SRSF1 overexpression. We 

detected 2181 AS events associated with SRSF1 overexpression, reproducible in ≥5 tumors 

(Figure 5, Table S7). In agreement with our regulatory model, we observed a larger 

proportion of exon inclusion, as opposed to skipping, in CA-exons. This tendency was 

stronger for the subset of highly reproducible AS events, and weaker for CA-exons with 

reproducibility below 3 tumors (Figure 5, Table S7).

A total of 108 distinct AS events were detected both in our study and in TCGA data with 

reproducibility ranging from 1 to 12 tumors (Table S7). Three CA-exons (CASC4, EXO1, 

and ZNF383) and two AA events (MEIS2 and P4HA2) were especially interesting, because 

they were detected in 7 tumors with overexpression of SRSF1, but not of the remaining 11 

SR proteins. This expression pattern suggests that these AS events are more likely to be 

specifically associated with splicing activation by SRSF1 (Table S7). Moreover, we detected 

20 AS events in SRSF1-OE human breast tumors associated with specific clinical features, 

such as tumor type, tumor stage, or ER and PR status (Table S7). The significance of these 

AS events as potential tumor biomarkers will require further validation.

We focused on CASC4 splicing, as it was detected in 9 SRSF1-OE tumors, 7 of which 

overexpressed no other SR proteins (Figure 6A,B and Table S7). CASC4 was alternatively 

spliced in SRSF1-OE MCF-10A 3-D and 2-D cells (Figure 2A, Table S2), and we also 

detected it in the following independent datasets comparing: (i) AS changes between 21 

normal and 26 malignant human breast samples (Venables et al., 2008) (Table S7); (ii) AS 

changes in primary murine mammary tumors with different metastatic capabilities (Dutertre 

et al., 2010); and (iii) laser-captured-microdissected human invasive breast tumors and 

surrounding normal tissues (Knudsen et al., 2012). SRSF1 overexpression promoted the 

inclusion of the 168-nt long CASC4 exon 9 (Figure 6C), which encodes a longer protein 
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isoform comprising 56 unique amino acids in the C-terminal region, and predicted to have 

several phosphorylation and myristoylation sites (Figure 6D). CASC4 exon 9 comprises a 

cluster of SRSF1 motifs towards the 3′ SS (Figure 6E), in a region that overlaps with a 

CLIP-tag reported in two independent studies (Pandit et al., 2013; Sanford et al., 2008). 

CASC4 (cancer susceptibility candidate 4) encodes a transmembrane protein predicted to 

localize to the Golgi apparatus, although its function remains unclear.

To begin characterizing the role of CASC4 isoforms in SRSF1-induced transformation, we 

stably overexpressed CASC4-FL cDNA in MCF-10A cells, to mimic the upregulation 

observed in SRSF1-OE cells (Figure 7A). In parallel, CASC4-Δ9 cDNA was overexpressed 

in SRSF1-OE cells, thus reducing the relative proportion of the CASC4-FL isoform (Figure 

7A). We then assessed changes in acinar morphology in cells expressing these CASC4 

isoforms, and compared them to SRSF1-OE cells. We previously demonstrated that SRSF1-

OE acini are larger than control acini, and exhibit increased proliferation and decreased 

apoptosis (Anczukow et al. 2012). Interestingly, CASC4-FL overexpression increased acinar 

size (Figure 7B,C), partially mimicking the effect of SRSF1 overexpression. In addition, 

acini overexpressing CASC4-FL exhibited increased proliferation (Figure 7D), as well as 

decreased apoptosis (Figure 7E), compared to control acini. Overexpression of CASC4-Δ9 

had a limited effect on SRSF1-OE acini, promoting a very mild decrease in proliferation, but 

no changes in acinar size or apoptosis. This observation suggests that CASC4-FL 

upregulation, but not CASC4-Δ9 downregulation, contributes to the SRSF1-induced acinar 

phenotype. In the future, it will be of interest to further define the functions of CASC4 

isoforms in normal and cancer cells.

Discussion

Endogenous SRSF1 targets with relevance to breast cancer

The splicing factor SRSF1 is often overexpressed in human breast tumors, but its targets are 

still poorly characterized. Here we used RNA-seq to identify SRSF1-regulated AS events in 

a model that mimics a disease-relevant cellular context. We used SpliceTrap/SpliceDuo to 

detect and quantify AS changes in RNA-seq data. RNA-seq allows genome-wide 

interrogation of RNA splicing patterns across multiple conditions, and extensive datasets are 

rapidly accumulating. However, detecting exon-centric AS events is not the same as gene-

expression or whole-transcript reconstruction analyses, and requires specialized 

bioinformatics tools. SpliceTrap/SpliceDuo addresses many of the challenges in AS 

quantification, such as quantification of PSI scores of specific exons in mRNA populations, 

quantification of relative splicing changes between such populations, and assignment of 

statistical significance to such variations. Using a gene candidate approach, we previously 

identified changes in RON, BIN1 and MKNK2 splicing in SRSF1-OE MCF-10A cells 

(Anczukow et al. 2012). These AS events were not observed in our RNA-seq experiments, 

although they were detected among several of the 57 SRSF1-OE tumor samples (Table S7). 

They were not statistically significant in our dataset, due to coverage or other thresholds; 

however, lowering the thresholds to include these three AS events would introduce many 

false positives. In general, we believe that the sensitivity of RNA-seq data is far from 

saturated, at least for AS analysis. This is evident in the limited overlap seen across datasets 
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from previous papers (Pandit et al., 2013; Sanford et al., 2008; Sanford et al., 2009). Using a 

large number of replicates, as in the case of TCGA data, may be a way to increase 

sensitivity. We validated by RT-PCR over 100 endogenous SRFS1-regulated AS events, and 

have thus greatly expanded the repertoire of known SRSF1 targets. We identified these 

SRSF1-regulated AS targets in a non-transformed mammary epithelial cell line under slight 

overexpression conditions, comparable to the SRSF1 levels observed in many human 

tumors, and these targets are thus likely to be relevant to human breast cancer. Many of the 

SRSF1 AS targets are involved in gene-expression regulation, cell-cycle and proliferation 

control, as well as cell death and survival, consistent with the previously described roles of 

SRSF1 in genomic stability, cell viability, and cell-cycle progression (Das and Krainer, 

2014). Interestingly, we uncovered differential, and sometimes even opposite, splicing 

patterns between cells grown in 3-D and 2-D, underlying the importance of culture 

conditions for identifying biologically meaningful AS changes.

MCF-10A cells represent a unique model of mammary gland morphogenesis, and form 

organized and polarized structures in 3-D culture and recapitulate more closely the 

biological context in which tumors arise (Debnath and Brugge, 2005). Thus we expect that 

some of the differential AS changes detected in 3-D vs 2-D grown MCF-10A cells are 

associated with these changes in cell polarity and cell signaling. HeLa cells can also be 

grown in 3-D culture, but they are unable to form organized or polarized structures (Zhao et 

al., 2014). HeLa cells have accumulated multiple genomic alterations since originally 

cultured, so it is unclear how relevant they are as a cancer model. Thus, we only used HeLa 

cells as a way of comparing the SRSF1 targets detected with our bioinformatics pipeline to 

known SRSF1 targets previously characterized in HeLa cells.

To identify SRSF1-regulated AS events involved in SRSF1's oncogenic activity, we 

interrogated a collection of SRSF1-OE human breast tumors. We identified several AS 

events regulated by SRSF1 in 3-D and 2-D MCF-10A cultures, as well as in tumors. The 

relatively small overlap in SRSF1-regulated splicing events detected in MCF-10A and in 

human tumors implies that other splicing factors are involved in alternative splicing 

regulation in these tumors, or that these splicing events are only regulated in the early stages 

of carcinogenesis. Of particular interest, SRSF1 promoted inclusion of CASC4 exon 9, 

which contains several SRSF1 motifs overlapping with CLIP-tags. Skipping of this exon 

results in a shorter protein isoform lacking 56 amino acids. CASC4 was initially identified as 

a gene upregulated in a cell line overexpressing HER-2/Neu (Oh et al., 1999). However, we 

did not observe a correlation between HER-2 and CASC4 levels in a collection of 958 

human breast tumors (data not shown). Interestingly, we previously showed that SRSF1 

does not cooperate with ERBB2 in transformation of MCF-10A cells (Anczukow et al., 

2012), raising the possibility that they affect common oncogenic targets or pathways. 

Furthermore, we also detected consistent changes in CASC4 splicing in several independent 

datasets comparing AS in breast tumors to normal tissue, consistent with a potential role of 

CASC4 in breast cancer. By overexpressing either the CASC4-FL or CASC4-Δ9 isoforms, 

we demonstrate that upregulation of the CASC4-FL isoform contributes to the SRSF1-

mediated increase in acinar size and proliferation. Thus we provide the first functional 

evidence of the role of CASC4 in mammary epithelial cell transformation. Further studies to 
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understand in more detail the functions of CASC4 isoforms in normal and transformed cells, 

and their contribution to disease progression are clearly warranted.

Alternative splicing activation and exon definition by SRSF1

Using the RNA-seq data, we derived an SRFS1 binding consensus. This motif was predicted 

from reproducible splicing changes associated with SRSF1, trained with MEME, RSAT and 

in-house methods, and tested with independent data. The RNA-seq-derived motif resembles 

older versions derived from SELEX and other binding experiments, even though the 

previous motifs do not always agree with each other (Pandit et al., 2013; Ray et al., 2013; 

Sanford et al., 2008; Sanford et al., 2009; Smith et al., 2006; Tacke and Manley, 1995).

Consensus motifs are abstract representations and are prone to reflect characteristics of the 

techniques used to gather data and the tools selected for the analysis. The published SRSF1 

motifs do agree in many respects, such as the general preference for purines or the 

occurrence of AGGA in the consensus (Pandit et al., 2013; Ray et al., 2013; Sanford et al., 

2009; Smith et al., 2006; Tacke and Manley, 1995). The RNA-seq-derived motif is strongly 

supported by in vitro binding assays, which are consistent with the published RRM 

structures and RNA-recognition mode (Clery et al., 2013).

SRSF1 is the founding member of the SR protein family of splicing activators (Das and 

Krainer, 2014). However, recent studies suggested that SRSF1 can also act as a splicing 

repressor (Ghigna et al., 2005; Pandit et al., 2013). Our RNA-seq data show, as in a previous 

study (Pandit et al., 2013), similar proportions of exon inclusion and skipping. This might 

represent a mixture of direct and indirect AS changes promoted by SRSF1. Our results 

suggest that SRSF1 preferentially acts directly as a splicing activator, based on two lines of 

evidence: first, the relatively large proportion of reproducible CA-exon inclusion events 

detected in SRSF1-OE TCGA tumors (Figure 5, Table S7); and second, the enrichment of 

SRSF1 binding motifs near the 5′ SS of up-regulated CA-exons.

Previous genome-wide studies uncovered positional effects of splicing regulators, such as 

RBFOX, NOVA, PTB, MBNL and hnRNPs (Witten and Ule, 2011). Characterization of SR 

protein binding patterns had been inconclusive in defining relationships between positional 

and functional outcomes (Pandit et al., 2013). Here, using Bayesian inference, we 

successfully captured positional signals in exons regulated by SRSF1. This approach did not 

require sequence-size normalization and “moving-averages” smoothing, which can 

complicate comparisons across exonic sequences of different sizes. In addition, we detected 

an inverse relationship between SS strength and the number of SRSF1 motifs near the 3′SS 

in both skipped and included exons. This relationship may reflect the role of SRSF1 in 

constitutive exon definition, and is in agreement with a study showing that SRSF1 directly 

binds to members of the U2 snRNP sub-complex SF3, which participates in branch point 

recognition (Akerman et al., 2015). Finally, based on our evaluation of co-regulation with 

other SR proteins (Figure 4), we propose that SRSF1 preferentially exerts splicing activation 

by directly binding to the pre-mRNA targets, whereas splicing repression most likely 

reflects a mixture of direct binding and indirect interactions involving other regulators. In 

summary, we defined rules for splicing activation and repression by SRSF1, and identified 
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SRSF1-regulated AS events that are candidates for mediating SRSF1's oncogenic functions 

in mammary cells.

Experimental Procedures

Plasmids

cDNA for CASC4-FL and CASC4-Δ9 isoforms were synthesized (Genescript) and 

subcloned into a pBABE-Puro vector.

Cell culture and cell lines

MCF-10A and HeLa cells expressing wild-type SRSF1 were generated as described 

(Anczukow et al., 2012; Fregoso et al., 2013). Populations of cells expressing control empty 

vector, CASC4-FL or CASC4-Δ9, were generated by retroviral transduction and puromycin 

selection (2 μg ml-1).

Three-dimensional assays

See Supplemental Experimental Procedures.

Western blot analysis

See Supplemental Experimental Procedures.

RNA-sequencing

See Supplemental Experimental Procedures.

Analysis of splicing changes in cell lines and TCGA tumors

See Supplemental Experimental Procedures.

SpliceDuo

See Supplemental Experimental Procedures.

RT-PCR validation

See Supplemental Experimental Procedures.

Motif discovery and comparison

See Supplemental Experimental Procedures.

NMR titration and isothermal titration calorimetry

See Supplemental Experimental Procedures.

Minigene reporter assays

See Supplemental Experimental Procedures.
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Regulatory maps

See Supplemental Experimental Procedures.

Analysis of expression changes

SRSF1-induced expression changes were determined using DEseq on read count RNA-seq 

data, as described (Anders and Huber, 2010).

Splice-site-strength analysis

Splice-site strength was calculated using MaxEnt (Yeo and Burge, 2004).

Pathway-enrichment analysis

Pathway-enrichment analysis was performed using Ingenuity Pathway Analysis 5.0 

(Ingenuity).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Developed a tool for splicing detection and quantification in RNA-seq data

• Identified and validated hundreds of endogenous SRSF1-regulated splicing 

targets

• Defined regulatory maps to predict the positional effects of SRSF1 binding

• Identified oncogenic SRSF1-regulated splicing targets in human tumors
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Figure 1. Identification of SRSF1-regulated splicing events by RNA-seq
(A) Acinar morphology and size of control or SRSF1-OE 3-D-grown MCF-10A cells. Scale 

bar: 100 μm. The dot plot shows the size distribution and median size. (>100 acini per 

experiment; Mann-Whitney test *** P<0.0005). (B) Western blot analysis of SRSF1 protein 

levels in inducible HeLa cells with or without doxycycline (DOX), as well as in control or 

SRSF1-OE 2-D or 3-D grown MCF-10A cells. Normalization relative to tubulin loading 

control (n=3). Error bars, s.d. (C) RNA-seq experiment and data-analysis flow-chart. (D) 
PSI profiles of the AS events identified in control and SRSF1-OE cells. The colored dots 

represent significantly upregulated (red) or downregulated (blue) AS events in SRSF1-OE 

compared to control cells. (E) Number of AS events in each category: CA-Cassette exons, 

AA-Alternative Acceptors (3′ SS), AD-Alternative Donors 5′ SS), IR-ntron Retention; 

DOWN/UP-AS event downregulated/upregulated in SRSF1-OE cells. (F) Skipped (blue) 

and included (red) SRSF1-regulated CA-exons plotted by PSI.
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Figure 2. SRSF1-regulated CA-exons in 2-D or 3-D MCF-10A cells
Representative RT-PCR validations of SRSF1-regulated CA events altered in: (A) the same 

direction in 2-D and 3-D; (B) in opposite directions in 2-D and 3-D; (C) in 2-D or 3-D but 

not both. Total RNA was analyzed by radioactive RT-PCR using primers in the upstream 

and downstream exons, followed by native PAGE and autoradiography. The structure of 

each isoform is indicated (not to scale). CA- exons are shaded. The percent spliced in (PSI) 

was quantified for each condition (n≥3; t-test *** P<0.0005, ** P<0.005, * P<0.05). Error 

bars, s.e.m). See Figures S1-S2 for additional validations.
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Figure 3. SRSF1-motif discovery and in vitro validation
(A) Flowchart of the SRSF1-motif discovery from the RNA-seq data. (B-D) Study of the 

interactions between SRSF1 RRM1+2 with WT and mutated versions of 5′-UCAGAGGA-3′ 

RNA. (B) Superimposition of 1H-15N HSQC spectra representing NMR titration of the 15N-

labeled GB1-SRSF1 RRM1+2 protein with increasing amounts of unlabeled 5′-

UCAGAGGA-3′ RNA. The peaks corresponding to the free and RNA-bound protein states 

(at RNA:protein ratios of 0.3:1 and 1:1) are colored blue, orange and green, respectively. 

The largest chemical shift perturbations observed upon RNA binding are indicated by black 

squares. (C) Close view of the chemical shift perturbations boxed in (B). The Kd determined 

by ITC in panel D and Kd ratios are indicated on the left side of the panel for each RNA 

sequence tested. (D) ITC data of GB1-SRSF1 RRM1+2 with WT and variants of the 5′-

UCAGAGGA-3′ RNA. The estimated Kd values are shown.
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Figure 4. SRSF1 regulatory maps and mutational analysis
(A) Position-dependent binding probabilities of SRSF1 along included (red) or skipped 

(blue) CA-exons and surrounding sequences. The x axis represents the nucleotide position 

relative to the CA (green box), upstream and downstream exons (black boxes). The line 

represents 100-nt of the surrounding introns. The y axis shows the median probabilities of 

nine different regulatory maps derived using three different SRSF1 motifs across three 

independent datasets (see Figure S4 for individual dataset plots). Black triangles indicate the 

position of the peaks with the highest posterior probability for exon inclusion or skipping. 

(B) Binding probabilities of SR proteins were averaged together (SRSF2, SRSF3, SRSF5, 

SRSF6 and SRSF7) (black line), plotted with the corresponding standard deviations (grey 

bars) and compared to SRSF1's binding profiles derived with three different SRFS1 motifs 

(red and blue lines) in the present RNA-seq dataset. (C-D) Correlation between creation or 

loss of SRSF1 motifs and exon inclusion in SMN2 exon 7 (C) and ADAR2 exon 8 (D). 

SRSF1 motif creation (positive scores) or loss (negative scores) were scored for mutations 

promoting high (red) or low (blue) exon inclusion (PSI), at each nucleotide position (left 

panel) and plotted along with their corresponding PSI levels (right panel).
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Figure 5. Splicing changes in SRSF1-OE human breast tumors from TCGA
PSI in SRSF1-OE tumors is indicated for CA, AA, AD and IR events, divided into 

upregulated (red boxes) or downregulated (blue boxes) AS events. The shading of boxes is 

proportional to the number of events detected in each category. Each vertical axis indicates 

the number of tumors in which the AS event is detected.
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Figure 6. SRSF1 regulates CASC4 alternative splicing in human breast tumors
(A) SRSF1 expression levels in human breast tumors from the control and SRFS1-OE 

groups. (B) PSI scores of SRSF1-regulated CASC4 exon 9 in tumors from (A). (C) Structure 

of the CASC4 human gene and sequence of exon 9. (D) Sequence of CASC4 protein 

isoforms. The amino acids encoded by the exon 9 are highlighted in yellow. Post-

translational modification sites predicted by Prosite are indicated. (E) Position of SRSF1 

motifs and CLIP tags (Sanford et al. 2008, Pandit et al. 2013) in CASC4 exon 9. The 100 

Vertebrate Multiz Alignment & Conservation track is shown below.
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Figure 7. The CASC4-FL isoform partially recapitulates the SRSF1-mediated acinar phenotype
(A) RT-PCR analysis of CASC4 isoforms in control MCF-10A cells overexpressing the 

control (empty vector) or CASC4-FL cDNA, as well as in SRSF1-OE MCF-10A cells 

together with the control (empty vector) or CASC4-Δ9 cDNA. PSI was quantified for each 

condition (n=3). Error bars, s.d. (B) Phase-contrast pictures of control and SRSF1-OE day-8 

acini, expressing the control, CASC4-FL or CASC4-Δ9 constructs. Scale bar: 50 μm. (C) 
Acinar size distribution and median size (n=3, >100 acini per experiment; Mann-Whitney 

test *** P<0.0005). (D,E). The percent of day-8 acini positive for the proliferation marker 

ki67 (D) or the apoptosis marker cleaved caspase-3 (E) is plotted, normalized to control 

acini (n≥3, >30 acini per experiment; Fisher test *** P<0.0005, ** P<0.005, * P<0.05). 

Error bars, s.d.

Anczuków et al. Page 24

Mol Cell. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


