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ABSTRACT 24 

 25 

The epithelial-mesenchymal transition (EMT) is a fundamental developmental process 26 

that is abnormally activated in cancer metastasis. Dynamic changes in alternative splicing occur 27 

during EMT. ESRP1 and hnRNPM are splicing regulators that promote an epithelial splicing 28 

program and a mesenchymal splicing program, respectively. The functional relationships 29 

between these splicing factors in the genome-scale remain elusive. Comparing alternative 30 

splicing targets of hnRNPM and ESRP1 revealed that they co-regulate a set of cassette exon 31 

events, with the majority showing discordant splicing regulation. hnRNPM discordantly 32 

regulated splicing events show a positive correlation with splicing during EMT while concordant 33 

splicing events do not, highlighting the antagonistic role of hnRNPM and ESRP1 during EMT. 34 

Motif enrichment analysis near co-regulated exons identifies guanine-uridine rich motifs 35 

downstream of hnRNPM-repressed and ESRP1-enhanced exons, supporting a model of 36 

competitive binding to these cis-elements to antagonize alternative splicing. The set of co-37 

regulated exons are enriched in genes associated with cell-migration and cytoskeletal 38 

reorganization, which are pathways associated with EMT. Splicing levels of co-regulated exons 39 

are associated with breast cancer patient survival and correlate with gene sets involved in EMT 40 

and breast cancer subtypes. These data identify complex modes of interaction between hnRNPM 41 

and ESRP1 in regulation of splicing in disease-relevant contexts. 42 

  43 
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INTRODUCTION 44 

 45 

 Alternative RNA splicing is a fundamental mechanism of functional genome diversity 46 

that enables the nearly 21,000 protein-coding genes in the human genome to give rise to over 47 

100,000 transcripts (ENCODE Project Consortium 2012; Harrow et al. 2012). Deep 48 

transcriptome sequencing has revealed that approximately 95% of all human multi-exon 49 

transcripts can undergo alternative splicing, positioning alternative splicing as a critical form of 50 

post-transcriptional gene regulation in a variety of cellular and biological processes (Pan et al. 51 

2008; Wang et al. 2008; Barash et al. 2010). Dysregulation of alternative splicing is increasingly 52 

implicated in a variety of human diseases, including cancer progression and survival (Liu and 53 

Cheng 2013; Cieply and Carstens 2015).  54 

Alternative splicing has emerged as a central regulatory process during the epithelial-55 

mesenchymal transition (EMT) (Warzecha et al. 2010; Brown et al. 2011; Shapiro et al. 2011; 56 

Reinke et al. 2012; Yang et al. 2016). EMT is a developmental program whereby epithelial cells 57 

transit to a mesenchymal phenotype, which occurs in natural processes such as organogenesis 58 

and wound healing (Thiery 2003; Nieto et al. 2016). A mounting body of evidence suggests that 59 

EMT is aberrantly activated in cancer cells to mediate tumor recurrence and metastasis (Yang 60 

and Weinberg 2008; Thiery et al. 2009). Study of the molecular mechanism of EMT has been 61 

largely restricted to cellular signaling and transcriptional regulation. Recently, work from our 62 

group has demonstrated that alternative splicing of the gene CD44 causally contributes to EMT 63 

and breast cancer metastasis (Brown et al. 2011; Reinke et al. 2012; Xu et al. 2014; Zhao et al. 64 

2016). Further evidence has also emerged to show the essential role of alternative splicing of 65 

other genes in controlling EMT (Lu et al. 2013; Hernandez et al. 2015). A variety of splicing 66 
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regulatory proteins have also been implicated in EMT alternative splicing, however few have 67 

been shown to have essential functional roles during EMT (Warzecha et al. 2010; Braeutigam et 68 

al. 2013; Xu et al. 2014; Yang et al. 2016).  69 

Investigating the mechanisms underlying the regulation of CD44 alternative splicing led 70 

us to identify antagonistic roles between two splicing factors, hnRNPM and ESRP1. hnRNPM 71 

promotes CD44 variable exon skipping and favors a mesenchymal phenotype, whereas ESRP1 72 

stimulates CD44 variable exon inclusion and promotes an epithelial cellular state (Warzecha et 73 

al. 2009; Brown et al. 2011; Reinke et al. 2012; Xu et al. 2014). Interestingly, hnRNPM is 74 

ubiquitously expressed but functions in a mesenchymal cell-state specific manner to regulate 75 

CD44 alternative splicing. This cell-state restricted activity of hnRNPM is guided in part by 76 

competition between ESRP1 and hnRNPM (Xu et al. 2014). hnRNPM and ESRP1 share 77 

common guanine-uridine-rich (GU-rich) binding sites (Dittmar et al. 2012; Huelga et al. 2012) 78 

and the presence of ESRP1 suppresses the activity of hnRNPM by binding at the same cis-79 

elements in CD44 introns (Xu et al. 2014). Given the functional consequences of hnRNPM and 80 

ESRP1 in modulating EMT, we hypothesized that these two splicing factors compete to regulate 81 

not only CD44 alternative splicing, but also many other splicing events which may be associated 82 

with EMT. The balance between hnRNPM and ESRP1 splicing regulation may therefore control 83 

the phenotypic switch between an epithelial state and a mesenchymal state. 84 

 In this study, we analyzed splicing events regulated by both hnRNPM and ESRP1. Our 85 

results show that hnRNPM and ESRP1 exhibit inverse activities in regulating most co-regulated 86 

splicing events. Unexpectedly, they also display concordant activities when regulating a subset 87 

of splicing events. Importantly, our results reveal that hnRNPM and ESRP1 regulate a set of 88 

cassette exons to promote and inhibit EMT, respectively. Discordantly regulated cassette exons 89 
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are enriched in guanine-uridine (GU) rich motifs specifically in the downstream intron, 90 

corresponding with known hnRNPM and ESRP1 binding motifs and likely sites of competitive 91 

splicing regulation. This mode of regulation is more widespread than previously appreciated. Co-92 

regulated cassette exons also stratify breast cancer patients by overall survival and correlate with 93 

cancer-relevant gene sets, highlighting the importance of hnRNPM and ESRP1 splicing 94 

regulation in cancer biology. 95 

 96 

RESULTS AND DISCUSSION 97 

 98 

Splicing factors ESRP1 and hnRNPM co-regulate a set of cassette exons  99 

 In an effort to better understand how the key splicing regulators ESRP1 and hnRNPM 100 

functionally interact with each other, we compared RNA sequencing datasets in response to 101 

hnRNPM and ESRP1 perturbation. We focused on cassette exons, the most common type of 102 

alternative splicing (Wang et al. 2008). Alternative splicing levels were quantified using the 103 

Percent Spliced In (PSI) metric, which is a measure of the relative abundance of the exon 104 

inclusion isoform. We performed RNA sequencing analysis after hnRNPM knockdown in the 105 

well-established MDA-MB-231-derived lung and bone metastatic 4175 (LM2) and 1833 (BM1) 106 

cell lines (Kang et al. 2003; Minn et al. 2005) and obtained a set of 1635 hnRNPM-regulated 107 

alternative cassette exons in these mesenchymal-type cells. Using previously published ESRP1 108 

overexpression and knockdown datasets (Warzecha et al. 2010; Dittmar et al. 2012; Yang et al. 109 

2016), we derived a corresponding set of 1300 ESRP1-regulated cassettes. Intersecting these 110 

datasets resulted in a statistically significant overlap of 213 co-regulated cassette exons (Fig. 1A, 111 

Supplemental Table S1, p = 7.9e-115, hypergeometric test). Roughly two-thirds of the co-112 
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regulated exons (134/213) were regulated discordantly while the remaining exons (79/213) were 113 

regulated concordantly (Fig. 1B). The fact that the majority of co-regulated events show 114 

discordant regulation mirrors the antagonistic role that ESRP1 and hnRNPM play in favoring 115 

cell-state specific splicing programs (Xu et al. 2014). By contrast, the concordant splicing 116 

regulation by ESRP1 and hnRNPM suggests that they cooperate to control splicing within a 117 

subset of genes. Thus, the co-regulation of splicing between ESRP1 and hnRNPM is not purely 118 

antagonistic and may be more complex than previously understood.  119 

 As hnRNPM and ESRP1 play important roles in regulating alternative splicing during 120 

EMT, we overlapped the co-regulated exons with a set of EMT regulated alternative splicing 121 

events derived from previous studies (Shapiro et al. 2011; Yang et al. 2016). Over 30% (67/213) 122 

of the co-regulated exons overlap with EMT, representing a statistically significant overlap (Fig. 123 

1C, p = 2.63e-80, hypergeometric test). We then analyzed the regulatory roles of hnRNPM and 124 

ESRP1 on these EMT-associated splicing events. For both discordant and concordant exons co-125 

regulated by ESRP1 and hnRNPM, ESRP1-mediated splicing inversely correlated with the 126 

EMT-associated splicing, in line with the role of ESRP1 as an epithelial specific splicing 127 

regulator (Fig. 1D-F) (Warzecha et al. 2010). Interestingly however, hnRNPM showed bi-128 

directional correlation. For the hnRNPM/ESRP1 discordant exons, we observed a positive 129 

correlation between hnRNPM-mediated splicing and EMT-associated splicing, indicating that 130 

hnRNPM promotes splicing that occurs during EMT (Fig. 1G). For the hnRNPM/ESRP1 131 

concordant exons, however, hnRNPM’s activity inversely correlated with EMT-associated 132 

splicing (Fig. 1H). This bi-directional difference in EMT-splicing regulation was statistically 133 

significant (Fig. 1I). These results suggest that although the majority of hnRNPM-regulated 134 

events are consistent with its role in driving a mesenchymal splicing program in opposition to 135 
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ESRP1, hnRNPM may also be involved in a small subset of splicing events regulated in favor of 136 

an epithelial splicing pattern when functioning in concert with ESRP1.  137 

 138 

Validation of ESRP1 and hnRNPM co-regulated cassette exons 139 

We experimentally validated four of the concordant and four of the discordant co-140 

regulated splicing events using RT-PCR upon shRNA-mediated hnRNPM or ESRP1 knockdown 141 

to confirm splicing regulation observed in the RNA sequencing studies (Fig. 2A-C). Given the 142 

role of hnRNPM in promoting EMT, we conducted hnRNPM knockdown in the mesenchymal 143 

LM2 cells. Because ESRP1 is only expressed in epithelial cells, we performed ESRP1 144 

knockdown in immortalized human mammary epithelial cells (HMLE) (Yang and Weinberg 145 

2008; Xu et al. 2014). The validation set confirms that hnRNPM and ESRP1 co-regulate splicing 146 

events in both concordant and discordant manners (Fig. 2C). Moreover, we examined the 147 

specificity of the hnRNPM and ESRP1 splicing regulatory relationships by using two splicing 148 

minigenes: one contains a discordantly regulated exon at CD44 variable exon 5 and the other 149 

contains a concordant exon at MARK3 exon 17. Co-transfection experiments of the CD44v5 150 

minigene with hnRNPM or ESRP1 in 293FT cells showed that hnRNPM promotes v5 exon 151 

skipping, whereas ESRP1 inhibits it (Fig. 2D), supporting discordant regulation of hnRNPM and 152 

ESRP1. By contrast, co-transfection of the concordant MARK3 exon 17 minigene with hnRNPM 153 

or ESRP1 both resulted in dose-dependent increases in exon skipping, mirroring the concordant 154 

regulation of splicing observed in the RNA-sequencing data (Fig. 2E). These results show that 155 

hnRNPM and ESRP1 function in both discordant and concordant fashions that are dependent on 156 

splicing substrates. 157 

 158 
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ESRP1 and hnRNPM discordantly regulated exons are enriched in shared binding sites 159 

 In order to better understand the functional relationship between hnRNPM and ESRP1 in 160 

co-regulating alternative splicing, we performed motif enrichment analysis on the introns near all 161 

hnRNPM and ESRP1 co-regulated splicing events (Fig. 3A). Both hnRNPM and ESRP1 are 162 

known to bind GU-rich cis-elements primarily in introns (Dittmar et al. 2012; Huelga et al. 2012; 163 

Bebee et al. 2015; Yang et al. 2016). We observed selective enrichment of GU-rich hexamers 164 

downstream of hnRNPM-repressed and ESRP1-enhanced events, with both sets of events 165 

showing the most significant enrichment of the same GUGGUG motif (Fig 3A-C). The 166 

observation that GU-motif enrichment was observed downstream of exons regulated oppositely 167 

by hnRNPM and ESRP1 suggests that GU-motifs are enriched in discordantly regulated exons. 168 

These data support a model where hnRNPM and ESRP1 compete for shared binding sites 169 

directly downstream of cassette exons to regulate alternative splicing antagonistically. In 170 

addition, we noted significant enrichment of a UGCAUG motif downstream of hnRNPM-171 

enhanced and ESRP1-repressed events. This sequence corresponds to the well-known binding 172 

motif of the Rbfox family of RNA binding proteins, of which RBFOX2 has been shown to 173 

regulate alternative splicing during EMT (Venables et al. 2013). 174 

To experimentally examine the binding relationships of hnRNPM and ESRP1, we 175 

analyzed their ability to bind to the GU-rich motifs downstream of the discordantly regulated 176 

APLP2 cassette exon 7, which was validated in Fig. 2C. APLP2 contains three occurrences of the 177 

most highly enriched GU-rich motif GUGGUG within 250 nt downstream of APLP2 cassette 178 

exon 7 (Fig. 3D). Experiments were conducted in MDA-MB-231 cells, which do not express 179 

ESRP1, and MDA-MB-231 cells ectopically expressing HA-tagged ESRP1 (Fig. 3E). As 180 

predicted from the RNA-seq data and validation experiments, an increase in APLP2 PSI was 181 
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observed upon ESRP1 overexpression (Fig. 3F). In order to examine binding of hnRNPM and 182 

ESRP1 to the GU-rich motifs downstream of APLP2 exon 7, we designed two 5’ biotinylated 183 

RNA probes: GU1 and GU2. The GU1-probe encompasses the first GUGGUG motif and a 184 

stretch of GU-rich sequences. The GU2-probe contains the other two GUGGUG motifs and 185 

additional GU-rich sequences (Fig. 3G, top panel). RNA pull down assays show that both 186 

hnRNPM and ESRP1 bind these RNA probes, however hnRNPM shows stronger binding 187 

affinity to isomolar concentrations of the GU2 probe compared to the GU1 probe while ESRP1 188 

binds to both probes equally (Fig. 3G, bottom panel). These binding activities are specific 189 

because binding of both proteins was abolished upon disruption of GU-rich motifs. To determine 190 

whether hnRNPM binding is decreased in the presence of ESRP1, we compared relative 191 

hnRNPM binding to the GU2 probe in parental MDA-MB-231 cells compared to MDA-MB-231 192 

cells overexpressing HA-ESRP1. By comparing the amount of hnRNPM that was associated 193 

with the GU2 probe relative to input, we found a 70% reduction in hnRNPM binding in the HA-194 

ESRP1-expressing MDA-MB-231 cells (Fig. 3H), suggesting that ESRP1 is capable of 195 

competing with hnRNPM for the same binding sites on the APLP2 pre-mRNA. 196 

 197 

ESRP1 and hnRNPM co-regulated exons are enriched in EMT processes and correlate with 198 

breast cancer signatures and patient survival 199 

 In order to better understand the relevance of the complex regulation of splicing by 200 

hnRNPM and ESRP1 to disease phenotypes, we performed gene ontology analysis using 201 

DAVID on the set of 213 co-regulated exons (Huang da et al. 2009b; Huang da et al. 2009a). We 202 

observed significant GOTERMs associated with cell polarity, cell adhesion, and cytoskeletal 203 

dynamics (Fig. 4A), all processes that are critical for EMT (Supplemental Table S2). To assess 204 
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the contribution of hnRNPM and ESRP1 co-regulation of splicing in breast cancer patient 205 

samples, we mined the publicly available The Cancer Genome Atlas (TCGA) RNA-sequencing 206 

data for invasive breast carcinoma (BRCA) and calculated the PSI values for hnRNPM and 207 

ESRP1 co-regulated splicing events (Cancer Genome Atlas 2012). After stratifying the patients 208 

based on PSI levels for each exon via 2-means clustering, we observed significant differences in 209 

patient survival based on the splicing levels of 13 cassette exons (FDR < 0.05, log rank test). As 210 

an example, SPAG9 exon 24 inclusion is increased during EMT and this exon inclusion is 211 

stimulated by hnRNPM and inhibited by ESRP1. We found that SPAG9 exon 24 inclusion levels 212 

predict poorer patient survival (Fig. 4B). In addition, ZMYND8 exon 22 undergoes exon skipping 213 

during EMT and the exon skipping event is promoted by hnRNPM and antagonized by ESRP1. 214 

TCGA data analysis showed that ZMYND8 exon inclusion is associated with a better prognosis 215 

in breast cancer (Fig. 4B). 216 

 Intrigued by the role these exons played in predicting breast-cancer patient survival, we 217 

performed Gene Set Enrichment Analysis (GSEA) on gene signatures that are correlated with 218 

SPAG9 and ZMYND8 inclusion. Within the TCGA dataset, a published EMT gene signature was 219 

positively correlated with SPAG9 exon inclusion, while this signature was negatively correlated 220 

with ZMYND8 inclusion (Taube et al. 2010) (Fig. 4C,D). Genes downregulated by mir-200, a 221 

potent repressor of EMT, also showed a positive correlation with SPAG9 exon inclusion but a 222 

negative correlation with ZMYND8 inclusion (Korpal and Kang 2008; Park et al. 2008). 223 

Moreover, genes downregulated in basal subtype and claudin-low subtype breast cancers, which 224 

are generally non-hormone dependent and resistant to conventional therapies, were negatively 225 

correlated with SPAG9 exon inclusion (Blick et al. 2010; Prat et al. 2010). Conversely, these 226 

genes were positively correlated with ZMYND8 inclusion. 227 
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Conclusions 228 

In summary, this study reveals widespread co-regulation of alternative splicing by 229 

hnRNPM and ESRP1, both identified as key regulators of EMT splicing programs (Warzecha et 230 

al. 2010; Xu et al. 2014). hnRNPM-regulated cassette exons significantly overlap with ESRP1-231 

regulated cassette exons, with the majority of co-regulated events showing discordant splicing 232 

regulation, suggesting that hnRNPM and ESRP1 largely serve to functionally antagonize one 233 

another. We also observed a subset of splicing events hnRNPM and ESRP1 concordantly 234 

regulate that inversely correlate with EMT splicing. Although these events represent a minority 235 

of co-regulated events, these results suggest that hnRNPM is partly correlated with antagonistic 236 

regulation of splicing during EMT. These results are surprising as we observed that hnRNPM is 237 

required for cells to undergo EMT (Xu et al. 2014). Interestingly, this scenario is reminiscent of 238 

that observed for RBM47, an RNA binding protein that inhibits EMT (Vanharanta et al. 2014). 239 

RBM47 showed primarily discordant regulation of splicing events compared to EMT, but also 240 

concordant regulation of a subset of splicing events that promote EMT (Yang et al. 2016). These 241 

findings highlight the importance of understanding the combinatorial regulation of splicing by 242 

different factors with respect to a complex biological process such as EMT. Whether the 243 

hnRNPM-regulated splicing events that oppose EMT play a functional role during EMT or are 244 

important for regulating cellular processes that are highly active in epithelial cell states will be an 245 

interesting area for future study. 246 

Some of the alternative splicing events co-regulated by hnRNPM and ESRP1 have been 247 

investigated in detail to understand their functional contributions to EMT. CD44 contains a set of 248 

variable exons that undergo extensive alternative splicing during EMT. Exon skipping of all 249 

variable exons of CD44 to generate the CD44s isoform is required for EMT and has been shown 250 
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to promote Akt-signaling, mediate invadopodia activity, and attenuate degradation of EGFR to 251 

promote sustained RTK signaling, all of which have implications during EMT (Brown et al. 252 

2011; Zhao et al. 2016; Liu and Cheng 2017; Wang et al. 2017). ESRP1 and hnRNPM directly 253 

regulate alternative splicing of CD44 in a discordant manner, with ESRP1 driving exon inclusion 254 

and hnRNPM promoting exon skipping. Another hnRNPM/ESRP1 co-regulated splicing event 255 

that plays a role during EMT is alternative splicing of EXOC7. The EXOC7 mesenchymal 256 

isoform is capable of promoting actin polymerization and increased cell invasion compared to 257 

the epithelial isoform (Lu et al. 2013).  ESRP1 was shown to regulate EXOC7 splicing to 258 

promote production of the epithelial isoform, although the role of hnRNPM is not known. In 259 

addition, hnRNPM and ESRP1 co-regulate exon skipping of TCF7L2. The exon skipping 260 

TCF7L2 isoform is capable of greater activation of Wnt signaling cascade target genes (Weise et 261 

al. 2010), and this event is upregulated in the mesenchymal state. It is worth noting that in our 262 

study all three of these splicing events are discordantly regulated by hnRNPM and ESRP1, with 263 

ESRP1 promoting production of the epithelial isoform and hnRNPM promoting the 264 

mesenchymal splicing pattern. While the precise molecular consequences of most of the 265 

hnRNPM/ESRP1 regulated splicing events during EMT are unknown, our observation that 266 

hnRNPM and ESRP1 co-regulated splicing events are enriched in genes associated with 267 

cytoskeleton remodeling and cell adhesion present interesting avenues for further study. 268 

Our study on motif analysis suggests a common mode of competitive interaction at wide-269 

spread discordantly regulated exons where hnRNPM and ESRP1 compete for binding sites. In 270 

addition to enrichment of GU-rich motifs, we also observed striking enrichment of the 271 

UGCAUG motif downstream of hnRNPM-enhanced and ESRP1-repressed events. This 272 

UGCAUG motif corresponds to the highly conserved Rbfox family of RNA binding proteins. 273 
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Rbfox motifs have been shown previously to enrich near exons regulated by hnRNPM 274 

(Damianov et al. 2016) and ESRP1 (Warzecha et al. 2010; Yang et al. 2016). RBFOX2 was 275 

recently shown to function in a complex with hnRNPM along with other splicing factors 276 

(Damianov et al. 2016). Since RBFOX2 has been shown to promote alternative splicing during 277 

EMT (Shapiro et al. 2011; Venables et al. 2013), we speculate that RBFOX2 may function in 278 

concert with hnRNPM and ESRP1 to regulate EMT-associated alternative splicing. In-depth 279 

analysis of hnRNPM and ESRP1 splicing regulation informs our understanding of splicing factor 280 

binding and functional dynamics in the context of disease-relevant splicing programs and 281 

indicates the importance of understanding the competitive and cooperative mechanisms of 282 

splicing regulation that allow precise modulation of alternative splicing.  283 

Taken together, we show that co-regulation of alternative splicing by hnRNPM and 284 

ESRP1 is wide-spread and primarily antagonistic, although a subset of events is regulated 285 

concordantly. Furthermore, we demonstrate that in controlling hnRNPM/ESRP1 discordantly 286 

regulated events, hnRNPM promotes alternative splicing in the same direction as EMT. 287 

hnRNPM and ESRP1 splicing antagonism is explained by competition for GU-rich elements 288 

downstream of co-regulated exons. Lastly, hnRNPM/ESRP1 co-regulated splicing correlates 289 

with EMT and breast cancer-associated gene sets and predicts breast cancer patient survival. 290 

Taken together, this study highlights the complex regulation of alternative splicing by ESRP1 291 

and hnRNPM as well as the relevance of this regulatory interaction in EMT and cancer. 292 

 293 

MATERIALS AND METHODS 294 

Cell Lines  295 
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Maintenance of immortalized human mammary epithelial cells (HMLE) cells was 296 

conducted as previously described (Mani et al. 2008). Human embryonic kidney 293FT, human 297 

breast carcinoma MDA-MB-231, and MDA-MB-231 metastatic derivative lines 4175 (LM2) and 298 

1833 (BM1) were grown in DMEM supplemented with 10% FBS, L-glutamine, penicillin, and 299 

streptomycin. The HA-ESRP1 overexpressing MDA-MB-231 cell line was described previously 300 

(Reinke et al. 2012). 301 

 302 

Plasmids, shRNAs, and ESRP1 overexpression 303 

Two expression plasmids, pcDNA3-FLAG-hnRNPM and pcDNA3-FLAG-ESRP1 were 304 

subcloned from pECFP-hnRNPM (Lleres et al. 2010) and pBRIT-ESRP1 (Brown et al. 2011), 305 

respectively. The CD44 variable exon 5 minigene was described previously (Brown et al. 2011). 306 

The MARK3 exon 17 minigene was constructed through PCR amplification of MARK3 exon 17 307 

and approximately 400 nucleotides of flanking intron followed by cloning into the BamH1 site of 308 

the CD44v5 minigene. Primers for MARK3 minigene construction are listed in Supplemental 309 

Table S3. The control, hnRNPM, and ESRP1 shRNAs were described previously (Brown et al. 310 

2011; Xu et al. 2014). sh-control = 5’- CCCGAATTAGC TGGACACTCAA-3’. sh-hnRNPM = 311 

5’- GGAATGGAAGGCATAGGATTT-3’. The ESRP1 shRNA was obtained from Open 312 

Biosystems (clone V2LHS_155253).  313 

 314 

Transfection, semi-quantitative RT-PCR, and qRT-PCR 315 

Briefly, 2.25 x 105 HEK293FT cells were plated in 24-well plates twenty-four hours prior 316 

to transfection. Co-transfection of hnRNPM and/or ESRP1 with splicing minigenes was 317 

performed using Lipofectamine 2000 (Invitrogen) per the manufacturer’s instructions. For 318 
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HEK293FT transfections, 100 ng of minigene was used. RNA was extracted from cells using the 319 

E.Z.N.A. Total RNA Kit (Omega Bio-Tek). RNA concentration and purity was measured using a 320 

Nanodrop 2000 (Thermo Fisher Scientific). cDNA was generated via reverse transcription using 321 

the GoScript Reverse Transcription System (Promega) with 1 µL GoScript RT and 250 ng of 322 

RNA in a total volume of 20 µL followed by incubation at 25˚C for 5 mins, 42˚C for 30 mins, 323 

and 70˚C for 15 min. Semi-quantitative RT-PCR assaying for splicing products was performed 324 

using Hot StarTaq DNA polymerase (Qiagen), and PCR cycles were run for 30 or fewer cycles.  325 

Primers for semi-quantitative analysis were designed in constitutive exons flanking each 326 

variable exon (Harvey and Cheng 2016). Semi-quantitative PCR generates both exon inclusion 327 

and skipping products which were separated through agarose gel electrophoresis. PCR product 328 

intensity was measured using ImageJ image analysis software. qRT-PCR was performed in a 329 

total volume of 20 µL with 12.5 ng cDNA and 0.75 µM primers using GoTaq qPCR Master Mix 330 

(Promega) per the manufacturer’s instructions on a CFX Connect Real-Time PCR system 331 

(BioRad) using a three-step protocol and supplied software. For every qRT-PCR sample per 332 

biological replicate, two technical replicates were performed and Ct counts were averaged. 333 

Normalization and quantification of qRT-PCR data was done using the 2-∆∆Ct method (Livak and 334 

Schmittgen 2001). Primer specificity was checked with melt-curve analysis during qRT-PCR. 335 

Primers for semi-quantitative and qRT-PCR analysis were designed to generate products 336 

spanning introns (Supplemental Table S3). 337 

 338 

Quantitative immunoblotting 339 

Whole cell lysates or RNA pull down samples were separated by 10% SDS-PAGE, 340 

transferred to a PVDF membrane (BioRad), and probed with the appropriate antibody. Primary 341 
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antibodies used in western blots included HA-HRP 1:1000 (Roche Applied Science), hnRNPM 342 

1:100000 (OriGene), GAPDH (GE) and β-actin (Sigma-Aldrich) were used as a loading controls. 343 

After incubation with HRP-tagged secondary antibodies, if appropriate, blots were visualized via 344 

chemiluminescence (Thermo-Fisher). 345 

 346 

RNA Pulldown Assays 347 

5’-biotinylated nucleotides were used for RNA pull down experiments. The APLP2 exon 348 

7 associated probes include GU1: 5’-biotin-UCUGUGUGGUGUCCCUGCCCACUCGG 349 

GUGUUUGCU, which was mutated to GU1 mut: 5’-biotin-350 

UCUACGUAAUCUCCCUGCCCACUCGCCUGCAUGCU and GU2: 5’-biotin-351 

CGUGUGUCUGGUGGUGCUUGGUGGUGAUGGUGC, which was mutated to GU2 mut: 5’-352 

biotin- CGUACGUCUCCUGCAGCUAGCUAAUGAUACUCC. Biotinylated RNA oligos (10 353 

µL at 40 µM) were immobilized on 50 µL of streptavidin beads (50% slurry; Thermo Fisher) in a 354 

total volume of 400 µL 1X binding buffer (20 mM Tris, 200 mM NaCl, 6 mM EDTA, 5 mM 355 

sodium fluoride, 5 mM β-glycerophosphate, 2 mg/mL aprotinin, pH 7.5) for 2 hours at 4˚C in a 356 

rotating shaker. After immobilization, beads were washed 3 times in 1X binding buffer, then 200 357 

µg MDA-MB-231 or MDA-MB-231 HA-ESRP1 cell lysates were suspended with the beads in 358 

400 µL of 1X binding buffer for incubation at 4˚C overnight. Beads were then washed 3 times in 359 

1X binding buffer, resuspended in 60 µL of 2X Laemmli sample buffer (Bio-Rad), and boiled for 360 

5 m. Ten µL of sample was analyzed under denaturing conditions on 10% SDS-PAGE and 361 

detected via immunoblotting. 362 

 363 

RNA Sequencing Analysis 364 
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RNA was extracted from LM2 or BM1 cells stably expressing sh-control or sh-hnRNPM 365 

using Trizol, and poly-A-selected RNA-seq libraries were generated using TruSeq stranded 366 

mRNA library preparation kits (Illumina) and subjected to 100-base-pair PE stranded RNA-seq 367 

on an Illumina HiSeq 4000. RNA-seq reads were aligned to the human genome (GRCh37, 368 

primary assembly) and transcriptome (Gencode version 24 backmap 37 comprehensive gene 369 

annotation)  using STAR version 2.5.3a (Dobin et al. 2013) using the following parameters: 370 

STAR --runThreadN 16 - -alignEndsType EndToEnd --quantMode GeneCounts --outSAMtype 371 

BAM SortedByCoordinate. Differential alternative splicing was quantified using rMATS version 372 

3.2.5 (Shen et al. 2014) using the following nondefault parameters: -t paired -len 100 -analysis U 373 

-libType fr-firststrand. and the following cutoffs: FDR < 0.05, ΔPSI ≥ 0.1, and average junction 374 

reads per cassette event ≥10. Control cassette exons were identified by the following filters: FDR 375 

> 0.5, minimum PSI for sh-control or sh-hnRNPM <0.85, maximum PSI > 0.15, and average 376 

junction reads per cassette event per replicate ≥10. These filters were selected to identify cassette 377 

exons with evidence of alternative splicing but were not differentially spliced upon hnRNPM 378 

depletion. RNA sequencing data for ESRP1 was processed in the same way after retrieving data 379 

from GEO record GSE74592. Other ESRP1-regulated cassette exons were obtained from the 380 

supplemental materials of published studies (Warzecha et al. 2010; Dittmar et al. 2012). EMT-381 

regulated cassette exons were obtained from the supplemental materials of two published studies 382 

(Shapiro et al. 2011; Yang et al. 2016). Sequencing datasets for hnRNPM are deposited in the 383 

Gene Expression Omnibus at GSE112516. 384 

 385 

Motif Enrichment and RNA Motif Maps 386 

Kmer enrichments were calculated using 250 bp of the sequence flanking the cassette 387 
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exons. To avoid enrichment of splice site motifs, we removed 9 nucleotides downstream of 5’ 388 

splice sites and 25 nucleotides upstream of 3’ splice sites. To assess enrichment of hexamers, we 389 

adapted a previously published method in a custom python script (Coelho et al. 2015). Given a 390 

set of test sequences and control sequences, the frequency of occurrence of each possible 391 

hexamer of RNA (4096) was computed per nucleotide in the control sequences to establish a 392 

background frequency. Then for each hexamer for each sequence in the test or control set, the 393 

frequency of the hexamer per nucleotide was calculated and compared to the established 394 

background frequency for that hexamer. To determine if the hexamer was enriched in the test set 395 

relative to the control set, a one-tailed Fisher’s exact test was conducted using the sum of 396 

sequences with a hexamer frequency greater than background and the sum of sequences with a 397 

hexamer frequency less than background for the test set and control set of sequences. 398 

For the GU-rich motif RNA map analysis, the top 12 6-mer motifs from an ESRP1-399 

SELEX-Seq analysis were obtained (Dittmar et al. 2012). The motifs were UGGUGG, 400 

GGUGGG, GUGGUG, GUGGGG, GUGUGG, GGUGUG, UGUGGG, GGUGGU, GUGGGU, 401 

UGGGGU, GGGGGU, UGGGGG). The 250 bp of sequence flanking upstream and downstream 402 

hnRNPM and ESRP1 regulated cassette exons as well as control exons obtained from the 403 

rMATS alternative splicing analysis were also obtained. The GU-rich motif score was computed 404 

in a custom python script by counting the number of nucleotides covered by any of the GU-rich 405 

motifs in a sliding window of 50 bp shifted 1-nucleotide at a time across the 250 bp interval in 406 

all of the regulated and control cassette exons. The GU-rich motif score was set equal to the 407 

percent of nucleotides covered by the motifs in each of the sliding windows and plotted for 408 

regulated exons, stratified by inclusion or skipping, and control exons. 409 

 410 
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TCGA BRCA Survival Analysis, GSEA, and Gene Ontology 411 

Processed TCGA BRCA level 3 RNA Seq V2 data for exon junctions and gene 412 

expression were downloaded from the Genomic Data Commons Legacy Archive (Cancer 413 

Genome Atlas 2012). Cassette exon PSI values in each patient sample were calculated using the 414 

following equation from the exon junction files: PSI = (Inclusion junction reads / 2) / ((Inclusion 415 

junction reads / 2) + (Skipping junction reads)). Patients were clustered into two groups using K-416 

means clustering. Kaplan-Meier survival analysis was conducted between these two groups and 417 

p-values were computed using log-rank tests.  418 

For GSEA analysis, correlation values between the given cassette exon PSI values and all 419 

genes in the TCGA BRCA RNA-seq V2 datasets were computed. Genes were then ranked by 420 

correlation and GSEA was performed using the Broad Institute javaGSEA desktop application 421 

(Mootha et al. 2003; Subramanian et al. 2005). 422 

Gene ontology analysis was conducted using DAVID v6.8 with the gene list composed of 423 

all genes containing an exon in the 213 hnRNPM-ESRP1 co-regulated exons (Huang da et al. 424 

2009b; Huang da et al. 2009a). GOTERM enrichment was restricted to GOTERM BP-DIRECT, 425 

GOTERM MF-DIRECT, and GOTERM CC-DIRECT. The background gene set was composed 426 

of all genes in hnRNPM and ESRP1 RNA sequencing datasets with FPKM > 3 in at least one 427 

sample. 428 

 429 

Statistics 430 

Statistical analyses included two-tailed Student’s T-tests and hypergeometric testing 431 

unless otherwise noted. P-values < 0.05 were considered significant. P < 0.05 (*), P < 0.01 (**), 432 

P < 0.001 (***). 433 
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SUPPLEMENTAL MATERIAL 434 

Supplemental material is available for this article. 435 
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 448 

FIGURE LEGENDS 449 

 450 

Figure 1: hnRNPM and ESRP1 co-regulate a set of cassette exons in discordant and 451 

concordant manners 452 

(A) RNA-sequencing analysis of hnRNPM knockdown and ESRP1 overexpression/knockdown 453 

datasets identified splicing factor dependent cassette exon events. In total, 213 cassette exon 454 

events showed overlapping regulation by hnRNPM and ESRP1. p-value by hypergeometric test. 455 

(B) The majority, 63% (134/213) cassette exons, were regulated discordantly by hnRNPM and 456 
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ESRP1. The minority, 37% (79/213) cassette exons, were regulated concordantly. (C) 67 of the 457 

hnRNPM-ESRP1 co-regulated exons overlap with exons regulated during EMT. p-value by 458 

hypergeometric test. (D,E). Both ESRP1 discordantly regulated exons (D) and concordantly 459 

regulated exons (E) show a negative correlation with EMT splicing.  (F) 12% of ESRP1-460 

regulated discordant exons promote EMT compared to 17% of concordant exons. (G) hnRNPM 461 

discordantly regulated exons show a positive correlation with EMT. (H) hnRNPM concordant 462 

exons show a negative correlation with EMT. (I). 88% of hnRNPM discordant exons promote 463 

EMT compared to 17% of hnRNPM concordant exons. p < 0.001 by Fisher’s exact test. 464 

 465 

Figure 2: Validation of hnRNPM and ESRP1 co-regulation of cassette exons 466 

(A) hnRNPM knockdown in LM2 cells. (B) ESRP1 knockdown in HMLE cells. (Error bars = 467 

S.E.M, n=3) (C) (Left) Cassette exon splicing events regulated discordantly by hnRNPM and 468 

ESRP1. (Right) Splicing events regulated concordantly by hnRNPM and ESRP1. Avg PSI 469 

represents an average of three experiments. SD represents standard deviation of PSI values. P-470 

value calculated by Student’s T-test comparing KD to control. (D) Splicing minigene analysis of 471 

co-transfection of CD44 variable exon 5 minigene with hnRNPM in 293FT cells promotes exon 472 

skipping while ESRP1 promotes exon inclusion. (E) Co-transfection of MARK3 exon 17 473 

minigene and hnRNPM or ESRP1 in 293FT cells shows that both promote exon skipping. Avg 474 

PSI represents an average of three experiments. SD represents standard deviation of PSI values. 475 

p-value calculated by Student’s T-test comparing each transfection and control.  476 

 477 

Figure 3: hnRNPM and ESRP1 show common motif enrichment downstream of 478 

discordantly regulated exons 479 
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(A) K-mer enrichment analysis showing top three enriched 6-mers in introns flanking the 213 480 

hnRNPM and ESRP1 co-regulated cassette exons reveals enrichment of the same top GU-rich 481 

motif (GUGGUG, black box) downstream of cassette exons in ESRP1-enhanced and hnRNPM-482 

repressed events. (B,C) RNA motif map analysis of GU-rich motifs in introns flanking 483 

hnRNPM/ESRP1 co-regulated exons with respect to ESRP1 regulation (B) and hnRNPM 484 

regulation (C) reveals enrichment of GU-rich motifs in downstream introns of ESRP1-enhanced 485 

and hnRNPM-repressed events. Inclusion events (green). Skipping events (red). Control events 486 

(black). (D) Genome browser plot of RNA sequencing datasets showing hnRNPM and ESRP1 487 

discordantly regulated cassette exon at APLP2 exon 7. hnRNPM promotes exon skipping while 488 

ESRP1 promotes exon inclusion. Black bars indicate constitutive exons. Green bar indicates 489 

variable exon 7. Yellow bars indicate location of the top enriched GUGGUG motif within 250 490 

nucleotides downstream of APLP2 exon 7. (E) Immunoblot of HA-tagged ESRP1 491 

overexpression in MDA-MB-231 cells. (F) ESRP1 overexpression in MDA-MB-231 cells results 492 

in increased PSI and exon inclusion of APLP2 exon 7. * indicates non-specific band. (G) (Upper 493 

panel) Two GU-rich regions were identified within 250 nucleotides downstream of APLP2 exon 494 

7. RNA probes GU1 and GU2 containing stretches of GU nucleotides underlined and in red with 495 

mutant probes GU1-mut and GU2-mut with mutated sequences colored in blue. (Lower panel) 496 

RNA pull down analysis using RNA probes blotting for endogenous hnRNPM and 497 

overexpressed HA-ESRP1 in MDA-MB-231 cells shows hnRNPM and ESRP1 bind common 498 

GU-rich sequences. (H) RNA pull down experiments using a static amount of the biotinylated 499 

GU2 RNA probe and cell lysate assaying for hnRNPM in the MDA-MB-231 cell line with low 500 

ESRP1 expression and the same line with HA-ESRP1 overexpression. 2.5% input was provided 501 

as a loading control for both samples. Overexpression of ESRP1 leads to less hnRNPM binding, 502 
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suggesting that ESRP1 competes for the same GU2 binding site. (Error bars = S.E.M, n=3, *** = 503 

p-value < 0.001).  504 

 505 

Figure 4: hnRNPM-ESRP1 co-regulated exons are associated with EMT and breast cancer 506 

survival 507 

(A) Gene ontology analysis of 213 hnRNPM-ESRP1 co-regulated exons representing 184 genes 508 

contain significant terms associated with cell polarity, adhesion, migration, and the cytoskeleton. 509 

Direct GOTERMS BP, MF, and CC were queried using DAVID. (B) hnRNPM/ESRP1 510 

discordantly regulated exon inclusion levels, such those of SPAG9 and ZMYND8, stratify breast 511 

cancers patients by overall survival. (C) Genes positively correlated with SPAG9 inclusion are 512 

upregulated during EMT and downregulated by mir-200 while genes negatively correlated with 513 

SPAG9 inclusion are downregulated in basal and claudin-low breast cancer subtypes. (D) 514 

Conversely, genes upregulated during EMT and downregulated by mir-200 are negatively 515 

correlated with ZMYND8 inclusion while genes downregulated in basal and claudin-low breast 516 

cancers are positively correlated with ZMYND8 inclusion. 517 

 518 
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