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ABSTRACT 25 

MDM2 is an oncogene and critical negative regulator of tumor suppressor p53. Genotoxic stress 26 

causes alternative splicing of MDM2 transcripts, which leads to alterations in p53 activity and 27 

contributes to tumorigenesis. MDM2-ALT1 is one of transcripts predominantly produced in 28 

response to genotoxic stress and is comprised of terminal coding exons 3 and 12. Previously, 29 

we found that SRSF1 induces MDM2-ALT1 by promoting MDM2 exon 11 skipping. Here we 30 

report that splicing regulator SRSF2 antagonizes the regulation of SRSF1 by facilitating the 31 

inclusion of exon 11 through binding at two conserved exonic splicing enhancers. 32 

Overexpression of SRSF2 reduced the generation of MDM2-ALT1 in genotoxic stress condition, 33 

whereas knockdown induces the expression of MDM2-ALT1 in absence of genotoxic stress. 34 

Consistently, blocking the exon 11 SRSF2 binding sites using oligonucleotides promotes 35 

MDM2-ALT1. The regulation of MDM2 splicing by SRSF2 is also conserved in mouse as 36 

mutation of one SRSF2 binding site in Mdm2 exon 11, using CRISPR-Cas9, increases the 37 

expression MDM2-ALT1 homolog Mdm2-MS2 and proliferation of NIH 3T3 cells. Taken 38 

together, these findings underscore the relevance of MDM2 alternative splicing in cancer and 39 

suggest that p53 levels can be modulated by artificially regulating MDM2 splicing. 40 

 41 

INTRODUCTION 42 

Murine Double Minute 2 (MDM2) is a proto-oncogene and critical negative regulator of 43 

the p53 tumor suppressor protein. MDM2 is overexpressed in many different types of cancer, 44 

including osteosarcoma and other soft tissue sarcomas (1,2). In response to genotoxic stress 45 

MDM2 undergoes alternative splicing to generate splice variants that are unable to regulate p53 46 

expression (3-5). This in turn results in the stabilization of p53 and subsequent upregulation of 47 

pathways involved in apoptosis and cell cycle arrest (6-8). Current targeted therapies to inhibit 48 
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the interaction between MDM2/p53 in p53 wildtype cancers have had limited success due to 49 

toxicity and the fact that they do not also inhibit the regulation of p53 by MDMX. We have 50 

previously shown that an isoform of MDM2, MDM2-ALT1 (MDM2-B), can bind and inhibit the 51 

proper localization of both full-length MDM2 and MDMX (6). The MDM2-ALT1 isoform is derived 52 

from alternative splicing of the full-length MDM2 pre-mRNA transcript to include only exons 3 53 

and 12. Therefore, understanding the regulation governing this alternative splice variant 54 

presents an avenue to stabilize p53 in these cancers for therapeutic benefit. 55 

Alternative splicing is a critical cellular process that generates many transcripts from a 56 

single gene.  One of the largest families of splicing regulatory proteins is the SR (Serine-57 

Arginine) family of proteins. The role of SR proteins is to enhance or repress the recognition of 58 

exons, allowing for increased protein diversity from a single gene (9-12). As a result of this 59 

increased proteomic diversity, alternative splicing changes have been associated with multiple 60 

cancer cell hallmarks and contribute to tumor progression and therapeutic resistance (13). 61 

However, the interplay of protein family members that regulate alternative splicing and 62 

contribute to the oncogenic transformation is not well understood. 63 

In order to study the alternative splicing of MDM2 we have developed a damage-64 

inducible minigene system. The MDM2 3-11-12s minigene recapitulates the splicing of the 65 

endogenous gene by excluding its intervening exon under genotoxic stress.  We have 66 

previously identified one of these SR proteins, SRSF1 (also known as ASF/SF2), as a negative 67 

regulator of MDM2 splicing that supports the formation of the MDM2-ALT1 isoform in response 68 

to genotoxic stress (54). SRSF1 binds to an exonic splicing enhancer (ESE) in exon 11 and is 69 

necessary to block recognition of exon 11 by the core splicing machinery. In our previous work, 70 

we have also identified FUBP1 as another RNA binding protein that regulates MDM2 splicing. In 71 

contrast to SRSF1, FUBP1 binds to an intronic splicing enhancer in intron 11 and facilitates the 72 
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full-length splicing of MDM2 (14,15). However, our MDM2 3-11-12s minigene, which lacks the 73 

FUBP1 binding site from the full-length MDM2 3-11-12, is still efficiently spliced under normal 74 

conditions. Therefore, we hypothesize that there are additional sites capable of regulating 75 

MDM2 alternative splicing that can be exploited for therapeutic benefit.  Here we report the 76 

identification of one such protein, SRSF2 (SC35). We show that mutation of the SRSF2 binding 77 

sites or targeting them with splice-switching oligonucleotides (SSOs) increases the expression 78 

of the alternatively spliced transcript MDM2-ALT1.  79 

 80 

RESULTS 81 

Mutations in SRSF2 binding sites cause exon exclusion in the MDM2 3-11-12s minigene 82 

To better understand the cis pre-mRNA sequences and trans binding protein factors that 83 

facilitate MDM2 alternative splicing we developed a minigene of MDM2 that behaves similarly to 84 

the endogenous gene under genotoxic stress. We previously reported that the MDM2 3-11-12s 85 

minigene transcripts undergo exclusion of exon 11 under both UVC and cisplatinum stress 86 

(Figure 1A) (15,16). To identify potential splicing regulator binding sites in the MDM2 transcript, 87 

we scanned the coding sequence of the MDM2 mRNA with ESEfinder (17). Two of the most 88 

significant hits were for a pair of SRSF2 binding sites in exon 11 of MDM2 whose sequences 89 

are evolutionarily conserved between mouse and human MDM2 and flank the previously 90 

characterized SRSF1 binding sites (Figure 1B). To determine whether SRSF2 binding sites in 91 

exon 11 of MDM2 affected its alternative splicing, we again turned to ESEfinder to identify 92 

changes in specific residues of the SRSF2 binding sites that lowered matrix binding site scores 93 

(Figure 1B). We then performed site-directed mutagenesis at one residue of each of the SRSF2 94 

sites as well as created a double mutation by targeting them both simultaneously. We 95 

transfected the wild-type and mutant MDM2 3-11-12s minigenes into MCF7 cells for 24 hours, 96 
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then treated under normal (NOR) or UVC conditions, and harvested 24 hours later. RT-PCR 97 

analysis revealed that the wild-type MDM2 3-11-12s minigene maintains full-length 3.11.12 98 

splicing under normal conditions, and UVC treatment induces the skipped product 3.12. 99 

However, mutation of either SRSF2 site (G165T or G213T) in exon 11 resulted in the increased 100 

expression of the exon-excluded product in the absence of damage as compared to the wild-101 

type (WT) minigene (Figure 1C, D). Additionally, mutation of both sites together (G165T, 102 

G213T) had an additive effect on exon exclusion under normal conditions, indicating that both 103 

sites function in the recognition of exon 11 by the spliceosome. 104 

 105 

SRSF2 is re-localized in the nucleus and has decreased binding to MDM2 exon 11 in 106 

response to UV treatment 107 

 Alternative splicing of MDM2-ALT1 is induced under conditions of genotoxic stress (3). 108 

This phenomenon is coincident with an increase in SRSF1 protein expression, a protein we 109 

found to cause the induction of MDM2-ALT1 (16). Therefore, we hypothesized that there may 110 

be a subsequent decrease in the expression of SRSF2, a protein that supports full-length 111 

MDM2 splicing, under the same conditions. We observe that expression of SRSF2 in a nuclear 112 

fractionation from HeLa S3 cells increases 12 hours after damage treatment (Figure 2A). 113 

Increased SRSF2 levels after stress induction is counterintuitive to our expectations as the 114 

expression of MDM2-ALT1 increases under damage conditions. Therefore, we hypothesized 115 

that sequestration of SRSF2 in the nuclear speckles is a potential mechanism of preventing its 116 

availability to regulate MDM2 alternative splicing.  To assess SC35 localization is response to 117 

damage, we treated MCF7 cells with UV and performed immunofluorescence for SRSF2. 118 

Beginning at approximately 4 hours, nuclear speckles became larger and fewer over time 119 

(Figure 2C), which correlates with the timing of MDM2-ALT1 induction (3). We quantified the 120 
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average size of SRSF2 nuclear speckles before and after 12 hours of damage and found that 121 

the average size of nuclear speckle foci was significantly larger after 12 hours of UVC exposure 122 

(Figure 2B). These data suggest that SRSF2 relocalization is coincident with MDM2-ALT1 123 

expression and thus SRSF2 may be playing a direct role in facilitating MDM2 splice site 124 

selection in the absence of damage treatment. 125 

 In order to determine whether relocalization of SRSF2 is concurrent with decreased 126 

binding to exon 11 of the endogenous MDM2 pre-mRNA after damage treatment, we performed 127 

RNA immunoprecipitation (RIP) with and without damage.  SRSF2 bound exon 11 under normal 128 

conditions, however this binding was significantly attenuated in conditions of UV stress (Figure 129 

2D and 2E). Furthermore, SRSF2 did not bind to the negative isotype control (mIgG), and we 130 

did not observe any amplification of DNA in our control reactions that were not reverse 131 

transcribed (-RT). To further demonstrate that ESE mutation leads to abrogated binding of 132 

SRSF2 we performed in vitro RNA pull down assays using both wild-type and mutant 133 

sequences of each binding site. Our results confirm that SRSF2 does in fact bind to both 134 

conserved predicted binding sites and mutation of either position significantly abrogates its 135 

binding in vitro (Figure 2F and 2G) and in vivo. 136 

 137 

SRSF2 is a positive regulator of MDM2 alternative splicing 138 

In order to assess the role of SRSF2 as a positive regulator or MDM2 alternative splicing 139 

we performed overexpression and knockdown experiments. We began by co-transfecting MCF7 140 

cells with the MDM2 3-11-12s wild-type minigene along with either LacZ as a negative control, 141 

or T7-SRSF2, followed by mock or UV treatment (50J/m2 UVC).. We observed that transfection 142 

of SRSF2 abolished damage-responsive alternative splicing of minigene transcripts under UVC 143 

conditions as compared to the negative control (Figure 3A, B). Conversely, we treated MCF7 144 
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cells with siRNA against SRSF2 and confirmed its efficient knockdown (Figure 3C). We then 145 

performed a nested RT-PCR to identify transcripts from the endogenous MDM2 gene.  We 146 

found that MDM2-ALT1 (3.12) was significantly induced in the absence of any genotoxic stress 147 

as compared to no treatment (NT) and control siRNA (CTRL) (Figure 3D). These data indicate 148 

that SRSF2 expression is required to facilitate inclusion of all MDM2 internal exons (exons 4 149 

through 11), not only the penultimate exon 11 as studied in our minigene system. 150 

 151 

Splice-switching oligonucleotides (SSOs) against SRSF2 sites in exon 11 induce 152 

expression of MDM2-ALT1 153 

We hypothesized that SSOs targeting SRSF2 binding sites would occlude SRSF2 154 

binding and could therefore be used to induce skipping the internal exons of MDM2. To test this 155 

hypothesis, we designed SSOs against each of our identified binding sites (Figure 4A). Briefly, 156 

we co-transfected the wild-type MDM2 3-11-12s minigene along with SSOs against SRSF2 157 

sites for 24 hours in MCF7 cells. RT-PCR of exogenous MDM2 revealed that SSOs against 158 

either SRSF2-165 (SSO1) or SRSF2-213 (SSO2, SSO3) site were effective at inducing 159 

expression of the exon-excluded product 3.12 under normal conditions compared to non-160 

specific SSO (NS-SSO; Figure 4B). Whereas SSO1 against the first SRSF2 site induced 3.12 161 

modestly at a range of concentrations, SSOs 2 and 3 against the second SRSF2 site were far 162 

more potent in inducing exon exclusion at all concentrations (Figure 4C). These data are 163 

consistent with mutation of the SRSF2 binding sites in the MDM2 minigene described above. 164 

Decreasing the levels of SRSF2 caused skipping of multiple internal exons of the 165 

endogenous MDM2 transcript, generating MDM2-ALT1. We therefore hypothesized that SSOs 166 

targeting the SRSF2 binding sites in exon 11 could likewise induce MDM2-ALT1 expression. 167 

We transfected either NS-SSO, SSO1, SSO2, or SSO3 into MCF7 or SMS-CTR cells. We then 168 
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performed a qRT-PCR assay specific for MDM2-ALT1, which targets the splice junction 169 

between exons 3 and 12. Consistent with our results with MDM2 3-11-12s minigene we were 170 

able to observe a significant increase in expression of MDM2-ALT1 (Figure 4D).  171 

We assessed the functional impact of SSO treatment on the p53 pathway by examining 172 

transcriptional target levels, as well as cell cycle changes. We found that SSOs targeting the 173 

second SRSF2 site (SSO2, SSO3) significantly reduced the expression of GADD45A and 174 

CDKN1A in MCF7 cells (Figure 5E). We also performed cell cycle analysis but did not find any 175 

changes in the any phase of the cell cycle between NS-SSO, and SSO1, SSO2, or SSO3-176 

transfected MCF7 cells (data not shown). MCF7 cells are ARF null and therefore lack an intact 177 

p53 pathway (18), which may explain the lack of induction of p53 in response to MDM2-ALT1 178 

expression. Additionally, given the transient nature of our transfection and the modest level of 179 

MDM2-ALT1 induction, it is not surprising that there were no overt phenotypic changes in 180 

response to SSO treatment.  181 

 182 

SRSF2 regulation of MDM2 splicing is conserved from mouse to human 183 

Like the human MDM2 gene, the mouse  Mdm2, undergoes alternative splicing under 184 

conditions of genotoxic stress. The resultant predominant splice variant, Mdm2-MS2, however, 185 

is different than the human MDM2-ALT1 and comprises exons 3, 4, and 12 (Figure 5A) (3). To 186 

determine the conserved regulation of MDM2 splicing by SRSF2 regulation, we generated a 187 

mouse minigene that contains the Mdm2 exon 3 as the first exon joined to exon 11 and exon 188 

12, as in the human construct. We next examined the sequence of mouse exon 11 to identify 189 

mutations that lower the ESE matrix scores for predicted SRSF2 binding sites in the mouse 190 

gene. Mutations similar to those we made in the human minigene lowered the predicted binding 191 

scores of the ESE in the mouse Mdm2 exon 11 (Figure 5B). We then induced the G165T or 192 
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G213A mutations, or both, into the mouse minigene and tested their ability to support Mdm2 193 

splicing regulation. Mutations of both the G165T and G213A residues resulted in increased 194 

expression of exon 11-excluded product in the absence of genotoxic stress (Figure 5C, E). As 195 

with the MDM2 3-11-12s G213T mutation, the Mdm2 3-11-12s G213A mutation was more 196 

potent than the G165T mutation.  It should be noted, however, that the mouse minigene does 197 

not accumulate increased exon 11 skipping as a result of UV treatment. 198 

Because the mouse splice variant, Mdm2-MS2, is comprised of exon 4 spliced directly to 199 

exon 12, we wondered if the sequences in Mdm2 exon 4 may be important to achieve regulation 200 

in response to damage treatment in the mouse gene.  We engineered a second mouse 201 

minigene containing exons 4, 11 and 12 and induced these same mutations in an Mdm2 3-11-202 

12s minigene to assess in cell culture with and without UV damage. We observed that both 203 

G165T and G213A mutations together resulted in an increase of exon skipping under normal 204 

conditions (Figure 5D, F), and were induced by UV treatment. The effects of the G165T and 205 

G213A mutations were additive in both the 3-11-12s and 4-11-12s minigene, suggesting that 206 

these SRSF2 sites regulate Mdm2 splicing independently.   207 

 208 

CRISPR-Cas9-engineered mutant cell lines demonstrate endogenous regulation of Mdm2 209 

by SRSF2 sites in exon 11 210 

To precisely pinpoint the regulation of SRSF2 on Mdm2 endogenous transcripts we used 211 

CRISPR-Cas9 to induce SRSF2 site mutations. We designed Cas9 guide RNAs (gRNAs) to 212 

exon 11 of Mdm2 as well as single-stranded oligonucleotide donor (ssODN) repair templates 213 

that included the nucleotide mutation at our sites of interest (Figure 6A). Our attempts to recover 214 

cells with both mutations were unsuccessful, so we designed separate 243 base pair ssODNs 215 

that contained a single point mutation, targeting each site independently. Eventually, we 216 
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recovered NIH 3T3 cell lines with the single G165T mutation but were unable to generate cell 217 

lines with the G213A mutation. We subjected both control NIH 3T3 cell lines transfected with a 218 

control CRISPR plasmid and cells bearing the G165T mutation to a qPCR to specifically detect 219 

expression of Mdm2-MS2. We report that cells with the G165T mutation demonstrated a 220 

significantly higher amount of Mdm2-MS2 under normal conditions as compared to control cells 221 

(Figure 6B). 222 

To test the effect of Mdm2-MS2 expression on cell proliferation, we seeded wild-type 223 

control CRISPR cells, and both SRSF2 G165T-engineered cell lines (CRISPR1, CRISPR2) and 224 

monitored them continuously for growth. At the end of 72 hours both of our G165T cell lines 225 

showed significantly higher fold change in cell confluence (CRISPR1 and CRISPR2) and hence 226 

increased proliferation in comparison to the wild-type CRISPR control (CRISPR CTRL, Figure 227 

6C). It is important to note that NIH 3T3, like MCF7 cells, though wild-type for p53, are mutant 228 

for ARF. In the absence of an intact p53 pathway, MDM2 splice variants will have p53 229 

independent functions that support increased cell proliferation and transformation. Indeed, it has 230 

been demonstrated by others that MDM2 splice variants are capable of transforming NIH 3T3 231 

cells (19).  232 

 233 

SRSF1 and SRSF2 are antagonistic for the control of MDM2 splicing 234 

Given that the identified SRSF2 sites flank the previously identified SRSF1 binding site, 235 

we wanted to test the dependency of these sites in counterbalancing the activity of the other. 236 

We hypothesized that the positive action of the SRSF2 binding is required to overcome the 237 

negative splicing function of the SRSF1 binding. We induced the previously published SRSF1 238 

mutation together with one or both of the SRSF2 mutations and tested them in our damage-239 

inducible cell culture system (Figure 7A). We observed that both the SRSF2-G165T and the 240 
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SRSF2-G213T mutation were sufficient to overcome the mutation of the SRSF1 sites, and 241 

restore the damage induction of exon 11 skipping (where none was seen in SRSF1 mutant 242 

minigene). Lastly, when both SRSF2 sites were mutated in the context of the SRSF1 mutant we 243 

again observed a significant increase in the level of exon skipping under normal conditions 244 

(Figure 7B and 7C). These data strongly suggest that the regulation of MDM2 alternative 245 

splicing by SRSF2 is necessary to counteract the negative effects of SRSF1. These data further 246 

suggest that the density of splicing elements and functional redundancy of regulators in this 247 

region plays an important role in the alternative splicing of MDM2 since splicing control is 248 

maintained in the absence of both the SRSF1 and SRSF2 elements. Furthermore, identification 249 

of additional elements will allow improvement of splice altering therapies that could be used to 250 

modulate the p53 pathway in cancer. 251 

 252 

DISCUSSION 253 

 We identified SRSF2 as a positive splicing factor that promotes the recognition of exon 254 

11 of MDM2. We demonstrated that the SRSF2 binding sites are conserved between mouse 255 

and human MDM2 exon 11. Furthermore, these sites are sufficient to promote full-length 256 

splicing endogenously as splicing is compromised using either the SSOs or CRISPR-Cas9 257 

generated mutations.  Exon 11 of MDM2 is well-conserved between mouse and human. Both 258 

are 78 base pairs and share approximately 82% nucleotide identity. While both SRSF2 binding 259 

sites are conserved according to in silico prediction (20), the first site has a mismatch at 3/8 260 

nucleotides and second is 100% conserved on the sequence level. The absolute requirement 261 

for the more potent MDM2 G213T, Mdm2 G213A site may explain the pressure for it to remain 262 

conserved over evolutionary time. In both mouse and human minigene mutations, as well as in 263 

SSO treatment, the second SRSF2 site consistently induced more exon exclusion compared 264 
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with the first. We also speculate that this is one of the reasons that we were unable to 265 

successfully recover a mouse CRISPR cell line with the G213A mutation.  266 

The regulation of SRSF2 is known to be controlled through alternative splicing of its own 267 

transcript, as well as posttranslational acetylation and phosphorylation by SRPK1 and SRPK2 268 

(21). Under both normal and UV damage conditions, SRSF2 is localized to nuclear speckles, 269 

which are known to be structures where nuclear processing factors are localized, as well as 270 

sites of active mRNA transcription (22,23). In response to UVC treatment we observed that the 271 

expression levels of SRSF2 increased and importantly, that the number of speckles to which 272 

SRSF2 is localized are fewer in number and have a larger foci diameter. Additionally, we saw 273 

that binding of SRSF2 was decreased in vivo in response to UV treatment. We infer that the 274 

loss of colocalization of SRSF2 with MDM2 transcripts under conditions of genotoxic stress 275 

facilitates MDM2 alternative splicing.  276 

 MDM2 is overexpressed in many types of cancer including osteosarcoma, esophageal 277 

cancer, and dedifferentiated liposarcomas (1,24,25). These cancers are invariably p53 wild-type 278 

and would benefit from persistent alternative splicing of MDM2 to downregulate MDM2 279 

expression, reactivate p53, and sensitize these tumors to current therapies. Whereas other 280 

drugs including nutlin-3a and spiro-oxindole analogs MI-63 and MI-219 have shown potential by 281 

disrupting the MDM2-p53 interaction as anticancer strategies (26-28), these particular 282 

compounds have not been successful in the clinic likely due to their failure to also inhibit MDMX, 283 

another negative regulator of p53. Our lab previously demonstrated that MDM2-ALT1 can bind 284 

both full-length MDM2 and MDMX and sequester these proteins in the cytoplasm, thereby 285 

acting as a dominant negative to the function of full-length MDM2 or MDMX (3,29). Promoting 286 

the alternative splicing of MDM2 through the use of SSOs would allow for control of both full-287 

length MDM2 and MDMX activity, thereby elevating the levels of p53 in a cancer cell. 288 
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 While MDM2 overexpression in cancer is well-documented in the literature, paradoxically 289 

MDM2 alternative splicing has been observed with many types of cancer as well, including 290 

bladder (19), colon (30), breast (31), and soft tissue sarcomas such as rhabdomyosarcoma 291 

(RMS) (32). We previously reported that MDM2-ALT1 expression correlated with high-grade 292 

disease in RMS and is the most common genetic perturbation in both alveolar and embryonal 293 

RMS. Recent data suggests that the mechanisms of MDM2-ALT1-mediated oncogenesis are 294 

largely p53 independent as expression of MDM2-ALT1 in a p53-deficient background 295 

accelerated tumorigenesis and shifted the observed tumor spectrum in vivo (33). Therefore, 296 

while it would be beneficial to induce alternative splicing of MDM2 in cancers where it is 297 

overexpressed, in cancers with p53 gain-of-function mutations it may be useful to restore full-298 

length MDM2 to degrade mutant p53. As we have now characterized both positive and negative 299 

regulators of MDM2 alternative splicing, it is plausible that SSO therapy could be used to 300 

modulate the levels of p53 through the manipulation of MDM2 alternative splicing. SSOs 301 

capable of inducing MDM2-ALT1 that are potent enough to elicit a biological response should, 302 

therefore, be a priority.  As current modalities to treat MDM2-overexpressing cancers are 303 

limited, the results of our study provide a rationale to develop splicing modulating strategies to 304 

modulate the p53 levels in cells and re-sensitize them to chemotherapeutic agents.  305 

 306 

MATERIALS AND METHODS 307 

 308 

Cell culture, growth and transfection conditions 309 

MCF7, NIH 3T3 cells, and C2C12 cells were obtained from ATCC and SMS-CTR cells were 310 

obtained from Peter J. Houghton. HeLa S3 cells were obtained from Hua Lou. All human cell 311 

lines have been verified by STR analysis (Genetica). Experiments were performed within the 312 
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first 10 passages of thawing cells. MCF7, NIH 3T3, and C2C12 cell lines were maintained in 313 

DMEM, whereas SMS-CTR and HeLa S3 cells were maintained in RMPI medium. Both were 314 

supplemented with 10% fetal bovine serum (Catalog Number SH3007103) from Thermo Fisher 315 

Scientific, 1X L-glutamine (Catalog Number MT 25-005 CI) from Corning and 1X 316 

penicillin/streptomycin (Catalog Number MT 30-001 CI) by Corning. MCF7 cells were 317 

transfected with MDM2 minigenes along with SRSF2 or LacZ overexpression plasmids as 318 

previously described (16). For RNA immunoprecipitation assays, MCF7 cells were seeded to 319 

80% confluency in 15 cm plates and transfected with 5.0 µg LacZ or T7-SRSF2 for 24 hours 320 

then cells were either treated under normal conditions or subjected to 50 J/m2 UVC and 321 

harvested 12 hours later.  322 

 323 

Plasmids, protein expression constructs 324 

The LacZ plasmid was previously described (16). The T7-SRSF2 construct was provided 325 

as a kind gift from Dr. Adrian Krainer. The MDM2 3-11-12s minigene was previous described 326 

(16). The SpCas9-2A-EGFP plasmid was obtained from Addgene (Catalog Number 48138). The 327 

guide sequences for target sequences were cloned into the BbsI site as previously described 328 

(34). The Mdm2 3-11-12s minigene was constructed using polymerase chain reaction (PCR) 329 

with the following primers: (1F) 5’ GTTCGGATCCGCCAATGTGCAATACCAACATGTCTG 3’ 330 

(1R) 5’ TCTCAGTAAGTCTTATGCGATAATCCAGGTTTCAATTTTGTT 3’ (2F) 5’ 331 

ACCTGGATTATCGCATAAGACTTACTGAGAATTCTGGCTT 3’ (2R) 5’ 332 

GTAACTCGAGCCTCAGCACATGGCTCT 3’. The Mdm2 4-11-12s minigene was constructed 333 

using polymerase chain reaction (PCR) with the following primers: (1F) 5’ 334 

GAGCCCGGGCGGATCCGTTAGACCAAAACCATTGCTTTTGAA 3’ (1R) 5’ 335 

TCTCAGTAAGTCTTAATCTCACTCAAACTTGAAAAACCACCA 3’ (2F) 5’ 336 
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AAGTTTGAGTGAGATTAAGACTTACTGAGAATTCTGGCTT 3’ (2R) 5’ 337 

CGGGCCCCCCCTCGAGCCTCAGCACATGGC 3’.PCR products were visualized under long-338 

wave ultraviolet, excised, and gel purified using QIAquick Gel Extraction Kit (Catalog Number 339 

28704). A final multiplex PCR was performed with the two purified PCR products and the two 340 

terminal primers. The Mdm2 3-11-12s minigene was then cloned into the EcoRI-XhoI sites of 341 

the pCMV-Tag2B vector using T4 DNA ligase (Catalog No. M0202S) from NEB according to the 342 

manufacturer’s instructions. 343 

 344 

RT and PCRs 345 

Reverse transcription (RT) reactions were carried out using 1 μg of RNA using Transcriptor RT 346 

enzyme (Catalog No. 03531287001) from Roche Diagnostics. Non-quantitative endogenous 347 

MDM2 PCRs were performed as previously reported (35). MDM2 minigene PCRs were 348 

performed as previously reported (15). PCRs for MDM2 after RNA immunoprecipitation of T7-349 

SRSF1 were performed using a set of nested primers under the following conditions: (94°C 4′, 350 

35 cycles of 94°C 30”, 62°C 30”, 72°C 1′, 72°C 7’) 5’ TTCCCCTTTACACTCACTT 3’ and 5’ 351 

TACAGGTCTCATCACAACAAATAA 3’ then (94°C 5′, 35 cycles of 94°C 30”, 58°C 30”, 72°C 1′, 352 

72°C 7’) 5’ TTTCCCCCTTTACACTCACT 3’ and 5’ AAATTTCAGGATCTTCTTCAA 3’. Mdm2 353 

amplicons were amplified using the following primers under the standard PCR conditions: (94°C 354 

5′, 35 cycles of 94°C 30”, 55°C 30”, 72°C 1′, 72°C 7’) 5’ TGGCTTCTTGGTTGAAGGGTT 3’ and 355 

5’ CAGCTAAGGAAATCTCAGGATCT 3’. 356 

 357 

Quantification of splicing ratios 358 
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Percentages of full-length and exon-excluded products were quantitated using ImageQuant TL 359 

(Version 8.1). Significance of the results was assessed using the two-tailed Student's t-test 360 

using GraphPad Prism (Version 6.0). 361 

 362 

Western blot analysis and antibodies 363 

Cell were lysed in NP-40 buffer and equal amounts of protein were loaded in SDS 364 

sample buffer onto a sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE), blotted onto a 365 

polyvinylidene difluoride (PVDF) membrane, and analyzed for expression of SRSF2 using either 366 

clone 1SC-4F11 (Catalog Number 06-1364), T7-Tag (Catalog Number 69522) from EMD 367 

Millipore, or β-Actin clone AC-15 (Catalog Number A5441) from Sigma. Protein sizes were 368 

determined using the Precision Plus Protein Dual Color Standards marker (Catalog Number 369 

161-0374) from Life Technologies. 370 

 371 

Microscopy 372 

Cells were seeded on coverslips and either treated under normal conditions or subjected to 50 373 

J/m2 UVC. After 12 hours cells were fixed in 4% paraformaldehyde and permeabilized in 0.25% 374 

Triton X-100. Cells were then blocked in 10% donkey serum and incubated in an SC35 primary 375 

antibody (Catalog Number 556363) in 5% donkey serum at 4°C overnight. Cells were incubated 376 

in secondary antibody at room temperature for 1 hour in dark (anti-mIgG Alexa Fluor 488 377 

Thermo Fisher A31571 1:1000). Coverslips were then mounted with 1 drop of Diamond 378 

ProLong Antifade with DAPI (Thermo Fisher) and cured overnight at room temperature. Cells 379 

were then imaged on a confocal microscope. 380 

 381 

RNA Immunoprecipitation  382 
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Cells were scraped from adherent plates in 1 mL of PBS on ice. Suspensions were 383 

transferred to Eppendorf tubes and spun down for 30 seconds at 1300 x g. PBS was aspirated 384 

and cells were lysed in polysome lysis buffer (100 mM KCl, 5mM MgCl2, 10mM HEPES, pH 7.0, 385 

0.5% Nonidet P-40, 100U/mL RNase inhibitor, Halt protease inhibitor) on ice for five minutes. 386 

Lysates were centrifuged at 14,000 x g for 15 minutes at 4°C and supernatant was transferred 387 

to a fresh tube. Approximately 1.5 mg of protein lysate were immunoprecipitated in a 1 mL 388 

reaction containing NT2 buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM MgCl2, 0.05% Nonidet 389 

p-40), 20 µg of T7-SRSF1 or mIgG isotype control with 15 mM EDTA, pH 8.0 for 10 minutes at 390 

room temperature. 100 µl of prewashed Dynal Protein G magnetic beads were then added to 391 

the immunoprecipitation reaction for an additional 10 minutes. Immunoprecipitates were washed 392 

3 times with 500 µl NT2 buffer, then twice with 500 µl PBS (containing 100 U/mL RNase 393 

inhibitor). IPs were resuspend in 150 µl proteinase K buffer (1.2 mg/mL proteinase K, 1% SDS, 394 

100U/mL RNase inhibitor in NT2 buffer) and incubated 30 minutes at 55°C. Beads were 395 

immobilized and supernatant was transferred to fresh Eppendorf tubes, to which 350 µl buffer 396 

RLT was added to both IP and 1/100 input samples. A Qiagen RNeasy protocol (Catalog 397 

74106) with DNase digestion was then performed according to manufacturer’s instructions. 398 

 399 

RNA oligonucleotide pull down 400 

RNA probes were synthesized from Integrated DNA Technologies (Coralville, IA, USA) 401 

(SRSF2-165 WT ‘UAUCAGGCAGGGGAGAGUGAU’, SRSF2-165 MUT 402 

‘UAUCAGAAAGGGGAGAGUGAU’, SRSF2-213 WT ‘UAUCAGGCAGGGGAGAGUGAU’ 403 

SRSF2-213 MUT ‘UAUCAGAAAGGGGAGAGUGAU’). A total of 5 nmol of RNA was modified, 404 

conjugated Adipic acid dihydrazide agarose beads (Catalog Number A0802-10ML) from Sigma, 405 

and washed as previously described (16). RNA was then incubated in a splicing reaction at 406 
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30°C for 40 min, gently mixing every 5 min. Protein-bound beads were washed 3X in Buffer D, 407 

then eluted in 40 μl 2X SDS Buffer. Beads were boiled 100°C for 5 min, then spun down 10000 408 

rpm at 4°C for 10 min. Eluates were collected and loaded in equal volume on 10% SDS-PAGE 409 

gel, transferred to PVDF membrane, and probed for SRSF2 and β-Actin. 410 

 411 

SRSF2 knockdown 412 

The siRNAs targeting human SRSF2 (SRSF2 3′ UTR-siRNA sense, 413 

UUGGCAGUAUUGACCUUAUU; SRSF2 3′ UTR-siRNA antisense, 414 

UAGGUCAAUACUGCCAAUU) or a non-specific siRNA (CTRL sense, 415 

AAGGUCCGGCUCCCCCAAAUG; CTRL antisense, CAUUUGGGGGAGCCGGACCUU) were 416 

synthesized by Life Technologies. siRNAs were transfected into MCF7 cells at a concentration 417 

of 30 nM, mediated by Lipofectamine RNAiMAX from Life Technologies  for a total of 72 h. Post-418 

transfection cells were harvested for total RNA using an RNeasy kit (Catalog 74106) from 419 

Qiagen and subject to RT-PCR as described above. Protein was also collected as described 420 

above to confirm knockdown of SRSF2. 421 

 422 

SSO treatment 423 

2′O-methyl SSOs were provided by Trilink BioTechnologies. SSOs specific to MDM2 424 

exon 11 (#1 ‘CUGCCUGAUACACAGUAACU’, #2 ‘UUUCAGCAUCUUCUUCAAAU’, #3 425 

‘GAAAUUUCAGGAUCUUCUUC’) or a non-specific SSO (‘AUAUAGCGACAGCAUCUUCC’) 426 

were transfected in MCF7 cells with either Lipofectamine 2000 (Catalog Number 11668030) 427 

Lipofectamine 3000 (Catalog Number 15338-100) from Life Technologies for 24 hours. SMS-428 

CTR cells were nucleofected with 250 nM SSO using Nucleofector Kit R (Catolog Number 429 

VACA-1001) with program X-001 on an Amaxa Nucleofector II device. All cells were harvested 430 
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for RNA after 48 hours of transfection using a RNeasy kit from Qiagen and subjected to qPCR 431 

using conditions described above. 432 

 433 

Quantitative Real-Time PCR (qPCR) 434 

All Quantitative qPCR was performed with standard PCR conditions for using an Applied 435 

Biosystems 7900HT Fast Real Time PCR system (Life Technologies). Real-time PCR reactions 436 

were carried out using the SYBR Green PCR master mix (Applied Biosystems part no. 437 

4309155). The primers used to amplify the p53-target transcripts and MDM2-ALT1 have been 438 

previously described (6). Mdm2-MS2 was amplified using the following primers: 5’ 439 

ACACTATGAAAGAGGACTATTGGAA 3’ and 5’ TTTCACGCTTTCTTGGCTGC 3’. All PCR 440 

reactions were carried out with 3 technical replicates and the amplification of single PCR 441 

products in each reaction was confirmed using dissociation curve.  442 

 443 

CRISPR-Cas9 genome editing  444 

NIH 3T3 were transfected with 1.0 µg of control plasmid SpCas9-2A-EGFP or SpCas9-445 

2A-EGFP-MDM2 along with 500 ng of an HDR custom single-stranded DNA 243 base repair 446 

template from IDT DNA. 4 hours after transfection cells were treated with a 1 mM SCR7 447 

(Catalog Number M60082-2s) from Xcessbio. 48 hours after transfection, cells were sorted for 448 

GFP expression on a BD Influx FACS cell sorter running SortWare software. GFP-positive cells 449 

were plated and maintained in medium containing 1 mM SCR7. After two passages, cells were 450 

collected for genomic DNA. Genomic changes were verified by performing PCR of Mdm2, 451 

followed by TOPO cloning of PCR products, and analyzed by Sanger sequencing (MWG 452 

Eurofins). 453 

 454 
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Live cellular growth assay 455 

Growth curves were performed with triplicate plating of either NIH 3T3 Control CRISPR, 456 

NIH 3T3 G165T CRISPR I or NIH 3T3 G165T CRISPR II cell lines. Cells were seeded at a 457 

density of 8 × 104 cells per well in a 12-well plate and analyzed for confluency using the 458 

IncuCyte ZOOM™ live cell imaging system taking pictures every 4 hours. Statistical significance 459 

was calculated by two-way ANOVA.460 
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Acknowledgements:  We would like to thank Aixa S. Tapia-Santos and Jordan T. Gladman for 462 

their technical contribution. We would also like to thank the members of the Chandler lab for 463 

critical review of the manuscript. 464 

  465 

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

The copyright holder for this preprint (which wasthis version posted September 26, 2019. ; https://doi.org/10.1101/784256doi: bioRxiv preprint 

https://doi.org/10.1101/784256
http://creativecommons.org/licenses/by-nc-nd/4.0/


SRSF2 Regulates MDM2 Splicing 

 
21 

 

REFERENCES 466 

1. Nakayama T, Toguchida J, Wadayama B, Kanoe H, Kotoura Y, Sasaki MS. MDM2 gene 467 
amplification in bone and soft-tissue tumors: association with tumor progression in 468 
differentiated adipose-tissue tumors. Int J Cancer 1995;64:342-6 469 

2. Momand J, Jung D, Wilczynski S, Niland J. The MDM2 gene amplification database. 470 
Nucleic Acids Res 1998;26:3453-9 471 

3. Chandler DS, Singh RK, Caldwell LC, Bitler JL, Lozano G. Genotoxic stress induces 472 
coordinately regulated alternative splicing of the p53 modulators MDM2 and MDM4. 473 
Cancer Res 2006;66:9502-8 474 

4. Dias CS, Liu Y, Yau A, Westrick L, Evans SC. Regulation of hdm2 by stress-induced 475 
hdm2alt1 in tumor and nontumorigenic cell lines correlating with p53 stability. Cancer 476 
Res 2006;66:9467-73 477 

5. Jeyaraj S, O'Brien DM, Chandler DS. MDM2 and MDM4 splicing: an integral part of the 478 
cancer spliceome. Front Biosci 2009;14:2647-56 479 

6. Jacob AG, Singh RK, Comiskey DF, Jr., Rouhier MF, Mohammad F, Bebee TW, et al. 480 
Stress-induced alternative splice forms of MDM2 and MDMX modulate the p53-pathway 481 
in distinct ways. PLoS One 2014;9:e104444 482 

7. Sanchez-Aguilera A, Garcia JF, Sanchez-Beato M, Piris MA. Hodgkin's lymphoma cells 483 
express alternatively spliced forms of HDM2 with multiple effects on cell cycle control. 484 
Oncogene 2006;25:2565-74 485 

8. Steinman HA, Burstein E, Lengner C, Gosselin J, Pihan G, Duckett CS, et al. An 486 
alternative splice form of Mdm2 induces p53-independent cell growth and tumorigenesis. 487 
J Biol Chem 2004;279:4877-86 488 

9. Long JC, Caceres JF. The SR protein family of splicing factors: master regulators of 489 
gene expression. Biochem J 2009;417:15-27 490 

10. Liu HX, Zhang M, Krainer AR. Identification of functional exonic splicing enhancer motifs 491 
recognized by individual SR proteins. Genes Dev 1998;12:1998-2012 492 

11. Zahler AM, Neugebauer KM, Lane WS, Roth MB. Distinct functions of SR proteins in 493 
alternative pre-mRNA splicing. Science 1993;260:219-22 494 

12. Zhu J, Mayeda A, Krainer AR. Exon identity established through differential antagonism 495 
between exonic splicing silencer-bound hnRNP A1 and enhancer-bound SR proteins. 496 
Mol Cell 2001;8:1351-61 497 

13. Climente-Gonzalez H, Porta-Pardo E, Godzik A, Eyras E. The Functional Impact of 498 
Alternative Splicing in Cancer. Cell Reports 2017;20:2215-26 499 

14. Jacob AG, Singh RK, Mohammad F, Bebee TW, Chandler DS. The splicing factor 500 
FUBP1 is required for the efficient splicing of oncogene MDM2 pre-mRNA. J Biol Chem 501 
2014;289:17350-64 502 

15. Singh RK, Tapia-Santos A, Bebee TW, Chandler DS. Conserved sequences in the final 503 
intron of MDM2 are essential for the regulation of alternative splicing of MDM2 in 504 
response to stress. Exp Cell Res 2009;315:3419-32 505 

16. Comiskey DF, Jr., Jacob AG, Singh RK, Tapia-Santos AS, Chandler DS. Splicing factor 506 
SRSF1 negatively regulates alternative splicing of MDM2 under damage. Nucleic Acids 507 
Res 2015;43:4202-18 508 

17. Cartegni L, Wang J, Zhu Z, Zhang MQ, Krainer AR. ESEfinder: A web resource to 509 
identify exonic splicing enhancers. Nucleic Acids Res 2003;31:3568-71 510 

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

The copyright holder for this preprint (which wasthis version posted September 26, 2019. ; https://doi.org/10.1101/784256doi: bioRxiv preprint 

https://doi.org/10.1101/784256
http://creativecommons.org/licenses/by-nc-nd/4.0/


SRSF2 Regulates MDM2 Splicing 

 
22 

 

18. Saadatmandi N, Tyler T, Huang Y, Haghighi A, Frost G, Borgstrom P, et al. Growth 511 
suppression by a p14(ARF) exon 1beta adenovirus in human tumor cell lines of varying 512 
p53 and Rb status. Cancer Gene Ther 2002;9:830-9 513 

19. Sigalas I, Calvert AH, Anderson JJ, Neal DE, Lunec J. Alternatively spliced mdm2 514 
transcripts with loss of p53 binding domain sequences: transforming ability and frequent 515 
detection in human cancer. Nat Med 1996;2:912-7 516 

20. Smith PJ, Zhang C, Wang J, Chew SL, Zhang MQ, Krainer AR. An increased specificity 517 
score matrix for the prediction of SF2/ASF-specific exonic splicing enhancers. Hum Mol 518 
Genet 2006;15:2490-508 519 

21. Edmond V, Brambilla C, Brambilla E, Gazzeri S, Eymin B. SRSF2 is required for sodium 520 
butyrate-mediated p21(WAF1) induction and premature senescence in human lung 521 
carcinoma cell lines. Cell Cycle 2011;10:1968-77 522 

22. Gui JF, Lane WS, Fu XD. A serine kinase regulates intracellular localization of splicing 523 
factors in the cell cycle. Nature 1994;369:678-82 524 

23. Wu SJ, Kuo YY, Hou HA, Li LY, Tseng MH, Huang CF, et al. The clinical implication of 525 
SRSF2 mutation in patients with myelodysplastic syndrome and its stability during 526 
disease evolution. Blood 2012;120:3106-11 527 

24. Barretina J, Taylor BS, Banerji S, Ramos AH, Lagos-Quintana M, Decarolis PL, et al. 528 
Subtype-specific genomic alterations define new targets for soft-tissue sarcoma therapy. 529 
Nat Genet 2010;42:715-21 530 

25. Michalk M, Meinrath J, Kunstlinger H, Koitzsch U, Drebber U, Merkelbach-Bruse S, et al. 531 
MDM2 gene amplification in esophageal carcinoma. Oncol Rep 2016;35:2223-7 532 

26. Ambrosini G, Sambol EB, Carvajal D, Vassilev LT, Singer S, Schwartz GK. Mouse 533 
double minute antagonist Nutlin-3a enhances chemotherapy-induced apoptosis in 534 
cancer cells with mutant p53 by activating E2F1. Oncogene 2007;26:3473-81 535 

27. Kojima K, Konopleva M, McQueen T, O'Brien S, Plunkett W, Andreeff M. Mdm2 inhibitor 536 
Nutlin-3a induces p53-mediated apoptosis by transcription-dependent and transcription-537 
independent mechanisms and may overcome Atm-mediated resistance to fludarabine in 538 
chronic lymphocytic leukemia. Blood 2006;108:993-1000 539 

28. Wade M, Wong ET, Tang M, Stommel JM, Wahl GM. Hdmx modulates the outcome of 540 
p53 activation in human tumor cells. J Biol Chem 2006;281:33036-44 541 

29. Zheng T, Wang J, Zhao Y, Zhang C, Lin M, Wang X, et al. Spliced MDM2 isoforms 542 
promote mutant p53 accumulation and gain-of-function in tumorigenesis. Nat Commun 543 
2013;4:2996 544 

30. Yu Z, Zhang B, Cui B, Wang Y, Han P, Wang X. Identification of spliced variants of the 545 
proto-oncogene HDM2 in colorectal cancer. Cancer 2012;118:1110-8 546 

31. Hori M, Shimazaki J, Inagawa S, Itabashi M, Hori M. Alternatively spliced MDM2 547 
transcripts in human breast cancer in relation to tumor necrosis and lymph node 548 
involvement. Pathol Int 2000;50:786-92 549 

32. Bartel F, Taylor AC, Taubert H, Harris LC. Novel mdm2 splice variants identified in 550 
pediatric rhabdomyosarcoma tumors and cell lines. Oncol Res 2001;12:451-7 551 

33. Comiskey DF, Jr., Jacob AG, Sanford BL, Montes M, Goodwin AK, Steiner H, et al. A 552 
novel mouse model of rhabdomyosarcoma underscores the dichotomy of MDM2-ALT1 553 
function in vivo. Oncogene 2018;37:95-106 554 

34. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome engineering using 555 
the CRISPR-Cas9 system. Nat Protoc 2013;8:2281-308 556 

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

The copyright holder for this preprint (which wasthis version posted September 26, 2019. ; https://doi.org/10.1101/784256doi: bioRxiv preprint 

https://doi.org/10.1101/784256
http://creativecommons.org/licenses/by-nc-nd/4.0/


SRSF2 Regulates MDM2 Splicing 

 
23 

 

35. Evans SC, Viswanathan M, Grier JD, Narayana M, El-Naggar AK, Lozano G. An 557 
alternatively spliced HDM2 product increases p53 activity by inhibiting HDM2. Oncogene 558 
2001;20:4041-9 559 

  560 

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

The copyright holder for this preprint (which wasthis version posted September 26, 2019. ; https://doi.org/10.1101/784256doi: bioRxiv preprint 

https://doi.org/10.1101/784256
http://creativecommons.org/licenses/by-nc-nd/4.0/


SRSF2 Regulates MDM2 Splicing 

 
24 

 

FIGURES 561 

 562 

 563 

Figure 1: Predicted binding sites for SRSF2 disrupt alternative splicing regulation of the 564 

MDM2 3-11-12s minigene. 565 

A. Schematic of full-length MDM2 and alternative splice variant MDM2-ALT1. B. Schematic of 566 

ESEfinder 3.0-predicted sites for SRSF2 (green) and point mutations made in the MDM2 3-11-567 

12s minigene (black triangles). Sequences and matrix scores for wild-type (WT) and mutant 568 

exonic splicing enhancer (ESE) values were predicted by ESEfinder 3.0. Mutations made in the 569 

sequence of the MDM2 3-11-12s minigene lowered the predicted matrix score for binding of 570 

splicing factor SRSF2. C. MDM2 3-11-12s minigenes were transfected into MCF7, treated with 571 

normal (NOR) or UVC conditions, and harvested 24 hours later. SRSF2 site mutants (G165T p 572 

= 1.876e-05, G213T p = 1.081e-04, G165T, G213T p = 3.550e-07) displayed elevated 573 

expression of 3.12 under normal conditions compared to the wild-type MDM2 3-11-12s 574 

minigene. The damage induction of the 3.12 product was maintained in all constructs.  D. The 575 
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bar graphs represent the percentage of 3.12 skipped product obtained from three independent 576 

experiments under each condition and the error bars represent standard error of the mean 577 

(SEM). *** indicates p < 0.001, and **** indicates p < 0.0001 in all cases as determined by a 578 

two-tailed Student’s T test.    579 
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 580 

 581 
Figure 2: SRSF2 is relocalized and has less affinity for MDM2 exon 11 upon UV treatment 582 

A. SRSF2 protein expression is increased in HeLa S3 in the nucleus after 12 hours of normal or 583 

UV treatment. B. Quantitation of average nuclear foci diameter at 0 hours and 12 hours after 584 

treatment is shown. C. Immunofluorescence of SRSF2 in MCF7 shows that SRSF2 (green) was 585 

relocalized in the nucleus (DAPI, blue) to fewer and larger nuclear speckles after 12 hours of 586 

treatment with 50 J/m2 UVC as compared to 0 hours (p = 1.71e-47). D. RNA 587 

immunoprecipitation of T7-SRSF2 and amplification of MDM2 exon 11. SRSF2 displayed 588 

decreased affinity for MDM2 exon 11 under UV as a compared to normal conditions (p = 0.042). 589 

Input levels represent RNA levels in 1/100 of immunoprecipitation. Negative isotype (mIgG) and 590 

no reverse transcriptase (-RT) controls are also shown. E. The bar graphs represent the 591 

percentage MDM2 exon 11 RNA product relative to 1/100 input obtained from three 592 

independent experiments under each condition and the error bars represent standard error of 593 

the mean (SEM). F. RNA oligonucleotides encompassing each SRSF2 binding site, both wild-594 

type (WT) and mutant (MUT) were incubated in nuclear extract (NE) from HeLa S3 cells. 595 

Precipitated proteins were washed, then eluted, and run on an SDS-PAGE gel. Mutations in 596 

SRSF2 binding sites abrogate binding to each respective site in vitro (SRSF2-165 p = 0.008, 597 
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SRSF2-213 p = 0.004). Negative “beads” alone control is shown. G. The bar graphs represent 598 

the percentage of bound SRSF2 protein relative to nuclear extract input obtained from three 599 

independent experiments under each condition and the error bars represent standard error of 600 

the mean (SEM). * indicates p < 0.05, *** indicates p < 0.0001, and **** indicates p < 0.0001 in 601 

all cases as determined by a two-tailed Student’s T test.  602 
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 603 

Figure 3: SRSF2 is a positive regulator of MDM2 splicing. 604 

A. RT-PCR analysis of MCF7 cells cotransfected with the wild-type MDM2 3-11-12s minigene 605 

and a negative control, LacZ, or SRSF2 expression construct. Transfection of SRSF2 ablated 606 

damage-induced alternative splicing of the wild-type MDM2 3-11-12s minigene. (p = 1.312e-05 607 

LacZ, p = 0.050 SRSF2).  B. The bar graphs represent the percentage of 3.12 skipped product 608 

obtained from five (LacZ) or three (SRSF2) independent experiments under each condition and 609 

the error bars represent standard error of the mean (SEM). C. MCF7 cells were either non-610 

transfected (NT) or transfected with either a control (CTRL) or gene-specific siRNA (SRSF2) for 611 

72 hours. A representative nested RT-PCR and Western blot are shown. Beta-actin was used 612 

as a loading control. Knockdown of SRSF2 significantly induced the alternative splicing of 613 

endogenous MDM2-ALT1 in the absence of damage (p = 4.668e-04). D. The bar graphs 614 

represent the percentage of MDM2-ALT1 skipped product relative to MDM2-FL obtained from 615 

three independent experiments under each condition and the error bars represent standard 616 

error of the mean (SEM). The error bars represent standard error of the mean (SEM). *** 617 

indicates p < 0.001 in all cases as determined by a two-tailed Student’s T test.  618 
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  619 

Figure 4: Splice-switching oligonucleotides (SSOs) targeting SRSF2 sites in MDM2 exon 620 

11 induces expression of MDM2-ALT1. 621 

A. Schematic of binding site for SSOs targeting SRSF2 sites in MDM2 exon 11. B. The wild-622 

type MDM2 3-11-12s minigene was cotransfected with either 0 nM, 25 nM, 50nM, 100 nM of 623 

each indicated SSO into MCF7 cells and harvested 24 hours later. MCF7 cotransfected with 624 

SSOs against SSO1, SSO2, and SSO3 showed increased exon skipping compared to NS-SSO 625 

at all concentrations. C. The bar graphs represent the percentage of 3.12 skipped product 626 

obtained from three independent experiments under each condition and the error bars represent 627 

standard error of the mean (SEM). D. Cells were transfected with 100 (MCF7) or 250 nM (SMS-628 

CTR) non-specific (NS-SSO) or SRSF2 site-specific SSOs (SSO1, SSO2, SSO3) for 24 hours 629 

and subjected to qRT-PCR for MDM2-ALT1 and normalized to GAPDH. SSO1, SSO2, and 630 

SSO3 induced expression of MDM2-ALT1 as compared to NS-SSO in MCF7 cells (n = 4, p = 631 
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0.028 SSO1, p = 0.006 SSO2, p = 0.014 SSO3) and SMS-CTR cells (n = 3, p = 0.017 SSO1, p 632 

= 0.011 SSO3). E. MCF7 cells were transfected with either 100 nM NS-SSO, SSO1, SSO2, or 633 

SSO3 for 24 hours and extracted cDNA was subjected to a qRT-PCR for p53 target genes and 634 

normalized to GAPDH. Transfection of SSO2 and SSO3 significantly reduced the expression of 635 

GADD45A and CDKN1A compared to NS-SSO. The error bars represent standard error of the 636 

mean (SEM). * indicates p < 0.05, and ** indicates p < 0.01 in all cases as determined by a two-637 

tailed Student’s T test.  638 
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 639 

Figure 5: Conserved SRSF2 binding sites disrupt alternative splicing of mouse Mdm2. 640 

A. Schematic of full-length Mdm2 and alternative splice variant Mdm2-MS2. B. Schematic of 641 

Mdm2 exon 11 with ESEfinder 3.0 predicted sites for SRSF2 (green) and point mutations made 642 

in the Mdm2 4-11-12s minigene (black triangles). Sequences of SRSF2 binding sites and matrix 643 

scores for wild-type (WT) and mutant exonic splicing enhancer (ESE) values that were predicted 644 

by ESEfinder 3.0. Mutations made in the sequence of the Mdm2 4-11-12s minigene lowered the 645 

predicted matrix score for binding of splicing factor SRSF2. C. Mdm2 4-11-12s minigenes were 646 

transfected into mouse myoblast C2C12 cells in order to better assess their native context, 647 

treated under normal (NOR) or UVC conditions, and harvested 24 hours later. SRSF2 mutants 648 

(G165T, G213A, p = 1.356e-03) displayed increased expression of 4.12 under normal 649 
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conditions compared to the wild-type Mdm2 4-11-12s minigene. The damage induction of the 650 

3.12 product was maintained in all constructs. D. Mdm2 3-11-12s minigenes were transfected 651 

into MCF7 cells for 24 hours, then treated under normal (NOR) or UVC conditions, and 652 

harvested 24 hours later. SRSF2 mutants (G165T p = 0.038, G213A p = 2.451e-05, G165T, 653 

G213A p = 3.910e-05) displayed increased expression of 3.12 under normal conditions 654 

compared to the wild-type Mdm2 3-11-12s minigene.  E. The bar graphs represent the 655 

percentage of 3.12 skipped product obtained from three independent experiments under each 656 

condition and the error bars represent standard error of the mean (SEM) F. The bar graphs 657 

represent the percentage of 3.12 skipped product obtained from four independent experiments 658 

under each condition and the error bars represent standard error of the mean (SEM). * indicates 659 

p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001 in all cases 660 

as determined by a two-tailed Student’s T test.  661 
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 662 

Figure 6: Endogenous mutation of SRSF2 binding site in Mdm2 increases alternative 663 

splicing and cell proliferation. 664 

A. CRISPR sites in mouse Mdm2 exon 11 (black lines), with protospacer adjacent motifs (red 665 

lines), predicted double-strand break sites (triangles), and SRSF2 binding sites (green). The 666 

homology-directed repair (HDR) template is displayed below with SRSF2 splicing mutation 667 

(red). B. NIH 3T3 cells wild-type or mutant for SRSF2-G165T were treated under normal (NOR) 668 

or UVC conditions, and harvested 24 hours later.  Cells were harvested and a qRT-PCR was 669 

performed for Mdm2-MS2. Engineered SRSF2 splice mutant cell lines (CRISPR1 p = 0.021, 670 

CRISPR2 p = 0.037) showed increased levels of Mdm2-MS2 in the absence of damage 671 

compared to NIH 3T3 wild-type cells. C. NIH 3T3 cells wild-type (CONTROL) or SRSF2-G165T 672 

mutants (CRISPR1, CRISPR2) were seeded in a 6-well plate. Cell density was measured in a 673 

cell confluence assay using an IncuCyte live-cell analysis system every four hours for three 674 

days. SRSF2 splice mutants (CRISPR1 p and CRISPR2) showed significantly increased 675 

proliferation at 72 hours compared to wild-type control (CONTROL). The graphs represent fold 676 
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change in growth obtained from twelve independent experiments under each condition and the 677 

error bars represent standard error of the mean (SEM). * indicates p < 0.05, and **** indicates p 678 

< 0.0001 in all cases as determined by a two-tailed Student’s T test.  679 
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 680 

Figure 7: SRSF2 site mutants restore damage-responsive alternative splicing of the 681 

MDM2 3-11-12s minigene in the presence of SRSF1 site mutants. 682 

A. Schematic of ESEfinder 3.0-predicted sites for SRSF2 (green), SRSF1 (red), and point 683 

mutations made in the MDM2 3-11-12s minigene (black triangles). Sequences and matrix 684 

scores for wild-type (WT) and mutant exonic splicing enhancer (ESE) values were predicted by 685 

ESEfinder 3.0. Mutations made in the sequence of the MDM2 3-11-12s minigene lowered the 686 

predicted matrix score for binding of splicing factor SRSF2 and SRSF1. B. MDM2 3-11-12s 687 

minigenes were transfected into MCF7 cells for 24 hours, then treated under normal (NOR) or 688 

UVC conditions, and harvested 24 hours later. Under normal conditions the three mutant 689 

minigenes showed either a reduction (SRSF1; SRSF2-G165, p = 0.012), neutral effect (SRSF1; 690 

SRSF2-G213T, p = 0.192), or increase (SRSF1; SRSF2-G165T, G213T, p = 0.003) in 691 

expression of the 3.12 skipped product compared to the wild-type minigene. The damage 692 

induction of the 3.12 product was maintained in all constructs. C. The bar graphs represent the 693 
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percentage of 3.12 skipped product obtained from three independent experiments under each 694 

condition and the error bars represent standard error of the mean (SEM). * indicates p < 0.05, ** 695 

indicates p < 0.01 in all cases as determined by a two-tailed Student’s T test. 696 

 697 
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