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Abstract 

The splicing factor gene, U2AF1, is recurrently mutated in a variety of human 

cancers, including lung adenocarcinomas. The most frequent U2AF1 mutant, U2AF1 

p.Ser34Phe (S34F), induces specific changes in splicing that we collectively refer to as 

“S34F-associated splicing”, but it is unclear how these splicing changes are regulated. 

Moreover, while a wild-type U2AF1 allele is retained in all cancers expressing a U2AF1 

mutation, the functional significance of the retained wild-type allele is unknown.  

Our analysis of published data on human lung adenocarcinomas indicates that 

lung adenocarcinomas carrying a U2AF1 S34F allele exhibit a wide range of mutant to 

wild-type U2AF1 (S34F:WT) mRNA ratios, which can be partially attributed to copy 

number variation at the U2AF1 locus. S34F:WT mRNA ratios, rather than absolute 

levels of U2AF1 S34F or total U2AF1 mRNA, correlate positively with the magnitude of 

S34F-associated splicing in lung adenocarcinoma transcriptomes. To examine the 

effect of S34F:WT ratios on S34F-associated splicing directly, we modified a human 

bronchial epithelial cell line so that U2AF1 S34F is expressed at one of the two 

endogenous U2AF1 loci and the S34F:WT mRNA ratio approximates one. By altering 

the levels of mutant or wild-type U2AF1 in this engineered cell line, we show that the 

degree of S34F-associated splicing is proportional to the ratio of S34F:WT gene 

products and not to absolute levels of either the mutant or wild-type factor. Further, we 

show that in nearly all cases, S34F-associated splicing alterations are largely explained 

by the different RNA binding affinities of recombinant protein complexes containing wild-

type or mutant U2AF1. Together, these observations suggest that wild-type U2AF1 is a 

negative regulator of S34F-associated splicing, at least in part through differential 
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binding to 3´ splice sites. Finally, we show that the U2AF1 S34F allele does not behave 

like some oncogenes: the mutated gene does not induce cell transformation, and lung 

adenocarcinoma cell lines are not dependent on it for growth in vitro or in vivo. Wild-

type U2AF1, however, is absolutely required for cell survival, regardless of whether the 

cells carry the U2AF1 S34F allele.  

We conclude that wild-type U2AF1 has two important functions in U2AF1 S34F-

expressing lung cancers: it controls the magnitude of S34F-associated splicing, and it is 

essential for cell survival.  
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Introduction 

Somatic mutations in genes encoding four splicing factors (U2AF1, SF3B1, 

SRSF2 and ZRSR2) have recently been reported in many human cancers. They are 

found in up to 50% of myelodysplastic syndromes (MDS) and related neoplasms, and, 

albeit at a lower frequency, in a variety of solid tumors, including lung adenocarcinomas 

(LUADs) [1-9]. These splicing factor mutations are considered likely driver events of 

carcinogenesis because they occur at higher-than-expected frequencies, affect specific 

residues of the encoded proteins (with the exception of ZRSR2) even in different 

tumors, and are often found in so-called “founder” tumorigenic clones [10-12]. The 

frequent occurrence of these mutations in human cancers suggests that a property 

conferred by the mutant alleles confers a selective advantage on cancer cells. However, 

that property and the mechanism by which mutant splicing factors play an oncogenic 

role remain poorly understood [1,13,14].  

Among the four commonly mutated splicing factor genes in myeloid neoplasms, 

only U2AF1 is recurrently mutated in LUADs [3,9]. The only highly recurrent missense 

mutation of U2AF1 in LUAD affects codon 34 and always changes the conserved serine 

in a zinc knuckle motif to phenylalanine (p.Ser34Phe, or S34F). This striking mutational 

consistency suggests a critical, yet unknown, role for U2AF1 S34F during lung 

carcinogenesis. In addition, the wild-type (WT) U2AF1 allele is always retained in 

cancers with common U2AF1 mutations, including U2AF1 S34F [2]. However, the 

functional significance of WT U2AF1 in cells with mutant U2AF1 is not known. 

U2AF1 is a component of the U2 small nuclear ribonucleoprotein auxiliary factor 

complex (U2AF) [15,16]. During early spliceosome assembly, U2AF recognizes 
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sequences at the 3´ end of introns to facilitate the recruitment of U2 small nuclear 

ribonucleoprotein to the 3´ splice junction; the recruitment occurs in conjunction with 

recognition of the intronic branch point by splicing factor 1 (SF1) [17,18]. Unlike U2AF2, 

which is an essential subunit of U2AF, U2AF1 is thought to be required for splicing of 

only a subset of introns [19-21]. In vitro crosslinking assays show that U2AF1 contacts 

the AG dinucleotide at the intron-exon boundary and other sequences flanking the 3´ 

splice junction [19,22,23].  

Consistent with the critical role U2AF1 plays in RNA splicing, U2AF1 mutations 

are known to be associated with specific alterations in RNA splicing [24-27]. For 

example, the most frequent U2AF1 mutation, U2AF1 S34F, affects many types of 

alternative splicing, most prominently the inclusion of cassette exons in mRNA. (Here 

we collectively refer to the changes found in cancers bearing the S34F mutation as 

“S34F-associated splicing.”) Although the identities of cassette exons affected by 

U2AF1 S34F vary among different reports, the affected exons generally share one 

prominent feature: distinct nucleotides are enriched at the 3´ splice sites immediately 

preceding cassette exons that are alternatively used in cells with the U2AF1 S34F allele 

[24-27].  

Despite the specific features of splicing associated with mutant U2AF1, little is 

known about the molecular basis underlying these changes and how they are regulated. 

A computational model of the structure of the U2AF1:RNA complex suggested that 

Ser34 is a critical residue that contacts RNA [24]. Consistent with this model, U2AF1 

S34F exhibited altered affinity relative to the wild-type protein for an RNA 

oligonucleotide derived from an S34F-associated cassette exon [25]. However, it is not 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 13, 2016. ; https://doi.org/10.1101/048553doi: bioRxiv preprint 

https://doi.org/10.1101/048553
http://creativecommons.org/licenses/by/4.0/


 6 

known whether such differences in RNA-binding affinity account for most S34F-

associated splicing alterations. 

Here, we combine evidence from several different experimental approaches to 

show that WT U2AF1 is an inhibitor of S34F-associated splicing in lung epithelial and 

cancer cells. Analyses of the transcriptomes of primary LUAD samples as well as 

isogenic lung cells in culture indicate that the ratio of mutant to WT U2AF1 gene 

products is a critical determinant of the magnitude of S34F-associated splicing. S34F-

associated splicing alterations can be explained largely, but not entirely, by differences 

in the relative affinities of mutant versus wild-type U2AF1 for the relevant 3´ splice sites. 

Moreover, we show that proliferation of cancer cells with U2AF1 S34F is critically 

dependent on WT U2AF1. Overall, we have revealed two pivotal roles of WT U2AF1 in 

cells with U2AF1 S34F: it inhibits S34F-associated splicing and supports cell growth. 
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Results 

S34F-associated splicing correlates with S34F:WT mRNA ratios in LUAD 

Before undertaking experiments to study the effects of mutant U2AF1 in cultured 

cells, we first examined 512 transcriptomes from primary human LUADs published by 

The Cancer Genome Atlas (TCGA; [9]). Thirteen of these tumors harbor the most 

common U2AF1 mutation, S34F. (Two others carry rare mutations of unknown 

significance, S65I and G216R, and were not considered further.) Previous reports have 

indicated that the U2AF1 S34F mutation affects the likelihood of inclusion of so-called 

“cassette exons” into mature mRNAs [24-27]. Therefore, we identified all the cassette 

exons whose inclusion was increased or decreased by ten percent or more in each 

tumor with the U2AF1 S34F mutation, relative to the average inclusion of each cassette 

exon across all of tumors without a U2AF1 mutation. We then sought to identify 

enrichment of particular nucleotide sequences at the 3' splice site immediately upstream 

of the cassette exons that were promoted or repressed in association with U2AF1 S34F, 

represented by “sequence logos” as shown in Figures 1A and S1. To confirm that any 

identified 3' splice site alterations were specific to tumors with a U2AF1 mutation, we 

also performed the same analysis on 19 tumors lacking a U2AF1 mutation as controls. 

In addition, we used DNA and mRNA copy number data from the affected tumors to 

identify potential correlations between S34F-associated splicing and the ratio of mutant 

to WT U2AF1.  

 As illustrated by data from patient 7903 in Figure 1A, over two hundred cassette 

exons were included more frequently and a similar number were included less 

frequently in this U2AF1-mutant tumor. Notably, as illustrated by the sequence logos, 
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the nucleotide distribution at the -3 position (boxed) of promoted and repressed exons 

was different from that observed upstream of the much larger number of unaffected 

exons: A replaced T as the second most common nucleotide preceding the promoted 

exons; T was more common than C in the sequence preceding the repressed exons. 

This pattern was observed in nine of the thirteen tumors with the U2AF1 S34F allele 

(Supplemental Figures S1A). This pattern has been observed previously in comparisons 

between transcriptomes carrying the U2AF1 S34F allele with WT transcriptomes [24-

27]. Therefore, we refer to this pattern as typical S34F-associated splicing. In the other 

four tumors with the U2AF1 S34F mutant, this typical S34F-associated pattern of the 

nucleotide distributions at the -3 position were partially or completely lost (Supplemental 

Figure S1B), resulting in sequence logos similar to those from tumors lacking a U2AF1 

mutation, where variations in inclusion are presumably stochastic (Supplemental Figure 

S1C). Thus, this type of sequence logo, as shown for tumor from patient 7727 in Figure 

1A, was called “quasi-WT”.  

To explain why transcriptomes of some tumors showed a typical S34F-

associated pattern and others exhibited a quasi-WT pattern, we estimated the levels of 

mutant and total U2AF1 mRNA based on available data from the tumors to determine 

the S34F:WT mRNA ratio. Strikingly, tumors with the quasi-WT pattern had low 

S34F:WT mRNA ratios (ranging from 0.27 to 0.31), whereas all but one tumor with the 

S34F-associated pattern had a higher ratio (0.43 or more) (Figure 1B). Absolute U2AF1 

S34F or total U2AF1 mRNA levels were not different between these two groups of 

tumors (Supplemental Figures S2A and S2B). The wide range of S34F:WT ratios 

(ranging from 0.26 to 0.82) could not be explained by contamination of tumor cells with 
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non-tumor cells, since the proportion of tumor nuclei reported for these samples did not 

correlate with S34F:WT mRNA ratios (Figure 1C) or with the S34F-associated splicing 

pattern (Supplemental Figures S2C). On the other hand, variations in U2AF1 DNA copy 

number (CNV) correlated with the numbers of total U2AF1 transcripts (Supplemental 

Figure S2D). Seven of the 13 U2AF1 S34F mutant samples showed either copy number 

loss or gain at the U2AF1 locus, suggesting that CNV might account, at least in part, for 

the varying ratios of mutant and WT U2AF1 mRNA in LUAD samples. Unbalanced 

allelic expression or proportions of tumor subclones might also contribute to the variable 

S34F:WT mRNA ratios, although these possibilities could not be easily determined 

using the available LUAD datasets. 

We also examined the effects of different U2AF1 S34F:WT mRNA ratios in these 

LUAD tumors by assessing their relationship to the inclusion of a few S34F-associated 

cassette exons that were reported previously [24,26,27]. This included two mRNAs with 

less (ASUN and STRAP) and one with more (ATR) inclusion of a cassette exon in the 

presence of U2AF1 S34F. Tumors with the highest ratios of mutant to WT U2AF1 

mRNA showed the lowest inclusion levels of the cassette exon in STRAP mRNA, 

whereas tumors without a U2AF1 mutation had the highest level of inclusion (Figure 

1D). Similar correlations were observed between inclusion levels of the ASUN and ATR 

cassette exons and the S34F:WT mRNA ratios (Supplemental Figures S3E and S3I). 

We also tested for a correlation between the inclusion of these cassette exons and 

levels of U2AF1 S34F mRNA, total U2AF1 mRNA, or percent tumor nuclei. None of 

these analyses showed a relationship as strong as that observed with the S34F:WT 

mRNA ratio (Supplemental Figure S3B-D, F-H and J-L). These results further support 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 13, 2016. ; https://doi.org/10.1101/048553doi: bioRxiv preprint 

https://doi.org/10.1101/048553
http://creativecommons.org/licenses/by/4.0/


 10

the notion that the S34F:WT mRNA ratio is the best predictor of the magnitude of S34F-

associated splicing in human LUAD. 

 

Creation of isogenic lung cell lines that recapitulate features of S34F-associated 

splicing in LUAD. 

The results presented in the preceding section, based on analysis of LUAD 

tumors with the U2AF1 S34F mutation, suggest that the extent of S34F-associated 

splicing is a function of the S34F:WT mRNA ratio. To directly test this hypothesis, we 

developed a cell line that allows manipulation of WT and mutant U2AF1 gene product 

levels and measurement of the corresponding effects on RNA splicing.  

The human bronchial epithelial cell line (HBEC3kt) was derived from normal 

human bronchial tissue and immortalized by introduction of expression vectors 

encoding human telomerase reverse transcriptase (hTERT) and cyclin-dependent 

kinase-4 (CDK4) [28]. To create a U2AF1 S34F allele at an endogenous locus in 

HBEC3kt cells, we adopted a published genomic DNA editing approach [29], using the 

PiggyBac transposon that leaves no traces of exogenous DNA at the locus (Figure 2A, 

see Materials and Methods for details). We identified three cell clones at intermediate 

stages of gene editing after screening more than 50 primary transfectants 

(Supplemental Figures S4A and S4B). Sanger sequencing of these intermediate alleles 

revealed that one of the three clones carried the desired S34F missense sequence, 

while two clones were WT (Supplemental Figure S4C). WT intermediates were 

expected because a homologous sequence between the S34F point mutation and the 

drug cassette in the vector can serve as the 5´ homology arm for recombination 
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(designated as 5´ HA#2 in Figure 2A). From the final clones derived from these 

intermediates (after transposition to remove the PiggyBac element), we chose one 

subclone from each of the two WT intermediate clones (referred to as WT1 and WT2 

cells) and two subclones from the sole mutant intermediate clone (referred to as MUT1a 

and MUT1b cells) for all subsequent experiments with isogenic HBEC3kt cells 

(Supplemental Figure S4D). The MUT and WT cells all expressed similar levels of 

U2AF1 mRNA and protein (Supplemental Figure S4E). Using high-throughput mRNA 

sequencing (RNA-seq) and allele-specific RT-qPCR, we observed similar levels of WT 

and S34F mutant U2AF1 mRNAs in the mutant cells (Figures 2B and S5), consistent 

with heterozygosity at the U2AF1 locus.  

To examine how the engineered U2AF1 S34F allele affects mRNA splicing, we 

first assayed the inclusion levels of 20 cassette exons that were previously reported to 

be associated with mutant U2AF1 in both LUAD and AML (acute myeloid leukemia) 

[26]. We confirmed that all 20 of these cassette exons were indeed S34F-dependent, 

using RT-qPCR with isoform-specific primers (Figures 2C and S6). For example, the 

cassette exons of ASUN and STRAP mRNAs were more frequently skipped in U2AF1 

mutant cancer transcriptomes, as shown above. Similarly, these mRNAs showed an 

increased ratio of “short” (exon-skipped) to “long” (exon-included) isoforms in MUT cells 

as compared to WT cells. We further evaluated the global pattern of use of cassette 

exons in MUT and WT cells using RNA-seq (Supplemental Table S1). Unsupervised 

cluster analysis grouped MUT and WT cells separately (Figure 2D). When the 3´ splice 

site sequences preceding the affected cassette exons were used to assemble sequence 

logos, typical S34F-associated pattern at the -3 position was observed with data from 
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MUT cells (Figure 2E). Overall, these results indicate that we successfully created 

clonal HBEC3kt cells isogenic for U2AF1 S34F and that the MUT cells carry out a 

typical S34F-associated splicing program. 

 

The ratio of S34F:WT gene products controls S34F-associated splicing in 

isogenic lung cells. 

We next used our isogenic cell model with the U2AF1 mutation to test the 

hypothesis that the S34F:WT mRNA ratio, rather than absolute levels of the mutant or 

wild-type mRNA, controls S34F-associated splicing. We examined two specific 

predictions. First, we reasoned that changing the levels of U2AF1 S34F, while keeping 

the S34F:WT ratio constant, should not affect S34F-associated splicing. Second, we 

predicted that changing the level of WT U2AF1 while keeping the level of U2AF1 S34F 

constant (e.g., allowing the S34F:WT ratio to change) should alter the inclusion of 

S34F-dependent cassette exons. We tested these predictions in the isogenic HBEC3kt 

cells by manipulating levels of WT or mutant U2AF1 gene products and measuring the 

subsequent changes in S34F-associated splicing.  

We first reduced the amounts of both mutant and WT U2AF1 mRNA 

concordantly in MUT1a cells, keeping the S34F:WT mRNA ratio constant. This was 

achieved by transducing MUT1a cells with short hairpin RNAs (shRNAs) that target 

regions of the U2AF1 transcripts distant from the S34F missense mutation. The same 

shRNAs were also introduced in WT1 cells as a control. Allele-sensitive RT-qPCR 

confirmed that the mRNA ratio of the mutant and WT U2AF1 remained constant 

(Supplemental Figure S7A), while the overall U2AF1 mRNA and protein levels were 
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reduced by more than 90% (Figures 3A, bottom panel, and S7B). Knockdown of total 

U2AF1 in both MUT1a and WT1 cells did not cause significant changes in recognition of 

the ASUN or STRAP cassette exons, two splicing events that are strongly associated 

with U2AF1 S34F, in either cell line (Figure 3A, upper panels). Similar results were 

obtained for two additional S34F-associated cassette exons in USP25 and AXL that 

exhibit increased inclusion in cells expressing U2AF1 S34F (Supplemental Figures S7C 

and S7D).  

We next confirmed that our U2AF1 knockdown was sufficient to alter known 

U2AF1-dependent splicing events. We studied a competing 3' splice site event in 

SLC35C2 mRNA, in which the recognition of an intron-proximal over an intron-distal 3´ 

splice site depends on the level of U2AF1 independent of a U2AF1 mutation [30]. 

Knockdown of total U2AF1 mRNA in either WT1 or MUT1a cells lines reduced the use 

of this U2AF1-dependent 3´ splice site in both WT1 and MUT1a cells (Supplemental 

Figures S7E and S7F). Thus, reduction of U2AF1 to levels that affected U2AF1-

dependent alternative splicing, while preserving the S34F:WT ratio, did not affect S34F-

associated splicing in MUT1a cells.  

We next altered the S34F:WT ratio by overexpressing mutant or WT U2AF1 in 

WT1 and MUT1a cells and examining the subsequent changes in the recognition of 

ASUN and STRAP cassette exons. These cassette exons are preferentially excluded in 

cells expressing U2AF1 S34F. Increasing the amount of U2AF1 S34F protein, and 

hence increasing the S34F:WT ratio in either cell type, further enhanced skipping of 

these cassette exons (Figure 3B). Conversely, decreasing the S34F:WT ratio in MUT1a 
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cells by increasing the production of WT U2AF1 protein reduced the extent of exon 

skipping to near the levels seen in WT1 cells (Figure 3B).  

We also altered the production of WT U2AF1 mRNA and protein in MUT1a cells 

by disrupting the endogenous WT U2AF1 locus with the CRISPR-Cas9 system. Single-

guide RNAs (sgRNAs) designed to match either the WT or mutant U2AF1 sequences 

were shown to selectively disrupt either reading frame, generating indels (insertions and 

deletions) at the U2AF1 locus and thereby changing the S34F:WT ratios (Supplemental 

Figures S8 and S9). Since WT U2AF1 is required for the growth of these cells (as 

shown below; Figure 6), we extracted RNA and protein from cells six days after 

transduction with sgRNA-WT/Cas9, when depletion of WT U2AF1 was incomplete 

(Figure 3C). Selective disruption of WT U2AF1 increased the S34F:WT mRNA ratio in 

MUT1a cells; as predicted, the extent of exon skipping was further increased in ASUN 

and STRAP mRNAs (Figure 3C). Notably, the degree of exon skipping induced by 

mutant cDNA was similar to that caused by disrupting the WT U2AF1 allele (compare 

Figures 3C with 3B), even though the absolute protein levels of U2AF1 S34F were 

different in the two experiments. These results suggest that WT U2AF1 antagonizes the 

activity of U2AF1 S34F by a competitive mechanism. In other words, the S34F-

associated pattern of splicing can be enhanced in a manner independent of the 

concentration of either form of the protein, as long as the S34F:WT ratio is increased. 

 

Disruption of WT U2AF1 globally enhances S34F-associated splicing. 

Results in the preceding sections are based on studies of a few well-documented 

S34F-sensitive cassette exons that likely serve as surrogates for the widespread effects 
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of U2AF1 S34F on the splicing profile. To determine whether these results reflect 

general rules governing S34F-associated splicing, we used RNA-seq to measure the 

effects of U2AF1 S34F on the global recognition of cassette exons and on other types 

of alternative splicing that are S34F-associated. When WT U2AF1 was diminished by 

CRISPR/Cas9-mediated disruption in MUT1a cells (see Figure 3C), the S34F-

associated changes in inclusion (Figure 4A) or skipping (Figure 4B) of cassette exons 

were enhanced. These global results are consistent with our measurements of 

individual cassette exons by RT-qPCR (Figure 3C). We also observed a slight 

enhancement of the pattern of S34F-associated nucleotides at the -3 position in 

sequence logos when the WT U2AF1 allele was disrupted (Figure 4C), consistent with 

the observed association between the S34F:WT mRNA ratio and typical S34F-

associated sequence logos computed from LUAD tumor data (Figure 1). 

We observed similar results when we extended our analyses to other types of 

alternative splicing associated with U2AF1 S34F (Supplemental Figure S10). We used 

RT-qPCR to validate five splicing alterations that are sensitive to ablation of WT U2AF1 

in the presence of U2AF1 S34F (Supplemental Figure S11). Two of the five events 

involve incorporation of cassette exons (in ATR and MED15), two involve competition 

for use of alternative 3´ splice sites (in CASP8 and SRP19), and one involves a choice 

between two mutually exclusive exons (in H2AFY). We conclude that the apparent 

inhibition of the activity of U2AF1 S34F by WT U2AF1 on S34F-associated splicing is 

not restricted to cassette exons. 

So far, our analyses have been restricted to alterations in splicing. We further 

asked whether S34F-associated changes in gene expression were also influenced by 
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changes in the S34F:WT mRNA and protein ratios. We identified genes that showed at 

least a ten percent increase or decrease in expression in MUT1a cells compared to the 

expression in WT1 cells. Increases in the S34F:WT mRNA and protein ratios by 

disrupting the WT U2AF1 locus, further increased or decreased expression of similar 

numbers of these genes, suggesting that the changes in gene expression were not 

determined by the ratio of S34F:WT gene products (Supplemental Figure S12). This is 

in contrast to our findings in similar experiments that measured alternative splicing (see 

Figures 4 and S10 for comparison).  

 

Changes in RNA splicing correlate with relative binding affinities of mutant and 

WT U2AF1 complexes. 

Results presented above are consistent with a model in which mutant and WT 

U2AF1 compete to determine the outcome of a subset of splicing events; yet the nature 

of this competition has not been defined. One possible explanation depends on the 

relative RNA affinities of protein complexes containing mutant or WT U2AF1 for binding 

to the alternative 3´ splice sites. This hypothesis is consistent with the role of U2AF1 in 

facilitating exon recognition, and with a recent study showing that a reduced affinity of 

mutant U2AF1 complexes for a proximal 3´ splice site was associated with skipping of 

this exon in cells containing the mutant splicing factor [25]. 

To test this hypothesis, we determined the RNA binding affinities of purified 

proteins by fluorescence anisotropy assays, in which fluorescein-labeled RNA 

oligonucleotides are titrated with recombinant U2AF1-containing complexes. The 

resultant fluorescence anisotropy changes were fit to obtain the apparent equilibrium 
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binding affinities (Supplemental Figure S13; see Materials and Methods for details). The 

protein complexes comprised either WT or S34F mutant U2AF1 (residues 1-193), with 

two additional proteins, U2AF2 (residues 85-471 of isoform b) and SF1 (residues 1-

255), that together are required for 3´ splice site recognition (Figure 5A). RNA 

oligonucleotides (33 - 35 nucleotides in length) were derived from the proximal or distal 

3´ splice site junctions of cassette exons or of competing 3´ splice sites that generate 

new 5´ ends of exons (Figure 5B).  

The binding affinities of mutant and WT U2AF1 protein complexes for the 

oligonucleotides at six pairs of alternative 3´ splice sites were tested; each of these sites 

has been shown to display increased or decreased use in our isogenic cell lines 

(Supplemental Table S1), and in LUAD transcriptomes when the thirteen U2AF1 mutant 

samples were compared as a group with all WT samples (Supplemental Table S2). 

Results of the RNA binding assay and the observed splicing alterations by U2AF1 S34F 

are summarized in Supplemental Table S3. Overall, altered binding affinities of U2AF1-

containing complexes to the proximal 3´ splice site could account for four of the six 

S34F-associated alternative splicing events (CEP164, FMR1, ZFAND1, FXR1) (Figures 

5C - 5F). For example, mutant U2AF1 complex had a 4-fold lower affinity for the 

proximal 3´ splice site sequence upstream of the CEP164 cassette exon (Figure 5C), 

consistent with preferential skipping of the cassette exon in the presence of U2AF1 

S34F. Similarly, the mutant U2AF1 complex showed nearly 5-fold greater affinity than 

the WT complex for the proximal 3´ splice site in ZFAND1 pre-mRNA at the upstream 

border of a cassette exon that is preferentially incorporated into ZFAND1 mRNA in the 

presence of U2AF1 S34F (Figure 5E).  
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The two remaining tested events (ATR and MED15) show increased inclusion of 

a cassette exon in the presence of U2AF1 S34F, but the affinities for binding of 

corresponding proximal 3´ splice sites were not consistent with the observed changes in 

splicing. That is, the affinities of WT and S34F complexes were not significantly different 

with the ATR oligonucleotide and were lower, not higher, for mutant U2AF1 complexes 

than that for WT U2AF1 complexes with the MED15 oligonucleotide (Figures 5G and 

5H, first and second columns). However, for the ATR pre-mRNA, we found that the 

relative affinities of mutant and WT U2AF1 complexes for oligonucleotides representing 

the distal 3´ splice sites (located downstream of the cassette exon) could explain the 

observed increased inclusion of the cassette exon. Given co-transcriptional splicing in 

the 5´-to-3´ direction, downstream (as opposed to upstream) 3´ splice sites could 

compete as splicing acceptors for a given 5´ donor splice site when transcription is 

relatively rapid as compared to splicing. Since the U2AF1 mutation reduced binding to 

the distal more than to the proximal 3´ splice site (Figure 5G, third and fourth columns), 

a “net gain” in recognition of the proximal 3´ splice site could explain the observed 

S34F-associated exon inclusion in ATR mRNAs. For the MED15 pre-mRNA, the S34F-

induced splicing changes were inconsistent with a simple RNA affinity model, 

suggesting that additional mechanisms control recognition of the MED15 3´ splice sites. 

 

HBEC3kt and LUAD cells are not dependent on U2AF1 S34F for growth, but WT 

U2AF1 is absolutely required. 

Other than its effect on RNA splicing, the consequences of the U2AF1 S34F 

mutation on cell behavior are largely unknown. Recurrent mutations, such as U2AF1 
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S34F, are considered likely to confer a selective advantage to cells in which they occur 

when expressed at physiologically relevant levels. However, mutant HBEC3kts cells 

(MUT1a and MUT1b) do not exhibit obvious phenotypic properties of neoplastic 

transformation --- such as a growth advantage over control cells (Supplemental Figure 

S14) or an ability to grow in an anchorage-independent manner --- traditionally 

observed in cultured cells expressing well-known oncogenes, like mutant RAS genes.  

Another attribute of some well-known oncogenes, such as BCR-ABL fusion in 

chronic myeloid leukemia or mutant EGFR or KRAS in LUAD, is the dependence on 

sustained expression of those oncogenes for the maintenance of cell growth or viability. 

To determine whether LUAD cells harboring a pre-existing U2AF1 S34F mutation are 

dependent upon (or “addicted to”) the mutant allele, we searched the COSMIC 

database for LUAD cell lines with the U2AF1 S34F mutation [31]. We found two such 

lines (H441 and HCC78) and confirmed the retention of the U2AF1 S34F allele by 

Sanger sequencing and allele-specific RT-qPCR (Supplemental Figure S15A). We used 

the CRISPR-Cas9 system to selectively disrupt the WT or mutant U2AF1 sequences. 

We then assessed the impact of inactivating the U2AF1 alleles on the clonogenic 

growth of the two LUAD lines with the U2AF1 mutation. In addition, we performed 

similar experiments with the LUAD cell line A549 (WT for U2AF1) and the MUT1a cell 

line.  

In all instances, loss of the mutant allele did not impair cell growth. Only one line 

(H441) exhibited altered growth, in the form of a two-fold increase in clonogenicity 

(Figure 6A). Successful disruption of the U2AF1 S3F allele was confirmed by restoration 

of a normal RNA splicing profile in sub-clonal cells derived from the clonogenic assay 
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colonies (see Supplemental Figures S15 – S18, Tables S4 and S5, and text below). In 

contrast, loss of the WT allele completely inhibited clonogenic growth in all tested cell 

lines, regardless of whether the line carried the U2AF1 S34F allele or not. A rescue 

experiment confirmed that loss of cell growth was due to loss of WT U2AF1 expression. 

The loss of clonogenic capacity after disrupting endogenous U2AF1 in A549 cells was 

prevented by first transducing them with a form of U2AF1 cDNA (Figure 6B), which is 

not predicted to be the target for sgRNA-WT/Cas9 (Supplemental Figure S8). Overall, 

these findings indicate that WT U2AF1 is required for clonogenic growth of cells, 

including lung cancer cell lines, that the U2AF1 S34F mutant is unable to compensate 

for elimination of the WT allele, and that LUAD cells with the U2AF1 S34F mutation are 

not dependent on the mutant allele for growth. 

To examine the effect of U2AF1 S34F on tumor growth in vivo, we derived H441 

and HCC78 cells transduced with sgRNA-S34F/Cas9 or sgRNA-GFP/Cas9 as 

polyclonal pools (Supplemental Figure S15) or as clones (Supplemental Figure S16). 

The cell lines were verified to either carry or not carry the U2AF1 S34F allele, and we 

confirmed that the sgRNA-S34F/Cas9-transduced cells lost the S34F-associated 

splicing program (Supplemental Figure S17 and S18).  

We inoculated these subclonal cell lines subcutaneously in nude mice and 

monitored xenograft tumor growth. The H441-derived cell lines, in which the U2AF1 

S34F allele was disrupted, were able to establish tumors in vivo, at rates similar to that 

observed with tumor cells carrying the mutant allele (Supplemental Table S6). The 

HCC78-derived cell lines failed to grow palpable tumors after xenografting within the 

observation period, so the requirement for U2AF1 S34F in vivo could not be tested in 
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that line. These experiments show that U2AF1 S34F is dispensable for growth of these 

LUAD cell lines in vivo, a result consistent with the clonogenicity assays shown in 

Figure 6. We conclude that U2AF1 S34F appears to be neither sufficient nor necessary 

for lung cell transformation in these assays. In contrast, the WT U2AF1 allele is required 

for cell viability, a conclusion consistent with the retention of a WT allele in human 

cancers carrying common U2AF1 mutations.  
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Discussion 

Mechanisms underlying S34F-associated splicing 

In this report, we have examined the consequences of a U2AF1 splicing factor 

mutation, S34F, that is highly recurrent in a variety of human cancers. Although we 

remain unable to account for the apparent selective advantage conferred on cells that 

harbor this mutation, we have observed several important effects on the RNA splicing 

apparatus, shown that the magnitude of the effects reflects the relative abundance of 

mutant and WT U2AF1, and demonstrated that cell viability is dependent on retention of 

a WT allele even in the presence of mutant U2AF1. 

Earlier work revealed that U2AF1 S34F induces alterations in the use of cassette 

exons; collectively, the affected genes display altered sequences at 3’ splice acceptor 

sites and we use the altered sequences as the signature of “S34F-associated splicing” 

[14,24-27]. In our analysis of human LUAD transcriptomes, we found that most tumors 

with the U2AF1 S34F allele showed the anticipated pattern of S34F-associated splicing. 

However, four such transcriptomes did not, and all four of these transcriptomes had low 

S34F:WT mRNA ratios. Further analysis confirmed that the S34F:WT mRNA ratio 

correlated with the extent of S34F-associated splicing in LUAD transcriptomes (Figure 

1).  

We tested the hypothesis that the relative amount of mutant to WT U2AF1, rather 

than the absolute amount of U2AF1 S34F gene products, controls S34F-associated 

splicing. For this purpose, we made an isogenic lung epithelial cell line in which U2AF1 

S34F is engineered to be expressed from one of the two endogenous U2AF1 loci. By 

changing the levels of WT and mutant U2AF1 individually or simultaneously, we found 
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that the extent of S34F-associated splicing was altered only when the ratio of S34F:WT 

gene products was disturbed. We further performed biochemical studies in vitro, 

showing that pre-spliceosome complexes containing mutant or WT U2AF1 have 

different affinities for functionally relevant splice sites; these differences could explain 

most, but not all, observed S34F-associated changes in RNA splicing. We conclude 

from these results that WT and mutant U2AF1 act competitively to control splicing, 

possibly through differential binding to the affected splice sites.  

Our findings about the effects of U2AF1 S34F on splicing in lung cells, combined 

with previous findings, reveal some general features of S34F-associated splicing:  

1. Molecular consequences of U2AF1 S34F on pre-mRNA splicing in different 

cell types are very similar. Many S34F-associated splicing events, as well as the overall 

consensus splice site sequence alterations, are nearly identical in lung epithelial and 

LUAD cells and in U2AF1-mutant AML or MDS cells [24-27]. This is a remarkable result, 

considering that lung and myeloid neoplasms originate from different cell lineages; that 

the cells harbor largely different sets of “driver” oncogenes [9,32]; and that alternative 

splicing is usually considered to be tissue-specific [33]. Because of these similarities, 

findings from our study are likely to be applicable to the mechanisms of action of mutant 

and WT U2AF1 in other cell types, including hematopoietic cells. 

2. U2AF1 S34F acts primarily by competing with WT U2AF1. U2AF1 is thought to 

be dispensable for splicing of a subset of pre-mRNA substrates, based on biochemical 

assays in vitro [19-21]. We and others have shown that U2AF1 S34F affects splicing of 

only a small set of pre-mRNAs [24-27]. Therefore, at least two scenarios could account 

for the altered activity of the mutant protein. First, U2AF1 S34F could affect splicing in a 
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manner independent of WT U2AF1 (for example, it could mediate splicing at a U2AF1-

independent site); the amount of U2AF1 S34F should then determine the extent of 

altered splicing. Second, U2AF1 S34F might compete with WT U2AF1---for instance, for 

binding to certain sites in pre-mRNA---to alter splicing; in this case, alterations in 

splicing would depend on the ratio of mutant to WT U2AF1. Our results with isogenic 

lung cell lines, analysis of LUAD transcriptomes, and in vitro RNA binding assays clearly 

favor the second scenario. 

3. The main functional difference between purified mutant and WT U2AF1 

proteins appears to reside in the binding affinities for some 3´ splice sites. This 

conclusion is consistent with the location of the missense mutation in codon 34, which 

normally encodes a conserved amino acid in a zinc knuckle motif that is most likely in 

direct contact with RNA [24]. We found that recombinant mutant and WT U2AF1 form 

complexes with U2AF2 and SF1 at similar efficiencies. Therefore, mutant U2AF1 

appears equally capable of recruiting these co-factors for splicing. These results are 

consistent with a previous report that nuclear extracts of cells overexpressing mutant 

U2AF1 can catalyze specific in vitro splicing reactions as or more efficiently than 

nuclear extracts derived from cells overexpressing WT U2AF1 in a sequence-

dependent manner [24]. Mutant U2AF1 could also compensate for the loss of WT 

U2AF1 for the inclusion of some U2AF1-dependent cassette exons [34]. Together, 

these results suggest that U2AF1 S34F is functionally equivalent to WT U2AF1 once it 

binds to a 3' splice site, and support our hypothesis that the primary functional 

difference between WT and mutant U2AF1 lies in their respective RNA-binding 

affinities.  
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4. Both proximal and distal 3´ splice sites are likely relevant to the consequences 

of U2AF1 S34F expression for cassette exon recognition. Differential binding of mutant 

versus WT U2AF1 complexes to the proximal 3´ splice site predicts differential splicing 

in the presence of the U2AF1 S34F mutation for four alterative splicing events that we 

measured (Figures 5C – 5F). This finding is consistent with a previous report [25]. 

However, in the example of the ATR cassette exon, which is more often included in the 

presence of U2AF1 S34F, mutant and WT U2AF1 complexes exhibit similar affinities for 

the 3´ splice site immediately preceding the cassette exon, but the relative affinity of the 

mutant complex for the distal, downstream 3´ splice site is reduced (Figure 5G). We 

interpret this to mean that the relative affinity of U2AF1 for the upstream versus 

downstream 3' splice site contributes to preferential recognition of each splice site in 

mutant versus WT cells. This potential mechanism requires mutant U2AF1 to open a 

window of opportunity for splicing to the downstream 3´ splice site, which could occur 

either through alteration of splicing or transcription rates. Although recent results 

indicate that splicing and transcription are closely coupled in time and space [35], a 

wealth of data supports the sensitivity of splice site choice to kinetic competition [36,37]. 

In support of this notion, a recent report showed that U2AF1 S34F inhibited co-

transcriptional splicing of a model pre-mRNA, deferring the splicing reaction to a post-

transcriptional phase [36]. If U2AF1 S34F delays splicing, competition between proximal 

and distal 3´ splice sites would be facilitated. Further studies will be needed to fully 

resolve the contribution of kinetic competition to the effects of common splicing factor 

mutations on alternative splicing. 

5. The -3 nucleotide does not alone determine the altered binding affinity of 
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mutant U2AF1. This is best illustrated by the binding assay results for RNA 

oligonucleotides with an A in the -3 position. Since the consensus motif for U2AF1 

recognition of 3’ splice sites includes a pyrimidine at the -3 position (yAG|r) [19], it was 

striking to find an enrichment of A at this position preceding exons that show increased 

inclusion in cells with U2AF1 S34F. We determined binding affinities for the 3´ splice 

sites of three such cassette exons (ZFAND1, ATR and MED15). The affinities of 

complexes with mutant U2AF1 for these oligonucleotides were increased, decreased, or 

did not change relative to WT U2AF1. Therefore, sequences flanking the -3 nucleotide 

must also influence the altered binding of mutant U2AF1 complex. 

6. Features that cannot be described in binding assays with RNA 

oligonucleotides contribute to mechanisms for S34F-associated splicing. For example, 

the RNA binding affinity results in Figure 5H are inconsistent with the observed 

increased inclusion of MED15 cassette exons in the presence of U2AF1 S34F. This 

suggests that additional mechanisms are required to fully explain the splicing alterations 

affected by U2AF1 S34F. Most obviously, the binding reaction in vivo might be affected 

by more than the oligonucleotides used in our in vitro assays, including secondary or 

tertiary RNA structure. Alternatively, recent findings suggest that U2AF1 might 

suppress, rather than facilitate, splice site recognition in some pre-mRNAs [38]. This 

non-canonical activity of U2AF1 could account for the observed, S34F-associated 

splicing pattern for the MED15 cassette exon. As a third option, mRNAs encoding other 

splicing factors undergo alternative splicing in the presence of U2AF1 S34F [14,24], and 

the resulting isoforms might affect the inclusion of the MED15 cassette exon indirectly in 

the presence of U2AF1 S34F. Future studies are needed to test these possibilities. 
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How are cells with the U2AF1 S34F mutation selected during oncogenesis? 

 The U2AF1 S34F mutation is recurrently found in LUAD, other solid tumors, and 

myeloid disorders, suggesting that the mutant allele confers a physiological property 

that provides a selective advantage during neoplasia. However, U2AF1 S34F does not 

transform HBEC3kt cells in culture or affect cell proliferation. Moreover, targeted 

inactivation of U2AF1 S34F in LUAD cell lines does not diminish, and in one case even 

increases, clonogenic growth in culture (Figure 6). These results are consistent with 

conclusions from a previous report in which cell proliferation was not affected in an 

erythroleukemic cell line, K562, when U2AF1 S34F was expressed at moderate level as 

a transgene [24].  

 The lack of a testable cellular phenotype is a major hindrance to understanding 

the functional significance of mutant U2AF1. Cell proliferation is only one of the many 

hallmarks of cancer, so careful examination of other cell properties may be needed to 

establish the presumptive role of U2AF1 S34F in carcinogenesis. The isogenic cell lines 

we have generated from LUAD cells or from the HBEC3kt line may prove to be useful 

tools to test these properties. 

 It is possible that mutant splicing factors will influence cell behavior only in certain 

cell types, since alterations in the splicing pattern that generate pro-oncogenic mRNAs 

might occur only in the context of a particular transcriptional program that is highly 

lineage-restricted. This possibility might be best pursued in an animal model. It was 

recently reported that induction of a U2af1 S34F transgene in a genetically engineered 

mouse caused increased proliferation of hematologic progenitor cells and apoptosis in 
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monocytes [14]. Since the S34F:WT ratio is the critical determinant of the effects of 

U2AF1 S34F on splicing, we have recently engineered and begun to characterize a 

mouse strain that expresses the mutant U2af1 from the endogenous locus in an Cre-

inducible fashion.  

 

 Can cancer cells carrying the U2AF1 S34F mutation be targeted therapeutically? 

The U2AF1 S34F mutation is an intriguing if enigmatic target for therapeutics 

against multiple cancer types. The work reported here provides some guidance for 

thinking about those prospects.  

 Targeting WT U2AF1. We have shown that the WT U2AF1 allele is absolutely 

required for the growth of lung epithelial and LUAD cells that carry a mutant U2AF1 

allele (Figure 6). This result indicates that mutant U2AF1 cannot complement a 

deficiency of U2AF1 and explains why tumors are never homozygous for the U2AF1 

S34F mutation. Furthermore, the frequent occurrence of a low ratio of mutant:WT 

U2AF1 mRNA, accompanied by increased copies of U2AF1 alleles, suggests that there 

may be selection for a favorable ratio of mutant to WT U2AF1 in addition to the likely 

selection, perhaps at an earlier stage of tumorigenesis, for the U2AF1 S34F mutant. It 

has recently been shown that cancer cells harboring recurrent SF3B1 mutations also 

depend on WT SF3B1 for growth [39]. Together, these results provide a rationale for 

targeting WT splicing factors (or the splicing machinery more generally) in cancers 

harboring splicing factor mutations, assuming that differences between normal cells and 

cancer cells with mutations in splicing factors provide a therapeutic window to allow 

selective killing of cancer cells.  
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Strategies that depend on the properties of mutant U2AF1. Although we do not 

understand how mutant splicing factors drive carcinogenesis, there are several 

hypothetical ways in which the presence of a mutant factor might be exploited 

therapeutically. As mentioned above, mutations like U2AF1 S34 might make cancer 

cells vulnerable to inhibitors of the normal splicing machinery. Alternatively, it is possible 

that one or a few of the changes in the transcriptome can change the nature or 

abundance of proteins to promote neoplasia; if so, proteins identified as contributory to 

the cancer phenotype might be targeted. Finally, the altered transcriptome in cancer 

cells with mutant splicing factors might create a context in which secondary changes in 

function of some unrelated gene(s) might have detrimental effects on cell viability; such 

changes, resulting from enhanced or diminished function of normal genes, can now be 

sought with high throughput screens for synthetic lethality in appropriate isogenic cell 

lines of the sort described here. 

 

Conclusion 

Our study is the first to use isogenic lung cell lines to investigate the molecular 

and phenotypic properties of a common splicing factor mutation, U2AF1 S34F. We 

show that the relative amounts of mutant and WT U2AF1 determine the extent of S34F-

associated splicing. Combining these results with those from an in vitro binding assay, 

we propose that U2AF1 S34F affects splicing principally by competing with WT U2AF1 

for binding at the affected 3´ splice sites. We also use genetically engineered and edited 

cells to show that the WT U2AF1 allele, but not the mutant allele, is required for cell 

growth. These results highlight the essential role that WT U2AF1 plays in cancer cells 
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with a U2AF1 mutation, and the cell lines should be helpful in future attempts to identify 

the functional contributions of mutant U2AF1 to neoplasia. 
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Materials and Methods 

Cell culture, reagents, immunoblots and lentiviruses 

The HBEC3kt cell line was a gift from Dr. John Minna (University of Texas 

Southwestern Medical Center). This cell line and all its derivatives were grown in 

Keratinocyte serum-free media supplemented with epidermal growth factor and bovine 

pituitary extract (Invitrogen) as previously described [28]. The H441 and A549 LUAD 

cell line was purchased from ATCC (American Type Culture Collection). The HCC78 

LUAD cell line was purchased from DMSZ (German Collection of Microorganisms and 

Cell Cultures GmbH). H441, HCC78, A549 and their derivatives were grown in 

RPMI1640 (Lonza) supplemented with 10% fetal bovine serum (HyClone) and 

antibiotics (Penicillin-Streptomycin, Gibco). All cell cultures were incubated in a 37 

degree humidified incubator with 5% CO2. Immunoblots were performed as previously 

described [40]. The primary antibodies used in the study are: rabbit anti U2AF1 (1:5000, 

# NBP1-19121, Novus), rabbit anti GFP (1:5000, #A-11122, Invitrogen), mouse anti 

ACTB (1:5000, Clone 8H10D10, Cell Signaling). Lentiviruses were produced and titered 

in HEK293T cells as previously described [41]. An MOI (multiplicity of infection) of 1 – 5 

were used for all assays. 

 

Plasmid DNA 

Plasmids for engineering the U2AF1 S34F mutation. The plasmids used for 

creating the endogenous S34F mutation in HBEC3kt cells were custom designed and 

synthesized by Transposagen. They include the donor vector (pU2AF1-S34F_Target), 
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the TALEN (Transcription Activator-like Effector Nucleases)-expressing vectors 

(pU2AF1-FXTN, pU2AF1-RXTN) and the PiggyBac-expressing vector (pCMV-Pbo). 

shRNA constructs. The shRNA constructs for U2AF1 knockdown were obtained 

from OpenBiosystems (shU2AF1#1, TRCN0000001155; shU2AF1#4, 

TRCN0000001158). The control shRNAs (shScbr and shGFP) were described 

previously [41]. 

Lentiviral constructs for overexpression of transgenes. The lentiviral constructs 

for overexpressing mutant or WT U2AF1 were constructed in multiple steps. Firstly, the 

open reading frame of mouse U2af1 (GenBank BC115479) was PCR amplified from a 

cDNA clone and cloned into the pENTR/D-TOPO vector (Invitrogen) following vendor’s 

instruction. Because mouse U2af1 (RefSeq NP_077149) is identical to human U2AF1 

(RefSeq NP_006749) except lacking a Gly in the Gly rich domain (amino acid residues 

212-222), a codon for Gly (GGA) was inserted into the corresponding U2af1 DNA 

sequence via site-directed mutagenesis (Agilent). The S34F (TCT to TTT) missense 

mutation was also created by site-directed mutagenesis. The resulting WT and S34F 

mutant U2af1 constructs were then cloned into a lentiviral destination vector, pLenti-

CMV-Blast-DEST (Addgene # 17451, [42]), via LR Gateway reaction (Invitrogen). Entry 

vectors expressing enhanced green fluorescence protein (pENTR1A-GFP-N2, 

Addgene #19364, [42]) or DsRed-Express 2 [43] was used to clone the GFP or DsRed-

Express 2 sequence into the same destination vector.  

pU2AF1-WT-S34F-e2. This plasmid was used to serve as a reference to 

quantify the S34F:WT U2AF1 ratio via quantitative PCR (qPCR). It was constructed by 

inserting a WT U2AF1 exon 2 DNA fragment (GRCh37/hg19, Chr21: 44524425-
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44524512) or the same sequence with the Ser34 codon mutated to Phe34 (TCT to 

TTT) into the miniTK-Luc plasmid [40]. One copy of the WT U2AF1 sequence was 

inserted 5´ of the Luciferase gene sequence via the Kpn I site. One copy of the mutant 

U2AF1 sequence was inserted 3´ of the Luciferase gene sequence via the BamH I site. 

CRISPR/Cas9 constructs. The plasmids for expressing sgRNA-WT/Cas9 and 

sgRNA-S34F/Cas9 were constructed by inserting the relevant sgRNA sequences (WT, 

GTCATGGAGACAGGTGCTCT; S34F, GTCATGGAGACAGGTGCTTT) into 

lentiCRISPR (Addgene #49535, [44]) via a method described by the depositing 

investigator. The same lentiviral CRISPR/Cas9 vector expressing an sgRNA against 

GFP was obtained from Addgene (#51760, [44]).  

All plasmids mentioned above were sequence verified and are available through 

Addgene. 

 

Genome editing approaches 

The creation of endogenous U2AF1 S34F missense mutation was conducted as 

described in Figure 2A following an established protocol [29]. The donor vector 

(pU2AF1-S34F_Target) contains the S34F missense mutation (TCT to TTT) flanked by 

homology arm sequences (HA) of roughly 1000 bp on each side of the point mutation. A 

PGK-Hygro∆TK drug cassette, flanked by PiggyBac recognition sequences (ITR, 

inverted terminal repeat), was located 3´ of the S34F mutation at an endogenous AATT 

site that is essential for PiggyBac recognition. The homologous recombination was 

facilitated by cutting the U2AF1 genomic DNA by a pair of TALENs, which bind to the 

U2AF1 genomic sequences located in intron 2 (underlined):  
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TAAGTGTGTTCTTTTATTTAAATAATAGTGAGGCAGGTGATCGACTTCCA 

The donor vector and the TALENs were co-transfected into HBEC3kt cells in 6-

well dishes by Lipofectamine 2000 (Invitrogen). The cells were transferred to 150 mm 

dishes and cultured in growth media containing Hygromycin B (50 µg/ml, Invitrogen). 

Cell clones (≥ 50 cells) were harvested using cloning rings (Thermo Fisher Scientific) 

and expanded. Genomic DNA from these clones were harvested and screened for 

mutant and WT intermediate clones by genomic PCR and Southern blot as described in 

Supplemental Figure S4 (P1-F, TGTCCTAATTCATCAGAGATCG; P1-R, 

TAAACCTCGATATACAGACCGATA). The correct intermediate cell clones were co-

transfected with plasmids expressing an excision-only PiggyBac transposase (pCMV-

Pbo), to remove the PGK-Hygro∆TK drug cassette, and eGFP (pEGFP-C1). GFP 

positive cells were sorted on a BD FACSAria and cultured in the presence of 

Ganciclovir (10 µg/ml, Sigma). Cell clones were isolated by cloning rings and expanded. 

The DNA and RNA from these cells were used to confirm the removal of the drug 

cassette (by genomic PCR using the P1-F and P1-R primers as described in 

Supplemental Figure S4), as well as expression of U2AF1 S34F (by allele-specific 

qPCR and RNA-seq).  

Disruption of the WT or mutant U2AF1 alleles from H441, HCC78 and MUT1a 

cells were conducted by transducing these cells with lentiviruses expressing sgRNA-

WT/Cas9 or sgRNA-S34F/Cas9. Virus-infected cells were selected by puromycin (1 

µg/ml) except in HBEC3kt-derived cells since HBEC3kt cells were intrinsically resistant 

to puromycin [28]. Polyclonal and clonal cells were derived from these infected cells. 

CRISPR-mediated induction of InDels in the U2AF1 locus was confirmed by 
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fluorescence PCR (data not shown) [45]. The disruption of the WT or mutant U2AF1 

allele was further confirmed by changes in the ratios of S34F:WT gene products and 

subsequent changes in S34F-associated splicing. 

 

RNA extraction, reverse transcription, and quantitative PCR (RT-qPCR) 

RNA was extracted using Trizol (Molecular Research Center or Invitrogen) 

followed by a column cleanup step using an RNeasy kit (Qiagen). cDNA was 

synthesized from 1-2 μg total RNA using a High-Capacity cDNA Reverse Transcription 

(RT) kit (Applied Biosystems). Quantitative PCR (qPCR) was done in a 7900HT real-

time PCR system (Applied Biosystems) (other than those described in Supplemental 

Figure S11). The mRNA level of total U2AF1 and GAPDH was measured by inventoried 

Taqman assays (Hs01597469_m1, Hs99999905_m1, Applied Biosystems) in a 

standard Taqman qPCR master mix (Applied Biosystems). The allele-sensitive 

S34F/WT SNP Taqman assay were custom synthesized and was characterized in 

Supplemental Figure S5.  

Splicing alterations were measured by isoform-specific primers (listed in 

Supplemental Table S7) in a SYBR Green qPCR master mix (Affymetrix). These 

primers were designed following a previously described method using a web tool: 

http://designs.lgfus.ca/ [46]. PCR efficiency of each primer set was estimated by 

performing the qPCR assay using at least four 10-fold serial dilutions of the cDNA 

template. The slope of the standard curve was then translated into a PCR efficiency 

value by the formula: (10(-1/slope) – 1) x 100%. The PCR end products were separated on 

a 2% agarose gel to check specificity. The specificity of a subset of the primers was 
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further confirmed by Sanger sequencing using the PCR end products. All the primers 

used in the study have a PCR efficiency of 85% or more and are specific for the target 

they measure. 

RT-qPCR results were quantified using a relative quantification method (∆∆Ct) in 

the RQ Manager 1.2 software (Applied Biosystems). In most cases, the reference 

sample was cells that underwent control treatment. For allele-sensitive S34F/WT SNP 

Taqman assay, the reference sample was the plasmid DNA pU2AF1-WT-S34F-e2, 

which contains one copy of each of the U2AF1 WT and S34F mutant sequences. 

 

mRNA sequencing 

High throughput mRNA sequencing (RNA-seq) was conducted in the Sequencing 

Facility of the National Cancer Institute. RNA quality was assessed by 2100 Bioanalyzer 

(Agilent). Total RNA with good integrity values (RIN > 9.0) was used for poly A selection 

and library preparation using the Illumina TruSeq RNA library prep kit. Two or four 

samples were pooled per lane and ran on the HiSeq2000 or HiSeq2500 instrument 

using TruSeq V3 chemistry. All samples were sequenced to the depth of at least 100 

million pair-end 101 bp reads per sample. 

 

Bioinformatics  

Analysis of RNA-seq data from the TCGA LUAD cohort as well as engineered 

HBEC3kt, H441, and HCC78 cell lines was performed as previously described [24]. A 

brief description follows below. 
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MISO v2.0 annotations were used for all splicing analyses [47], as was a set of 

annotated constitutive junctions defined as junctions with no evidence of alternative 

splicing in the UCSC knownGene database [48]. A genome annotation for read 

mapping was created by merging transcript annotations from MISO v2.0 annotations 

[47], the UCSC knownGene database [48], and the Ensembl 71 database [49]. Reads 

were first mapped to these transcripts using RSEM [50]. Remaining unaligned reads 

were then mapped to a database of possible junctions between all 5´ and 3´ splice sites 

of those transcripts, and then subsequently to the GRCh37/hg19 human genome 

assembly, using TopHat [51]. 

Differentially spliced events were identified using MISO to quantify reads 

supporting distinct isoforms and/or junction-spanning reads. These read counts were 

then subjected to Wagenmakers’s Bayesian alternative to the binomial proportion test 

[52]. Differentially spliced events were defined as those that exhibited a difference in 

absolute isoform ratio of at least 10% with an associated Bayes factor of at least 5. All 

analyses were restricted to events with at least 20 relevant reads in the samples being 

compared. 

Sequences logos were created using the seqLogo package from Bioconductor 

[53]. Cluster analysis was performed using Ward’s method. The information of percent 

tumor nuclei for each LUAD sample that carries a U2AF1 S34F mutation was 

downloaded from TCGA data portal (http://cancergenome.nih.gov/). For samples with 

more than one percent tumor nuclei value, an average value was calculated and used 

for comparisons. 
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 Quantification of the number of RNA-seq reads specific to S34F mutant or WT 

U2AF1 (Figure 2B) was conducted by first extracting sequence reads mapped to the 

U2AF1 locus from the alignment bam files. A 21-mer oligonucleotide matching the S34F 

mutant cDNA, in which the mutant nucleotide was centered and flanked by 10 bp 

sequences on each side (GACAGGTGCTTTCGGTTGCAC), together with the 

corresponding 21-mer WT sequence (GACAGGTGCTCTCGGTTGCAC), was used to 

BLAST against the extracted sequence reads. Reads with exact match to the mutant 

21-mer sequence were considered to be U2AF1 S34F-specific, whereas those matched 

to the WT 21-mer sequence were considered as WT U2AF1-specific. 

 

RNA affinities of purified U2AF1 complexes 

Sequences of synthetic 5′-labeled fluorescein RNAs (GE Healthcare Dharmacon) 

are given in the Supplementary Figure S13. Both the protein complex (see 

Supplemental Materials and Methods for purification details) and the RNA stocks were 

prepared and diluted in the same buffer used for size-exclusion chromatography (25 

mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) pH 6.8, 150 mM NaCl, 

3% glycerol, 20 μM ZnCl2, 3 mM βME (β-mercaptoethanol) and 0.5 mM TCEP (tris(2-

carboxyethyl)phosphine)). Fluorescence anisotropy changes were monitored over a 

concentration series of purified U2AF1 protein complexes (final concentrations shown in 

Supplementary Figure S13) mixed with fluorescein-labeled RNAs (20 nM final 

concentration) in 384-well flat bottom assay plates (Corning). Fluorescence polarization 

changes were measured at 520 nm following excitation at 490 nm using Envision high-

throughput plate reader (PerkinElmer). The data were fit by non-linear regression to 
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obtain the apparent equilibrium dissociation constant (KD) using the following equation, 

where X is the total protein concentration, [RNA] is the total RNA concentration, r is the 

observed anisotropy at the ith titration, rB is the anisotropy at zero protein concentration, 

and rF is the anisotropy at saturating protein concentration:  

� � �� �
�� � ��
2���	
 �
� � � � ���	
� � ��
� � � � ���	
�� � �4���	
��  

The reciprocal of the KD value provided the apparent equilibrium affinity constant (KA). 

 

Clonogenic assay 

Cells were seeded into six-well dishes at 1x105 cells per dish and allowed to 

grow overnight before lentiviral infection. Two days after virus infection, 1000 live cells 

were seeded in a 100 mm dish in growth media supplemented with puromycin (1 

µg/ml) for selecting infected cells and growing colonies. Growth media were changed 

once a week for three week and the colonies were stained with a staining solution 

(0.03% methylene blue, 20% methanol in water) for 5 min. Clonogenicity was defined 

as colony numbers formed as a percent of those in control cells. 

 

Statistics 

All experiments were independently performed at least three times unless 

otherwise stated. Statistical significance was determined by two-tailed Student's t test or 

otherwise stated. In all analyses, p values ≤ 0.05 are considered statistically significant. 
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Figure	
  1.	
  S34F-­‐associated	
  splicing	
  correlates	
  with	
  S34F:WT	
  mRNA	
  ra@os	
  in	
  LUAD.	
  
(A).	
  Representa+ve	
  sequence	
  logos	
  depic+ng	
  consensus	
  3´	
  splice	
  site	
  sequences	
  preceding	
  casse7e	
  exons	
  for	
  two	
  
representa+ve	
  LUADs	
  with	
  the	
  U2AF1	
  S34F	
  muta+on	
  computed	
  from	
  published	
  TCGA	
  transcriptomes.	
  In	
  both	
  cases,	
  
changes	
  in	
  the	
  use	
  of	
  casse7e	
  exons	
  were	
  determined	
  by	
  comparisons	
  with	
  an	
  average	
  transcriptome	
  from	
  LUADs	
  
without	
  U2AF1	
  muta+ons.	
  Boxes	
  highlight	
  nucleo+des	
  found	
  preferen+ally	
  at	
  the	
  -­‐3	
  posi+on.	
  The	
  nucleo+de	
  
frequencies	
  preceding	
  exons	
  that	
  are	
  more	
  oJen	
  included	
  or	
  more	
  oJen	
  skipped	
  in	
  tumors	
  with	
  mutant	
  U2AF1	
  
differ	
  from	
  the	
  genomic	
  consensus	
  in	
  the	
  tumor	
  from	
  pa+ent	
  	
  #7903,	
  with	
  a	
  high	
  S34F:WT	
  mRNA	
  ra+o,	
  but	
  not	
  in	
  
the	
  tumor	
  from	
  pa+ent	
  #7727,	
  with	
  a	
  low	
  ra+o.	
  (Sequence	
  logos	
  from	
  transcriptomes	
  of	
  every	
  S34F-­‐mutant	
  LUAD	
  
are	
  presented	
  in	
  Supplemental	
  Figure	
  S1.)	
  The	
  analysis	
  was	
  restricted	
  to	
  introns	
  with	
  canonical	
  GT-­‐AG	
  U2-­‐type	
  
splice	
  sites.	
  The	
  ver+cal	
  axis	
  represents	
  the	
  informa+on	
  content	
  in	
  bits.	
  n	
  is	
  the	
  number	
  of	
  casse7e	
  exon	
  sequences	
  
used	
  to	
  construct	
  the	
  logo.	
  (B).	
  U2AF1	
  mutant	
  LUAD	
  transcriptomes	
  harboring	
  a	
  S34F	
  stereotypical	
  sequence	
  logo	
  
have	
  rela+vely	
  high	
  S34F:WT	
  mRNA	
  ra+os.	
  U2AF1	
  mutant	
  LUAD	
  samples	
  were	
  sub-­‐grouped	
  based	
  on	
  the	
  type	
  of	
  
sequence	
  logos.	
  The	
  asterisk	
  represents	
  a	
  sta+s+cally	
  significant	
  change	
  by	
  student’s	
  t	
  test.	
  (C).	
  S34F:WT	
  mRNA	
  
ra+os	
  do	
  not	
  correlate	
  with	
  tumor	
  purity	
  in	
  LUAD	
  tumors	
  with	
  the	
  S34F	
  muta+on.	
  Tumor	
  purity	
  is	
  represented	
  by	
  
the	
  percent	
  of	
  tumor	
  nuclei	
  in	
  each	
  LUAD	
  sample	
  (derived	
  from	
  TCGA	
  clinical	
  data)	
  and	
  plo7ed	
  against	
  the	
  S34F:WT	
  
mRNA	
  ra+o.	
  The	
  r2	
  value	
  of	
  linear	
  regression	
  is	
  shown.	
  (D).	
  Inclusion	
  of	
  the	
  STRAP	
  casse7e	
  exon	
  correlates	
  with	
  the	
  
S34F:WT	
  mRNA	
  ra+o.	
  The	
  twelve	
  mutant	
  LUAD	
  transcriptomes	
  in	
  the	
  TCGA	
  database	
  with	
  a	
  sufficient	
  number	
  of	
  
informa+ve	
  reads	
  to	
  calculate	
  the	
  inclusion	
  frequency	
  for	
  the	
  STRAP	
  casse7e	
  exon	
  are	
  represented	
  as	
  black	
  dots.	
  
The	
  median	
  inclusion	
  level	
  of	
  the	
  same	
  casse7e	
  exon	
  for	
  all	
  transcriptomes	
  from	
  tumors	
  without	
  the	
  muta+on	
  is	
  
shown	
  as	
  a	
  grey	
  dot	
  near	
  the	
  ordinate	
  axis.	
  r	
  =	
  Pearson’s	
  associa+on	
  coefficient.	
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Figure	
  2.	
  Crea@on	
  of	
  isogenic	
  lung	
  cell	
  lines	
  that	
  recapitulate	
  features	
  of	
  S34F-­‐associated	
  splicing.	
  	
  
(A).	
  Strategy	
  to	
  create	
  a	
  TCT	
  to	
  TTT	
  point	
  muta+on	
  (S34F)	
  at	
  the	
  endogenous	
  U2AF1	
  locus	
  in	
  HBEC3kt	
  cells.	
  TALEN,	
  
transcrip+on	
  ac+vator-­‐like	
  effector	
  nuclease;	
  E,	
  exon;	
  mE,	
  mutant	
  (S34F)	
  exon;	
  ITR,	
  inverted	
  terminal	
  repeat;	
  HA,	
  
homology	
  arm.	
  See	
  Results	
  and	
  Materials	
  and	
  Methods	
  for	
  details.	
  (B).	
  MUT1a	
  and	
  MUT1b	
  cells	
  contain	
  similar	
  
levels	
  of	
  mutant	
  and	
  WT	
  U2AF1	
  mRNA.	
  The	
  number	
  of	
  reads	
  specific	
  for	
  mutant	
  and	
  WT	
  U2AF1	
  was	
  obtained	
  from	
  
RNA-­‐seq,	
  using	
  poly	
  A-­‐selected	
  RNA	
  from	
  the	
  four	
  cell	
  lines.	
  (C).	
  The	
  S34F-­‐associated	
  casse7e	
  exons	
  in	
  ASUN	
  and	
  
STRAP	
  mRNAs	
  showed	
  increased	
  skipping	
  in	
  MUT	
  cell	
  lines.	
  (Top)	
  Scheme	
  of	
  alterna+ve	
  splicing	
  with	
  a	
  casse7e	
  
exon	
  (black	
  box)	
  to	
  generate	
  short	
  and	
  long	
  isoforms	
  in	
  which	
  the	
  casse7e	
  exon	
  is	
  skipped	
  or	
  included.	
  (Bo7om)	
  
Alterna+ve	
  splicing	
  of	
  casse7e	
  exons	
  in	
  ASUN	
  and	
  STRAP	
  mRNAs,	
  measured	
  by	
  RT-­‐qPCR	
  using	
  isoform-­‐specific	
  
primers.	
  The	
  short/long	
  isoform	
  ra+o	
  in	
  WT1	
  cells	
  was	
  arbitrarily	
  set	
  to	
  1	
  for	
  comparison.	
  (D).	
  Heat	
  map	
  depic+ng	
  
the	
  inclusion	
  levels	
  of	
  all	
  casse7e	
  exons.	
  Dendrograms	
  were	
  constructed	
  from	
  an	
  unsupervised	
  cluster	
  analysis	
  
based	
  on	
  all	
  casse7e	
  exons	
  that	
  showed	
  at	
  least	
  a	
  10%	
  change	
  in	
  use	
  between	
  WT	
  and	
  MUT1	
  lines.	
  (E).	
  Sequence	
  
logos	
  from	
  3’	
  splice	
  sites	
  preceding	
  casse7e	
  exons	
  with	
  altered	
  use	
  in	
  MUT1a	
  cells	
  display	
  typical	
  S34F-­‐associated	
  
features.	
  Logos	
  were	
  constructed	
  as	
  in	
  Figure	
  1A	
  based	
  on	
  the	
  transcriptome	
  of	
  MUT1a	
  cells	
  in	
  comparison	
  with	
  
that	
  of	
  WT1	
  cells.	
  Other	
  comparisons	
  of	
  transcriptomes	
  from	
  a	
  MUT	
  cell	
  line	
  and	
  a	
  WT	
  cell	
  line	
  yielded	
  similar	
  
sequence	
  logos	
  (data	
  not	
  shown).	
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Figure	
  3.	
  The	
  ra@o	
  of	
  S34F:WT	
  U2AF1	
  gene	
  products	
  controls	
  S34F-­‐associated	
  splicing	
  in	
  isogenic	
  HBEC3kt	
  cell	
  
lines.	
  
(A).	
  Reduc+on	
  of	
  both	
  mutant	
  and	
  WT	
  U2AF1	
  RNA	
  and	
  protein	
  does	
  not	
  affect	
  S34F-­‐associated	
  splicing.	
  WT1	
  and	
  
MUT1a	
  cells	
  were	
  transduced	
  with	
  shRNAs	
  against	
  U2AF1	
  (shU2AF1#1	
  and	
  #4)	
  or	
  two	
  control	
  shRNAs.	
  Total	
  RNA	
  
and	
  protein	
  were	
  harvested	
  4	
  days	
  later.	
  The	
  frequencies	
  of	
  incorpora+on	
  of	
  casse7e	
  exon	
  sequences	
  in	
  ASUN	
  and	
  
STRAP	
  mRNAs	
  (top	
  and	
  middle	
  panels)	
  were	
  determined	
  by	
  the	
  rela+ve	
  short/long	
  isoform	
  ra+os	
  by	
  RT-­‐qPCR,	
  as	
  
represented	
  in	
  Figure	
  2C.	
  Immunoblots	
  for	
  U2AF1	
  and	
  ACTB	
  in	
  total	
  cell	
  lysates	
  are	
  shown	
  in	
  the	
  bo7om	
  panel.	
  
shScbr,	
  scrambled	
  shRNA;	
  shGFP,	
  shRNA	
  against	
  GFP.	
  (B).	
  Overexpression	
  of	
  WT	
  or	
  mutant	
  U2AF1	
  to	
  change	
  
S34F:WT	
  ra+os	
  alters	
  S34F-­‐sensi+ve	
  splicing.	
  	
  WT1	
  and	
  MUT1a	
  cells	
  were	
  transduced	
  with	
  expression	
  vectors	
  
encoding	
  GFP,	
  WT	
  or	
  mutant	
  (S34F)	
  U2AF1	
  for	
  3	
  days	
  before	
  harves+ng	
  cells	
  to	
  quan+fy	
  the	
  level	
  of	
  splicing	
  
changes	
  and	
  proteins	
  as	
  in	
  panel	
  A.	
  (C).	
  Disrup+on	
  of	
  WT	
  U2AF1	
  by	
  gene	
  edi+ng	
  to	
  increase	
  S34F:WT	
  ra+os	
  
enhances	
  S34F-­‐sensi+ve	
  splicing.	
  WT1	
  and	
  MUT1a	
  cells	
  were	
  transduced	
  with	
  either	
  sgRNA-­‐GFP/Cas9	
  or	
  sgRNA-­‐
WT/Cas9.	
  Total	
  RNA	
  and	
  protein	
  were	
  harvested	
  6	
  days	
  later	
  for	
  assays	
  as	
  in	
  panel	
  A.	
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Figure	
  4.	
  Increasing	
  the	
  ra@o	
  of	
  S34F:WT	
  gene	
  products	
  by	
  disrup@ng	
  the	
  WT	
  U2AF1	
  locus	
  enhances	
  S34F-­‐
associated	
  splicing	
  of	
  casseQe	
  exons.	
  
(A).	
  Upper	
  panel:	
  The	
  Venn	
  diagrams	
  show	
  overlap	
  of	
  290	
  casse7e	
  exons	
  that	
  display	
  at	
  least	
  a	
  ten	
  percent	
  increase	
  
in	
  inclusion	
  levels	
  in	
  MUT1a	
  cells	
  rela+ve	
  to	
  levels	
  in	
  WT1	
  cells,	
  with	
  or	
  without	
  CRISPR/Cas9-­‐mediated	
  disrup+on	
  of	
  
WT	
  U2AF1.	
  Lower	
  panel:	
  Increasing	
  the	
  S34F:WT	
  ra+o	
  by	
  disrup+ng	
  WT	
  U2AF1	
  enhances	
  the	
  magnitude	
  of	
  S34F-­‐
associated	
  splicing.	
  The	
  “waterfall”	
  plot	
  depicts	
  changes	
  in	
  percent	
  inclusion	
  levels	
  for	
  all	
  shared	
  casse7e	
  exons	
  
iden+fied	
  from	
  the	
  Venn	
  diagram	
  when	
  the	
  WT	
  U2AF1	
  locus	
  was	
  disrupted.	
  Each	
  ver+cal	
  bar	
  represents	
  one	
  shared	
  
casse7e	
  exon.	
  (B).	
  The	
  analysis	
  shown	
  in	
  Panel	
  A	
  was	
  repeated	
  for	
  casse7e	
  exons	
  showing	
  ten	
  percent	
  or	
  more	
  
decreased	
  inclusion	
  in	
  MUT1a	
  cells.	
  (C).	
  Enhanced	
  features	
  of	
  S34F-­‐associated	
  logos	
  at	
  3’	
  splice	
  acceptor	
  sites	
  aJer	
  
disrup+on	
  of	
  WT	
  U2AF1.	
  	
  Sequence	
  logos	
  were	
  constructed	
  as	
  in	
  Figure	
  1A,	
  based	
  on	
  the	
  indicated	
  comparisons.	
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Figure	
  5.	
  Differen@al	
  binding	
  of	
  mutant	
  and	
  WT	
  U2AF1	
  complexes	
  to	
  RNA	
  oligonucleo@des	
  explain	
  most	
  S34F-­‐
associated	
  altera@ons	
  in	
  RNA	
  splicing.	
  
(A).	
  Cartoons	
  illustrate	
  components	
  of	
  recombinant	
  U2AF1	
  complexes	
  used	
  in	
  the	
  binding	
  assay.	
  Full-­‐length	
  
proteins	
  are	
  shown	
  but	
  only	
  par+al	
  sequences	
  (denoted	
  by	
  bi-­‐direc+onal	
  arrows)	
  were	
  used	
  to	
  make	
  recombinant	
  
protein	
  complexes.	
  KH-­‐QUA2,	
  K-­‐Homology	
  Quaking	
  mo+f;	
  RRM,	
  RNA	
  recogni+on	
  mo+f	
  domain;	
  RS,	
  arginine/serine-­‐
rich	
  domain;	
  UHM,	
  U2AF	
  homology	
  mo+f;	
  ULM,	
  U2AF	
  ligand	
  mo+f;	
  ZnF,	
  zinc	
  finger	
  domain.	
  (B).	
  Scheme	
  of	
  
alterna+ve	
  splicing	
  pa7erns	
  for	
  casse7e	
  exons	
  (top	
  diagram)	
  and	
  5´	
  extended	
  exons	
  from	
  compe+ng	
  3´	
  splice	
  site	
  
selec+on	
  (bo7om).	
  The	
  brackets	
  indicate	
  the	
  posi+ons	
  of	
  RNA	
  oligonucleo+des	
  used	
  for	
  the	
  binding	
  assays.	
  Exons	
  
are	
  shown	
  as	
  boxes:	
  white	
  boxes	
  indicate	
  invariant	
  exonic	
  sequences	
  and	
  black	
  boxes	
  denote	
  sequences	
  that	
  are	
  
incorporated	
  into	
  mRNA	
  (exonic)	
  only	
  when	
  the	
  proximal	
  3’	
  splice	
  sites	
  are	
  used.	
  Introns	
  are	
  shown	
  as	
  solid	
  lines.	
  
The	
  dashed	
  lines	
  represent	
  possible	
  splices.	
  The	
  names	
  of	
  characterized	
  genes	
  that	
  conform	
  to	
  the	
  pa7erns	
  shown	
  
in	
  the	
  upper	
  and	
  lower	
  cartoons	
  are	
  indicated.	
  (C	
  -­‐	
  H).	
  U2AF1	
  S34F	
  and	
  WT	
  U2AF1	
  have	
  different	
  affini+es	
  (KA’s),	
  for	
  
relevant	
  3’	
  splice	
  site	
  oligonucleo+des.	
  To	
  accomplish	
  the	
  binding	
  assays,	
  the	
  WT	
  or	
  mutant	
  U2AF1	
  protein	
  
complexes	
  were	
  +trated	
  into	
  5´	
  fluorescein-­‐tagged	
  RNA	
  oligonucleo+des	
  over	
  a	
  range	
  of	
  concentra+ons	
  as	
  
described	
  in	
  the	
  Materials	
  and	
  Methods.	
  RNA	
  sequences	
  from	
  -­‐4	
  to	
  +3	
  rela+ve	
  to	
  the	
  3´	
  splice	
  sites	
  (ver+cal	
  lines)	
  in	
  
proximal	
  and	
  distal	
  posi+ons	
  are	
  shown.	
  The	
  nucleo+de	
  at	
  the	
  -­‐3	
  posi+on	
  is	
  bolded	
  and	
  underlined.	
  Empty	
  bars,	
  KA	
  
for	
  WT	
  U2AF1	
  complex;	
  grey	
  bar,	
  KA	
  for	
  mutant	
  U2AF1	
  complex.	
  The	
  fi7ed	
  binding	
  curves,	
  full	
  oligonucleo+de	
  
sequences,	
  and	
  apparent	
  equilibrium	
  dissocia+on	
  constants	
  are	
  shown	
  in	
  Supplemental	
  Figure	
  S13.	
  The	
  rela+ve	
  
changes	
  in	
  affinity	
  and	
  use	
  of	
  proximal	
  versus	
  distal	
  splice	
  sites	
  are	
  summarized	
  in	
  Supplemental	
  Table	
  S3.	
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Figure	
  6.	
  WT	
  but	
  not	
  mutant	
  U2AF1	
  is	
  required	
  for	
  the	
  clonogenic	
  growth	
  of	
  the	
  isogenic	
  HBEC3kt	
  cells	
  and	
  LUAD	
  
cell	
  lines.	
  
(A).	
  Clonogenic	
  growth	
  assays	
  aJer	
  selec+ve	
  disrup+on	
  of	
  the	
  WT	
  or	
  mutant	
  and	
  U2AF1	
  allele.	
  LeJ	
  panel:	
  The	
  
indicated	
  cell	
  lines	
  were	
  transduced	
  with	
  len+viruses	
  expressing	
  sgRNA-­‐GFP/Cas9,	
  sgRNA-­‐S34F/Cas9	
  or	
  sgRNA-­‐WT/
Cas9,	
  followed	
  by	
  pla+ng	
  1000	
  cells	
  in	
  100	
  mm	
  +ssue	
  culture	
  dishes.	
  Cell	
  colonies	
  were	
  stained	
  with	
  methylene	
  blue	
  
and	
  counted	
  three	
  weeks	
  later.	
  Right	
  panel:	
  Quan+fica+on	
  of	
  the	
  clonogenic	
  assay.	
  The	
  results	
  are	
  shown	
  as	
  
percent	
  clonogenicity	
  by	
  serng	
  the	
  number	
  of	
  control	
  cell	
  colonies	
  (cells	
  treated	
  with	
  Cas9/sgRNA-­‐GFP)	
  as	
  100%	
  (n	
  
=	
  3).	
  	
  (B).	
  Rescue	
  of	
  growth	
  inhibi+on	
  by	
  sgRNA-­‐WT/Cas9	
  by	
  overexpressing	
  a	
  form	
  of	
  WT	
  U2AF1	
  cDNA	
  that	
  is	
  not	
  
predicted	
  to	
  be	
  the	
  target	
  for	
  sgRNA-­‐WT/Cas9	
  (See	
  Supplemental	
  Figure	
  S8	
  and	
  Materials	
  and	
  Methods).	
  LeJ	
  panel:	
  
A549	
  cells	
  were	
  transduced	
  with	
  a	
  control	
  cDNA	
  (DsRed-­‐Express	
  2)	
  or	
  the	
  U2AF1	
  cDNA	
  to	
  establish	
  polyclonal	
  cell	
  
culture.	
  The	
  protein	
  levels	
  of	
  U2AF1	
  and	
  ACTB	
  in	
  these	
  cells	
  were	
  examined	
  by	
  immunoblot	
  (leJ	
  bo7om	
  panel).	
  	
  
These	
  cells	
  were	
  subsequently	
  transduced	
  with	
  either	
  sgRNA-­‐GFP/Cas9	
  or	
  sgRNA-­‐WT/Cas9	
  followed	
  by	
  clonogenic	
  
assays	
  as	
  in	
  panel	
  A	
  (leJ	
  upper	
  panel).	
  	
  Right	
  panel:	
  Quan+fica+on	
  as	
  in	
  Panel	
  A	
  (n	
  =	
  3).	
  	
  


