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SUMMARY

Recurrent mutations in the splicing factor U2AF35 are found in several cancers and 

myelodysplastic syndrome (MDS). How oncogenic U2AF35 mutants promote transformation 

remains to be determined. Here we derive cell lines transformed by the oncogenic U2AF35(S34F) 

mutant, and identify aberrantly processed pre-mRNAs by deep sequencing. We find that in 

U2AF35(S34F)-transformed cells the autophagy-related factor 7 (Atg7) pre-mRNA is abnormally 

processed, which unexpectedly is not due to altered splicing but rather selection of a distal 

cleavage and polyadenylation (CP) site. This longer Atg7 mRNA is translated inefficiently, leading 

to decreased ATG7 levels and an autophagy defect that predisposes cells to secondary mutations, 

resulting in transformation. MDS and acute myeloid leukemia patient samples harboring 

U2AF35(S34F) have a similar increased use of the ATG7 distal CP site, and previous studies have 

shown that mice with hematopoietic cells lacking Atg7 develop an MDS-like syndrome. 

Collectively, our results reveal a basis for U2AF35(S34F) oncogenic activity.
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eTOC Blurb

Mutants of the splicing factor U2AF35 are oncogenic for unknown reasons. Park et al. show that 

the U2AF35(S34F) mutant unexpectedly promotes usage of a distal poly(A) site in Atg7 mRNA, 

generating a longer, inefficiently translated transcript. Decreased ATG7 impairs autophagy, 

predisposing cells to secondary mutations and transformation.

INTRODUCTION

One of the most unexpected findings that emerged from the sequencing of cancer genomes 

is the discovery of recurrent somatic mutations in general pre-mRNA splicing factors in a 

variety of hematological and solid malignancies (Harbour et al., 2013; Imielinski et al., 

2012; Mansouri et al., 2013; Network, 2012; Network, 2013; Yoshida et al., 2011). For 

example, recurrent mutations in the splicing factor U2AF35 (also called U2AF1) have been 

found in several hematopoietic malignancies, lung cancer, and myelodysplastic syndrome 

(MDS) (Imielinski et al., 2012; Network, 2013; Visconte et al., 2012; Yoshida et al., 2011). 

U2AF35 is a component of the essential pre-mRNA splicing factor U2AF, a heterodimer 

composed of a large (65 kDa; U2AF65, also called U2AF2) and a small (35 kDa) subunit 

(Zamore and Green, 1989). U2AF plays a critical role in 3’ splice site selection and 

functions by promoting the first step in spliceosome assembly. In addition to its role in 

splicing, U2AF has also been shown to regulate mRNA 3’ end formation through 

interactions with components of the cleavage and polyadenylation machinery (de Vries et 

al., 2000; Millevoi et al., 2006; Vagner et al., 2000), which catalyzes endonucleotyic 

cleavage of the nascent RNA and synthesis of a poly(A) tail.

The most common U2AF35 mutations that have been found in cancers are at the highly 

conserved serine at amino acid position 34 (S34F/Y) (Yoshida et al., 2011). In most cases, 

the mutation is present in only one of the two U2AF35 alleles, and thus both wild-type and 

mutant U2AF35 are expressed (Yoshida et al., 2011). The specific basis by which oncogenic 

U2AF35 mutants promote transformation has been controversial. One study found that 
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overexpression of U2AF35(S34F) led to loss of splicing, resulting in intron retention 

(Yoshida et al., 2011). Another study reported that ectopic expression of U2AF(S34F) 

resulted in increased exon exclusion and increased use of cryptic splice sites (Graubert et al., 

2012). More recently, studies analyzing acute myeloid leukemia (AML) transcriptomes 

reported exon inclusion in samples harboring U2AF35 mutations (Brooks et al., 2014; 

Prasad et al., 1999). Oncogenic U2AF35 mutations have been proposed to cause both gain 

of function (Graubert et al., 2012) and loss of function (Makishima et al., 2012; Yoshida et 

al., 2011). Most importantly, in none of these previous studies has it been shown that an 

alternatively spliced mRNA was functionally linked to the transformed phenotype.

To understand how U2AF35 mutants promote transformation, here we derive cell lines that 

are transformed by the oncogenic splicing mutant U2AF35(S34F). The derivation of 

U2AF35(S34F)-transformed cell lines enabled us to perform functional experiments to 

determine whether altered RNA processing events are responsible for transformation. 

Unexpectedly, we find that in addition to aberrant splicing, a frequently altered RNA 

processing event in U2AF35(S34F)-transformed cells is a change in mRNA 3’ end 

formation, resulting from increased use of a distal cleavage and polyadenylation (CP) site. 

We go on to show that increased distal CP site use of a specific pre-mRNA, autophagy-
related factor 7 (Atg7), which encodes an essential autophagy factor, results in an autophagy 

defect that leads to transformation.

RESULTS

Derivation of Cell Lines Transformed by Oncogenic U2AF35(S34F)

To derive cell lines that are transformed by the oncogenic U2AF35(S34F) mutant, we used 

as a model system Ba/F3 cells, an interleukin-3 (IL-3)-dependent immortalized murine bone 

marrow-derived pro-B cell line that can be transformed by a number of oncogenes, such as 

BCR-ABL (Daley and Baltimore, 1988), enabling IL-3-independent growth. We stably 

expressed in Ba/F3 cells either wild-type U2AF35 (Ba/F3-U2AF35 cells), U2AF35(S34F) 

(Ba/F3-U2AF35(S34F) cells) (Figure S1A) or, as controls, BCR-ABL (Ba/F3-BCR-ABL 

cells) or empty vector (Ba/F3-V cells) followed by selection in medium lacking IL-3. As 

expected, Ba/F3-BCR-ABL cells that were able to proliferate in the absence IL-3 emerged 

rapidly (Figures 1A and S1B). IL-3-independent proliferating Ba/F3-U2AF35(S34F) cells 

could be detected after 8 days, whereas IL-3-independent Ba/F3-U2AF35 cells did not arise. 

Notably, the established Ba/F3-U2AF35(S34F) and Ba/F3-BCR-ABL cell lines had 

comparable growth rates (Figure 1B). Ba/F3-U2AF35(S34F) cells formed tumors in 

immunocompromised mice, confirming their transformed phenotype (Figure 1C). Tumors 

could also be formed using Ba/F3-U2AF35(S34F) cells that had not been pre-selected for 

IL-3-dependent proliferation in culture (Figure S1C).

Atg7 Pre-mRNA Undergoes Aberrant CP Site Selection in U2AF35(S34F)-transformed 
Ba/F3 Cells

To identify pre-mRNAs that were processed abnormally in Ba/F3-U2AF35(S34F) cells, we 

performed transcriptome profiling (RNA-Seq) experiments. Because U2AF has been shown 

to affect both pre-mRNA splicing and mRNA 3' end formation (de Vries et al., 2000; 
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Millevoi et al., 2006; Vagner et al., 2000), we analyzed the RNA-Seq data using both 

Cufflinks, which tests for alternative use of splice sites and untranslated regions (UTRs) 

(Trapnell et al., 2010), and a modified DaPars algorithm, which specifically tests for 

alternative use of CP sites (Masamha et al., 2014). Collectively, we identified 184 processing 

events, corresponding to 127 pre-mRNAs, that were significantly altered in Ba/F3-

U2AF35(S34F) cells compared to parental Ba/F3 cells (Tables S1 and S2). The RNA-Seq 

results are summarized in Figure 2A and reveal, unexpectedly, that the most frequently 

altered RNA processing event in Ba/F3-U2AF35(S34F) cells was increased use of a distal 

CP site, which comprised 40.8% of total altered RNA processing events.

Of the various pre-mRNAs whose processing was altered, we thought the most potentially 

relevant to U2AF35(S34F) oncogenic activity was Atg7, which encodes an essential 

autophagy factor (Komatsu et al., 2005). A variety of studies have shown that autophagy is a 

context-dependent cancer prevention mechanism (Mathew and White, 2007), and loss of 

essential autophagy factors have been shown to contribute to tumorigenesis (Liu et al., 2013; 

Mathew et al., 2007). Most importantly, mice in which Atg7 has been conditionally depleted 

in hematopoietic cells have an autophagy defect and develop an MDS-like syndrome 

(Komatsu et al., 2005; Mortensen et al., 2011). The RNA-Seq results indicated that the 

change in Atg7 pre-mRNA processing was not the result of altered splicing but rather 

selection of an alternative distal CP site (Figure 2B), which was confirmed by quantitative 

real-time RT-PCR (qRT-PCR) (Figure 2C) and northern blotting (Figure 2D).

The modified DaPars algorithm also identified an additional 74 pre-mRNAs which, like 

Atg7, had increased distal CP site use in Ba/F3-U2AF35(S34F) cells compared to parental 

Ba/F3 cells (Figure S2A and Table S2). The elevated use of a distal CP site in a 

representative subset of these pre-mRNAs was confirmed by qRT-PCR (Figure S2B).

To determine whether continuous expression of U2AF35(S34F) was required for 

maintenance of altered Atg7 pre-mRNA processing, we derived a transformed Ba/F3 cell 

line in which U2AF35(S34F) expression was doxycycline inducible (Ba/F3-U2AF35(S34F)I 

cells). Following doxycycline withdrawal, loss of U2AF35(S34F) (Figure S2C) resulted in 

decreased use of the Atg7 distal CP site (Figure 2E).

The U2AF35(S34F) Mutant Results in Decreased Recruitment of CFIm59 to the Atg7 
Proximal CP Site, Leading to Increased Use of the Distal CP Site

We next performed experiments to determine the basis by which U2AF35(S34F) increased 

use of the Atg7 distal CP site. Alternative CP site selection is regulated by the cleavage 

factor Im (CFIm) complex, which functions by binding to the proximal CP site (Gruber et 

al., 2012). CFIm is a heterotetramer composed of two CFIm25 (also known as CPSF5 or 

NUDT21) subunits and either CFIm59 or CFIm68 (also known as CPSF7 or CPSF6, 

respectively). CFIm59 increases use of proximal CP sites, whereas CFIm68 represses use of 

proximal CP sites. Figure 3A shows, as expected, that RNAi-mediated knockdown of 

CFIm59 in Ba/F3 cells (Figure S3A) resulted in decreased use of the Atg7 proximal CP site 

and, conversely, knockdown of CFIm68 (Figure S3B) resulted in increased use of the Atg7 
proximal CP site.
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It has been previously reported that U2AF can interact with the CFIm complex (de Vries et 

al., 2000; Millevoi et al., 2006). Co-immunoprecipitation experiments showed, as expected, 

that the U2AF65/U2AF35 heterodimer (U2AF) interacted with CFIm59 (Figure 3B) and 

CFIm68 (Figure S3C). The co-immunoprecipitations were performed in the presence of 

RNase, indicating the U2AF–CFIm interaction was not RNA dependent. Notably, the 

U2AF35(S34F) mutant decreased the U2AF–CFIm59 interaction (Figures 3B and S3D) but 

did not affect the U2AF–CFIm68 interaction (Figure S3C).

Next, we performed RNA immunoprecipitation (RIP) experiments to measure binding of 

CFIm subunits to the Atg7 proximal CP site. Figure 3C shows that the level of Atg7 pre-

mRNA-bound CFIm59 was substantially lower in Ba/F3-U2AF35(S34F) cells than in 

Ba/F3-V cells. Conversely, the level of Atg7 pre-mRNA-bound CFIm68 was substantially 

higher in Ba/F3-U2AF35(S34F) cells than in Ba/F3-V cells. The level of Atg7 pre-mRNA-

bound CFIm25 was comparable in the two cell lines. Knockdown of CFIm59 in Ba/F3 cells 

led to increased levels of Atg7 pre-mRNA-bound CFIm68 (Figures 3D and S3E) and, 

conversely, knockdown of CFIm68 led to increased levels of Atg7 pre-mRNA-bound 

CFIm59 (Figures 3E and S3F). Thus, consistent with previous studies (de Vries et al., 2000), 

binding of CFIm59 or CFIm68 to Atg7 pre-mRNA was mutually exclusive and competitive. 

Collectively, these results show that the U2AF35(S34F) mutant leads to decreased 

recruitment of CFIm59 and enhanced association of CFIm68 to the Atg7 proximal CP site, 

resulting in increased use of the distal CP site. Similar results were obtained with Sfxn3 and 

Smpd3, two other pre-mRNAs confirmed to have increased use of the distal CP site in 

Ba/F3-U2AF35(S34F) cells (see Figures S2B and S3G-S3J).

Consistent with the idea that U2AF35 contributes to recruitment of CFIm59 to the proximal 

site, knockdown of U2AF35 in Ba/F3 cells (Figure S3K) led to increased use of the Atg7 
distal CP site (Figure S3L). Notably, a previous study reported increased use of the distal CP 

site of some pre-mRNAs following U2AF35 knockdown (Kralovicova et al., 2015). By 

contrast to what we found in parental Ba/F3 cells (see Figure 3A), knockdown of CFIm68 in 

Ba/F3-U2AF35(S34F) cells (Figure S3M) did not result in decreased use of the Atg7 distal 

CP site (Figure S3N).

Use of the Atg7 Distal CP Site Results in Decreased ATG7 Proteins Levels

Increased use of the Atg7 distal CP site in Ba/F3-U2AF35(S34F) cells results in a longer 3’ 

UTR, which is often subject to translational repression (Barrett et al., 2012). Indeed, ATG7 

protein levels were markedly reduced in Ba/F3-U2AF35(S34F) cells compared to control 

Ba/F3-V and Ba/F3-BCR-ABL cells (Figures 4A and S4A). Moreover, depletion of 

U2AF35(S34F) from Ba/F3-U2AF35(S34F)I cells resulted in increased levels of ATG7 

protein (Figures 4B and S4B). Consistent with the results of Figure 3A, knockdown of 

CFIm59 led to reduced levels of ATG7 protein and, conversely, knockdown of CFIm68 led 

to increased levels of ATG7 protein (Figure 4C).

To confirm that the Atg7 long 3’ UTR repressed translational activity, we inserted it 

downstream of a luciferase reporter gene and found that luciferase activity was substantially 

decreased (Figure 4D). Deletion analysis revealed that the translational repressive element 

was located between nucleotides 1–350 within the Atg7 long 3’ UTR (Figure S4C), a region 
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that is highly conserved between human and mouse (Figure S4D). Whether this region of the 

Atg7 long 3’ UTR represses translation through interaction with a miRNA or protein, or by 

some other mechanism, remains to be determined.

We performed several experiments whose results demonstrated that the decreased level of 

ATG7 protein was the basis of U2AF35(S34F) oncogenic activity. First, constitutive 

expression of an Atg7 derivative lacking the 3’ UTR, and thus not subject to translational 

repression, prevented transformation by U2AF35(S34F) (Figure S4E). Second, knockdown 

of Atg7 (Figure S4F) could transform Ba/F3 cells, as evidenced by IL-3-independent 

proliferation (Figures 4E, 4F, and S4G) and tumor formation in immunocompromised mice 

(Figure 4G). Similar to the results with ATG7, knockdown of two other essential autophagy 

factors, ATG5 and BECN1 (Watson et al., 2011), also transformed Ba/F3 cells (Figure S4H).

U2AF35(S34F)-transformed Ba/F3 Cells have an Autophagy Defect, Mitochondrial 
Dysfunction and an Increased Spontaneous Mutation Frequency

We performed several experiments to investigate the basis of U2AF35(S34F)-mediated 

transformation. First, we sought to confirm that U2AF35(S34F)-transformed cells had an 

autophagy defect. To measure autophagy, we monitored the levels of two well-characterized 

markers of autophagic flux: LC3B, whose cytosolic form (LC3B-I) is conjugated to 

phosphatidylethanolamine to form LC3B-II during autophagy, and p62 (also called 

STQM1), a protein that is degraded by autophagy (Klionsky et al., 2008; Mizushima et al., 

2010). Inhibition of autophagic flux blocks conversion of LC3B-I to LC3B-II (resulting in a 

decreased LC3B-II/LC3B-I ratio) and degradation of p62 (resulting in increased p62) 

(Bjorkoy et al., 2009; Mizushima and Yoshimori, 2007). Ba/F3-U2AF35(S34F) cells and, as 

expected, Ba/F3-Atg7shRNA cells contained a lower LC3B-II/LC3B-I ratio and higher 

levels of p62 than control Ba/F3-V cells or Ba/F3 cells expressing a non-silencing (NS) 

shRNA (Ba/F3-NSshRNA cells), indicative of reduced autophagic flux (Figure 5A and 

Figure S5A). Moreover, PP242, an mTOR inhibitor (Feldman et al., 2009) that activates 

formation of autophagosome vesicles (Fleming et al., 2011), induced autophagy in control 

Ba/F3-V and Ba/F3-NSshRNA cells, as expected, but not in Ba/F3-U2AF35(S34F) or 

Ba/F3-Atg7shRNA cells (Figure 5B).

We next tested whether U2AF35(S34F) was required for maintenance of the transformed 

phenotype. We found that following depletion of U2AF35(S34F), Ba/F3-U2AF35(S34F)I 

cells continued to proliferate in the absence of IL-3 (Figure 5C) despite restoration of 

normal ATG7 levels (see Figure 4B). Likewise, transient depletion of Atg7 promoted 

transformation of Ba/F3 cells (Figure S5B). Thus, U2AF35(S34F) is required for the 

establishment but not maintenance of transformation.

The observations that U2AF35(S34F)-transformed cells emerged relatively slowly (Figure 

1A), and that transformation was maintained following depletion of U2AF35(S34F) (Figure 

5C), suggested that transformation was the result of a secondary event, such as a mutation. 

Indeed, previous studies have shown that defective autophagy leads to genomic instability, 

which is due at least in part to mitochondrial dysfunction resulting in increased levels of 

reactive oxygen species (ROS) (Mathew et al., 2007; Mathew and White, 2007). Moreover, 
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loss of ATG7 has been found to cause mitochondrial dysfunction, which likely results from 

impaired clearance of damaged mitochondria (Zhang et al., 2009).

To test Ba/F3-U2AF35(S34F) cells for mitochondrial dysfunction, Ba/F3-V, Ba/F3-

U2AF35, Ba/F3-U2AF35(S34F), Ba/F3-NSshRNA, and Ba/F3-Atg7shRNA cells were 

double-stained with MitoTracker Green (an indicator of mitochondrial mass, or total 

mitochondria) and MitoTracker Red (an indicator of mitochondrial membrane potential, or 

respiring mitochondria), or single-stained with MitoSOX (an indicator of mitochondrial 

superoxide levels, or ROS-generating mitochondria) followed by FACS analysis. Ba/F3-

U2AF35(S34F) cells and Ba/F3-Atg7shRNA cells accumulated dysfunctional, non-respiring 

mitochondria (indicated by MitoTracker Green-positive, Mitotracker Red-negative staining; 

Zhou et al., 2011) (Figure 5D) and increased mitochondrial ROS production (Figure 5E) 

compared to control Ba/F3-V and Ba/F3-NSshRNA cells, respectively.

Because ROS is mutagenic (Klaunig et al., 2010), we measured spontaneous mutation 

frequency using a well established assay in which cells harboring mutations in an essential 

gene encoding hypoxanthine-guanine phosphoribosyltransferase (HPRT) or Na,K-ATPase 

are detected by positive selection using 6-thioguanine (6-TG) or ouabain, respectively. 

Figure 5F shows, consistent with the increased ROS, that Ba/F3-U2AF35(S34F) and Ba/F3-

Atg7shRNA cells also had a higher spontaneous mutation frequency, as evidenced by 

increased frequency of 6-TG- or ouabain-resistant mutants, than Ba/F3-V, Ba/F3-U2AF35 

and Ba/F3-NSshRNA cells. Notably, the increased spontaneous mutation frequency was 

suppressed by treatment of cells with the anti-oxidant ascorbate (Figure 5F), indicative of a 

causal role for elevated ROS. Furthermore, ascorbate suppressed the ability of 

U2AF35(S34F) to promote transformation (Figure S5C).

Impaired autophagy can render cells highly sensitive to cytotoxic agents (Gewirtz, 2014). 

We therefore examined whether the proliferation of Ba/F3-U2AF35(S34F) and Ba/F3-

Atg7shRNA cells was preferentially impaired by treatment with cytotoxic agents compared 

to parental Ba/F3 cells. Figure 5G shows, as expected, that treatment of control Ba/F3-V 

cells or Ba/F3-NSshRNA cells with the DNA damaging agent etoposide in combination with 

the autophagy inhibitor 3-methyladenine resulted in reduced proliferation compared to either 

treatment alone. Notably, proliferation of Ba/F3-U2AF35(S34F) and Ba/F3-Atg7shRNA 

cells was greatly reduced upon etoposide treatment compared to etoposide-treated Ba/F3-V, 

Ba/F3-U2AF35 or Ba/F3-NSshRNA cells. Similar results were obtained when cells were 

treated with two other chemotherapeutic agents, 5-azacytidine or topotecan (Figures S5D 

and S5E), and when x-ray irradiation was used rather than a drug (Figure 5H).

Aberrant ATG7 CP Site Selection and Decreased ATG7 Protein Levels in U2AF(S34F)-
transformed Human Bronchial Epithelial Cells

Previous studies have shown that U2AF35 is also mutated in lung cancer (Imielinski et al., 

2012). Therefore, to investigate the generality of our results we analyzed the effect of 

U2AF35(S34F) expression in small airway (SA) cells, an immortalized but non-transformed 

human bronchial epithelial cell line (Lundberg et al., 2002). We found that stable expression 

of U2AF35(S34F) in SA cells (SA-U2AF35(S34F) cells; Figure 6A) resulted in 

transformation as evidenced by growth in soft agar (Figure 6B) and tumor formation in 
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immunocompromised mice (Figure 6C). Moreover, in SA-U2AF35(S34F) cells there was 

increased use of the ATG7 distal CP site (Figure 6D), and ATG7 protein levels were reduced 

relative to those in SA cells expressing empty vector (SA-V cells; Figures 6E, S6A and 

S6B). As expected, SA-U2AF35(S34F) cells and SA cells expressing an ATG7 shRNA (SA-

ATG7shRNA cells) contained a lower LC3B-II/LC3B-I ratio and higher levels of p62 than 

control SA-V cells or SA-NS shRNA cells, indicative of an autophagy defect (Figures 6F 

and S6C). Finally, proliferation of SA-U2AF35(S34F) and SA-ATG7shRNA cells was 

greatly reduced upon etoposide treatment compared to etoposide-treated control SA-V cells 

or SA-NSshRNA cells (Figure 6G).

Increased Selection of the ATG7 Distal CP site in MDS and Acute Myeloid Leukemia Patient 
Samples

Finally, to investigate the clinical relevance of our results, we analyzed ATG7 mRNA levels 

in MDS patient bone marrow samples that contained either wild-type U2AF35 or 

U2AF35(S34F) (Table S3). Similar to our tissue culture results, we found that in MDS 

patient samples harboring U2AF35(S34F), there was increased use of the ATG7 distal CP 

site compared to that found in MDS patient samples with wild-type U2AF35 (Figure 7A).

Approximately 30% of patients diagnosed with MDS will ultimately develop acute myeloid 

leukemia (AML). We were therefore interested in determining whether there might be 

similar changes in ATG7 CP site selection in AML. Notably, bioinformatic analysis of The 

Cancer Genome Atlas acute myeloid leukemia (TCGA AML) dataset (Network, 2013) 

revealed a statistically significant increased use of the ATG7 distal CP site in AML samples 

containing U2AF35(S34F) (Figure 7B).

DISCUSSION

Based upon our collective results, we propose a model by which the oncogenic 

U2AF35(S34F) mutant promotes transformation (Figure 7C). The U2AF35(S34F) mutation 

alters interaction with CFIm59, leading to increased use of a distal CP site in the ATG7 pre-

mRNA, decreased levels of ATG7 protein and defective autophagy. The autophagy defect 

leads to mitochondrial dysfunction, resulting in genomic instability that predisposes cells to 

secondary oncogenic mutations, ultimately leading to transformation. Consistent with this 

conclusion, we show that U2AF35(S34F) is required for establishment but not maintenance 

of transformation. Our results fit well with previous studies showing that loss of essential 

autophagy factors such as ATG5 and BECN1 contribute to tumorigenesis (Liu et al., 2013; 

Mathew et al., 2007).

We demonstrate the generality of our results by showing that U2AF35(S34F) can transform 

both immortalized hematopoietic cells and immortalized epithelial cells with similar effects 

on both ATG7 pre-mRNA CP site selection and ATG7 protein levels. In addition, several 

observations indicate that our findings are directly relevant to MDS. First, as described 

above, mice in which Atg7 has been conditionally depleted in hematopoietic cells develop 

an MDS-like syndrome (Komatsu et al., 2005; Mortensen et al., 2011). Second, we confirm 

the clinical relevance of our results by showing that MDS as well as AML patient samples 

bearing the U2AF35(S34F) mutant have a similar increased use of the ATG7 distal CP site.
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Although the phenomenon of alternative CP site use has been known for decades, only 

recently has the extent of this alternative RNA processing event been fully recognized. The 

majority of human genes contain at least two CP sites, and widespread alternative CP site 

use has been found in multiple organisms and systems (Shi, 2012). In general, proliferative 

cells, such as induced pluripotent stem cells and cancer cells, have a global shortening of 3’ 

UTRs compared to their less proliferative counterparts (Fu et al., 2011; Ji et al., 2009; Mayr 

and Bartel, 2009). Consistent with this idea, in cancer cells, which are characterized by 

uncontrolled proliferation, there is widespread increase in the use of proximal CP sites 

(Elkon et al., 2013). Here we show how another type of aberrant CP site selection, a switch 

to a distal CP site, can also lead to transformation.

Although we have shown that decreased ATG7 protein levels are sufficient to transform 

Ba/F3 cells, the U2AF35(S34F) mutant affects CP site selection in other pre-mRNAs 

(Figure S2A), some of which may also contribute to transformation. Similar to our results, 

previous studies have identified mRNAs with altered splicing patterns in cells (Przychodzen 

et al., 2013; Shao et al., 2014; Yoshida et al., 2011) or tumors (Brooks et al., 2014) 

containing U2AF35(S34F). Although in no case has an alternatively spliced mRNA been 

functionally linked to the transformed phenotype, we do not discount the possibility that 

U2AF35(S34F)-mediated alterations in splicing may also contribute to transformation.

We focused on the U2AF35(S34F) mutant because it is by far the most frequent U2AF35 

mutant in MDS and human cancers (Yoshida et al., 2011). However, we also found that 

MDS patient samples containing U2AF35(S34Y) or U2AF35(Q157P) have a similar 

increased use of the ATG7 distal CP site (Figure S7). Whether oncogenic U2AF35 

mutations in patient samples from other cancer types, such as lung cancer, have a similar 

effect on ATG7 CP site selection remains to be determined.

In addition to U2AF35, recurrent mutations in other splicing factors such as SF3B1, SRSF2, 

and ZRSR2 have been identified in various cancer types (Cazzola et al., 2013; Ellis et al., 

2012; Furney et al., 2013; Harbour et al., 2013; Papaemmanuil et al., 2011; Quesada et al., 

2012; Thol et al., 2012; Wang et al., 2011; Yoshida et al., 2011). Similar to studies with 

U2AF35(S34F), these other oncogenic splicing factor mutants have been reported to 

promote aberrant splicing of some pre-mRNAs (Furney et al., 2013; Kim et al., 2015). 

Whether these other oncogenic splicing factors mutants also directly or indirectly promote 

alternative CP site selection that is relevant to the transformed phenotype remains to be 

determined.

As mentioned above, impaired autophagy can render cells highly sensitive to cytotoxic 

agents (Gewirtz, 2014). Consistent with this general concept, we found that following 

treatment with DNA damaging agents, the proliferation of Ba/F3 or SA cells expressing 

U2AF35(S34F) or an Atg7 shRNA was greatly reduced compared to their non-transformed 

counterparts (see Figures 5G, 5H, 6G, S5D and S5E). Thus, the autophagy defect of 

U2AF35(S34F)-containing cells may be a vulnerability that can be therapeutically exploited 

to treat patients with MDS and other malignancies that contain U2AF35(S34F).
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EXPERIMENTAL PROCEDURES

Cell Proliferation Assays

Cells (1×105) were seeded in a 6-well plate, and cell viability was determined every 24 h for 

4 days using 0.1% HyClone Trypan blue solution (Thermo Fisher Scientific). Viable cells 

were counted using a Countess Automated Cell Counter (Life Technologies).

Tumor Formation Assays

All animal protocols were approved by the Institution Animal Care and Use Committee at 

UMMS (A-2247). Ba/F3 or SA cells (6×106) expressing either vector, U2AF35(S34F), NS 

shRNA or Atg7/ATG7 shRNA were suspended in 100 μl Matrigel (BD Biosciences) and 

PBS mix (1:1) and injected subcutaneously into the right flank of 5–6 week old athymic 

BALB/c (nu/nu) male mice (Taconic Farms). Tumor dimensions were measured every 4 

days for ~3 weeks and tumor volume was calculated using the formula π/6 × (length) × 

(width)2.

RNA-Seq

Total RNA from parental Ba/F3 or Ba/F3-U2AF35(S34F) cells was isolated using TriPure 

Isolation Reagent (Roche), followed by mRNA purification, cDNA synthesis, and 

amplification. Libraries were sequenced as 100-bp paired ends using Illumina HiSeq 2000. 

All reads were mapped to the mouse genome (mm10) using TopHat, followed by running 

Cufflinks to assemble and quantify the transcriptome (Trapnell et al., 2012). Alternative 

splicing events were first identified using Cuffdiff2 and further analyzed as described in 

Supplemental Experimental Procedures to select isoforms for further validation (Table S1). 

Alternative CP site use was evaluated using Identification of novel alternative 

polyadenylation sites (InPAS, version 0.0.9; http://www.bioconductor.org/packages/release/

bioc/html/InPAS.html), the details of which will be published separately. The RNA-Seq data 

have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are 

accessible through GEO Series accession number GSE63404 (http://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=gdgnakkijbydfsl&acc=GSE63404.

Northern Blot Analysis

Poly(A) RNA was extracted from Ba/F3-V or Ba/F3-U2AF35(S34F) cells using PolyATtract 

mRNA Isolation System IV (Promega) and analyzed by northern blot analysis using a 32P-

labeled probe specific for mouse Atg7 short 3’ UTR or Gapdh (see Supplemental 

Experimental Procedures for further details). Signals were visualized by phosphorimager 

and quantified.

RNA Interference

Ba/F3 cells were transfected with 100 nM of the CFIm59 or CFIm68 siRNA (see 

Supplemental Experimental Procedures for sequences) or control siRNA (Sigma-Aldrich) 

using a Cell Line Nucleofector kit V (Lonza). For shRNA-mediated knockdown, lentiviral 

plasmids containing either mouse CFIm59, CFIm68 or Atg7 shRNA (Open Biosystems/GE 

Dharmacon; clone IDs listed in Supplemental Experimental Procedures) were transfected 
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into HEK293T cells using Effectene (QIAGEN). Viral supernatants were collected 48 h later 

and used to infect Ba/F3 cells followed by puromycin selection.

Co-immunoprecipitation Assays

HEK293T cells were transfected with a construct expressing Flag-CFIm59 or Flag-CFIm68, 

and 56 h later cells were harvested, lysed and briefly sonicated. Extracts were cleared by 

centrifugation and incubated with anti-FLAG M2 affinity gel (Sigma-Aldrich). Beads were 

washed three times, treated with 10 μg/ml RNase A, and washed again. Flag-CFIm59/68-

bound beads were incubated with Ba/F3-U2AF35 or Ba/F3-U2AF35(S34F) nuclear extracts 

prepared as described in Supplemental Experimental Procedures. Proteins were eluted and 

analyzed by immunoblotting with the following antibodies: U2AF65 (Santa Cruz 

Biotechnology, MC3), MYC (Roche, 11-667-149-001), β-actin (Sigma, AC74), FLAG M2 

(Sigma, F1804).

RNA Immunoprecipitation Assay

RNA immunoprecipitation was performed as described in the Supplemental Experimental 

Procedures, using the following antibodies: CFIm25 (Santa Cruz, sc-81109), CFIm59 

(Bethyl Laboratories, A301-360A) and CFIm68 (Abcam, ab175237) were used for RNA 

immunoprecipitation and mouse IgG (Abcam, ab18413) or rabbit IgG (Abcam, ab46540) as 

a negative control. 1% of the DNase-treated extract was taken for an input fraction. The 

qRT-PCR levels of the IP samples were normalized against the input of the same samples 

and calibrated to an IgG control followed by normalization to an irrelevant region in the 18S 

rRNA. Fold enrichment was calculated by setting the IgG control IP sample to a value of 1.

Immunoblot Analysis

Protein extracts were prepared by lysis in Laemmli buffer [62.5 mM Tris-HCl (pH 6.8), 5% 

2-mercaptoethanol, 10% glycerol, 2% SDS, 0.002% bromophenol blue]. Blots were probed 

with the following antibodies: U2AF65 (Santa Cruz Biotechnology, MC3), MYC (Roche, 

11-667-149-001), β-actin (Sigma, AC74), FLAG M2 (Sigma, F1804), ATG7 (ProSci, 3615), 

CFIm59 (Bethyl Laboratories, A301-359A), CFIm68 (Abcam, ab175237), LC3B (Cell 

Signaling Technology, #3868), p62 (Santa Cruz Biotechnology, sc-28359), U2AF35 

(Proteintech, 10334-1-AP) and α-tubulin (Sigma, B5-1-2). Immunoblots were visualized by 

a ChemiDoc™ MP System (Bio-Rad).

Luciferase Reporter Assay

Regions of the mouse Atg7 3’UTR cDNA were PCR amplified and cloned downstream of 

the Renilla luciferase stop codon in psiCHECK-2 (Promega), which also contains firefly 

luciferase. Constructs were transfected into HEK293T cells using Effectene. Luciferase 

activity was measured 48–60 h later using the Dual-Luciferase Reporter Assay System 

(Promega). Transfection efficiency was normalized by firefly luciferase activity.

Cyto-ID Fluorescence Spectrophotometric Assay

Cells were treated with 10 μM PP242 (Sigma-Aldrich) or DMSO for 4 h and then washed 

with PBS supplemented with 5% FBS. Cells (6x104) were then divided: one half was used 
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for Cyto-ID fluorescence measurement, and the other half for an MTS assay. Cyto-ID (Enzo 

Life Sciences) staining was performed with minor modifications (see Supplemental 

Experimental Procedures). Cyto-ID fluorescence was read using a SpectraMax M5 

microplate reader (Molecular Devices; excitation 480 nm, emission 530 nm) and was 

normalized to the cell density among each sample, determined using a Cell-Titer 96 

Aqueous One solution cell proliferation assay (MTS) (Promega).

MitoTracker Staining

Cells (5×105) were pelleted and resuspended in pre-warmed staining solution. Mitochondrial 

mass was measured by staining cells with 100 nM MitoTracker Green FM and MitoTracker 

Red FM (Molecular Probes/Invitrogen) for 20 min at 37°C. Mitochondrial ROS levels were 

measured by staining cells with 5 μM MitoSOX (Molecular Probes/Invitrogen) for 20 min at 

37°C. Cells were then washed with PBS and resuspended in a PBS solution containing 1% 

FBS for FACS analysis. Fluorescence emission was analyzed using a BD LSR II flow 

cytometer (BD Biosciences).

Spontaneous Mutation Frequency Assays

Cells from replicate cultures were counted and resuspended in RPMI medium supplemented 

with 10% FBS, 0.9% methylcellulose (StemCell Technologies) and 5 ng/ml IL-3. Cells 

(2.5×105) were plated in selective medium containing 2 mM ouabain (Sigma-Aldrich) or 20 

μM 6-TG (Sigma-Aldrich) and incubated at 37°C for 1 week to determine the number of the 

Na-K-ATPase or HPRT mutant colonies, respectively. Colonies larger than 50 cells were 

counted under a microscope and mutant frequencies were calculated after correcting for 

plating efficiency. For ascorbate treatment, (+)-sodium L-ascorbate (Sigma Aldrich) was 

added to cells (250 μM final concentration) and replenished every three days for one month 

prior to addition of oubain or 6-TG.

MDS Patient Samples

Bone marrow aspirates from MDS patients (Table S3) were collected using standard 

procedures at New York Presbyterian/Columbia University Medical Center. Informed 

consent for sample collection was obtained according to protocols approved by the 

Columbia University's institutional review board (#AAAL5907). Bone marrow mononuclear 

cells (BMMNC) were isolated from bone marrow aspirate using Ficoll density gradient 

centrifugation. BMMNC pellets were re-suspended in TRIzol and stored at −80°C.

The U2AF35 mutation status determination of the length of the human ATG7 3’UTR were 

performed as described in Supplemental Experimental Procedures. To determine if there was 

a significant difference in ATG7 CP site use between normal and U2AF35(S34F)-containing 

samples, the average values for each group were determined.

Soft Agar Anchorage-independent Growth Assay

SA cells (2.5×104) expressing vector, MYC-U2AF35 or MYC-U2AF35(S34F) were 

suspended in a top layer of BEGM medium (Lonza) and 0.3% Noble agar (Invitrogen) and 

plated on a bottom layer of growth media and 0.7% Nobel agar in 6-well plates. Colonies 

were counted 8 weeks after plating.
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Acute Myeloid Leukemia Bioinformatic Analysis

RNA-Seq data were obtained for the acute myeloid leukemia (LAML) dataset (which 

includes 165 samples harboring wild-type U2AF35 and four samples harboring 

U2AF35(S34F); Table S4) from The Cancer Genome Atlas (TCGA) Data Portal. The 

percentage distal polyadenylation site usage index (PDUI) values were extracted for ATG7 
and filtered by first 100 nt 3' UTR coverage greater than 10.

Cytotoxicity Assays

Ba/F3 cells were plated (2,500 cells per well) in the presence of 1 μM etoposide (Sigma-

Aldrich), 1 mM 3-methyladenine (Sigma-Aldrich), or both. SA cells were plated (4,000 cells 

per well) in the presence of 5 μM etoposide, 5 mM 3-methyladenine (Sigma-Aldrich), or 

both. For the radiosensitivity test, 2 h following drug treatment, Ba/F3 cells were irradiated 

with x-rays (4 Gy) at a dose rate of 220 cGy/min. Cytotoxic effects were measured using an 

MTS assay. The percentage of growth inhibition was calculated as follows: growth 

inhibition (%) = (1-A of experiment well/A of negative control well)×100% (where A is 

absorbance, and the negative control is non-treated cells).

Statistics

All quantitative data were collected from experiments performed at least three times with 

technical replicates; statistically significant results were obtained in independent biological 

replicates. In general, differences between groups were analyzed using paired two-tailed 

Student’s t-test using Microsoft Excel, with the exception of Figure 7A, which was analyzed 

using Student’s unpaired t-test using GraphPad Prism software. Significant differences were 

considered when P<0.05; *P=0.05, and **P=0.01. Error bars indicate the standard deviation 

for the technical replicates or standard error of the mean for TCGA data (Figure 7B), as 

indicated in the figure legend.

Supplementary Material

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

• U2AF35(S34F) transforms immortalized cells by aberrantly processing 

Atg7 pre-mRNA

• The altered Atg7 pre-mRNA has a longer 3’ UTR, resulting in 

decreased ATG7 levels

• Decreased ATG7 results in an autophagy defect that leads to secondary 

mutations

• Altered ATG7 pre-mRNA is found in U2AF35(S34F)-positive MDS 

and AML patient samples
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Figure 1. Derivation of U2AF35(S34F)-transformed Cell Lines
(A) Proliferation of parental Ba/F3 cells cultured in the presence (+) or absence (−) of IL-3, 

and Ba/F3-V, Ba/F3-U2AF35, Ba/F3-U2AF35(S34F) or Ba/F3-BCR-ABL cells cultured in 

the absence of IL-3. A representative graph from n=9 biological replicates is shown. Two 

other replicates are shown in Figure S1B.

(B) Proliferation of parental Ba/F3 cells, and established Ba/F3-V, Ba/F3-U2AF35, Ba/F3-

U2AF35(S34F) or Ba/F3-BCR-ABL cells.

(C) Tumor formation in mice (n=4 mice per group) injected with Ba/F3-V or Ba/F3-

U2AF35(S34F) cells. Error bars indicate SD. *P<0.05; **P<0.01. See also Figure S1.
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Figure 2. Atg7 Pre-mRNA Undergoes Aberrant CP Site Selection in U2AF35(S34F)-transformed 
Ba/F3 Cells
(A) Summary of RNA-Seq analysis.

(B) Schematic of the Atg7 pre-mRNA 3’ UTR showing the positions of the proximal (P) and 

distal (D) CP sites.

(C) qRT-PCR monitoring the relative use of the Atg7 distal versus proximal CP site in 

Ba/F3-V, Ba/F3-U2AF35(S34F) or Ba/F3-BCR-ABL cells.

(D) Top, northern blot analysis of Atg7 pre-mRNA in Ba/F3-V or Ba/F3-U2AF35(S34F) 

cells. Gapdh was monitored as a loading control. Bottom, quantification.

(E) qRT-PCR monitoring the relative Atg7 CP site use in Ba/F3-V or Ba/F3-U2AF35(S34F)I 

cells following doxycycline withdrawal. Error bars indicate SD. *P<0.05; **P<0.01. See 

also Figure S2.
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Figure 3. The U2AF35(S34F) Mutant Results in Decreased Recruitment of CFIm59 to the Atg7 
Proximal CP Site, Leading to Increased use of the Distal CP Site
(A) qRT-PCR monitoring relative Atg7 CP site use in Ba/F3 cells expressing a control, 

CFIm59 or CFIm68 siRNA.

(B) Co-immunoprecipitation analysis. FLAG-tagged CFIm59-bound beads were added to 

extracts from Ba/F3 cells expressing MYC-U2AF35 or MYC-U2AF35(S34F) in the 

presence of RNase. The beads were collected and washed, and the bound proteins were 

analyzed by immunoblotting for U2AF65, MYC-U2AF35 or FLAG-CFIm59. β-actin 

(ACTB) was monitored as a control. (C-E) RIP assay monitoring binding of CFIm59, 

CFIm68 or CFIm25 to the Atg7 proximal CP site in Ba/F3-V or Ba/F3-U2AF35(S34F) cells

(C), in Ba/F3 cells expressing a NS or CFIm59 shRNA

(D), or in Ba/F3 cells expressing a NS or CFIm68 shRNA

(E). Binding was normalized to IgG, which was set to 1. *P<0.05; **P<0.01. See also Figure 

S3.
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Figure 4. Use of the Atg7 Distal CP Site Results in Decreased ATG7 Protein Levels, which can 
Transform Ba/F3 Cells
(A) Immunoblot monitoring ATG7 in Ba/F3-V, Ba/F3-U2AF35(S34F) or Ba/F3-BCR-ABL 

cells. α-tubulin (TUBA) was monitored as a loading control.

(B) Immunoblot monitoring ATG7 in Ba/F3-U2AF35(S34F)I cells following doxycycline 

(dox) withdrawal.

(C) (Left) Immunoblot monitoring ATG7 and CFIm59 in Ba/F3 cells expressing a control or 

CFIm59 siRNA. (Right) Immunoblot monitoring ATG7 and CFIm68 in Ba/F3 cells 

expressing a control or CFIm68 siRNA.

(D) Luciferase reporter assay in HEK293T cells expressing empty vector or a region 

corresponding to the short or long 3’ UTR of Atg7.

(E) Proliferation of parental Ba/F3, Ba/F3-NSshRNA or Ba/F3-Atg7shRNA cells. A 

representative graph from n=5 biological replicates is shown. Two other replicates are shown 

in Figure S1B.

(F) Proliferation of parental Ba/F3 cells, and established Ba/F3-NSshRNA or Ba/F3-

Atg7shRNA cells.

(G) Tumor formation in mice (n=3 mice per group) injected with Ba/F3-NSshRNA or 

Ba/F3-Atg7shRNA cells. Error bars indicate SD. *P<0.05; **P<0.01. See also Figure S4.
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Figure 5. Clinical Relevance and Demonstration that U2AF35(S34F)-transformed Ba/F3 Cells 
have an Autophagy Defect, Mitochondrial Dysfunction and an Increased Spontaneous Mutation 
Frequency
(A) Immunoblot monitoring LC3B-I, LC3B-II and p62 in Ba/F3-V, Ba/F3-U2AF35(S34F), 

Ba/F3-NSshRNA or Ba/F3-Atg7shRNA cells.

(B) Fluorescent Cyto-ID assay. Ba/F3-V, Ba/F3-U2AF35(S34F), Ba/F3-NSshRNA or 

Ba/F3-Atg7shRNA cells were treated with or without PP242 and stained with Cyto-ID, a 

fluorescent dye that selectively labels autophagic vacuoles.

(C) Proliferation of Ba/F3-V cells (cultured in the presence of IL-3) or Ba/F3-

U2AF35(S34F) cells (cultured in the absence of IL-3) cultured in the presence or absence of 

doxycycline. (D and E) FACS analysis of Ba/F3-V, Ba/F3-U23AF35, Ba/F3-

U2AF35(S34F), Ba/F3-NSshRNA or Ba/F3-Atg7shRNA cells cultured in the presence of 

IL-3 and double-stained with MitoTracker Green and MitoTracker Red
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(D) or stained with MitoSOX

(E). The MitoTracker Green-positive, MitoTracker Red-negative population is encircled; 

quantification of this population is provided in the lower left-hand corner of the plot.

(F) Spontaneous mutation frequency in Ba/F3-V, Ba/F3-U2AF35, Ba/F3-U2AF35(S34F), 

Ba/F3-NSshRNA or Ba/F3-Atg7shRNA control (water) or ascorbate-treated cells, as 

measured by resistance to 6-thioguanine (6-TG; left) or ouabain (right). The results were 

normalized to that obtained in control Ba/F3-V or Ba/F3-NSshRNA cells, which was set to 

1.

(G) Proliferation of Ba/F3-V, Ba/F3-U2AF35, Ba/F3-U2AF35(S34F), Ba/F3-NSshRNA or 

Ba/F3-Atg7shRNA cells treated with etoposide or, as a positive control, the autophagy 

inhibitor 3-methyladenine (3-MA), or both.

(H) Proliferation of Ba/F3-V, Ba/F3-U2AF35, Ba/F3-U2AF35(S34F), Ba/F3-NSshRNA or 

Ba/F3-Atg7shRNA cells treated with x-ray irradiation, or x-ray irradiation and 3-MA. Error 

bars indicate SD. *P<0.05; **P<0.01. See also Figure S5.
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Figure 6. Aberrant ATG7 CP Site Selection and Decreased ATG7 Protein Levels in U2AF(S34F)-
transformed Human Bronchial Epithelial Cells
(A) Immunoblot analysis monitoring MYC-U2AF35 and U2AF35 levels in SA cells 

expressing vector, U2AF35 or U2AF35(S34F). α-tubulin (TUBA) was monitored as a 

loading control.

(B) Soft agar assay with SA cells expressing vector, U2AF35 or U2AF35(S34F).

(C) Tumor formation in mice (n=3 mice per group) injected with SA cells expressing vector 

or U2AF35 (S34F).

(D) qRT-PCR analysis monitoring the relative CP site use in the ATG7 pre-mRNA in SA 

cells expressing vector or U2AF35(S34F).

(E) Immunoblot analysis monitoring ATG7 levels in SA cells expressing vector or 

U2AF35(S34F).

(F) Immunoblot monitoring LC3B-I, LC3B-II and p62 in SA-V, SA-U2AF35(S34F), SA-

NSshRNA or SA-ATG7shRNA cells.

(G) Proliferation of SA-V, SA-U2AF35(S34F), SA-NSshRNA or SA-Atg7shRNA cells 

treated with etoposide, 3-MA, or both. Error bars indicate SD. *P<0.05; **P<0.01. See also 

Figure S6.
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Figure 7. Increased Selection of the ATG7 Distal CP site in MDS and Acute Myeloid Leukemia 
Patient Samples
(A) (Left) qRT-PCR monitoring ATG7 pre-mRNA CP site use in MDS patient samples 

containing wild-type U2AF35 or U2AF35(S34F). The first wild-type U2AF35 sample was 

set to 1. (Right) Average values for patient samples containing wild-type U2AF35 or 

U2AF35(S34F). Error bars indicate SD.

(B) Bioinformatic analysis of ATG7 pre-mRNA CP site use in AML samples containing 

wild-type U2AF35 or U2AF35(S34F). PDUI, percentage distal polyadenylation site usage 

index. Mean PDUI values are shown; error bars indicate SEM. P<0.05; **P<0.01.

(C) Schematic model. See also Figure S7.
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