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Abstract 

Post-transcriptional regulations of mRNA transcripts such as alternative splicing and 

alternative polyadenylation can affect the expression of genes without changing the 

transcript levels. These events have significant physiological impacts on various 

biological systems. Nevertheless, how cellular signaling pathways control these post-

transcriptional processes in cells has not been very well explored. The mammalian target 

of rapamycin complex 1 (mTORC1) pathway plays a key role in sensing cellular nutrient 

and energy status and regulating the proliferation and growth of cells. Dysregulation of 

mTORC1 pathway is associated with a number of pathological conditions, including 

cancers. It has been well-known that mTORC1 controls its downstream pathways through 

translational and/or transcriptional regulation of the expression of key downstream 

effectors. Yet recent studies have also suggested that mTORC1 can control downstream 

pathways via post-transcriptional regulations. In this work, I discuss the roles of post-

transcriptional processes in gene expression regulations and argue that post-

transcriptional regulation is an additional layer of gene expression control by mTORC1 to 

steer cellular biology. Particularly, I demonstrate this by showing how mTORC1 

promotes the transcriptome-wide 3’-UTR shortening, as well as how it controls the 

expression profile of the functionally distinct isoforms of the splicing factor gene U2AF1 

in cells via alternative splicing to modulate the proteome. These emphasize the 

importance of studying post-transcriptional events in transcriptome datasets for gaining a 

fuller understanding of gene expression regulations in the biological systems of interest. 
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Introduction to post-transcriptional regulations 

Post-transcriptional regulations refer to the processes that RNA transcripts are subjected 

to between transcription and translation, namely 5’-capping, splicing, polyadenylation, 

RNA modification, etc. These processes greatly impact the expression of genes (Fig. 1A). 

Particularly, recent studies have convincingly demonstrated that post-transcriptional 

regulations play critical roles in controlling cellular biology and are associated with 

various diseases1–4. 

 

Splicing and Alternative Splicing 

Splicing is a critical mRNA maturation process in eukaryotic cells in which intervening 

sequences (introns) are cut out from the nascent transcript and exon sequences are pieced 

together by the spliceosome to form uninterrupted coding DNA sequences (CDS) and UTR 

sequences for proper protein translation. This process occurs co-transcriptionally and is 

dependent upon the actions and activities of RNA polymerase II (Pol II) (Fig. 1A)5–7. In 

alternative splicing (AS), certain exons, or part of certain exons, are alternatively included 

in the mature transcripts in different biological contexts. AS occurs in about 95% of multi-

exon genes in human transcriptome8. The regulation of AS is dependent upon the 

coordination of relevant trans-acting RNA binding proteins (RBPs) and the cis-acting 

elements surrounding the alternative exons. A series of RBPs such as SR (serine arginine) 
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proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) that can affect the 

molecular actions of the spliceosomal complexes play important roles in the regulation of 
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Figure 1. Overview of post-transcriptional regulations in eukaryotic cells. (A) Co-

transcriptional events and transcriptional termination. Post-transcriptional processing, i.e. 

splicing, polyadenylation, alternative splicing, and alternative polyadenylation occur co-

transcriptionally. These post-transcriptional events can produce transcript isoforms from 

genes and contribute to the diversity and dynamics of the transcriptome and the resulting 

proteome. P, promoter; Pol II, RNA polymerase II; PAS, poly(A) signal; 5’-P, 5’ 

phosphate group; Xrn2, 5’-3’ exoribonuclease 2. (B) The five different types of 

alternative splicing events. (C) The two types of Alternative polyadenylation events. 

(upper) 3’-UTRs serve as binding platforms of various regulatory RBPs and miRNAs. 

Upon UTR-APA, since most of the alternative PASs are proximal, 3’-UTRs are often 

shortened, resulting in the production of transcripts that can escape the regulation of those 

regulatory factors. (lower) The two types of CR-APA.  
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general RNA splicing and AS9,10. There are generally five basic types of AS: cassette type 

(or exon inclusion/skipping type) occurs when the 3’-splice site of the downstream intron 

is used for splicing, skipping over an entire exon; mutually exclusive type occurs when two 

cassette exons are mutually exclusively selected for splicing; alternative 5’-splice site type 

occurs when a different 5’-splice site is defined and used for splicing; alternative 3’-splice 

site type occurs when a different 3’-splice site is recognized; finally, intron retention occurs 

when neither the 5’-splice site nor the 3’-splice site of an intron is used for splicing, leaving 

that particular intron in the final mRNA transcript (Fig. 1B)11,12. Since AS alters the 

sequence of the resulting mature mRNA, it can impact the expression and function of the 

gene. For example, given that 5’-UTRs often contain sequence elements or secondary 

structures that can affect ribosome loading, AS of exons in the 5’-UTRs may alter the 

translation efficiency of the transcripts13,14. Moreover, AS of exons in the CDS may alter 

the function of certain domains or affect the folding of proteins, leading to changes in the 

characteristics of the protein products translated from the transcripts. These AS events 

increase the capacity of functional proteome12. And more importantly, AS events can have 

significant physiological impacts without necessarily affecting the transcript expression 

level of genes. Indeed, multiple biological contexts and diseases, e.g. cancers, have been 

associated with transcriptome-wide AS events1, 2. These demonstrate the importance of 

studying the roles of alternative splicing events in cellular gene expression regulations. 
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Polyadenylation and Alternative Polyadenylation 

The termination of the transcription activity by RNA polymerase II (Pol II) involves a 

sequence of molecular events. Towards the end of transcription, the nascent transcript 

undergoes endonucleolytic cleavage to be released and polyadenylated while Pol II 

continues with transcription. Then, Pol II is released from the DNA for recycling and allow 

for the next rounds of transcription (Fig. 1A). For cleavage and polyadenylation, namely 

the maturation of the 3’ end of mRNA molecules (sometimes simply referred to as 

polyadenylation), Pol II first reaches and transcribes sequence elements that recruit the 

formation of the 3’-end processing complex, which include a poly-A signal (PAS, most 

commonly AAUAAA, AUUAAA, and several other variants), and often a U-rich auxiliary 

upstream element (USE) and an U-rich or AU-rich downstream element (DSE). These 

signal the recruitment of trans-acting factors such as the PAS-binding cleavage and 

polyadenylation specificity factors (CPSFs) and the DSE-binding cleavage stimulation 

factors (CSTFs) to bind to the nascent transcript to catalyze an endonucleolytic reaction at 

a CA dinucleotide that is usually 15–30 nucleotides downstream of the PAS. Then, poly-

A polymerase adds a stretch of untemplated adenosines, the poly-A tail, to the 3’-end of 

the transcript from the cleavage site. The poly-A tail is needed for downstream metabolism 

of the mature mRNA transcript including nuclear export of mRNA, translation, 

localization, and stability15–17. As for the release and the termination of the transcription 

reaction of Pol II, 5’ to 3’ exonucleases are recruited to attack the 5’-end generated by the 

cleavage during polyadenylation process, which is unprotected by a 5’-cap. The 

exonucleases (e.g. Xrn2, 5’-3’ exoribonuclease 2) then chase down Pol II along their 
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substrate and finally displace Pol II from the transcription bubble to terminate the 

transcription reaction18–20.  

Thus, termination of transcription reactions is dependent upon the occurrence and 

“strength” of the cis-acting elements that signal for polyadenylation (the USE-PAS-DSE 

pattern). Interestingly, at least 70% of human genes are predicted to possess two or more 

such cis-acting elements21. And, when more than one PASs in a gene are capable to be 

utilized for 3’-end processing, alternative polyadenylation (APA) occurs. The regulation 

of APA, like AS, is determined by the coordination of various trans-acting factors and cis-

acting elements surrounding the PAS and alternative PAS3, 4. The expression levels and 

activities of a number of RBPs have been shown to be able to affect APA at a 

transcriptome-wide level due to their roles in interacting with 3’-end processing factors 

and/or the cis-acting elements near PASs; these factors include the components of the 3’-

end processing complex such as CPSFs and CSTFs, as well as other polyadenylation-

associated RBPs such as cytoplasmic polyadenylation element binding protein 1 (CPEB1) 

and poly(A) binding protein nuclear 1 (PABPN1)22–27.  

Generally, there are two types of APA: UTR-APA and CR-APA (coding region 

APA)28. 3’-UTR of genes is often longer than CDS and contains binding sites for 

microRNAs and regulatory RNA-binding proteins (RBPs). It also contains alternative 

PASs. Most of the alternative PASs in 3’-UTRs are upstream of the canonical or annotated 

PASs (in this scenario, the alternative PASs are termed proximal PASs and the canonical 

PASs are termed distal PASs, based on their relative distance to the stop codon). Thus, 

when these alternative PASs are utilized for polyadenylation, namely when UTR-APA 
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occurs, in most cases, 3’-UTRs are shortened. This phenomenon is referred to as 3’-UTR 

shortening. As UTR-APA alters the availability of these regulatory cis-acting elements on 

the mature transcripts, it can affect the behaviors of mRNA transcripts, including 

translation efficiency, localization, and stability, without changing the coding capacity of 

the transcripts (Fig. 1C)3,4,21,29,30. For example, PAX3, one of the master transcription 

regulators of the myogenic transcriptional network, has a miR-206 binding site in its 3’-

UTR. It has been observed that among different muscle cell types, the ratios of PAX3 UTR-

APA isoforms (thus the ratio of transcripts being able to be regulated by miR-206) differ. 

This results in varying degrees of protein translation efficiency for PAX3 transcripts in the 

different muscle cell types, which can help explain the varying differentiation patterns in 

these distinct muscle cell types31. It has also been shown that in neurons, where accurate 

localization of gene expression is crucial for proper cellular functions, the isoforms of 

hundreds of genes are differentially localized based on the UTR-APA events in their 3’-

UTRs32. These highlight the crucial role of UTR-APA events in determining the fate of 

mRNA transcripts. Furthermore, the 3’-UTR of an mRNA transcript has also been shown 

to serve as a molecular scaffold for protein-protein interactions, particularly, immediate 

interactions between the nascent protein synthesized from the mRNA transcript and its 

binding partners. For example, the 3’-UTR of the membrane protein CD47 can recruit 

protein complexes including ELAV like RNA binding protein 1 (ELAVL1, or HuR) and 

SET nuclear proto-oncogene (SET), allowing immediate interaction of these proteins with 

the nascent CD47 protein. This molecular event leads to the efficient translocation of CD47 

to the plasma membrane. Upon UTR-APA, CD47 transcript can no longer recruit the 
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binding partners for plasma membrane localization. The CD47 protein produced from 

CD47 transcript with UTR-APA localizes to endothelium reticulum, instead33,34. As for 

CR-APA, it occurs when alternative PASs in the upstream intronic regions are utilized for 

polyadenylation. It is thus also sometimes referred to as intronic APA. Once a transcript is 

truncated, the transcript would lose the coding capacity of a chunk of polypeptide on the 

C-terminal end. The resulting protein product may thus function differently. Moreover, the 

truncated transcript would be differentially regulated compared to the full-length 

counterpart as it would possess a completely different 3’-UTR that originates from the 

intron region downstream of the alternative PAS. There are two types of CR-APA; the 

mechanism of both types of CR-APA involves the interplay between splicing and 

polyadenylation3,28,35. The first type of CR-APA occurs when the splicing of a PAS-

containing intron is inhibited, and the 3’-end processing complex outcompetes the splicing 

machinery, leading to truncation of the transcript at that intron. The second type of CR-

APA occurs when a cryptic exon that is followed by a PAS is utilized for splicing. Due to 

the presence of the PAS, this “alternative splicing” event leads to the truncation of the 

mRNA transcript (Fig. 1C). While the studies in the field focusing on CR-APA is relatively 

few, one of the first and most famous identified APA events belongs to this category. In 

resting B lymphocytes, IGHM gene (IgM) is transcribed to full-length, which includes the 

last two exons that encode a transmembrane domain, leading to the expression of 

membrane-bound antibody chain. And upon B lymphocyte activation, CR-APA of IGHM 

transcript occurs, causing the two exons encoding the transmembrane domain to be 

excluded from the final mRNA transcript. This leads to the production of secreted form of 
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IgM antibody chain36. Another example of CR-APA is the MAPK interacting 

serine/threonine kinase 1 (MKNK1) gene. The CR-APA event of MKNK1 gene results in 

the loss of 89 amino acids at the C-terminal end of the kinase and the addition of 12 amino 

acids encoded by the intronic sequence. It has been shown that this truncated version of 

MKNK1 has a higher kinase activity compared to its full-length counterpart37. Moreover, 

intriguingly, a recent study found that in chronic lymphocytic leukemia cells, a number of 

tumor suppressor genes undergo CR-APA and consequently lose their tumor-suppressing 

activities. Some of the truncated proteins even seemed to act in an oncogenic manner38. 

Together, all these previous findings show that APA can drastically affect gene expression 

and steer cellular biology independent of the transcription regulation of genes. 

 

Introduction to Methods in Studying Alternative Polyadenylation 

Having established the importance of understanding alternative post-transcriptional events 

in cells, below I discuss the methods that have been used to study them. In this section, 

methods for studying APA events are highlighted. A bioinformatics tool developed by our 

group for studying transcriptome-wide AS events will be presented and discussed in 

Chapter 3.  

 

A Historic Overview  
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Some of the earliest APA discoveries were reported in the 1980s. For example, a CR-APA 

event was observed in IgM gene, and DHFR gene showed UTR-APA36,39–41. These cases 

of alternative processing events were first revealed by the discrepancies of sizes of the 

same gene in northern-blotting, and western-blotting, in the case of CR-APA. R-loop 

mapping and restriction mapping were then used to confirm that the differences reside in 

the 3’ end structure of the transcripts. In the following decade, dozens of APA events were 

discovered by the similar approach, albeit at a one-gene-at-a-time pace.  

 As technologies in molecular biology matured and sequencing data accumulated, 

APA studies were introduced to a more global scale in the 2000s. The first large-scale APA 

surveys were done by analyzing Expressed Sequence Tag (EST) data of human, mouse, 

and rat. To search for poly(A) sites in the genomes, Tian et al.42, as well as Yan and Marr43, 

first aligned ESTs to the genomes, then singled out 3’ end ESTs by looking for stretches 

of As and Ts at 5’ or 3’ termini of unaligned EST sequences. These 3’ end ESTs were then 

validated by searching for the presence of consensus PAS sequence patterns. Their analyses 

showed that a great proportion of genes (~50% in human and ~30% in murine) have APA. 

Moreover, many of the APA events are conserved between human and mouse; indicating 

that APA is a widely-employed gene regulation strategy in cellular biology.  

Analyzing EST data revealed the presence of APA in genes at a transcriptome-wide 

scale. However, the dynamics of global APA regulations remained elusive until 

microarray-based approaches were used to study global APA pattern changes30,44,45. In 

these studies, probes on the microarrays were designed to be APA sensitive. For each APA 

regulated gene, there are two or more probes specific to only the full-length transcript, and 
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two or more probes specific to both the full-length and the shorter APA product on the 

microarray chip. After applying fluorescently-labelled nucleic acid library to the chip for 

hybridization, the ratio of the signals from these probes can then be calculated to measure 

the APA status of the gene. Microarray data obtained from two different cellular conditions 

can then be compared to study the APA dynamic changes and its physiological 

implications.  Surprisingly, by adopting this approach it was shown that highly 

proliferating cells tend to have more 3’ UTR shortening in their transcriptomes; while 

generating induced pluripotent stem cells, global 3’ UTR lengthening is observed30,44. 

Microarray is a powerful tool to obtain a global picture on APA events in the transcriptome. 

Nevertheless, it suffers from several drawbacks. First of all, microarray cannot detect novel 

APA events, for APA-sensitive probe sets can only be designed if an APA events are 

previously known. Second, it cannot precisely pinpoint where the poly(A) site is, which 

may be important for studying the physiological functions of APA events. Moreover, if a 

gene has two or more alternative PAS, probe design and quantification can become quite 

complicated and challenging46.  

 

Alternative Polyadenylation Studies in the Second-Generation Sequencing Era 

 The advent of second-generation sequencing technologies enabled researchers to 

rapidly obtain a large amount of sequence information at single nucleotide resolution. 

Technologies such as RNA-seq quickly became commonly used for surveying the 

transcriptome of various cell types and tissues in different organisms47–49. In RNA-seq, 

poly(A) tail-containing RNA is first isolated from total RNA. They are then either primed 
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with oligo d(T) primer or random hexamers for cDNA synthesis followed by 

fragmentation. (Alternatively, the poly(A)-containing RNA pool is first fragmented 

followed by random hexamer priming to generate cDNA pool.) The cDNA pool is then 

amplified and constructed into library, which can be sequenced by various sequencing 

platforms, most commonly the Illumina sequencing technology. After mapping the short 

sequence fragments, or reads, to the corresponding genome, the reads can be piled up for 

visualization of gene expression profile of the cell or tissue.  

The highly quantitative nature of RNA-seq makes it suitable for APA pattern 

analysis. This may be achieved in a similar way as the APA calculation done in microarray 

approaches, namely, by taking the ratio of the read density of the long form-only regions 

and the read density of the regions common to both long and short transcripts. However, 

since many genes contain isoforms with complicated and overlapping structures, using 

RNA-seq reads for APA analysis on certain genes can still be challenging. Fortunately, 

many sophisticated bioinformatics tools have been developed to more accurately analyze 

APA patterns in transcriptomes.  

For instance, a probabilistic transcript quantification method named Kallisto was 

developed to estimate the expression levels of annotated transcript isoforms50. APA 

dynamics of a gene can then be measured by comparing the expression ratios of its short 

isoforms over the long isoforms between two biological conditions. This is the general 

method for CR-APA analysis.  
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For UTR-APA identification and measurement, many algorithms were written as 

listed in Table 1. In general, 3’UTR length changes are measured by modeling the RNA-

seq read density changes near the 3’ end of mRNA transcripts.  

 

Table 1. Currently available algorithms to analyze the variations of 3′-UTR length 

using RNA-seq data. 

 

Algorithm Reference Description 

DaPars 51 

It first models the RNA-seq-read densities of both tumor 
and normal as a linear combination of both proximal and 
distal polyA sites. It then uses a linear regression model to 
identify the location of the de novo proximal polyA site, 
followed by quantification of the changes in APA between 
tumor and normal. 

ChangePoint 52 

It is based on a generalized likelihood ratio statistic for 
identifying 3’UTR length change in the analysis of RNA-
seq data. A directional multiple test procedure is then 
developed to identifying APA events between two 
samples. 

Roar 39 

It is based on Fisher test to detect disequilibriums in the 
number of RNA-seq reads mapped to the 3’UTRs. Read 
counts and lengths of fragments are then used to calculate 
the prevalence of the short isoform over the long one in 
two biological conditions to identify APA events. 

3USS 53 
A web-server developed with the aim of giving 
experimentalists the possibility to identify alternative 
3’UTRs between two samples by RNA-seq data analysis.  

IsoSCM 54 
A method for transcript assembly that incorporates change 
point analysis by a Bayesian framework to improve the 
3’UTR annotation process with RNA-seq data.  

KLEAT 55 
An analysis tool that uses de novo assembly of RNA-seq 
data to characterize cleavage sites on 3’UTRs through 
direct observation of poly(A) tails. 

GETUTR 56 

It first makes a density function of RNA-seq reads aligned 
to the 3’UTRs using kernel density estimation. A 
smoothing step is then applied to maintain the biological 
changes of the 3’UTR. The goal of the method is to 
estimate the 3’UTR landscape based on these smoothed 
RNA-seq signal. 
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Indeed, with the aid of these bioinformatics tools, RNA-seq can be a powerful tool 

to study the alternative processing of mRNAs. However, when profiling APA patterns, 

especially when handling genes with multiple isoforms, often times the reads mapped to 

regions that differentiate isoforms constitute only a relatively small portion of the total 

reads mapped to the gene, and even less so for 3’ end junction reads, making it rather 

challenging to confidently calculate the expression ratios of different isoform. Moreover, 

RNA-seq is not particularly accurate when it comes to identifying poly(A) sites, making 

novel APA isoform identification rather difficult. Therefore, several methods have been 

developed to address these issues by enriching for 3’ end reads in high-throughput 

sequencing experiments46,57,58.  

The most common way to enrich for 3’ end reads (adopted in PAS-seq59, A-seq22, 

3SEQ60, SAPAS61, etc.) is to first fragment the poly(A) tail-containing RNA pool, followed 

by reverse transcription using oligo d(T) priming (Fig. 2A). The cDNA pool, which should 

only contain 3’ end junction fragments, is then amplified and sequenced. Alternatively, an 

oligo d(T) primed cDNA library can be sequenced using oligo d(T) sequencing primer 

directly. All the sequencing reads should therefore be 3’ end junction reads (PolyA-seq62).  

Moreover, direct RNA sequencing technology by Helicos Biosciences has also been used 

for sequencing the 3’ ends of poly(A) tail-containing RNAs63. In this method, mRNA 

molecules are hybridized to a “lawn” of oligo d(T) primers attached to the flow cell and 

are sequenced directly by synthesis. Compared to PAS-seq and equivalents, Helicos 

platform is more quantitative as no amplification step is involved; it requires less starting 
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material. However, Helicos platform suffers from higher error rate, shorter read lengths, 

lower throughput, and the lack of multiplexing capability46,49.  

 
 

Figure 2. A work flow for 3′end-seq and PacBio Iso-seq. (A) Multiple versions of 

global profiling method for 3′-end sequence of mRNAs are available. An example of 

3′end-seq method is shown. A 3′end-seq cDNA library is produced by a series of 
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molecular biology work integrating first strand cDNA synthesis and PCR. Short sequence 

reads of polyadenylation site are cataloged by conducting RNA-seq using the cDNA 

library and trimming/aligning sequencing data. (B) The SMRT bell cDNA library for 

PacBio-seq can be produced from cDNA amplicon which is made by reverse 

transcription. Concatemerized long reads of insert in SMRT bell cDNA library are 

produced as raw data. Processed long reads (by eliminating SMRT bell sequences) are 

aligned to generate a consensus sequence of long reads. 
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All of the above-mentioned methods use oligo d(T) for priming at some points 

during the procedures. Internal priming (stretches of As in the middle of transcripts being 

falsely recognized as poly(A) tails by the oligo d(T) primer), and thus false identification 

of 3’ end junctions, is therefore a major issue for these methods64. In an effort to lower the 

false discovery rate, Jan et al. developed a modified version of 3’ end sequencing method 

that avoided the use of oligo d(T) priming, named 3P-Seq64. After isolating poly(A) tail-

containing RNAs, the first step of 3P-seq is to add a biotinylated double-stranded adapter 

to the 3’ end of the poly(A) tail through splint-ligation, which eliminates the possibility of 

internal priming. The mRNAs are then partially digested, and the 3’ end fragments are 

captured by streptavidin. cDNA synthesis is primed with the adapter itself and reverse-

transcribed with dTTP as the only deoxynucleoside triphosphate present, limiting the 

reverse transcription to the poly(A) site. The RNA fragments immediately upstream of 

poly(A) tails can then be released and processed for sequencing by RNase H digestion. 

Since RNase H would only digest RNA strand that is hybridized with a DNA strand, in this 

case the poly(A) tail region, the RNA fragments released after RNase H digestion should 

most likely come from poly(A) tail-containing fragments. This method indeed eliminates 

a great number of falsely identified 3’ ends, yet it is more labor intensive and involves more 

enzymatic reactions, which may introduce biases in terms of the quantification of the 

signals65.  

3’ end sequencing data provides sophisticated knowledge for pinpointing annotated 

as well as unannotated poly(A) sites in the transcriptome that is under interrogation. As 

mentioned above, although RNA-seq is highly quantitative, yet it does not provide enough 
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information to accurately identify poly(A) sites. Therefore, by incorporating 3’ end-seq 

data with RNA-seq data, the quality of APA profiling can be greatly improved. Briefly, by 

analyzing 3’ end-seq data, potential poly(A) sites and thus isoform structures in the 

transcriptome can be defined and reported. The expression levels of the isoforms can then 

be estimated by a maximum-likelihood method that best explains the observed RNA-seq 

read profiles. Finally, the APA events can be measured by the expression ratios of the 

isoforms in the gene between two biological conditions. 

 

Alternative Polyadenylation Studies Beyond the Second-Generation Sequencing Era 

Second-generation sequencing technologies have revolutionized the research 

involving transcriptome characterization. However, when it comes to expression profiling 

of mRNA isoforms, these methods still suffer from their limitation in read lengths. Due to 

the relatively short read lengths (~100 bp), compared to the lengths of most transcripts, 

full-length transcript isoforms must be reconstructed via various computational methods. 

Yet the performances of the reconstruction methods have been shown to be 

unsatisfactory66. Alternative sequencing platforms have been developed to achieve longer 

read lengths. 

For example, the SMRT (single molecule, real-time) sequencing technology by 

PacBio has achieved average read length of > 10,000 bp67. In SMRT technology, DNA 

polymerase is immobilized to the bottom of a specialized light detecting well called zero-

mode waveguide (ZMW). ZMW is designed to only be light sensitive at the bottom of the 

well, where sequencing by synthesis is performed by the DNA polymerase. A movie that 
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contains the sequencing information can then be recorded as a single DNA molecule is 

replicated by the DNA polymerase in full-length. PacBio has also developed a protocol 

specifically for transcript isoform characterization called Iso-Seq (Fig. 2B). It has been 

successfully adopted in characterizing the transcriptomes of human and herpesvirus68,69. 

The transcriptome dynamics during lineage commitment of blood cell and the progression 

of brain tumor have also been characterized by Iso-Seq70,71. Last but not least, it was 

recently used to profile the APA events in sorghum transcriptome72. In all of these studies, 

due to the long read-lengths, novel isoforms have been identified and characterized with 

high confidence.  

However, SMRT sequencing still suffers from certain drawbacks. For instance, 

longer transcripts still cannot be sequenced in full-length in high quality. This is partly due 

to the limitations in library preparation and the limitation of read length (or movie time), 

and also the fact that shorter cDNA molecules (~1.5 kb) are more favored by the 

sequencing platform. Moreover, since shorter transcripts are more favored than longer 

transcripts during sequencing, the quantitative performance of Iso-Seq is severely 

affected67.  

To harness the quantitative power of the short-read second generation sequencing 

and the isoform characterization ability of long-read PacBio sequencing, hybrid 

sequencing has been developed. By integrating the long read data from PacBio and the 

short read data from Illumina, Au et al. significantly reduced the error rate of long reads in 

PacBio sequencing73. When applying the hybrid sequencing to human embryonic stem cell 

transcriptome, they demonstrated the higher sensitivity and accuracy of isoform 
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characterization, as well as a better ability to identify novel isoforms, over traditional 

methods solely using short-read second generation sequencing method74.  

In summary, with the advance of modern technologies and the rapid accumulation 

of the knowledge on the physiological outcomes of APA events in the field, in the near 

future, transcriptome-wide APA analysis can potentially become as routinely and easily 

performed as it currently is with gene expression profiling by RNA-seq; more importantly, 

valuable insights on various biological processes and the pathogenesis of diseases can be 

obtained by APA analysis.  

In my research, we adopt second-generation sequencing technologies, namely 

RNA-seq, to study the dynamics of post-transcriptional regulations in cells under various 

conditions. We have also worked to improve upon the above-mentioned inherent 

limitations and drawbacks of RNA-seq when applied to APA (Chapter 2) and AS (Chapter 

3) profiling.  

 

Current Objectives 

So far, I have presented the critical roles post-transcriptional regulation events play in 

controlling cellular biology and in the pathogenesis of varying diseases; I have also 

discussed the methods that are available for researchers to study them. Here is the gap in 

knowledge in the field: our knowledge on the mechanistic integration of the control of post-

transcriptional regulations to cellular signaling pathways is still largely lacking. To begin 

to undertake the exploration of the integration between cellular signaling pathways and the 
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regulation of post-transcriptional regulations, our lab decided to start by focusing on a well-

known signaling pathway: mammalian target of rapamycin signaling pathway.  

 

mTOR Signaling Pathway 

 Mammalian target of rapamycin (mTOR) is a serine/threonine kinase that forms 

two functional complexes known as mTOR Complex 1 (mTORC1) and mTOR Complex 

2 (mTORC2). Raptor and Rictor are the specific components for mTORC1 and mTORC2, 

respectively. Although mTORC2 has been functionally associated with cell survival, 

metabolic control and cytoskeleton organization, its regulations and functions still await 

more thorough studies to be revealed75. On the other hand, mTORC1 has been extensively 

studied in the past few decades due to its important roles in regulating various anabolic and 

catabolic processes, as well as its involvement in the pathogenesis of cardiovascular 

diseases, diabetes, and many types of cancers75–77. As a master regulator of various 

metabolic processes, mTORC1 is sensitive to growth factor signaling, nutrient and oxygen 

availability, and intracellular energy status.  

 

Overview of mTORC1’s Regulations on Various Biological Processes 

It is generally understood that the activated mTORC1 promotes key anabolic processes 

including protein synthesis, lipid synthesis, nucleotide synthesis, biogenesis of organelles, 

and that it inhibits certain catabolic processes such as autophagy. As a result, activation of 

mTORC1 leads to cellular growth and proliferation78. On the other hand, decreased 

mTORC1 activity, e.g. when cells experience nutrient deprivation, can activate autophagy 
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and lower mitochondrial membrane potential in cells so that cellular energy may be 

conserved79,80. Moreover, activation of mTORC1 has also been shown to promote 

angiogenesis and inflammation in certain tissues81–83. It is thus not surprising that mTORC1 

inhibition has been proposed and used as a treatment for several types of cancers and 

atherosclerosis84,85.  

mTORC1 is negatively regulated by tuberous sclerosis complexes (TSC1/2), which 

are downstream of and can be regulated by several major cellular signaling pathways 

including PI3K/PKB (phosphoinositide-3-kinase/protein kinase B) signaling pathway, 

AMPK (AMP-activated protein kinase) signaling pathway, MAPK/ERK (mitogen-

activated protein kinase/extracellular-signal-regulated kinase) pathway, etc75.  

Many studies have shown that mTORC1 regulates its various downstream 

pathways through translational and transcriptional controls. One of the most well-known 

functions of mTORC1 is the direct phosphorylation of ribosomal protein S6 kinase beta-1 

(S6K1) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) (Fig. 3). These lead 

to the increase of protein synthesis efficiency, particularly for transcripts containing 5’-

terminal oligopyrimidine tract (TOP) or 5’-pyrimidine-rich translational element (PRTE) 

in their 5’-untranslated regions (UTRs)86–88. Moreover, mTORC1 phosphorylates protein 

phosphatase 2A (PP2A) and transcription initiation factor 1A (TIF-1A) to increase the 

transcription of ribosomal RNAs, enabling efficient cellular protein synthesis (Fig. 3)89. 

One of the genes whose protein production is elevated by activated mTORC1 is the 

activating transcription factor 4 (ATF4). Through the transcription regulation of ATF4 on 

several genes involved in de novo purine synthesis, mTORC1 can promote purine synthesis  
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Figure 3. Illustration of mTORC1’s translational and transcriptional controls over 

various metabolic pathways and physiological outcomes. The activation of mTORC1 

not only leads to the upregulation of cellular translation activity, mTORC1 also regulates 

various metabolic pathways through controlling transcription networks.  

  

ULK

rheb

Rag
mTOR

Raptor
GβL
PRAS40

Atg1
Atg13

Autophagy

eIF4G

4E-BPs

Translation

TFEB

Lysosome Biogenesis

PGC-1α
PPARγ

Adipogenesis

PPARα

Lipid Metabolism

SREBP-1

Lipogenesis

Transcription networks

p70S6K

S6

HIF-1

Mitochondrial Metabolism

Transcription 
networks

HIF-1

p53
NFAT5HSF1
Nrf2

FOXO

Transcription 
networks

Responses to cellular stresses:
hypoxia, ROS, heat, osmosis, 

homeostasis, genotoxicity 

PP2A
TIF-1A

Transcriptional 
activation of 
ribosomal RNAs



 

 25 

in cells90. mTORC1 also positively regulate lipid and sterol biosynthesis by activating 

transcription factors such as sterol regulatory element binding protein 1 (SREBP1), 

peroxisome proliferator-activated receptor γ (PPARγ), and PPARγ coactivator 1 (PGC1-

α), which control the transcription of genes involved in de novo lipid synthesis as well as 

lipid and cholesterol homeostasis91. Through PGC1-α, mTORC1 also controls 

mitochondrial biogenesis and oxidative metabolism (Fig. 3)92. On top of these, it has been 

shown that mTORC1 can promote angiogenesis by increasing the translation activity of 

hypoxia-inducible factor 1 subunit alpha (HIF-1α) gene, a transcription factor that regulates 

the expression of several angiogenic growth factors including vascular endothelial growth 

factor (VEGF)81. Furthermore, through regulating the activities of inflammatory 

transcription factors such as nuclear factor kappa B (NF-κB) and signal transducer and 

activator of transcription-3 (STAT3), mTORC1 can also control pro- and anti-

inflammatory responses in blood cells, depending on cellular contexts83. Again, as these 

examples demonstrate, it has been well-established that mTORC1 regulates a variety of 

cellular processes through controlling the translation and transcription activities of its 

downstream effector genes (Fig. 3).  

Nonetheless, whether mTORC1 also regulates cellular processes through 

controlling the post-transcriptional events in cells has not been explored directly in the 

field. And this is where our research focuses on. In the following chapters, I present the 

works we have done in pioneering the mechanistic integration between this well-known 

cellular signaling pathway to the controls of post-transcriptional regulations in cells. 

Specifically, in Chapter 2, I present our work in showing mTORC1’s regulation of 
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transriptome-wide 3’-UTR shortening events, leading to the upregulation of the protein 

production of the targeted genes; in Chapter 3, I present our work on mTORC1’s role in 

regulating AS events in the transcriptome through its modulation of U2AF1 isoform 

expression. In these chapters, I also discuss the functional outcomes of these mTORC1-

mediated post-transcriptional regulations in cellular biology.  
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Summary 

Mammalian target of rapamycin complex 1 (mTORC1) enhances translation from a 

subset of messenger RNAs containing distinct 5’-untranslated region (UTR) sequence 

features. Here we identify 3’-UTR shortening of mRNAs as an additional molecular 

signature of mTORC1 activation and show that 3’-UTR shortening enhances the 

translation of specific mRNAs. Taking the advantage of RNA-Seq technology, by using 

genetic or chemical modulations of mTORC1 activity in cells or mouse tissues, we show 

that cellular mTORC1 activity is crucial for 3’-UTR shortening. Although long 3’-UTR-

containing transcripts minimally contribute to translation, 3’-UTR-shortened transcripts 

efficiently form polysomes in the mTORC1-activated cells, leading to increased protein 

production. Strikingly, select E2 and E3 components of ubiquitin ligase complexes are 

enriched by this mechanism, resulting in elevated levels of protein ubiquitination on 

mTORC1 activation. Moreover, we developed a novel bioinformatics algorithm, 

IntMAP, which integrates RNA-Seq and PolyA Site (PAS)-Seq data for a comprehensive 

characterization of APA events. By applying IntMAP to the datasets, we further 

identified novel APA events that could otherwise not be identified by either profiling 

method alone. Several transcription factors including Cebpg (CCAAT/enhancer binding 

protein gamma, an ER stress response regulator) were among the newly discovered APA 

transcripts. This further links mTORC1-driven 3’-UTR shortening to the regulation of ER 

stress response in cells. Together, these findings identify previously uncharacterized roles 

for mTORC1 in the selective regulation of protein synthesis by modulating 3’-UTR 

length of mRNAs. 
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Introduction 

As discussed in Chapter 1, alternative polyadenylation (APA) provides an added layer of 

complexity in regulating gene expression at the posttranscriptional level. Many publically 

available algorithms have been developed for the identification and quantification of 3’-

UTR APA on a genome-wide scale1. If alternative poly(A) sites are known, 3’-UTR APA 

changes can be quantitatively profiled by comparing the RNA-seq read coverage before 

and after these sites. However, unannotated or novel alternative poly(A) sites cannot be 

accurately identified by analyzing RNA-seq data. To this end, various versions of 3’-end-

targeted sequencing methods have been used to map out the location of poly(A) sites and 

to quantitate transcripts with different 3’-UTR lengths1–14. Yet, the quantitative power of 

3’-end-targeted sequencing methods is limited by several factors such as false priming on 

A-rich regions or inconsistent efficiency in library preparation6,15,16. Regardless of these 

short-comings, these high-profiling technologies focusing on 3’-UTRs of mRNAs still 

provided high-resolution snap shots of alternatively polyadenylated mRNA isoforms in 

various tissues and cells across many species2,14,17–20. An important insight that emerged 

from these studies is that 3’-UTR length undergoes dynamic changes under pathogenic 

conditions such as cancer and in diverse biological processes such as cell proliferation, 

differentiation and development2,17,21–24. Although the information on alternative 

polyadenylation sites in transcriptomes across different species and tissues is rapidly 

accumulating, it is not clear what cellular mechanism(s) controls the switches between 

proximal and distal polyadenylation sites and how this process is regulated. 
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 The mTORC1 pathway is crucial for regulating cell proliferation/growth and its 

dysregulation causes many human diseases25. Recent studies identified cis-acting elements 

in mRNAs such as 5’-terminal oligopyrimidine tract (TOP) or 5’-pyrimidine-rich 

translational element (PRTE) that render the association of a transcript with polysomes. 

mRNAs containing these elements in their 5’-UTRs encode proteins for cellular pathways 

including translation, cell invasion and metastasis, suggesting their relevance in cancer 

pathogenesis26,27. Recently, mTORC1 was also shown to play a role in the regulation of 

proteasome activity by upregulating a transcription factor Nrf-128. Although these studies 

were mainly focusing on the role of mTOR in the synthesis of proteins, lipids and nucleic 

acids through transcriptional networks, whether mTORC1 is involved in other cellular 

processes by modulating gene expression at post-transcriptional level is relatively unclear.  

 Here, we used isogenic non-cancerous mouse embryonic fibroblast (MEF) cell 

lines to understand changes of molecular features on dysregulated activation of mTORC1. 

We employed RNA sequencing (RNA-seq) and two-dimensional liquid chromatography 

tandem mass spectrometry (2D LC–MS/MS) approaches to investigate the changes at high 

resolution and found an unexpected link between mTORC1 and ubiquitin-mediated 

proteolysis pathway through 3’-UTR shortening. These findings expand our understanding 

of mTORC1 to regulation of RNA processing and protein degradation pathways. 

 Furthermore, to better understand the dynamics of 3’-UTR length in the mTORC1-

hyperactivated transcriptome and to improve upon the above-mentioned challenges of the 

current algorithms for studying 3’-UTR APA events, we developed an algorithm named 

IntMAP (Integrative Model for Alternative Polyadenylation). This method combines the 
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RNA-Seq data as well as the 3’-end-seq data to take advantage of the quantitative power 

of RNA-Seq and the precise mapping of poly(A) site usage by 3’-end-seq, allowing 

accurate profiling of 3’-UTR APA events. Interestingly, we were able to identify novel 

genes and pathways that are targeted by mTORC1-mediated 3’-UTR APA using IntMAP. 

Among these genes is the C/EBPγ (CCAAT/enhancer binding protein gamma) gene, a 

C/EBP family member that acts as a negative regulator of other C/EBP members’ 

transcriptional activities by forming heterodimers29,30. Studies have shown that C/EBPγ 

promotes cell proliferation and inhibits senescence by interacting with C/EBPβ31. C/EBPγ 

is also crucial for cellular redox homeostasis and attenuates cellular stress by forming 

heterodimer with ATF4, a bZIP transcription factor32. Thus, with IntMAP, we further show 

that mTORC1 activation up-regulates the protein expression of C/EBPγ via 3’-UTR APA 

to enable cells to respond to ER stress, making an unexpected link between mTOR 

signaling and C/EBPγ pathway.  
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Materials and Methods 

Cell lines and cell culture  

Wild-type (WT) and Tsc1-/-  MEF cells were obtained from Dr. Kwiatkowski at 

Harvard University. WT and Tsc1-/- MEFs were cultured in DMEM (Gibco, USA) 

supplemented with 10% (v/v) FBS (Gibco, USA), 100µg/ml streptomycin, and 100U/ml 

penicillin at 37˚C. 

 

RNA-seq and alignments  

To evaluate transcriptome-features under mTORC1 hyper-activation at nucleotide-

wise resolution, we performed RNA-seq analysis of poly(A+) RNAs isolated from WT and 

TSC1-/- MEFs. In total 63,742,790 paired end-reads for WT and 74,251,891 paired-end 

reads for TSC1-/- MEFs were produced from Hi-Seq pipeline with length of 50 bps of each 

end. The short reads were aligned to the mm10 reference genome by TopHat 43 with up to 

2 mismatches allowed. The unmapped reads were first trimmed to remove poly-A/T tails 

(repeats of [A/N]s or [T/N]s) from read ends/starts, and then, aligned to the reference 

genome. Note that we only retained the reads with at least 30 bps in both ends after 

trimming. Finally, 87.1 % of short reads from WT and 87.5 % of sequence reads from 

TSC1-/- MEFs were mapped to the reference genome by TopHat for APA analysis in the 

study. 

 

APA analysis  
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To detect the potential alternative PAS of a transcript between WT and TSC1-/- 

MEFs, we evaluated candidate PAS motifs (AATAAA, ATTAAA, AGTAAA, CATAAA, 

TATAAA, GATAAA, ACTAAA, AATACA, AATATA, AAGAAA, AATAGA, 

AATGAA, TTTAAA, AAAATA, TATATA, AGATAA, ATTACA, AGAATA) 44,45 in the 

3’UTR of the transcript by contrasting the short-read coverage up/down-stream of the site 

across WT and TSC1-/- samples with chi-square test. Specifically, we first scanned the 

3’UTR of a transcript (by mm10 annotation) to identify PAS motifs as candidates of 

alternative PAS. For each candidate PAS, we calculated the mean coverage up-stream of 

the site (N and M) and down-stream of the site (n and m) with (N, n) denoting the coverage 

in WT and (M, m) denoting the coverage in TSC1-/-. In the calculation, the up-stream region 

starts at the beginning of the last coding exon adjacent to the 3’UTR of the transcript and 

ends at the beginning of the PAS motif site. Then a canonical 2X2 chi-square test was 

applied to report a p-value for each candidate site. The candidate PAS with the most 

significant p-value <= 0.05 was considered for further analysis. Note that the chi-square 

test will report shortening events in both WT (when N/n>M/m) and TSC1-/- (when 

N/n<M/m). Out of the 5,160 transcripts, 846 (16.4%) show p-value <= 0.05 in TSC1-/- 

MEFs and 69 (1.3%) show p-value <= 0.05 in WT MEFs. 

 

Scatter plot for differential expression and APA analysis 

To select candidate transcripts with sufficient signal for reliable differential 

expression analysis and 3’UTR shortening identification, we first analyzed the short-read 

alignments of the RNA-seq data against mouse mm10 reference genome using Cufflink 12. 
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In the alignments, 14,378 and 14,175 transcripts are considered ‘expressed’ in WT and 

TSC1-/- cell lines, respectively, with a FPKM (Fragments Per Kilobase of transcript per 

Million mapped reads) cutoff=0.17. The union of the two sets gives 15,340 transcripts that 

are expressed in at least one of the cell lines. We further filtered out the transcripts with 

positional short-read coverage <= 25 in the entire 3’UTR in both cell lines. In addition, 

transcripts with 3’UTR overlapping exons in the strand in opposite direction were removed 

to avoid mingled short-read signals that might lead to inaccurate 3’UTR shortening 

identification. Finally, to allow precise PAS analysis, only transcripts with at least two 

occurrences of the eighteen PAS motifs in the 3’UTR are retained in the study. The entire 

pruning procedure left 5,160 transcripts for further analysis. 

 

Measurement of relative shortening index (RSI)  

A numerical presentation of 3’UTR shortening was developed by calculating the 

RSI of a given transcript. A relative expression of total or longer 3’UTR-containing 

transcripts was measured by normalizing to total amount of RNAs used in RT-qPCR 

analysis. The following equation was used to determine the RSI.  

LI = [normalized expression of longer 3’UTR-containing transcript]/[normalized 

expression of total (long+short) transcript] 

RSI = -Log2(LI/[LI in reference cell line]), so RSI=0 for a reference cell line. 

If RSI>0 in a target cell line, then there is a 3’UTR shortening. If RSI<0 in a target cell 

line, then there is a 3’UTR lengthening. The RSI contains the information about the 

changes in the proportion of a longer 3’UTR-containing transcript in a given cellular 
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context compared to a reference cell. For example, a value of 1 in the RSI of a transcript 

indicates that the proportion of the longer 3’UTR containing transcript of the total 

(long+short) transcript decreases by 50% compared to that of the reference cell line, 

indicating an enrichment of 3’UTR-shortened transcript (i.e. 3’UTR shortening). 

TMT labeling and proteomics analysis 

Total cell lysates of WT and TSC1-/- MEFs were prepared by re-suspending the 

cells in 2% w/v SDS solution in 50 mM Tris pH 7.4 and heating to 95°C for 5 min, followed 

by 5 passes through 25 gauge needle. Cell debris was removed by centrifugation at 16,100 

× g for 10 min. The resulting proteins were quantified by BCA assay and 100 µg digested 

using the FASP protocol 46. Peptides were cleaned up using Waters Sep-Pak SPE cartridges 

(WAT054925 Waters Corp,, Milford, MA) and labeled using isobarically-labeled TMT 6-

plex reagents (90061, Thermo Scientific) following the manufacturer’s protocol. The 

labeled peptides were pooled and again cleaned up by Sep-Pak SPE. Peptides were 

fractionated by high-pH reversed phase chromatography into 40 fractions and recombined 

to give 12 fractions for analysis by LC-ESI-MS/MS 47. Approximately 1.0-1.5 µg of each 

recombined fraction was analyzed on a Velos Orbitrap mass spectrometer using HCD 

dissociation as per Lin-Mosier et al 48. Three repeats of independent experiments were 

carried out for statistical confidence.  

 

Protein identification and quantification 

MS data were searched against a Uniprot mouse database (downloaded July 2013) 

containing common protein contaminants plus all reversed sequences (102,424 total 
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sequences) using X!Tandem. Search parameters included semi-tryptic cleavage with one 

missed cleavage allowed, 0.01 Da monoisotopic precursor mass error, ± 0.5 Da product 

mass error, fixed modifications of carbamidomethylation at C, TMT label at K, and N-

termini, variable modification of oxidation at M and P. All search results were loaded into 

Scaffold Q+ (Proteome Software Inc.) as a Mudpit sample and filtered to 99% protein 

confidence, 95% peptide confidence with 6 ppm precursor mass error and 1 non-tryptic 

terminus and 2 peptides per protein resulting in 2778 proteins identified at 0% protein and 

peptide FDR. The fold change ratios were exported from Scaffold Q+ for further 

bioinformatics analysis. 

 

Western blotting and antibodies  

The following antibodies were used in this study; anti-mTOR (cat. 2972, Cell 

Signaling, 1:500), anti-TSC1 (cat. 6935, Cell Signaling, 1:500), anti-ACTIN (cat. A2668, 

Sigma, 1:2,000), anti-Phospho-S6 ribosomal protein (cat. 2211, Cell Signaling, 1:1,000), 

anti-UBIQUITIN (cat. 13-1600, Life technologies, 1:500), anti-Ube2b (cat. 4944, Cell 

Signaling, 1:1,000), anti-Ube2i (cat. 4786, Cell Signaling, 1:1,000), anti-Rbx1 (cat. 11922, 

Cell Signaling, 1:500), and anti-tubulin (cat. sc-53646, Santa Cruz Biotechnology, 

1:2,000). anti-hnRNP A1 (4B10 from Abcam), anti-CPSF6 (ab175237 from Abcam), anti-

C/EBPg (sc-517003, Santa Cruz Biotechnology), anti-Lamin A/C (#4777 from Cell 

Signaling). 

 

Polysome isolation and analysis  
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Isolation of polysome fractions from total cell lysates using sucrose gradient was 

carried out as previously described3. Briefly, Cells were lysed in the polysome buffer (20 

mM Tris/7.4, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 100 ug/ml cycloheximide and 1% 

Triton X-100). Cell extracts were loaded onto sucrose gradient (5-45%). Fractionation was 

done by centrifugation at 36,000 rpm for 2 hrs at 4 C. Eleven fractions were collected for 

the analysis. The percentage of mRNAs in each fraction was calculated as described 

previously18. 5% (v/v) of total RNAs in each fraction were used for RT-qPCR. Relative 

enrichment of total or long transcripts was measured by normalizing to BC200 RNA, which 

were added to each fraction for recovery and normalization control. The signals of total 

transcripts for a gene in all fractions of TSC1-/- were combined and set as 100%. Then the 

percentage of a total transcript in each fraction was calculated and the distribution of total 

transcripts for a gene was shown by the fraction. In case of long 3’UTR transcripts, the 

signals of long transcripts in all fractions were combined and the relative amount of long 

transcripts was scaled down based on the relative differences between total and long 

transcript signals in input. The percentage and distribution of long transcripts in each 

fraction were calculated and presented. The same procedure was applied to the rest of 

transcripts (long and total in WT and TSC1-/- treated with Torin1) by considering total 

transcripts in TSC1-/- as 100%.  

 

SiRNAs and siRNA-mediated knockdowns 

Cells were transfected with siRNA oligos synthesized by IDT for each gene using 

RNAi Max (Thermo Fisher Scientific) according to the manufacturer’s protocol. The 
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following sequences were used for the knockdown (KD) of Cebpg transcript: 5’- GAT 

ACA CTG CAA AGA GTA AAC CAG C-3’ (Cebpg siRNA). 

 

Real-time quantitative PCR (RT-qPCR) analysis and primer sequences 

Total cellular RNAs were isolated by Trizol method according to manufacturer’s 

protocol. Reverse transcription reaction was performed using Oligo-d(T) or random 

hexamer priming and superscript III (Thermo Fischer Scientific) according to the 

manufacturer’s protocol. SYBR Green was used to detect and quantitate PCR products in 

real-time reactions via the comparative Ct method. We normalized the Ct values to total 

RNAs for quantitation of total or long transcripts. The PCR primers for quantitative 

analyses are as follows: Cth forward 5’-AGCAATCATGACCCATGCCT-3’, Cth reverse 

5’-CTCTAGGCCCACAGAAAGTCG-3’, GPt2 forward 5’-

GCAGCGAGAAGGCACTTAC-3’, GPt2 reverse 5’-TGGAGCACGGTCTTCAGTTTA-

3’, Mthfd2 forward 5’-ATATCACTCCCGTCCCTGGT-3’, Mthfd2 reverse 5’-

TCTTAGCACTTTCTTTGCGGC-3’, Slc1a5 forward 5’-

GAGCCCGAATTGATCCAGGT-3’, Slc1a5 reverse 5’-

TGGTACTGTTTCAGGAGGGGA-3’, Slc7a11 forward 5’-

CACCGGGGTCGGTTTTCTTA-3’, Slc7a11 reverse 5’- 

TCGTCTGAACCACTTGGGTTT-3’, Mtdh total forward 5’- 

GACCAAGTCTGAAACTAACTGGGA-3’, Mtdh total reverse 5’- 

TTCACGTTTCCCGTCTGG-3’, Mtdh long forward 5’- 

TGTCAACTAGGAAAGCTAAAATGGT-3’, Mtdh long reverse 5’- 
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GAGGAAAGCTGTCCATTAATAAGGC-3’, Appl1 total forward 5’- 

TCATTTCCCTGGGATGTGGC-3’, Appl1 total reverse 5’- 

GCTGAAGCACACTACTGTAAAGC-3’, Appl1 long forward 5’-

TTTCTGTGTAGTCCTGGGAGC-3’, Appl1 long reverse 5’- 

GACAGAGGCAAGCGGGTATG-3’, Cebpg total forward 5’-

ACACTGCAAAGAGTAAACCAGC-3’, Cebpg total reverse 5’-

GTGCGCATGCTCAAGAAACA-3’, Cebpg long forward 5’-

TGTAGAGTGCTCCTGATGCC-3’, Cebpg long reverse 5’-

GGCAGATCTGATTAGCTGTGGA-3’. 

 

Short read alignments and peak identification 

To better evaluate the transcriptome features, particularly APA, under mTORC1-

hyperactivation at single-nucleotide resolution, we further performed Poly (A)-site 

sequencing (PAS-Seq) analyses of poly(A+) RNAs isolated from WT and Tsc1-/- MEFs. 

In the PAS-Seq analysis, the reads from WT and Tsc1-/- were preprocessed to trim A’s off 

the 3’-ends and then filtered by removing the reads of low-quality 3’-ends (Phred score < 

30) and shorter than 25 bps. The remaining reads were aligned to the mm10 reference 

genome by Bowtie without allowing any mismatches. In total, 6,186,893 aligned reads 

were aligned for WT and 5,382,111 reads were aligned for Tsc1-/-. All aligned reads from 

PAS-Seq were pooled together in order to identify peaks and the corresponding cleavage 

sites in the reference genome by the read coverage signals. In each read alignment ‘hill’, 

the location with the highest read coverage between two zero coverage positions was 
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considered as the peak of the ‘hill’. The 3’-end of the peak is chosen as the potential 

corresponding cleavage sites where the read coverage at the peak quantifies the cleavage 

at the site. To remove false positives, only peaks with at least four supporting reads were 

analyzed.  

 

IntMAP algorithm 

To detect alternative PAS in the 3’-UTR of a gene, we propose an integrative model 

for alternative polyadenylation, IntMAP, by combining the RNA-seq read alignments and 

PAS-seq peak calling. IntMAP is built on a constrained probabilistic model with the 

probabilistic modeling of the RNA-seq read mapping uncertainty for estimating the 

abundance of all the short and long transcripts of a gene and the constraint on the abundance 

by the PAS peak callings.  

Let 𝑻 denote the set of the transcripts with different 3’UTR lengths in a gene with 

𝑇# being the ith transcript in 𝑻, and a set of reads r aligned to the 3’UTRs of the gene. Note 

that the complete list of the transcripts in a gene is combined from all the transcript variants 

with different cleavage sites predicted by the PAS-seq data or annotated in the reference 

genome. The probability of a read being generated by the transcript in T is modeled by a 

categorical distribution specified by parameter 𝑝#, where 𝑝#
|𝑻|
#&' = 1 and 0 ≤ 𝑝# ≤ 1.  We 

consider the likelihood that each read in r is sampled from one of the 3’-UTRs to which 

the read aligns. Specifically, for each read 𝑟, aligned to the 3’-UTRs in 𝑇#, the probability 

of obtaining 𝑟, by sampling from 𝑇#, namely Pr(𝑟, |𝑇#) is 𝑞#,. =
'

/01/23'
 (46–48), where 𝑙# 

and 𝑙5 are the length of the 3’-UTR in 𝑇# and the length of the read, respectively. Assuming 
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each read is independently sampled from one transcript, the uncommitted likelihood 

function to estimate the parameters P from the observed read alignments against the 3’-

UTRs in T is 

ℒ 𝑷; 𝒓 = 𝑃 𝑟 𝒓 𝑷 = 𝑃 𝑟 𝑟, 𝑷
|𝒓|
,&' = 𝑃 𝑟 𝑇# 𝑷

|𝑻|
#&' 𝑃 𝑟 𝑟, 𝑇#

|𝒓|
,&' =

	 𝑝#𝑞#,
|𝑻|
#&'

|𝒓|
,&' ,  

where 𝑷 is the probability of a read being generated by the transcript T, specifically, P = 

[𝑝', … , 𝑝|𝐓|]. The likelihood function is concave and an Expectation Maximization (EM) 

algorithm is applied to obtain the optimal 𝑷. With P estimated, the abundance of the ith 

transcript is derived as ?0|𝒓|
/0

, where 𝑙# is the length of transcript 𝑇#.  

In the PAS-Seq analysis, the read coverage (the height of the peak in Fig. 6A) also 

provides the measure of abundances of the transcript variants at 3’-UTR. IntMAP adopts 

the following constrained log-likelihood function, 

ℒ?@A 𝑷; 𝒓  = log(ℒ 𝑷; 𝒓 ) − 𝜆 𝑷|𝒓|
𝒍
− 𝛼𝑬

H
,  (a) 

where the vector 𝑬 contains the expression values for the transcripts provided by PAS-seq,  

𝑷|𝒓|
𝒍
= (?J 𝒓

/J
, … , ?0 𝒓

/0
, … , ?|K| 𝒓

/|K|
) represents the transcripts’ expressions and 𝛼 is a scaling 

factor between the expression values learned from RNA-seq data and PAS-seq data. There 

are two terms in the penalized log-likelihood function (equation (a)). The first term is the 

likelihood of the observed the RNA-seq read alignment as in the original probabilistic 

model. The second term, 𝑷|𝒓|
𝒍
− 𝛼𝑬

H
, encourages the consistency between the transcript 

expressions learned from RNA-seq data and PAS-seq data. The parameter 𝜆 balances the 
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two terms, where larger 𝜆 weights PAS-seq data more. By subtracting the second convex 

term, the penalized log-likelihood function is still concave and a similar EM algorithm is 

applied to obtain the optimal 𝑷 with the CVX package. The scaling factor 𝛼 = 	𝑷|𝒓|
𝒍𝑬

 is 

updated with current 𝑷 in each iteration in the EM algorithm. Then the chi-squared test is 

applied to the abundances of transcripts with different 3’-UTR lengths in WT and Tsc1−/− 

to detect 3’-UTR APA events.  

 

 

Accession code  

The accession numbers for the RNA-seq data in this chapter are SRP056624 and 

SRP056624. The accession number for the PAS-Seq data in this chapter is 

PRJNA436720. The accession number for the proteome data in this chapter is 

PXD002006. 
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Results 

mTORC1 Activation Leads to 3’-UTR Shortening of mRNAs 

To explore mTORC1 function in gene expression at a single nucleotide resolution, we 

performed RNA-seq experiments using Tsc1 knockout (TSC1−/−) and wild-type (WT) 

MEF cells (Supplementary Table 1)33. Knockout of Tsc1, a negative regulator of mTORC1, 

leads to uncontrolled mTORC1 hyperactivation compared with WT33,34. One of the striking 

features in our data set was that many transcripts in TSC1−/− showed an abrupt signal drop 

only for a segment of the 3’-most exon of an annotated gene compared with WT (Fig. 1A 

and Supplementary Fig. 1A). For example, the read signal for Dicer1 in TSC1−/− dropped 

after the termination codon in the 3’-most exon, although the signal from upstream exons 

increased (Fig. 1A). In some cases, upstream exons showed either similar (for example, 

Mecp2 and Tomm20) or decreased (for example, Anxa7 and Timp2) signal, although we 

observed the same pattern of signal drop in the 3’-most exon from TSC1−/− (Fig. 1A and 

Supplementary Fig. 1A). Further sequence analysis revealed that canonical or non-

canonical PAS(s) exists around the regions showing the signal drop. This indicates that the 

synthesis of these transcripts terminated early in the 3’-most exon using the proximal PASs 

for polyadenylation, suggesting a predominant production of mRNA isoforms with a 

shorter 3’-UTR in the mTOR-activated transcriptome (Fig. 1A and Supplementary Fig. 1A, 

yellow box, and Supplementary Table 2). For some transcripts such as Tomm20 and Nampt, 

3’-UTR-shortened transcripts were already present in WT where the mTOR activity is low 

but not entirely absent (Fig. 1A and Supplementary Fig. 1A). These 3’-UTR-shortened 

transcripts increased significantly in TSC1−/− (Fig. 1A and Supplementary Fig. 1A), 
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indicating that individual transcripts differ in the regulation of their 3’-UTR length in 

response to cellular mTORC1 activity. As the signals from upstream exons reflecting the 

amount of transcripts varied among the 3’-UTR-shortened transcripts, we examined 

whether 3’-UTR shortening in the mTORC1-activated transcriptome correlates to 

differential gene expression. To this end, we enriched 5,160 transcripts in our data set that 

are eligible for combined analysis of 3’-UTR shortening and differential expression. Next, 

each transcript was plotted by fold changes in the differential gene expression (y axis in 

Fig. 1B) and the significance of 3’-UTR shortening (x axis in Fig. 1B). This approach 

identified 846 3’-UTR-shortened transcripts (about 16.4%) out of 5,160 transcripts in 

TSC1−/− (Fig. 1B). Although 26.3% (223/846) of the 3’-UTR-shortened transcripts either 

increased (147/846) or decreased (76/846) their expression level, a significant proportion 

(73.7%) of them in the mTOR-activated transcriptome remained unchanged (Fig. 1B), 

indicating no strong correlation between the differential gene expression and the 3’-UTR 

shortening in the mTORC1-activated transcriptome. Of note, only a small percentage 

(1.3%) of transcripts showed 3’-UTR shortening in WT over TSC1−/− MEFs. To confirm 

the RNA-seq data, we developed a method to determine 3’-UTR shortening or lengthening 

by calculating ‘relative shortening index (RSI)’ (Fig. 1C). Twelve genes, covering a wide 

range of P-values, were randomly selected from the 3’-UTR shortening data set; all showed 

the RSI >0 in TSCI−/− (Fig. 1D and see also Supplementary Fig. 1D–E for alternative 

presentations of the data using different experimental and calculation methods), validating 

our RNA-seq data analysis. Together, these data strongly suggest that mTOR activation in 



 

 56 

cells leads to a preferred usage of proximal PAS in the 3’-most exon of mRNAs and results 

in transcriptome-wide 3’-UTR shortening. 

 

Figure 1. mTORC1 activation leads to genome-wide 3’-UTR shortening. (A) RNA-

seq reads from WT and TSC1−/− are aligned to mouse genome mm10 RefSeq. 

Representative examples of transcripts with 3’-UTR shortening are presented. Annotated 

gene structures are at the bottom of the alignment. The yellow boxes highlight the aligned 

reads in 3’-UTRs. (B) Scatter plot of RNA-seq data. Red dots represent individual 

transcripts in the analysis. Horizontal blue-dashed lines represent the cutoff values for 

twofold changes in differential gene expression. Vertical green-dashed lines represent the 

cutoff values for −log10 (P-value) of 3’-UTR shortening (1.3 corresponds to P=0.05) in 

TSC1−/− and WT, which was determined by χ2-test. (C) A schematic presenting primer 
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sets for RT–qPCR and the RSI determination. Pairs of primers were used to detect a total 

(short+long) or a long-specific transcript. The RSI was calculated to determine the 3’-

UTR shortening in a target cell line by RT–qPCR. (D) Validation of RNA-seq data. Error 

bars represent s.e. from three repeats of experiments. Student’s t-tests are done for 

statistical significance. *P<0.0025.  
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3’-UTR Shortening is a Downstream Target of mTORC1 

To determine whether 3’-UTR shortening due to APA is a previously uncharacterized 

cellular target downstream of mTOR pathway, we established a stable mTOR knockdown 

cell line TSC1−/− MEFs (TSC1−/− mTOR kd; Supplementary Fig. 2A). The tested 

transcripts showed the RSI <0 in TSC1−/− mTOR kd MEFs as compared with a control 

knockdown cell line, indicating the enrichment of 3’-UTR-lengthened transcripts in 

mTOR-deficient cells (Fig. 2A and Supplementary Fig. 2B), thus supporting the idea that 

mTOR functions in 3’-UTR length regulation. Consistently, the same results were observed 

in a HEK293 stable cell line with mTOR knockdown or in a bladder cancer cell line HCV29 

(where TSC1 is mutated and as a consequence, mTORC1 activity is upregulated) with 

TSC1 added back (HCV29 Add back)35,36. These results suggest that the function of 

mTORC1 in 3’-UTR shortening is a general phenomenon and evolutionarily conserved 

between human and mouse (Supplementary Fig. 2C–E). 

 Proliferative cells are known to carry short 3’-UTRs in their transcriptome and 

terminally differentiated tissues are known to produce transcripts with long 3’-UTRs2,17,18. 

We asked whether mTORC1 activation could be an underlying reason that explains these 

observations. We used a mouse model with skeletal muscle-specific Tsc1 knockout (SM 

TSC1−/−) to render mTORC1 hyperactivated only in skeletal muscle (Fig. 2B and 

Supplementary Fig. 2F)37 and compared the changes in 3’-UTR length. Control brain 

tissues from both WT and SM TSC1−/− did not show significant changes in 3’-UTR length 

(Fig. 2B). In contrast, the RSI of the tested transcripts in the skeletal muscle from SM 

TSC1−/− mice was >0 as compared with that from WT, providing evidence that the 
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mTORC1 activation is sufficient to drive 3’-UTR shortening in terminally differentiated 

skeletal muscles (Fig. 2B and Supplementary Fig. 2M). 

 

Figure 2. 3’-UTR shortening is a downstream target of mTORC1. (A) mTOR 

knockdown (kd) in TSC1−/− recovers the 3’-UTR length. The RSI was measured using 

total RNAs isolated from TSC1−/− MEFs with mTOR kd. *P<0.015. (B) Activation of 

mTORC1 in terminally differentiated skeletal muscle leads to 3’-UTR shortening. Total 

RNAs from skeletal muscles in WT or skeletal muscle-specific knockout of Tsc1 (SM 

TSC1−/−) mice were used for the RSI measurement. The brain was used as an additional 

tissue control. Western blotting on tissue extracts from two randomly chosen mice was 
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done. p-S6 denotes phosphorylated S6, a downstream target of activated mTOR kinase. 

*P<0.016. (C) mTORC1 but not mTORC2 is crucial for 3’-UTR shortening. mTORC1 or 

mTORC2 was specifically deactivated by targeting Raptor or Rictor, respectively, using 

short hairpin RNAs in TSC1−/− MEFs. The RSI was measured using RT–qPCR. *P<0.05. 

(D) A selective inhibitor of mTOR, Torin1, alters 3’-UTR length in mRNAs. TSC1−/− 

MEFs were treated with Torin1 at various doses (10, 50 and 250 nM, presented as 

incremental triangles) and time courses (3, 6 and 12 h). Changes in the 3’-UTR length 

were determined by measuring the RSI. *The conditions that accumulate the long 3’-

UTR-containing transcripts with statistical significance.  
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To address which mTOR complex regulates 3’-UTR shortening, we established 

stable cell lines using short hairpin RNA that specifically knocks down Raptor (a 

component of mTORC1) or Rictor (a component of mTORC2) in TSC1−/− MEFs 

(Supplementary Fig. 2G). The knockdown of Raptor but not Rictor resulted in the RSI <0 

when compared with control knockdown cells, suggesting that mTORC1 plays an 

important role in 3’-UTR shortening (Fig. 2C and Supplementary Fig. 2F). mTOR is a key 

therapeutic target for many human disease treatments25 and several versions of selective 

mTOR inhibitors have been developed including Torin138. Thus, we examined whether 

pharmacological inhibition of mTOR via Torin1 could modulate APA. Torin1 treatment of 

TSC1−/− or HEK293 cells resulted in the RSI <0 in most of the tested transcripts in all 

conditions and the lengthening of 3’-UTR occurred as early as 3 h after the treatment, 

indicating that the cellular APA pattern changes drastically on the inhibition of mTOR 

(Fig. 2D and Supplementary Fig. 2I–J, N). In contrast, the treatment of rapamycin, which 

does not fully inhibit mTORC127,39, showed minimal effect, if any, on 3’-UTR lengthening 

(Supplementary Fig. 2J–L). As Torin1 arrests cells in G1/S phase38,39, the lengthening of 

the 3’-UTR on Torin1 treatment could come from the inhibition of cell proliferation. To 

rule out this possibility, we used another class of small molecules such as hydroxyurea or 

mimosine, which arrest cells in G1/S without downregulating mTORC1 activity 

(Supplementary Fig. 2O)40,41. Hydroxyurea or mimosine treatment for 12 h in WT MEFs 

showed the RSI >0, indicating that 3’-UTR shortening occurred even though cells stop 

proliferating (Supplementary Fig. 2P). However, the same treatment of WT MEFs with 

mTOR knockdown abolished 3’-UTR shortening (Supplementary Fig. 2Q). Thus, the 3’-
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UTR lengthening after Torin1 treatment is not caused by the inhibition of cell proliferation 

but rather from the inactivation of mTORC1 (Supplementary Fig. 2R–S). Taken together, 

we conclude that the mTORC1 pathway is an upstream regulator for APA process and 

determines the 3’-UTR length in the transcriptome independent of cell proliferation status.  

 

3’-UTR Shortening Activates Ubiquitin-Mediated Proteolysis 

Activation of mTORC1 increases global protein synthesis by controlling multiple 

downstream events such as ribosome biogenesis and cap-dependent translation initiation 

and elongation25,42. Especially, mTORC1 promotes the translation of a subset of mRNAs 

carrying 5’-UTR sequences such as 5’TOP, 5’TOP-like motif and 5’PRTE26,27. Similar to 

5’-UTR, 3’-UTR in mRNA also plays an important role in the regulation of gene 

expression. In particular, 3’-UTR shortening in a transcript has been shown to increase 

protein production2,17,43,44. Therefore, we asked whether the mTORC1-activated 3’-UTR 

shortening contributes to mTORC1-mediated upregulation of protein synthesis and 

influences mTORC1-related biology. To this end, we first conducted quantitative 

proteomic studies using tandem mass tag (TMT)-labelled total cell lysates prepared from 

WT and TSC1−/− MEFs, to quantitatively profile the changes in the cellular proteome due 

to mTORC1 activation. We identified a total of 2,754 proteins that were found in either 

cell line by two or more unique peptides via 2D LC–MS/MS (Supplementary Table 3). The 

KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis on the catalogue 

of proteins with >20% increase (1,014 proteins) in abundance (TSC1−/− compared with 

WT) shows that multiple cellular pathways are activated in TSC1−/− (Fig. 3A). We also 
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performed the KEGG pathway analysis using the catalogue of 846 3’-UTR-shortened 

transcripts and the differentially expressed transcripts in TSC1−/− MEFs (Supplementary 

Fig. 3A and Supplementary Table 4). By comparing the enriched pathways from these 

three data sets, we found that multiple pathways in the mTOR-activated proteome such as 

spliceosome (mmu03040) and RNA degradation (mmu03018) are upregulated by both 3’-

UTR shortening and differential gene expression, whereas other enriched pathways such 

as DNA replication (mmu03030) and pyrimidine/purine metabolism 

(mmu00240/mmu00230) are attributable solely to the differential gene expression (Fig. 3A 

and Supplementary Fig. 3A–B). 

Figure 3. 3’-UTR shortening due to mTORC1 activation targets specific cellular 

pathways including ubiquitin-mediated proteolysis. (A) Analysis of mTORC1-

activated proteome. The KEGG pathway enrichment analysis was performed using the 
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catalogue of identified proteins from 2D LC–MS/MS. The left panel shows the enriched 

pathways in −log10(P-value). The right box shows the distribution of individual proteins 

in each KEGG pathway index shown in the left panel. Proteins showing more than 1.2 

fold changes in TSC1−/− compared with WT MEFs are plotted. Ubiquitin-mediated 

proteolysis pathway is marked with a light green box. (B) Analysis of enriched KEGG 

pathways by 3’-UTR shortening in TSC1−/− MEFs. The mTORC1-activated 

transcriptome is described in Fig. 1. The KEGG pathways enriched in TSC1−/− MEFs by 

3’-UTR shortening are shown in –log10(P-value). Fold changes of individual proteins in 

each pathway index are plotted in the right box. Ubiquitin-mediated proteolysis pathway 

is marked with a light green box. (C) The RSI was measured for the transcripts enriched 

in ubiquitin-mediated proteolysis pathway in TSC1−/− MEFs. The lengthening of 3’-

UTR in TSC1−/− MEFs treated with Torin1 at 50 nM for 24 h was shown by the RSI. 

*P<1.5 × 10−6, **P<6.3 × 10−6. (d) Western blot analysis of E2 and E3 enzymes 

showing the 3’-UTR shortening in the RNA-seq experiments. Cells were treated with 

Torin1 for 24 h at 50 nM for 3’-UTR lengthening. pS6 denotes phosphorylated S6. 

  



 

 65 

Intriguingly, among those enriched pathways in the quantitative proteome analysis, 

ribosome- (mmu03010) and ubiquitin-mediated proteolysis pathways (mmu04120) did not 

appear in the differential gene expression data set (Fig. 3A and Supplementary Fig. 3B–

C). This indicates that these two pathways are most likely to be activated by other 

mTORC1-mediated regulatory mechanisms rather than transcriptional regulation. It is 

known that the ribosome pathway is activated by mTORC1 through the translational 

regulation of mTORC1-responsive 5’-UTR cis-elements such as 5’TOP and 5’PRTE in the 

mRNAs26,27,45. On the other hand, mTORC1-responsive 5’-UTR sequence elements do not 

exist in most transcripts from the ubiquitin-mediated proteolysis pathway, supporting the 

idea that 3’-UTR shortening could be an explanation for the activation of ubiquitin-

mediated proteolysis pathway in the mTORC1-activated proteome (the light green box in 

Fig. 3A–B and Supplementary Fig. 3D). All transcripts from the ubiquitin-mediated 

proteolysis pathway containing short 3’-UTR encode the components of E2 ubiquitin-

conjugating enzymes and E3 ubiquitin ligases such as Anapc1, Rbx1, Trip12, Ube2i and 

Tceb1. Consistent with our findings in this study, these transcripts carry an mTORC1-

dependent short 3’-UTR in TSC1−/− MEFs as determined by the RSI in the presence or the 

absence of Torin1 treatment (Fig. 3C). As shown by western blotting (Fig. 3D), the 

expression of Ube2i, Ube2b and Rbx1 proteins matched the progression of 3’-UTR 

shortening in these transcripts, supporting our conclusions from quantitative proteomics 

studies and 3’-UTR-shortening analysis. Together, these results suggest that 3’-UTR 

shortening by mTORC1 activation plays an important role in altering gene expression. 

These results also identify the ubiquitin-mediated proteolysis pathway as an additional 
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cellular target of mTORC1. Thus, mTORC1-driven 3’-UTR shortening might explain part 

of cellular phenotypic changes in TSC1−/− over WT MEFs. 

 

3’-UTR Shortening Contributes to mTORC1-Promoted Translation 

To examine whether 3’-UTR shortening in the group of transcripts of the ubiquitin-

mediated proteolysis pathway is the major contributor to the increase in protein production, 

we looked at the effect of mTORC1-mediated 3’-UTR shortening on the association with 

actively translating ribosomes using polysome fractionation and reverse transcription–

quantitative PCR (RT–qPCR). We fractionated cytoplasmic extracts on sucrose gradients 

to separate polysomes from 40S, 60S and 80S (monosome) ribosomes (Fig. 4A). Using 

RT–qPCR on RNAs purified from each fraction, we measured the percentage of total 

(long+short) and long 3’-UTR transcripts in each tested cell line. Interestingly, an overall 

distribution of long 3’-UTR transcripts across the separated fractions was polarized into 

light (fractions 2 and 3) and heavy fractions (fractions 6, 7 and 8; Rbx1, Ube2i, Anapc1 and 

Ube2n) or was biased to light fractions (fractions 2 and 3; Trip12 and Tceb1) (Fig. 4B and 

Supplementary Fig. 4A). In cases of Rpl22 and Bub3, long 3’-UTR transcripts were 

distributed almost evenly across the separated fractions (Supplementary Fig. 4A). All these 

results indicate that a significant portion of long 3’-UTR transcripts are not translated in 

cells or do not associate with ribosomes efficiently. In contrast, the overall distribution of 

total (long+short) transcripts was biased towards heavy polysome fractions (fractions 7 

through 11) in all cell lines (Fig. 4B and Supplementary Fig. 4A). The association of total 

transcripts with polysomes was more prominent in TSC1−/− compared with WT or TSC1−/− 
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treated with Torin1. As total transcripts contain both long and short 3’-UTR transcripts, we 

compared the distribution of short 3’-UTR transcripts with that of total. To do this, we first 

conducted rapid amplification of complementary DNA 3’ ends to locate the precise 

proximal poly(A) sites of short 3’-UTR transcripts (Supplementary Fig. 4E) and used oligo 

d(T)30 primers with 3’-end degenerated C (for Rbx1) or G (for Anapc1) for amplification. 

RT–PCR and agarose gel-based detection of total, short and long 3’-UTR transcripts for 

Rbx1 and Anapc1 in each fraction from TSC1−/− revealed that most short 3’-UTR 

transcripts formed polysomes, whereas a significant fraction of long 3’-UTR transcripts do 

not (Supplementary Fig. 4B). These results are consistent with the observations made by 

RT–qPCR. Importantly, the distribution of total transcripts mirrors short 3’-UTR 

transcripts more than long 3’-UTR transcripts (Supplementary Fig. 4B). Thus, highly 

enriched total transcript signals in the polysome fractions of TSC1−/− are likely to be due 

to the presence of short 3’-UTR transcripts. Considering the biggest differences between 

total and long transcript signals in the polysome fractions, short 3’-UTR transcripts are the 

major form of mRNAs in polysomes and determine protein synthesis in TSC1−/− MEFs. 

Contrary to this, in WT MEFs the overall total transcript signals from the polysome 

fractions are reduced and the proportion of long 3’-UTR transcripts is close to that of total 

transcripts in polysomes (Fig. 4B and Supplementary Fig. 4A). Intriguingly, the 

distribution and percentage of long 3’-UTR-containing transcripts showed minimal, if any, 

changes in different cellular contexts (WT, TSC1−/− and TSC1−/− treated with Torin1; Fig. 

4B and Supplementary Fig. 4A). These results propose that long 3’-UTR transcripts 

participate in the basal level of protein synthesis regardless of cellular contexts and play a 
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bigger role in translation in WT compared with TSC1−/−. Together, these results provide 

evidence that short 3’-UTR transcripts define part of proteome changes on mTORC1 

activation. We also noted that in the presence of 50 nM Torin1 for 24 h, formation of 

polysomes with total transcripts decreased, while formation of polysomes with long 3’-

UTR transcripts stayed constant (Fig. 4B and Supplementary Fig. 4A). This suggests that 

the formation of polysomes in TSC1−/− is largely dependent on the level of short 3’-UTR 

transcripts. 

 

Figure 4. 3’-UTR shortening is an mTORC1-activated molecular signature for 

protein synthesis. (A) Polysome fractionation using 5%–45% sucrose gradient. 

Cytoplasmic extracts were prepared from WT, TSC1−/− MEFs in the presence or the 

absence of 50 mM EDTA, or in the presence of 50 nM or 250 nM Torin1. Eleven fractions 

were collected and subjected to absorbance measurement at 254 nm. The arrows mark 40S, 

60S subunits and 80S monosomes. The black thick line indicates polysome fractions 
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(fractions 7 through 11). (B) Polysome analyses of selected total (long+short) and long 

transcripts in each fraction from sucrose gradient. Percentage of total and long transcripts 

for Rbx1 or Trip12 in each fraction was measured using RT–qPCR. (C) Long 3’-UTR-

containing transcripts minimally contribute to protein synthesis on mTORC1 activation. 

siRNAs targeting three distinct regions in the 3’-UTR of Rbx1 and Ube2i mRNAs were 

designed (right bottom panel). siRNA#1 targets the region between the termination codon 

and the first PAS. siRNAs#2 and 3 specifically targets long 3’-UTR-containing transcripts 

only. Knockdown of total or long transcripts was carried out using these siRNAs in WT 

and TSC1−/− MEFs. The amounts of remaining Rbx1 and Ube2i total (long+short) 

transcripts were measured using RT–qPCR (left panel). Western blotting was performed 

using the cell lysates from RNA interference knockdown experiments (right top panel). 

  



 

 70 

To further investigate the effects of 3’-UTR shortening on protein synthesis in WT 

and TSC1−/− MEFs, we designed small interfering RNAs (siRNAs) that target either total 

(siRNA 1) or long (siRNAs 2 and 3) 3’-UTR transcripts of Rbx1 and Ube2i specifically 

and measured their effects on gene expression by RT–qPCR and western blotting (Fig. 4C). 

Notably, siRNAs 2 and 3 minimally decreased total (long+short) mRNAs of Rbx1 and 

Ube2i in TSC1−/− (∼20%–25% knockdown), whereas siRNA 1 could knock down those 

total mRNAs efficiently (∼60%–70%). On the other hand, siRNAs 2 and 3 increased the 

knockdown efficiency dramatically in WT (50–70%) compared with TSC1−/− (Fig. 4C). 

As all siRNAs used in the experiment knocked down long 3’-UTR transcripts with high 

efficiency (70%–95%; Supplementary Fig. 4F), the discrepancy in the efficiency of 

siRNAs 2 and 3 in WT and TSC1−/− is likely to be due to the differences in the relative 

amounts of long 3′-UTR transcripts in these cells. The siRNA 1 significantly affected the 

protein levels of both Rbx1 and Ube2i in WT and TSC1−/−. In contrast, the siRNAs 2 and 

3 affected target protein levels only in WT (Fig. 4C). Taken together with polysome 

profiling experiments, these results suggest that most of the polysomes are formed with 

short 3’-UTR transcripts, which plays a major role in protein production on mTORC1 

activation. Meanwhile, relatively smaller portion of the polysomes formed with long 3’-

UTR transcripts, which minimally contributes to protein production. Thus, we conclude 

that the overexpression of selected E2 and E3 ligase complexes is due to mTORC1-

promoted 3’-UTR shortening of those mRNAs. 
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A More Comprehensive Profiling of 3’-UTR Length Dynamics by an Integration 

Model, IntMAP 

It has been shown that the outcome of APA analysis on 3’-UTR could vary by the choice 

of profiling methods6. Thus, to investigate whether other APA profiling methods could 

expand our understanding of mTORC1-controlled biological pathways, we used the PAS-

Seq method to map out experimentally proven polyadenylation sites and to quantitate APA 

events in the WT and TSC1−/− MEF transcriptomes. Compared to 846 short 3’-UTR 

transcripts identified by the RNA-Seq method, we found 843 short 3’-UTR transcripts in 

the TSC1−/− transcriptome using the PAS-Seq method (Fig. 5A and Supplementary Table 

5). Consistent with the previous report6, our APA profiling using two separate methods 

also showed a limited overlap of 305 genes (36%) (Fig. 5A). Although the number of 

overlapping short 3’-UTR transcripts between the two datasets is not considerably large, 

many KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways including protein 

processing in the endoplasmic reticulum (mmu04141) and ubiquitin-mediated proteolysis 

(mmu04120) exist in both datasets with a significant P-value (Fig. 5B). In comparison, 

KEGG pathways that are unique to either dataset tend to have P-values that are less 

significant. (Fig. 5B and Supplementary Table 5). By pooling the two datasets together, we 

were able to identify 3’-UTR APA events in 1,384 genes in the TSC1−/− transcriptome (Fig. 

5A). Interestingly, the combined data enriched distinct KEGG pathways such as RNA 

transport (mmu03013) and adherens junction (mmu04520) which did not appear in either 

dataset (Fig. 5B and Supplementary Table 5). Thus, two profiling methods increase the 
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total number of genes with 3’-UTR APA events and broaden the list of biological pathways 

that are modulated by 3’-UTR APA in TSC1−/− MEFs. 
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Figure 5. Profiling of 3’-UTR APA events in the mTORC1-activated transcriptome 

using Poly(A) Site sequencing (PAS-Seq). (A) A Venn diagram of 3’-UTR shortened 

transcripts in TSC1–/– MEFs using two independent profiling methods. (B) KEGG pathway 

analysis of 3’-UTR shortened transcripts identified by PAS-Seq, RNA-Seq and the union 

of the two methods. The KEGG pathways only enriched after combining two profiling 

methods are highlighted in dark violet. 
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Even though the union of two datasets shows an advantage in expanding the APA 

profile of a transcriptome over using single APA profiling method, this approach does not 

fully complement limitations inherited from each profiling method. Thus, we developed a 

novel algorithm named IntMAP (Integrative Model for Alternative Polyadenylation), 

which integrates RNA-Seq and PAS-Seq data for exhaustive analysis of 3’-UTR APA 

events (Fig. 6A). In IntMAP, first the positions of multiple polyadenylation sites in a 3’-

UTR of a gene are defined and the 3’-UTR isoforms of the gene are accordingly deduced. 

Then the quantitative information of RNA-Seq and PAS-Seq data is integrated to calculate 

the expression level of inferred 3’-UTR isoforms. Two elements in IntMAP work 

systemically to help the quantitation of isoform expression. The first element promotes the 

isoform expression to comply with the observed read counts from RNA-Seq data. The 

second element encourages the consistency between the isoform expression learned from 

RNA-Seq and PAS-Seq data. After the quantitation by IntMAP, the calculated expression 

level of different 3’-UTR isoforms is applied to the chi-squared test to determine the 3’-

UTR shortening of a gene in a given biological context compared to control (Fig. 6A). 

Next, we applied IntMAP to our RNA-Seq and PAS-Seq data and found 975 genes with 

3’-UTR APA events (Fig. 6B and Supplementary Table 6). Among 975 genes, 592 and 

370 genes overlapped with the PAS-Seq and RNA-Seq analyses, respectively. Of note, 

IntMAP could not entirely encompass the genes with 3’-UTR APA found in the PAS-Seq 

or RNA-Seq analysis (Fig. 6B). Importantly, IntMAP identified 280 new 3′-UTR APA 

events, which were not reported in the union of two data sets (Fig. 6B and Supplementary 

Table 6). By pooling genes showing APA altogether from RNA-Seq, PAS-Seq, and 
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IntMAP analyses, we could determine 1658 APA events in the TSC1−/− transcriptome (Fig. 

6B). 
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Figure 6. Development of a novel algorithm IntMAP by integrating RNA-Seq and 

PAS-Seq dataset. (A) A schematic of the experimental workflow and algorithm to 

integrate RNA-Seq and PAS-Seq data. An algorithm integrating two datasets was 

developed for comprehensive profiling of 3’-UTR APA events. (B) A Venn diagram of 3’-

UTR shortened transcripts in TSC1−/− MEFs using IntMAP. The number of genes 

producing 3’-UTR shortened transcripts in each section of Venn diagram is indicated. 
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Examples of RNA-Seq and PAS-Seq read alignments from newly identified 280 

genes show a marginal pattern for 3’-UTR shortening which was not significant enough to 

be determined as APA events in both analyses (Fig.7A and Supplementary Fig. 5). But the 

RSI of those genes measured by qRT-PCR was positive, indicating the production of short 

3’-UTR transcripts from those genes (Fig. 7B). The KEGG pathway analysis using 975 

genes identified by IntMAP showed distinct enriched pathways such as FoxO signaling 

pathway (mmu04068) and p53 signaling pathway (mmu04115) as well as pathways 

identified by RNA-Seq or PAS-Seq (Fig. 7C and Supplementary Table 7). Thus, the newly 

developed IntMAP could comprehensively catalog 3’-UTR APA events in the TSC1−/− 

transcriptome and reveal additional biological pathways that might be regulated by APA 

in TSC1−/− MEFs. Using the list of genes combined altogether, we were able to expand the 

repertoire of 3’-UTR APA-modulated cellular pathways upon the activation of mTORC1 

(Fig. 7D, Supplementary Fig. 6, and Supplementary Table 7). 
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Figure 7. Identification of novel 3’-UTR APA events by IntMAP. (A) Examples of 

RNA-Seq and PAS-Seq alignments for genes showing 3’-UTR APA events identified by 

IntMAP. Read alignments of the 3’-most exon or last two exons of RNA- and PAS-Seq are 

shown. The orientation of genes is presented from 5’ (left) to 3’ (right). (B) The relative 

shortening index (RSI) of genes based on the comparison between WT and TSC1−/− MEFs 

was measured using qPCR to validate the analysis done by IntMAP. qPCR results are from 

four technical replicates. Data represent the mean ± SEM. Two-tailed student t-tests were 

performed for statistical significance. (C) KEGG pathway analysis using 975 genes 

identified by IntMAP is shown. The KEGG pathways only enriched in IntMAP analysis 

are highlighted in dark green. (D) KEGG pathway analysis of 3’-UTR APA events in the 

union of RNA-Seq, PAS-Seq and IntMAP analyses is shown. The complete list of KEGG 

pathways is shown in Supplementary Figure 6. 
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Alternative Polyadenylation as a Molecular Link between Cellular Stress Response 

and mTORC1 Activation 

To determine whether the APA events solely identified by IntMAP have significant 

physiological impacts, we set out to examine the newly identified 280 APA events more 

closely. We first performed the gene ontology (GO) analysis to search for enriched 

molecular functions in 280 genes. Because mTORC1 has been known to activate many 

cellular pathways through the modulation of transcriptional networks, we particularly 

looked for transcription-related functions in the enriched GO analysis46,47. From this 

approach, we found that several transcription factors including Appl1, Mtdh and Cebpg 

showed 3’-UTR APA in the TCS1−/− transcriptome (Supplementary Table 8). Consistent 

with IntMAP-identified APA events, the RSI of those transcription factors showed 3’-UTR 

shortening although the APA event was not apparent in the RNA-Seq read alignments and 

PAS-Seq counts (Fig. 7A–B and 8A, Supplementary Fig. 5). Notably, several of these 

transcription factors have not been linked to the mTORC1 signaling pathway extensively, 

including C/EBPγ. C/EBPγ is known to function in the integrated cellular stress responses 

to redox imbalance and nutrient deprivation stress by forming a heterodimer with ATF432. 

In TSC1−/− MEFs, the expression of C/EBPγ protein is highly upregulated compared to 

WT MEFs (Fig. 8B and Supplemental Fig. 7B). Of note, as opposed to the drastic increase 

in the protein level, the transcript level of Cebpg only increased by ∼2-fold from WT to 

Tsc1−/− MEFs (Fig. 8A–B and Supplementary Fig. 7B). The fact that the protein level 

change cannot be fully explained by the transcript level change indicates that APA plays 

an important role in the regulation of C/EBPγ expression in WT and Tsc1−/− MEFs.  
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Figure 8. mTORC1-coordinated cellular stress response network identified by 

IntMAP. (A) RNA- and PAS-Seq read alignments of Cebpg are shown. An absolute 

quantitation of long 3’-UTR and total (long+short 3’-UTR) Cebpg mRNAs was made 

using qPCR. The amounts of short versus long 3’-UTR transcripts are presented by 

copies/µg of total RNAs. The shortening index of Cebpg in the TSC1−/− transcriptome 

was calculated based on absolute or normalized quantitation. qPCR results are from 4 

technical replicates. Data represent the mean ± SEM. Two-tailed Student's t-tests were 

performed for statistical significance. (B) Western blotting for Cebpg, hnRNP A1 and 

Lamin A/C using WT and TSC1−/− cell extracts. Relative amounts of Cebpg mRNA were 

measured by qPCR. qPCR results are from four technical replicates. Data represent the 

mean ± SEM. Two-tailed student t-tests were performed for statistical significance. *P = 

7.97e–007. (C) Relative gene expression of Cebpg target genes in WT and TSC1−/− 
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MEFs was measured using qPCR. qPCR results are from 4 technical replicates. Data 

represent the mean ± SEM. Two-tailed Student's t-tests were performed for statistical 

significance. (D) RNAi knockdown (KD) of Cebpg in Tsc1−/− MEFs and the analysis of 

Cebpg target genes. Western blotting was conducted for Cebpg, Cpsf6, Tubulin, and 

hnRNP A1 using con or Cebpg KD Tsc1−/− cell extracts. Relative amounts of Cebpg 

mRNA in the KD cells compared to control cells were measured using qPCR. Expression 

of Cebpg target genes in the KD and control cells were quantitated using qPCR. qPCR 

results are from four technical replicates. Data represent the mean ± SEM. Two-tailed 

Student’s t-tests were performed for statistical significance.   
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Because C/EBPγ is known to activate oxidative stress response-related 

transcription networks with ATF432, we examined the expression level of C/EBPγ 

downstream target genes using qPCR in TSC1−/− and WT MEFs. As anticipated, all tested 

target genes of C/EBPγ were significantly up-regulated in TSC1−/− compared to WT MEFs 

(Fig. 8C). To validate whether the up-regulation of these genes is specifically mediated by 

the increase of C/EBPγ in TSC1−/− MEFs, we specifically knocked down C/EBPγ using 

RNAi (Fig. 8D and Supplementary Fig. 7A) and measured its effect on target gene 

expression. When C/EBPγ was down-regulated, the expression of all tested genes was 

decreased (Fig. 8D), indicating that the transcriptional activation of oxidative stress 

response-related genes in TSC1−/− MEFs is mediated by the upregulation of C/EBPγ. 

Together, these demonstrate that, by integrating the APA profiling of two different 

sequencing technologies by IntMAP, we were able to further unveil regulatory connections 

between mTORC1-mediated 3’-UTR shortening to previously unassociated cellular 

functions.  
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Discussion 

In this study, we used genetically well-defined MEFs to investigate the molecular 

signatures of mTORC1-activated transcriptome and discovered widespread 3’-UTR 

shortening due to dysregulated mTORC1 activation. Although a precise mechanism(s) of 

how mTORC1 activation leads to the 3’-UTR shortening in selected transcripts is 

unknown, we found that almost all known 3’-end processing factors alter their expression 

on changes in cellular mTORC1 activity in TSC1−/− compared with WT MEFs, 

suggesting that mTORC1-mediated 3’-UTR shortening occurs by multiple factors 

(Supplementary Table 4). Analysis on pathways enriched in 3’-UTR-shortened 

transcripts and quantitative proteomics on mTORC1 activation identified ubiquitin-

mediated proteolysis as an additional target pathway of mTORC1. Considering the well-

documented function of mTORC1 in the activation of cellular anabolic metabolism for 

rapid cell proliferation48, the newly discovered function of mTORC1 in ubiquitin-

mediated proteolysis through 3’-UTR shortening is surprising. A recent study suggests a 

role of mTOR in the activation of proteasome through the modulation of a transcriptional 

network28. This study argued that the promotion of protein degradation pathway on 

mTOR activation is required for a continuous supply of amino acids to cellular systems, 

to maintain the steady-state protein synthesis. Our data set also indicates a marginal 

increase in the proteasome activity through a transcriptional upregulation of several 

proteasomal subunits (Supplementary Fig. 4D) and an increase in the polyubiquitination 

of proteins on mTORC1 activation (Supplementary Fig. 4I). Moreover, our data 

demonstrate that mTORC1-promoted 3’-UTR shortening leads to the overexpression of 

selected E2 and E3 components in ubiquitin ligase complexes (Figs. 3B, D and 4B), 
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which is known to increase polyubiquitination of their substrates49–55. Therefore, it is 

possible that the enrichment of polyubiquitination in cellular proteins on mTORC1 

activation could come from selective polyubiquitination of those E2 and E3 substrates. 

Together, our study proposes the molecular mechanism of how mTORC1 pathway selects 

proteins to degrade through 3’-UTR shortening of a subset of mRNAs. The E2 and E3 

enzymes upregulated by mTORC1-driven 3’-UTR shortening mostly target cell cycle 

regulators, tumor suppressors and pro-apoptotic proteins for ubiquitin–proteasome 

system50,56. For instance, Rbx1, Trip12 or Anapc1/5 are all components of E3 ligase 

complexes that selectively polyubiquitinate Arf and Cyclins, and Birc6 E3 ligase targets 

Caspase 3/7 for degradation50,56,57. For rapidly proliferating cells, a timely removal of cell 

cycle regulators such as Arf and Cyclins is a key step for rapid progression of the cell 

cycle50. Therefore, our findings are particularly important, because unlike a previous 

argument, it explains how upregulated mTORC1 and consequent proteasome activation 

recycles proteins that are only needed to foster a cellular environment favorable to rapid 

cell proliferation. Thus, we suggest that this selective proteolysis not only provides a 

surplus of amino acids to cellular systems but also makes cells proliferate rapidly by 

efficient modulation of the cellular levels of cell cycle regulators. 

Although a consensus on the role of mTORC1 is an increase in global protein 

synthesis, many studies suggest that mTORC1-modulated promotion of protein synthesis 

requires numerous trans- and cis-acting elements. In particular, 5’TOP and 5’PRTE 

sequence features found in the 5’-UTR in a group of mRNAs render the activation of 

cellular pathways such as translation, cellular invasion and metastasis26,27. One of the 
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distinctive behaviors of this group of mRNAs is their acute dissociation from actively 

translating polysomes in response to mTOR inhibition26,27. Interestingly, Rpl22 mRNA 

contains both 5’TOP and 3’-UTR-shortening molecular features. Compared with mRNAs 

containing 5’TOP feature, the formation of polysomes with this particular mRNA is not 

entirely dependent on 5’TOP but is rather regulated by 3’-UTR shortening, because the 

long 3’-UTR Rpl22 mRNA was not enriched in the polysome fractions in TSC1−/− MEFs 

(Supplementary Fig. 4A, C). As most of the 3’-UTR-shortened transcripts for ubiquitin-

mediated proteolysis do not contain mTOR-responsive sequence features in their 5’-UTR 

(Supplementary Fig. 3D), 3’-UTR shortening due to mTOR activation could function in 

protein synthesis independent of 5’-UTR structure of an mRNA and it presents an 

additional molecular signature targeted by the mTORC1 pathway. 

Profiling the changes of 3’-UTR length is a critical aspect in the understanding of 

comprehensive gene expression. Multiple workflows adopting high profiling 

technologies and bioinformatics tools have been developed to catalog the dynamics of 3’-

UTR length on a global scale1. However, an exhaustive survey of 3’-UTR APA is still far 

from complete due to inherent weaknesses of currently available profiling methods. For 

example, several versions of profiling methods were designed to specifically sequence 

the fragmented poly(A) tail region of mRNAs14,16,18,19,58–60. Despite the advantage of 

acquiring high resolution peaks of polyadenylation sites transcriptome-wide, these 

methods suffer from false signals caused by internal priming on A-rich sequences instead 

of poly(A) tails and frequent unmanageable production of very short reads during the 

library preparation1,15. In addition, a variable efficiency of library preparations between 
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samples often complicates the quantitation of APA events. Alternatively, widely 

conducted RNA-Seq experiments can be used to assess APA events. In this case, a 

customized or current bioinformatics algorithm is needed to register the pattern of APA 

events in the RNA-Seq data1. Depending on the parameters and considerations implanted 

in an algorithm, the outcome of the analysis could vary. For instance, the definition of the 

actionable proximal PAS in a 3’-UTR could vary by the algorithms, and the resolution on 

the usage of multiple proximal PASs in a 3’-UTR could be limited by the nature of RNA-

Seq read alignments. 

Given that APA is a critical molecular process that coordinates mTORC1 

downstream pathways, the resolution and depth of APA survey is critical in investigating 

mTORC1-regulated pathways. Accordingly, we looked for any combinations of 

sequencing technologies and bioinformatics tools to help improve the APA survey in the 

TSC1−/− transcriptome. One simple solution to this quest was simply combining RNA-

Seq and PAS-Seq data. As shown in Figure 5, this approach expanded the number of 

APA events in the TSC1−/− transcriptome compared to the APA analysis using only a 

single method. However, this union method gives equal weight to each profiling method 

regardless of the quality of the data. In addition, one method does not complement the 

data analysis of the other method in this approach. In contrast, newly developed IntMAP 

formulates one unified machine learning framework to integrate the quantitative 

information from RNA-Seq and PAS-Seq to estimate the expression level of different 3’-

UTR isoforms based on a global optimization strategy. IntMAP could amplify the weak 

signals of 3’-UTR shortening from both data platforms to avoid false negative genes. 
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Thus, this method improves isoform quantification and APA profiling compared to RNA-

Seq or PAS-Seq method alone, or the simple union of both methods. In addition, the 

model can be tailored by the parameter λ to balance the contributions of RNA-Seq and 

PAS-Seq data. As such, the optimization of λ is critical, and the model can be trained by 

qRT-PCR validation experiments on a small set of genes (Fig. 6A). Intriguingly, we 

noticed that the APA events characterized by IntMAP do not completely encompass the 

RNA-Seq or PAS-Seq data (Fig. 6B). This may reflect the ability of IntMAP to filter out 

false positives. Some APA events falsely identified by the RNA-Seq method may not 

contain experimentally proven actionable PASs and thus are eliminated by IntMAP due 

to the lack of APA evidence in PAS-seq data. Other APA events falsely identified by the 

PAS-Seq method may come from the internal priming on A-rich regions, which can be 

eliminated by IntMAP based on insignificant changes in read density before and after the 

putative poly(A) sites. On top of this, each APA profiling method uses different cut-off 

values for the statistical significance of data analysis, which could cause an incomplete 

overlap among the datasets. 

Characterization of the 3’-UTR APA events in the TSC1−/− transcriptome by the 

RNA-Seq method highlighted the mTORC1-regulated ubiquitin-mediated proteolysis61. 

Consistent with these findings, the ubiquitin-mediated proteolysis was ranked second 

among the enriched pathways in the APA events profiled by IntMAP (Fig. 7D). 

Compared to the 27 genes previously identified, we found that 41 genes were enriched in 

the ubiquitin-mediated proteolysis pathway by APA with IntMAP (Supplementary Table 

7). These results again provide a link between the mTORC1 signaling pathway and 
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ubiquitin-mediated proteolysis. Importantly, in contrast to the previous findings of 

ubiquitin-mediated proteolysis mainly targeting tumor suppressors or cell cycle 

regulators, the newly identified APA genes of E2 and E3 ligases regulate cellular 

pathways of hypoxia, p53, and other signaling cascades (Supplementary Table 7). Thus, 

IntMAP helps us further demonstrate that mTORC1 activation controls diverse cellular 

pathways through a much broader spectrum of APA-driven selective proteolysis. 

Similarly, finding several novel transcription factors whose expressions are driven 

by 3’-UTR APA with IntMAP also expands the identification of cellular pathways 

regulated by mTORC1-modulated transcription networks. mTORC1 is known to regulate 

diverse cellular mechanisms including lipid metabolism and stress responses through 

transcriptional activation or post-translational modification of transcription 

factors46,47,62,63. Thus, the molecular basis of C/EBPγ activation through mTOR-driven 

APA and subsequent regulation of transcription network provide a new mechanistic 

insight into cellular stress responses at the level of post-transcriptional regulation.  

Overall, the data shown in this study showcase IntMAP as a powerful 

bioinformatics tool for a comprehensive profiling of transcriptome-wide 3’-UTR APA 

events. As exemplified by the findings of C/EBPγ, newly identified cellular pathways and 

transcription networks activated by mTORC1-driven APA events provide a broader list 

of downstream target pathways of mTORC1 signaling cascade. In this context, 

applications of IntMAP to other biological conditions or disease models will help 

elucidate new cellular pathways activated by the 3’-UTR APA events. Additionally, 

IntMAP is a new general approach for flexible integration of RNA-Seq short read 
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alignments with other mRNA quantification platforms to detect gene transcript variances. 

For example, other than integration of RNA-seq and PAS-seq, IntMAP can also be 

applied to the integration of RNA-Seq data and Exon-array expressions or NanoString 

color-barcode counts for isoform detection/quantifications. In these applications, similar 

qRT-PCR validation experiments can be applied to optimize the tuning parameter λ, 

which balance the contributions of RNA-Seq and other mRNA quantification platforms. 
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Supplementary Materials 

 

 

 Supplementary Fig. 1. Genome-wide 3’UTR shortening by mTORC1 activation. (A) 

Additional individual examples of transcripts with 3’UTR shortening are presented. The 

yellow boxes highlight the 3’UTR of annotated genes and sequence reads. (B) Four 

transcripts that did not show 3’UTR shortening in the mTORC1-activated transcriptome 

were used as negative controls for the RSI measurement. (C) Expression of several small 
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non-coding RNAs and mRNAs in WT and TSC1-/- MEFs measured by RT-qPCR. The 

relative expression level of each RNA was normalized to total RNAs. 7SK snRNA, and 

Nudfs4 expressions were used to confirm that each RT-qPCR experiments used the same 

amount of total RNAs. Rather than using a control mRNA for normalization control, we 

obtained comparative Ct values based on total amount of RNAs we used for RT-qPCR 

analysis. Then we performed another RT-qPCR analysis to measure the amount of 

control RNAs transcribed by different RNA polymerases including 7SK snRNA, and 

Nudfs4. By doing this, we could ensure that the same amount of total RNAs are used for 

each RT-qPCR and several normalization controls are used for quantitation. Student t-

tests were performed to obtain statistical significance, which is presented by p-value. * 

p<0.023 (D) The data in Figure 1(D) were shown as the relative amount of total 

(long+short) or long transcripts for each tested genes. The level of total or long 

transcripts was normalized to total RNAs. * p<0.05, ** p<0.015 (E) Quantitation of RT-

qPCR was done using standard curve method. Absolute quantity of PCR products using 

total or long-specific primers was measured and the standard curves were plotted using 

linear regression. The quantity of total and long transcripts in WT and TSC1-/- was 

calculated and plotted in picogram. The RSI for each gene was shown based on the 

absolute quantitation. Student t-test was done for each pair of total and long. * p<0.019 
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Supplementary Fig. 2. The mTORC1 pathway targets 3’UTR shortening.  (A) A 

TSC1-/- stable cell line with shRNA to mTOR was established. mTOR knockdown (kd) 

was measured by RT-qPCR and western blotting. * p<0.00015 (B) The data in Figure 2B 

are presented as the relative amounts of total (long+short) or long transcripts for each 

tested gene. The levels of total or long transcripts were normalized to total RNAs. * 

p<0.012 (C) An mTOR knockdown (kd) stable cell line in HEK293 cells was established 

using shRNA to mTOR. RT-qPCR and western blotting were performed to confirm the 

kd of mTOR in the stable cell line. * p<3.7E-7 (D) The RSI for selected transcripts was 

measured by RT-qPCR using 293 mTOR kd cell line. (E) A bladder cancer cell line 

HCV29, which carry TSC1 deletion mutation and HCV29 Addback, a cell line with 

addback of TSC1 into HCV29, were used to measure the RSI. The RSI shows that 3’-
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UTR lengthening occurs in HCV29 Addback when compared to HCV29. (F) The gene 

structure for Tsc1fl/fl mouse and the confirmation of Genotyping. (G) An establishment 

of stable cell lines for knockdown of Raptor or Rictor in TSC1-/- MEFs. RT-qPCR was 

performed to measure the relative decrease in Raptor and Rictor mRNAs in the stable cell 

lines compared to a control cell line. * p<0.00041 (H)  The RSI for selected transcripts 

was measured by RT-qPCR using TSC1-/- MEFs with Rictor kd or Raptor kd. (I) The 

data in Figure 2D are presented as the relative amounts of total (long+short) or long 

transcripts for each tested transcript. The levels of total or long transcripts were 

quantitated using RT-qPCR by normalizing to total RNAs. Treatment of Torin1 

accumulated long transcripts significantly over total transcripts for both Eny2 and Rpl22. 

(J) HEK293 cells were treated with selective mTOR inhibitors, rapamycin or Torin1 at 

various doses (10, 50 and 250 nM) and time courses (3, 6 and 12 hours). Changes in the 

3’-UTR length of TIMP2 and IRF2BP2 were determined by measuring the RSI. The 

asterisks (* and **) indicate the conditions that accumulate the long 3’-UTR with 

statistical significance. (K) Rapamycin, which does not completely inhibit mTORC1, has 

a minimal effect on 3’-UTR lengthening. Rapamycin was treated in TSC1-/- MEFs at 

various doses (10, 50, and 250 nM) and time courses. The RSI was measured by RT-

qPCR. Compared to Torin1 (Fig. 2D), rapamycin has a minimal or no effect on 

accumulating long transcripts for many tested genes. Rapamycin shows an improved 

effect on accumulating long transcripts for Rpl22 in certain conditions but it is still not as 

effective as Torin1. The asterisks (**) indicate the conditions that accumulate the long 3’-

UTR with statistical significance. (L) The data in Supplementary Fig. 2K are presented as 
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the relative amounts of total (long+short) or long transcripts for each tested transcript. 

The asterisks (*) indicate the conditions that accumulate the long 3’-UTR with statistical 

significance. (M) Activation of mTORC1 in terminally differentiated skeletal muscle 

leads to 3’-UTR shortening. Total RNAs from skeletal muscles in wild type (WT) or 

skeletal muscle-specific knockout of Tsc1 (SM TSC1-/-) mice were used for the RSI 

measurement. (N) TSC1-/- MEFs were treated with Torin1 at various doses (10, 50 and 

250 nM) and time courses (3, 6 and 12 hours). Changes in the 3’-UTR length of 

Tomm20, Kras and Ran were determined by measuring the RSI. (O) Western blotting 

using WT and TSC1-/- MEFs treated with hydroxyurea (HU; 2 mM) or mimosine (MMS; 

2 mM) for 12 hours. mTORC1 substrates (p-S6 and p-4E-bp1) were detected using 

specific antibodies. Western blotting for Tubulin was performed for a loading control. (P) 

The RSI was measured in WT MEFs treated with hudroxyurea or mimosine. (Q) The RSI 

was measured in WT MEFs with mTOR kd after the treatment with hydroxyurea. (R) 

WT MEFs contain 3’-UTR shortened transcripts. mTOR was knocked down using 

shRNA in WT MEFs and the effect of knockdown on the RSI was measured by RT-

qPCR. The RSI indicates that there are 3’-UTR shortened transcripts in WT MEFs. (S) 

The RSIs in WT, WT treated with Rapamycin or Torin1, TSC1-/-, TSC1-/- treated with 

Rapamycin or Torin1 were measured using RT-qPCR. The RSIs for each tested transcript 

in WT were used as a reference to present the RSIs in other cell lines. The RSIs in WT 

treated with Torin1 indicate that there are 3’-UTR shortened transcripts in WT MEFs. 

The RSIs in TSC1-/- treated with Torin1 indicate that some transcripts reach their 3’-UTR 

lengthening beyond the level of WT and some do not. 
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Supplementary Fig. 3. Differential gene expression analysis of mTORC1-activated 

transcriptome. (A) Differential gene expression analysis of mTORC1-activated 

transcriptome. FPKM of each transcript was calculated and differential expression was 

quantitated by log2 [TSC1-/-/WT]. The dotted blue lines represent cut-off for 2-fold 

differences. (B) Analysis of enriched KEGG pathways by mRNA level changes in TSC1-

/- MEF. The KEGG pathways enriched in TSC1-/- MEFs are shown in –log10[p-value]. 

Fold changes of individual proteins in each pathway due to differential gene expression 

are plotted in the right box. Proteasome pathway is highlighted in a light green box. (C) 

Analysis of enriched KEGG pathways by mRNA and protein level changes in WT. The 

KEGG pathways enriched by proteins showing less than 0.833 fold changes are shown. 

(D) 5’-UTR structure of the genes for E3 ubiquitin ligase complexes. 5’UTR sequences 

were examined for 5’-TOP, 5’-TOP-like and 5’-PRTE sequences. Exon 1 and 2 of each 

gene are presented based on RefSeq annotation. dbTSS (data base of transcription start 

sites) was used to predict transcription start sites (red bold in italic) for each gene. The 

initiation codons (atg) are highlighted in light red boxes. In some cases, there are multiple 

transcription start sites by different annotations in RefSeq and Ensembl. (E) Variance 
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analyses on quantitative proteomics. Y-axis represents all combined 6 replicate samples 

(3 WT and 3 TSC1-/-). X-axis represents each group of 3 replicates. Each dot is a protein. 

The protein expression values across the three replicates within each group are more 

consistent than the protein expression values across all the six replicates. (F) Correlation 

coefficients between RNA-seq and proteomics data were determined; 3’-UTR shortening 

vs. no level changes in mRNAs vs. mRNAs with more than 2-fold changes.   
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Supplementary Fig. 4. 3’-UTR shortening functions in the up-regulation of E3 

ubiquitin ligase complexes. (A) Distribution of total (long+short) and long transcripts in 

fractions from sucrose gradient.  The percentage of total or long transcripts for Ube2i, 

Rpl22, Bub3, Ube2n, Anapc1 and Tceb1 was measured using RT-qPCR. Polysome 

fractions corresponding to fractions 7 through 11 are marked by a black line. (B) RT-

qPCR results of polysome profiling experiments were validated by RT-PCR and gel-
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based assay. 3’RACE experiments were carried out to precisely locate the proximal 

poly(A) sites in Rbx1 and Anapc1 (Supplementary Fig 4E). Using degenerated oligo 

d(T)30G or oligo d(T)30C based on 3’RACE, short-specific transcripts were amplified 

from each fraction. Total and long transcripts were amplified using primer sets for RT-

qPCR. The results are shown by agarose gel electrophoresis and semi-quantitation of the 

images using ImageStudio Light®. (C) Distribution of transcripts containing 5’TOP 

sequences in the fractions from sucrose gradient.  The percentage of transcripts for 

Hsp90ab1 or Eef2 was measured using RT-qPCR. Polysome fractions corresponding to 

fractions 7 through 11 are marked by a black line. (D) Proteasome activity assay using 

cell extracts from WT and TSC1-/- MEFs. Proteasome activity was measured using 

fluorescence-based method. Three repeats of the experiment were performed. (E) 

3’RACE to find proximal poly(A) sites in Rbx1 and Anapc1. The red fonts in the 3’-UTR 

sequences denote proximal poly(A) sites. The light blue fonts indicate the 5’ forward 

primers for short-specific transcripts. (F) Knockdown of long 3’-UTR transcripts for 

Rbx1 and Ube2i after the transfection with siRNAs #1, #2 and #3. (G) The stability of 

total and long 3’-UTR transcripts for each tested gene was measured at various time 

points after the treatment of actinomycin D at the concentration of 1 ug/ml. (H) The 

stability of total and long 3’-UTR transcripts for each tested gene was measured at 

various time points after the treatment of actinomycin D at the concentration of 1 ug/ml 

and/or Torin1 at 50 nM. (I) Western blot analysis for polyubiquitination of cellular 

proteins. An anti-Ubiquitin antibody was used to immunoprecipitate ubiquitinated 

proteins from total cell lysates of WT and TSC1-/- MEFs in the absence or presence of 
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MG132. Polyubiquitinated proteins appeared as smearing bands in the western blotting 

are marked. H.c and l.c. represent heavy and light chains of the antibody, respectively.  
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Supplementary Fig. 5. Examples of RNA-Seq and PAS-Seq alignments for genes 

showing 3’-UTR APA events identified by IntMAP. The orientation of genes is 

presented from 5’ (left) to 3’ (right). 
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Supplementary Fig. 6. The full list of KEGG pathways enriched in the APA events by 

the union of RNA-Seq, PAS-Seq and IntMAP analyses.  
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Supplementary Fig. 7. Expression of Cepbg gene. (A) Western blot of Cebpg 

knockdown in TSC1-/- MEFs. (B) Quantitation of C/EBPg in western blotting using WT 

and TSC1-/- extracts. The western results shown Figure 8B was quantitated using Image 

Studio Lite by Licor.  
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Supplementary Table 1. Tophat alignment statistics. 
 

original reads 
Sample Total# Mapped# Percentage 
WT 127485580 110885148 86.98% 
TSC1-/- 148503782 129711943 87.34% 

 

Supplementary Table 2. 3’-UTR shortened transcripts in the mTORC1-activated 

transcriptome. https://static-

content.springer.com/esm/art%3A10.1038%2Fncomms8218/MediaObjects/41467_2015_

BFncomms8218_MOESM986_ESM.xls 

Supplementary Table 3. The catalog of proteins identified in 2D-LC-MS/MS. 

https://static-

content.springer.com/esm/art%3A10.1038%2Fncomms8218/MediaObjects/41467_2015_

BFncomms8218_MOESM987_ESM.xls 

Supplementary Table 4. The catalogue of differentially expressed genes in WT and 

TSC1-/- MEFs. https://static-

content.springer.com/esm/art%3A10.1038%2Fncomms8218/MediaObjects/41467_2015_

BFncomms8218_MOESM988_ESM.xls 

Supplementary Table 5 (Supplementary table 1 in the original manuscript). The gene 

list of 3’-UTR APA by RNA-Seq and PAS-Seq. 

Supplementary Table 6 (Supplementary table 2 in the original manuscript). The list of 

genes showing 3’-UTR APA by RNA-Seq, PAS-Seq and IntMAP. 

Supplementary Table 7 (Supplementary Table 3 in the original manuscript). The 

enrichment analysis of 3’-UTR APA profiled by IntMAP or 3 unions of APA methods. 
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Supplementary Table 8 (Supplementary Table 4 in the original manuscript). The GO-

term analysis using 280 genes belonging to IntMAP analysis only.  

To access Supplementary Table 5–8: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6158760/bin/gky340_supplemental_files

.zip 
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CHAPTER THREE 

 

mTORC1 Controls Alternative Splicing Events by Modulating the Splicing of U2af1 

Tandem Exons 
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Summary  

U2 auxiliary factor 1 (U2AF1) functions in 3’-splice site selection during pre-mRNA 

processing. Alternative usage of duplicated tandem exons in U2AF1 produces two 

isoforms, U2AF1a and U2AF1b, but their functional differences are unappreciated due to 

their homology. Through integrative approaches of genome editing, customized-

transcriptome profiling and crosslinking-mediated interactome analyses, we discovered 

that the expression of U2AF1 isoforms is controlled by mTORC1 and they exhibit a 

distinctive molecular profile for the splice site and protein interactomes. Mechanistic 

dissection of mutually exclusive alternative splicing events revealed that U2AF1 isoforms’ 

inherent differential preferences of nucleotide sequences and their stoichiometry determine 

the 3’-splice site. Importantly, U2AF1a-driven transcriptomes feature alternative splicing 

events in the 5’-untranslated region (5’-UTR) that are favorable for translation. These 

findings unveil distinct roles of duplicated tandem exon-derived U2AF1 isoforms in the 

regulation of the transcriptome and suggest U2AF1a-driven 5’-UTR alternative splicing as 

a molecular mechanism of mTORC1-regulated translational control.  
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Introduction 

Eukaryotic pre-mRNA is spliced to mRNA by the spliceosome which is composed of small 

nuclear ribonucleoprotein complexes (snRNPs). Among those snRNPs in the spliceosome, 

U2 snRNP is critical for splicing by recognizing the branch point 1. U2 auxiliary factors 

(U2AFs) are known to bind to polypyrimidine tracts near 3’-splice sites and recruit U2 

snRNP to the branch point. U2AFs are a heterodimer consisting of U2AF1 (formerly 

known as U2AF35) and U2AF2 (formerly known as U2AF65). U2AF2 recognizes the 

polypyrimidine tract while U2AF1 is known to bind to the AG dinucleotide at 3’-splice 

site 2–6.  

The U2AF1 gene contains duplicated tandem exons between exon 2 and 4. These 

two duplicated tandem exons (3a and 3b (formerly designated as exon Ab)) are mutually 

exclusive in splicing and yield two highly similar isoforms, U2AF1a and U2AF1b. They 

are evolutionary conserved and only differ by seven amino acids in the final protein 

products (97.1% identity) 7,8. It has been shown that U2AF1a is more abundant than 

U2AF1b in various cell lines and tissues 7–9. Because of inherent similarities and biased 

expression of U2AF1a, studies on the functional differences between U2AF1 isoforms are 

largely lacking. Other than a few examples, functional differences between tandem exon-

derived isoforms are not well characterized due to similar reasons. However, examples of 

PKM and FGFR2 genes provide evidence that tandem exon-derived isoforms function 

differently and distinctively affect cells 10–13.  
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It is known that three transcripts are transcribed from the U2AF1 gene. 

Evolutionarily conserved, mutually exclusive tandem exons drive the transcription of the 

two isoform transcripts, U2AF1a and U2AF1b, and the inclusion of both exons produce 

U2AF1c transcript which is subjected to nonsense-mediated mRNA decay 8. The 

differences between two U2AF1 isoforms encoded by alternative exon 3 usage occur at the 

atypical RNA recognition motif which is involved in the dimerization with U2AF2 14. 

Regardless of the seven amino acid differences, however, the two U2AF1 isoforms have 

biochemically been shown to be similar in forming U2AF heterodimers and functioning in 

pre-mRNA splicing 8.   

The mammalian target of rapamycin (mTOR) pathway has pivotal roles in cell 

growth, protein translation, and survival15. Tuberous sclerosis complexes (TSC1 and 

TSC2) negatively regulate mTORC1 kinase and genetic knockdown or knockout of TSC 

(Tsc1-/- or Tsc2-/-) hyperactivates mTORC1 16,17. We previously showed that mTORC1 is 

involved in alternative polyadenylation (APA) and promotes transcriptome-wide APA in 

3’-untranslated regions (3’-UTRs), affecting diverse cellular pathways including ubiquitin-

mediated proteolysis and ER stress responses 18,19. These studies suggested that mTORC1 

may function in the processing of pre-mRNA in addition to well-characterized roles in 

various cellular pathways. 

In this study, we investigated the transcriptome changes upon mTORC1 activation 

and found that the stoichiometry of U2AF1 isoforms is drastically altered by cellular 

mTORC1 activity. We further delineated the functional differences of duplicated tandem 

exon-derived U2AF1 isoforms by taking integrative approaches of genome-editing and 
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high profiling methodologies. Unlike previous suggestions 9, our unbiased approaches 

revealed that U2AF1 isoforms contribute differentially to transcriptome changes by 

alternative splicing and affect protein synthesis by regulating 5’-UTR alternative splicing.   
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Materials and Methods 

Cell lines and Cell culture 

WT MEF and TSC1-/- MEF cells were obtained from Dr. Kwiakowski at Harvard 

University and they were previously described 16,18,19. WT, TSC1-/- MEF, HEK293, HeLa 

and MDA-MB231 cells were cultured in Dulbecco's Modified Eagle Medium (Gibco, 

USA) with 10% (v/v) fetal bovine serum (FBS) and 100g/ml streptomycin and 100U/ml 

penicillin at 37C in 5% CO2.  

 

Construction of CRISPR/Cas9-sgRNA plasmids for U2AF1 tandem exon knockout 

The target gRNA sequences were identified by crispor.tefor.net and 

chopchop.rc.fas.harvard.edu. The guide sequences were cloned into Addgene plasmid 

#48138 using the following primers. Targeting exon 3b, 5’ end forward 5’-

CACCgttgaatcaagatggtctgcg-3’reverse 5’-AAACcgcagaccatcttgattcaaC-3’; 3’ end 

forward 5’-CACCgcacactgtaagtcccacagt-3’ reverse 5’-AAACactgtgggacttacagtgtgc-3’. 

Targeting exon 3a #1, 5’ end forward 5’-CACCgagaggtgtccccttagttgg-3’ reverse 5’-

AAACccaactaaggggacacctctg-3’; 3’ end forward 5’-CACCgagttcagatctcgaggtgag reverse 

5’-AAACctcacctcgagatctgaactc-3’. Targeting exon 3a #2, 5’ end forward 5’-

CACCgctgggctggcacttagcag-3’ reverse 5’-AAACctgctaagtgccagcccagc-3’; 3’ end forward 

5’-CACCgggcaggagttcagatctcg-3’ reverse 5’-AAACcgagatctgaactcctgccc-3’.  

 

RNA sequencing and analyses 



 

 122 

Poly(A+) RNAs were isolated from U2af1a- and U2af1b-only#1 cell lines treated 

with control or U2af1 targeting siRNA were sent out for paired end reads RNA-seq 

analysis. A total of 84,452,901 reads for U2af1a only#1 control cells, 91,886,993 reads for 

U2af1a only#1 siRNA cells, 84,722,415 reads for U2af1b only#1 control cells, and 

86,708,880 reads for U2af1b only#1 siRNA cells were produced from Hi-Seq pipeline with 

length of 51bp of each end. The short reads were aligned to mm10 reference genome by 

TopHat, with up to two mismatches allowed. 93.4% of paired short reads from U2af1a 

only#1 control, 93.5% reads from U2af1a only#1 siRNA, 93.0% reads from U2af1b only#1 

control, and 93.9% reads from U2af1b only#1 siRNA were mapped to the reference 

genome for alternative splicing analysis in the study. 

 

AS-Quant for the analyses of alternative splicing events 

AS-Quant first applies rMATS 20 to categorize potential alternative splicing events 

into four categories (cassette type, SE; mutually exclusive, MXE; alternative 5’-splice site, 

A5SS; alternative 3’-splice site, A3SS) based on the UCSC annotation. Then, for each 

categorized potential alternative splicing event, the mean short read coverages of the 

affected exon and the rest of exons in the transcript are measured, and we denote them as 

n and N based on the above context using RNA-seq alignment file. Next, a canonical 2 x 2 

Chi-squared test is applied to report a p-value for each candidate event based on the n/N 

ratios in two cases. The candidate alternative splicing events with p-value ≤ 0.1 and the 

ratio difference larger than 0.1 between the two cases are considered for further analyses. 
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Western blotting 

Antibodies used in this study include: anti-U2AF1 (ab86305, Abcam), anti-U2AF2 

(sc-48804, Santa Cruz Biotechnology), anti-hnRNP A1 (4B10, Abcam), anti-RPS6 (#2317, 

Cell Signaling), and anti-pRPS6 (#2211, Cell Signaling), anti-TUBULIN (sc-53646, Santa 

Cruz Biotechnology), anti-SRSF3 (sc-13510, Santa Cruz Biotechnology), anti-EIF4EBP1 

(#9452, Cell Signaling), anti-HNRNPC1/C2 (ab10294, Abcam), anti-Flag (F3165, 

SigmaAldrich). 

 

Minigene reporter assay 

Minigene U2af1 reporter gene fragment was amplified at genomic region from the 

start of exon 2 to the end of exon 4 with forward primer 5’-

GCCATGGATCCAGTCAACTGTTCATTTTATTTC-3’ and reverse primer 5’-

.ATATTAGAGCGGCCGCCTCAAAGAACTCATCATAG-3’. The fragments were then 

digested with BamHI and NotI, then ligated into pcDNA3.1 (+) plasmid (Thermo Fisher 

Scientific).  

 

CRISPR-induced homologous recombination  

To insert a 3x-Flag tag at the C-terminal of U2af1 gene via homologous 

recombination, the donor sequence was synthesized as a gBlocks gene fragment (IDT) and 

cloned into pAAV-SEPT-acceptor vector (Addgene). Type IIS restriction enzyme BspQI 

was used for the cloning. To induce efficient homologous recombination near the C-

terminal locus of U2af1, a double-stranded break was created by CRISPR/Cas9 cloned into 
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PX458 (GFP+) using primer sequences as follows: forward 5’-

CACCGACACACGGTAAAAAGGGCT-3’ reverse 5’-

AAACAGCCCTTTTTACCGTGTGTC. The two plasmids were co-transfected into 

U2af1a-only#1 and U2af1b-only#1 cell lines. Top 20% GFP+ cells were isolated for 

further screening by flow cytometry. Edited clones were confirmed by PCR of genomic 

DNA and Western blot analysis.  

 

Immunoprecipitation and mass spectrometry 

Cells were fixed and crosslinked with 0.2% formaldehyde for 10 minutes at room 

temperature and quenched with 0.15 M glycine pH 7.5, then washed with PBS twice. The 

pellet was resuspended with lysis buffer (25mM Tris pH7.4, 300mM NaCl, 2.5mM MgCl2, 

0.5% Empigen; 0.5% NP-40) and sonicated with microtip for 4 times, 10 seconds each at 

4W, and spun down at maximum speed for 10 min. The supernatants were incubated with 

anti-Flag M2 magnetic beads (Sigma-Aldrich, M8823) in an end-over-end rotator at 4°C 

for 2 hours. The beads were washed five times with lysis buffer. The protein complexes 

were eluted with 5 volumes of beads with 3x flag peptide (150 ng/ul). The elutions were 

precipitated with acetone and resuspended with 5x SDS sample buffer by boiling for 15 

minutes. Samples were run on a 10% criterion gel. The gel was fixed with 40% ethanol 

and 10% AcOH and washed with ddH2O. Lastly, the gel was stained with imperial stain 

and the stained areas were cut out for in-gel trypsin digestion. The gel pieces were washed 

with 50% ethanol twice for 2 hours and 16 hours with mixing. The gel pieces were washed 

twice with water for 10 minutes with mixing and then cut into mm3 size pieces. After drying 
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with 100% acetonitrile, the gel pellets were reduced and alkylated with 10mM tris(2-

carboxyethyl)phosphine and 40mM iodoacetamide respectively. The gel was washed with 

50% acetonitrile and 50mM ammonium bicarbonate for 5 minutes and dried in speedvac. 

The gel pieces were digested with 0.1ug Trypsin overnight at 37C with rotation and 

extracted twice with 50% acetonitrile with 1% TFA and 100% acetonitrile. The peptide 

solution was dried with speedvac and desalted with C18. 

  

LC-MS/MS Measurement 

LC-MS/MS analysis was performed using a Proxeon Easy nLC 1000 Nano-UPLC system 

coupled with an Orbitrap Fusion mass spectrometer (ThermoFisher). Peptide samples were 

loaded onto custom packed C18 column (15 cm × 75 µm, ReproSil-Pur Basic C18, 2.5 µm, 

Dr. Maisch GmbH) and eluted for 2 hours using a 5-32% gradient of HPLC solvent B 

(0.1% formic acid in acetonitrile, v/v) and a flow rate of 200 nl/min.  Fusion Orbitrap was 

operated in data-dependent mode. Survey scan MS were acquired with the orbitrap with a 

380-1580 m/z range and a resolution of 60000. Ions were selected by using dynamic 

exclusion of 15 seconds, an intensity threshold of 1.0E4 and charge states of 2-7. The top 

12 most intense ions per survey were selected for CID fragmentation and ion trap analysis 

  

Raw Mass Spectrometry Data Processing 

Raw mass spectrometry files were processed by MaxQuant (version 1.5.3.12) for 

database search and quantitative analysis. Cysteine carbamidometylation was set as a fixed 

modification and methionine oxidation and protein N-terminal acetylation were set as 
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variable modifications. The proteolytic enzyme was set as trypsin with a maximum of two 

missing cleavages. The data was searched against the UniProt mouse database 

(downloaded at 2013/09/27 with 43310 sequences), and we used a cutoff threshold setting 

at 1% False Discovery Rate (FDR) at protein and peptide levels. The precursor ion 

tolerance was set to 4.5 ppm and the fragment ion mass tolerance was set to 0.5 Da. The 

MaxLFQ algorithm provided by MaxQuant was selected for the label-free relative 

quantification of the samples. To perform relative quantification, the LFQ metrics were 

extracted from the MaxQuant-processed data and processed for statistical analysis using 

the Perseus software (version 1.5.5.1). Multiple hypothesis testing was performed using 

two-sided Student t-test and permutation-based FDR correction. The FDR was set at 5% 

and the S0 variance correction constant was set at 0.1 for all comparisons. 

 

Co-immunoprecipitation 

RSB-100 buffer (25 mM Tris, pH 7.4; 100 mM NaCl, 2.5 mM MgCl2; 0.02% Triton-X-

100) was used as binding buffer for co-immunoprecipitation experiments. Nuclear extract 

of HEK293 cell line was prepared according to the REAP method 21. Nuclear pellet was 

resuspended with RSB-100 and sonicated twice, 5 seconds each at 1 W. After 30 seconds 

spin-down at 8000g, the nuclear extract was incubated with protein G sepharose beads 

immobilized with anti-HNRNPA1, anti-HNRNPC1/C2 or anti-Flag antibodies for 1 hour 

at 4 degree on an end-over-end rotator. Beads were then washed three times. Elution was 

done by adding 4x SDS sample buffer to the beads followed by 10 minute-boiling. Elutions 

were run on 12.5% SDS-PAGE for Western blot analysis.  
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qPCR and RT-PCR 

Total RNAs were isolated using Trizol reagents according to manufacturer’s 

protocol. The extracted RNAs were reverse transcribed into cDNA using oligo-d(T) or 

random hexamer priming and superscript III (Thermo Fisher Scientific) from standard 

protocol supplied by the manufacturer. For qPCR, cDNA templates were amplified and the 

Ct values were quantified in real time using Eva Green or Taqman probes where indicated. 

Normalization of the Ct values were performed for relative quantitation. Absolute 

quantitation was made where indicated. Primers and Taqman probes used in qPCR assays 

include: U2af1a Taqman probe, 5′-(FAM)- TTTAGCCAGACCATTGCCCTCTTGA –

(BHQ-1)–3′. U2af1a forward primer, 5′- ATGGCGGAATACTTGGCCTC -3′; reverse 

primer, 5′- GTCAGCAGACTGGGAAGAGT -3′; U2af1b Taqman probe, 5′-(FAM)- 

ACGGCTCACACTGTGCTGTGAGCGA-(BHQ-1)-3′. U2af1b  forward primer, 5′-

ATCGTAATCCCCAAAACAGTGC -3′; reverse primer, 5′-

AGACTTCCTCAAAGAACTCATCAT -3; Anapc10 forward 

5’AAGCAGTTGGAGAGGACAGC-3’ reverse 5’-ACCCTGGTTTGCAGGAAGAG-3’; 

Hnrnph2 forward 5’-CACAGGGGAAGCTTTTGTGC-3’ reverse 5’-

GGACTTCAGCTCGGCTACTC-3’; Srsf1 forward 5’- 

ATCTCACGAGGGAGAAACTGC-3’ reverse 5’- GTAACTGCGACTCCTGCTGT -3’; 

Srsf2 forward 5’- GCCCGAAGATCCAAGTCCAA-3’ reverse 5’- 

TGGACTCTCGCTTCGACAC-3’; Srsf3 forward 5’- GCTGCCGTGTAAGAGTGGAA -

3’ reverse 5’- AGGACTCCTCCTGCGGTAAT -3’; Srsf4 forward 5’- 

AGCCGCAGTAAGAAGGAGAAA -3’ reverse 5’- GTCCTCGGCGTGGTCTTTA -
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3’;Srsf5 forward 5’- AGGTCAAGAAGCAGGTCACG-3’ reverse 5’- 

TCGGCTGTAAGACTTGCTCC-3’;Srsf6 forward 5’- 

GTCTCGGAGCAAAGGTCGAT-3’ reverse 5’- CTTGAGTGGGAATGGGAGCC-

3’;Srsf7 forward 5’- TGCAGAGGATGCAGTTCGAG-3’ reverse 5’- 

GGGCAGGTGGCCTATCAAAA-3’;Srsf9 forward 5’-

TCACGAGGGTGAGACTTCCT-3’ reverse 5’-GACCGCGACCGTGAGTAG-3’; Srsf10 

forward 5’- TCTCGAAGCCGGAGTTATGA-3’ reverse 5’- 

AGTCGGTCTACTGTTTCTAGGACT-3’; Srsf11 forward 5’- 

GATCTCGCTCGAGGAGGAGG -3’ reverse 5’- TGGATTTGGAGTGTGACCGC -3’; 

Srsf12 forward 5’- GAAATCACAGTCACGCTCGC-3’ reverse 5’- 

CTCTGGGAGACTTGCATGGG-3’;Cpsf1 forward 5’- 

ACATACCGACGCTTGCTGAT-3’ reverse 5’- TAGCGGTTTAGCAGTTCCCC-3’; 

Cpsf2 forward 5’- CGGAATTTGTAGGGGGCGTA-3’ reverse 5’- 

ATCCGATGCGTCCAGTTTCT-3’; Cpsf3 forward 5’- 

GCACGTTTACAGCAAGAGGC-3’ reverse 5’- TTCTACAGCCCGAGTCTCCA-3’; 

Cpsf4 forward 5’- GCACCCTCGATTTGAACTGC-3’ reverse 5’- 

CTGCATGACCCCAATGACCT-3’; Cpsf5 forward 5’- 

AAGCCTTGTTTGCAGTCCCTA-3’ reverse 5’- AATGATGGGTCCATACCCCG-3’; 

Cpsf6 forward 5’- TCACGGGAAAAGAGTCGTCG-3’ reverse 5’- 

CGGTATTCTCGCTCTCGGTC-3’; Cpsf7 forward 5’- 

TGATTCTGCTGATGGACGGG-3’ reverse 5’- GGCAGACCCATTAGGGGAAG-3’. 
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For RT-PCR, cDNAs were amplified using primer sets listed below and the PCR products 

were subjected to electrophoresis in 2% agarose gel with ethidium bromide for 

visualization of amplified DNA fragments. Primer sets used in RT-PCR assays are as 

follows: Anapc10 forward 5’-GAACCGGAATTGTGGCGAATC-3’ reverse 5’-

GGAGGTGTCTTGTTCGGTGT-3’; Anapc10 alternative tss forward 5’-

GCTGTCCTCTCCAACTGCTT-3’ reverse 5’-TGCTGTCTCCTCAGGCTTTG-3’; 

Hnrnph2 forward 5’-GGTCGTCGTCTATCGTCTCG-3’ reverse 5’-

AGCTTGGCTCAATGCAAATTC-3’; Serpinh1 forward 5’-

CTGTCTGAGGAGCGATTGCC-3’ reverse 5’-CAAGAGGCATAAGGTGCCCA-3’; 

Gng12 forward 5’-GGGAAGGACTTTGGGGTGAG-3’ reverse 5’-

CTATGCTGTTGGTGCTTGCC-3’; Pcbp2 forward 5’-

TTGACCAAGCTGCACCAGTT-3’ reverse 5’-TTGATTTTGGCGCCTTGACG-3’; 

Ktn1 forward 5’-AGCTGACGAGTCTCAAAGGA-3’ reverse 5’-

CACGTAAGTCGATCGCTCCAT-3’; Tial1 forward 5’-

TCAGTCAGATCGGACCCTGT-3’ reverse 5’-AGCAGCTGCATCTCTGTGTT-3’; 

Puf60 forward 5’-TGCAATGGAGCAGAGCATCA-3’ reverse 5’-

ATGCTCTTGATGGGGCCAAA-3’; Pex2 forward 5’-ATGTCCACAGGATCCATGCC-

3’ reverse 5’-TGGCTCAAAGCGAGCTAACA-3’.  

 

Polysome fractionation 

Isolation of polysome fractions from total cell lysates using sucrose gradient was 

carried out as previously described 18,19. Briefly, cells were lysed in the polysome buffer 
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(20 mM Tris pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1 mM dithiothreitol, 100 mg/ml 

cycloheximide and 1% Triton X-100). Cell extracts were loaded onto sucrose gradient (5–

45%). Fractionation was done by centrifugation at 190 000 × g for 2 hour at 4°C. Twelve 

fractions were collected for the analysis. Amounts of mRNAs in each fraction were 

calculated using absolute quantitation. Ten per cent (v/v) of total RNAs in each fraction 

were used for RT-qPCR.  

 

Luciferase construct and assay 

5’-UTRs with or without the alternative exons of Hnrnph2, Anapc10, Pex2 and 

Cwc22 were cloned into psiCheck1 (kindly provided by Dr. Aaron Goldstrohm at the 

University of Minnesota Twin Cities 22). These recombinant luciferase reporters were 

transfected into TSC1-/- MEFs using Lipofectamine 3000 (Thermo Fisher Scientific). 18 

hours after the transfection, the luciferase activity was measured using Dual-Glo reagent 

with the Glomax Discover luminometer (Promega). Expression of Renilla luciferase 

mRNA was measured to normalize the luciferase activity by RT-qPCR using the following 

primers: forward 5’- TCTCGTTAAGGGAGGCAAGC-3’ reverse 5’- 

TGGAAAAGAACCCAGGGTCG-3’. Four replicates of the measurement were conducted 

for technical repeats. 

 

Accession code 

The accession number for the RNA-Seq data in this study is SRP215854.  
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Results 

Mutually exclusive expression of U2af1 isoforms is associated with cellular mTORC1 

activity  

To better understand how mTORC1 contributes to transcriptome changes, we 

analyzed our previous RNA-Seq data from WT and TSC1-/- MEFs 19 by focusing on the 

changes of gene expression in RNA-binding proteins (RBPs). Among the RBPs whose 

transcript levels changed upon mTORC1 activation, U2af1 was particularly interesting: 

one of the two U2af1 isoforms, U2af1a (uc008bvo.2, NM_024187.4), shows a ~2-fold 

difference in TSC1-/- MEFs while the U2af1b (uc012aov.1, NM_001163769.1) expression 

remained unchanged between WT and TSC1-/- MEFs (Fig. 1A-B), Supplementary Fig. 1A-

D). This observation suggests that the biased expression of U2af1a isoform is associated 

with cellular mTORC1 signaling. To test this idea, we incubated TSC1-/- MEFs in Earle’s 

balanced salt solution (EBSS) to reduce the cellular mTORC1 activity, followed by re-

activation of the mTORC1 activity by incubating cells in serum-containing Dulbecco’s 

modified eagle media (DMEM) (Fig. 1C, Supplementary Fig. 1E). In this experiment, 

while the level of U2af1b transcript remained unchanged, the expression of U2af1a was 

selectively increased (Fig. 1C). Together, these data show that the mTORC1 signaling 

pathway regulates the mutually exclusive alternative splicing of duplicated tandem exons 

in U2AF1 expression.  
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Figure 1. Cellular mTORC1 activity affects the expression profile of U2af1 isoform. 

(A) U2af1a is selectively up-regulated upon mTORC1 activation. (left) RNA-Seq reads 

alignments of U2af1 isoforms in WT and Tsc1-/- transcriptomes. (right) Quantitation of 

U2af1 isoforms in the RNA-Seq data from WT and TSC1-/- MEFs. (B) Expression of U2af1 

isoforms in WT and TSC1-/- MEFs was measured by Taqman qPCR with absolute 

quantitation. The data are presented as the mean (SD) (*p=1.3e-6 , **p=0.60; two-tailed 

Student’s t test, n=3 for technical repeats). Western blot analyses of U2AF1 isoforms were 

done using total cellular extracts from WT and TSC1-/- MEFs. Please note that U2AF1b 
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isoform is only visible in the longer exposure blot. Phospho-S6 (pRPS6) probing is for the 

validation of mTORC1 activation. SE and LE indicates short exposure and long exposure 

in western blot, respectively. (C) U2af1a is selectively up-regulated upon the activation of 

cellular mTORC1 signaling. (left) A workflow of the serum add-back experiment for the 

manipulation of cellular mTORC1 activity. (right) Absolute quantitation of U2af1 isoforms 

by Taqman qPCR. The data are presented as the mean (SD) (*p=1.6e-4, **p= 0.43; two-

tailed Student’s t test, n=3 for technical repeats). (D) A workflow of the screening strategy 

for mTORC1-regulated splicing factors that regulate the U2af1 isoform expression. DGE, 

differential gene expression at the transcript level. (E) An RNAi screen to identify a 

regulator(s) of U2af1 alternative splicing. SR splicing factors were knocked down by 

siRNAs in TSC1-/- MEFs and the expression of U2af1 isoforms was measured by Taqman 

qPCR assay with absolute quantitation. Asterisks denote statistically significant changes 

of U2af1 isoform expression upon the RNAi knockdown. The data are presented as the 

mean (SD) (*p< 0.0086; two-tailed Student’s t test, n=3 for technical repeats). (F) Western 

blot analysis of SRSF3 in WT and TSC1-/- MEFs.  TUBULIN and HNRNPA1 were used 

as loading controls. Quantitation by ImageQuant software of the SRSF3 signals normalized 

to TUBULIN or HNRNPA1 is shown on the right. (*p< 7.5e-4; two-tailed Student’s t test, 

n=3 for biological repeats; see Supplementary Fig. 1N for the other two repeats). (G) 

Relative expression of U2af1a, U2af1b and U2af1c transcripts (structure shown on right; 

PTC, premature termination codon) upon RNAi knockdown of Srsf3. Puromycin was 

added for 8 hours at the concentration of 5 µg/ml. The data are presented as the mean (SD) 
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(*p<0.010, **p=0.31; two-tailed Student’s t test, n=3 for technical repeats). (H) A 

proposed model for regulation of U2af1 tandem exon splicing by mTORC1 and SRSF3.  
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U2AF1a-polarized expression has been found in tissues and cell lines previously 8 

and a weak branch point consensus sequence upstream of exon 3b has been proposed to be 

the reason for this observation 23. If this is the case, however, the increase of U2af1 

expression by mTORC1 as shown in Fig. 1C, would also accompany an increase in U2af1b 

expression, although with a lower degree. Thus, our results suggest that upon mTORC1 

activation, additional active suppression mechanism(s) for exon 3b inclusion and/or 

promotion mechanism(s) for exon 3a inclusion exists. To test this idea, we performed an 

siRNA-mediated screen targeting various splicing regulators to identify potential 

mTORC1-regulated factors that regulate U2af1 isoform expression. After following the 

screening strategy presented in Fig. 1D, which takes into account the effects of these RBPs 

on the splicing of U2af1 tandem exons upon knockdown and their expression profile 

changes in response to mTORC1 activation, Srsf3, Srsf5, and Cpsf5 emerged as candidates 

of mTORC1-regulated factors for U2af1 isoform expression regulation (Fig. 1E and 

Supplementary Fig. 1A-B, F-J). Srsf3 was of our particular interest because, as opposed to 

Srsf5 and Cpsf5, it not only passed our screening criteria (Fig. 1D) but also displayed 3’-

UTR shortening by APA, a recently characterized post-transcriptional signature in the 

mTORC1-activated transcriptome (Supplementary Fig. 1K-M) 19. The Srsf3 knockdown 

significantly increased the expression of U2af1b about ~3 fold while U2af1a transcript 

level was relatively unaffected, suggesting that SRSF3 has a suppressive role on the 

inclusion of exon 3b (Fig. 1E and Supplementary Fig. 1F). Consistent with our previous 

findings on the role of 3’-UTR shortening in the promotion of protein synthesis 18,19, 

polysome profiling of Srsf3 transcripts and western blot analysis showed that the SRSF3 
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protein level significantly increased due to the 3’-UTR APA in TSC1-/- compared to WT 

MEFs. (Fig. 1F and Supplementary Fig. 1N, O). A further analysis of U2af1 transcript 

variants showed that the knockdown of Srsf3 coupled with the inhibition of nonsense-

mediated mRNA decay by puromycin treatment increased the expression of U2af1c 

transcript (not annotated in mouse mm10, the same structure of the transcript is annotated 

as NM_001025204 in human hg38) which contains both exon 3 a and 3b (Fig. 1G) 8,24,25. 

These results suggest that the exon 3b inclusion is actively suppressed, while the exon 3a 

selection is constitutively active. We next made a reporter construct containing a genomic 

DNA fragment of U2af1 gene ranging from exon 2 to exon 4 (Supplementary Fig. 1P). We 

then manipulated the cellular level of SRSF3 in TSC1-/- MEFs harboring the reporter 

construct by transient overexpression and used qPCR to measure the selection of U2af1 

tandem exons from the reporter construct. Consistent with the measurements for 

endogenous U2af1 isoform expression, the overexpression of SRSF3 in the TSC1-/- MEFs 

significantly reduced the inclusion of exon 3b from the reporter construct (Supplementary 

Fig. 1Q). Together, these results identify SRSF3 as one of the factors that contribute to 

U2af1 tandem exon splicing by mTORC1 signaling and establish a regulatory pathway of 

U2AF1 isoform expression: a transcriptional activation of U2af1 gene upon the mTORC1 

activation constitutively selects exon 3a for its splicing and expression while suppressing 

the inclusion of exon 3b and drives the biased expression of U2AF1a (Fig. 1H).  
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U2AF1 isoform-specific transcriptomes display an overlapping but distinctive 

alternative splicing profile 

 Although two isoforms are produced from U2AF1, most studies on U2AF1 and its 

mutations do not distinguish functional differences that might be conferred by these 

isoforms 6,14,26–36. However, our above findings indicate that the stoichiometry of U2AF1 

isoforms may change depending on cellular contexts. In fact, western blot analyses of 

U2AF1 showed that the stoichiometry of U2AF1 isoforms is dynamic across the tested cell 

lines, confirming that the cellular contents of U2AF1 isoforms are diverse and further 

suggesting that U2AF1a isoform cannot be presumed to be predominantly expressed in 

every biological or cellular model (Supplementary Fig. 2A). To comprehensively 

understand how U2AF1 isoforms differentially contribute to the transcriptome, we adopted 

the CRISPR/Cas9 genome editing tool to create cell lines that only express one of the two 

U2AF1 isoforms in TSC1-/- MEF background. To separately knockout each of the U2af1 

isoforms, we designed pairs of CRISPR/Cas9 constructs that could create double-stranded 

breaks flanking one of the tandem exons to induce non-homologous end joining (NHEJ), 

leading to the removal of the targeted exon. The resulting U2af1 locus would only have 

one usable exon 3, exon 3a or exon 3b, achieving the creation of U2af1a- or U2af1b-only 

cell lines (Fig. 2A (left panel) and Supplementary Fig. 2B). The exclusive expression of 

one isoform is confirmed by RNA-Seq and western blot analyses (Fig. 2A (right panel) and 

B). We selected two clones of U2af1a- and U2af1b-only TSC1-/- MEF cell lines for future 

experiments to avoid artifacts from clonal variations. Of note, CRISPR/Cas9 genome 

editing did not drastically alter the overall expression of U2AF proteins, nor affect the 
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cellular mTORC1 activity, as evidenced by western blot analyses on U2AF1, U2AF2 and 

phospho-S6 (Fig. 2A and B).  

 
 
Figure 2. U2AF1 isoforms display distinctive alternative splicing profiles. (A) (left) 

Schematic for the generation of U2AF1 isoform-specific cell lines in TSC1-/- MEFs. 

Location of guide RNA (gRNA) pairs to produce U2af1a-only and U2af1b-only cells are 

indicated by red and blue triangles, respectively. (right) RNA-Seq read alignments of 

U2af1 gene locus in U2af1a-only, U2af1b-only and control TSC1-/- MEFs. The yellow 

box highlights tandem exon regions in U2af1. (B) Western blot analyses of U2af1a-only, 

U2af1b-only, control TSC1-/-, and WT MEFs. Exon 3a targeting experiment created 

several heterozygous clones, which were named as “flipped” since the U2AF1a/U2AF1b 
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ratio is flipped compared to control TSC1-/-MEFs. A flipped clone is also loaded to aid 

visualizing the migration shift of U2AF1 isoforms. Two a-only and b-only cell lines were 

analyzed. (C) Schematic of custom-developed AS-Quant (Alternative Splicing 

Quantitation) pipeline for a quantitative analysis of alternative splicing. (D) Types of 

alternative splicing events dependent on the cellular level of U2AF1a or U2AF1b 

isoform. U2af1 knockdown-dependent alternative splicing events are categorized and the 

numbers of events identified in U2af1a-only cell line (orange circles), U2af1b-only cell 

line (purple circles), and in both cell lines (overlapped regions) are presented. (upper) 

Number of alternative exons that are more included in the presence of U2af1. (lower) 

Number of alternative exons that are more included in the absence of U2af1 (upon 

knockdown).  (E) Types of alternative splicing events preferred by U2AF1a or U2AF1b. 

Alternative splicing events identified by a direct comparison between U2af1a- and 

U2af1b-only cell lines are presented. Alternative splicing events are categorized and the 

number of exons that are preferentially included in U2af1a-only (left) and U2af1b-only 

cell line (right) are shown. (F) The frequency of upstream nucleotides of the 3’-splice site 

of cassette type (left) or alternative 3’-splice site type (right) preferred by U2AF1 

isoforms. The certainty (bit = log(frequency/2.4), ranging from 0 to 1.5) of nucleotides in 

each position of the upstream intron and the downstream exon regions from the AG 

dinucleotide of the 3’-splice site is illustrated. X-axis denotes the position of upstream 

and downstream nucleotides from the AG dinucleotide and Y-axis represents the 

certainty of the nucleotides.  
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To examine the transcriptome-wide changes of gene expression by U2AF1 

isoforms, we performed RNA-Seq experiments using the #1 clone of U2af1a- and U2af1b-

only cell lines in the presence or absence of U2af1 knockdown. The knockdown of U2af1 

in these cell lines did not affect the level of U2AF2 (Supplementary Fig. 2C). The analyses 

of RNA-Seq data from corresponding cell lines were focused on alternative splicing events 

using our custom-developed AS-Quant (Alternative Splicing Quantitation; Fig. 2C) 

pipeline. AS-Quant first applies rMATS 20 to categorize potential alternative splicing 

events into four categories (cassette type or skipped exon, mutually exclusive exons, 

alternative 5’-splice site, and alternative 3’-splice site) based on the mm10 UCSC mouse 

genome annotation. Then the quantitation of affected exons in a transcript compared to the 

rest of exons in the transcript is further tested by the Chi-squared method to determine the 

alternative inclusion/exclusion of the tested exon between the two cases (Fig. 2C).  

Since a previous report showed that U2AF1a has a much broader impact on 

alternative splicing than U2AF1b 9, we asked whether U2AF1 isoforms have different 

capacities in alternative splicing. To this end, alternative splicing events in the RNA-Seq 

data of the control vs. U2af1 knockdown in U2af1a- or U2af1b-only cell line were 

analyzed using AS-Quant. Overall, we identified 568 exons in 451 genes to be U2AF1a-

dependent alternative splicing events in U2af1a-only cell line, and 647 exons in 501 genes 

as U2AF1b-dependent alternative splicing events in U2af1b-only cell line; out of a total of 

880 identified alternative splicing events, 335 of these exons are common in the two 

datasets (Fig. 2D). Notably, cassette and mutually exclusive type of alternative splicing 

showed a much higher overlap than alternative 5’-splice site and 3’-splice site events 
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between the two isoforms (Fig. 2D). Moreover, in both knockdown experiments, the 

presence of U2AF1 is crucial for the exon inclusion in cassette type alternative splicing 

(upper far left of Fig. 2D) and alternative uses of 3’-splice sites (lower far right of Fig. 2D), 

supporting the suggested role of U2AF1 in exon inclusion/definition and 3’-splice site 

definition upon splicing (Supplementary Table 1-2) 28,37,38. Collectively, these results show 

that the two U2AF1 isoforms have similar capacities to function as alternative splicing 

regulators but they appear to have different specificities.  

Therefore, to further examine the functional differences of U2AF1 isoforms in 

alternative splicing regulation, we then sought to identify alternative splicing events that 

are differentially regulated by U2AF1 isoforms by directly comparing the RNA-Seq data 

from U2af1a- and U2af1b-only cell lines with AS-Quant. In this case, the data from cells 

expressing comparable levels of each U2AF1 isoform are directly compared, without 

considering the data from knockdown experiments. This approach excludes alternative 

exons that are redundantly regulated by U2AF1 isoforms or other RBPs and only reveals 

exons that are differentially regulated by the splicing machineries only harboring U2AF1a 

or U2AF1b. In this analysis, we identified 157 exons in 139 genes and 162 exons in 142 

genes that are preferentially included in U2af1a- or U2af1b-only cells, respectively (Fig. 

2E and Supplementary Table 3). That is, 157 exons are more preferentially included and 

162 exons are more preferentially skipped in an U2af1a-only environment compared to an 

U2af1b-only environment. To validate the alternative splicing events identified by AS-

Quant, we randomly selected alternative splicing events and quantified these splicing 

events by RT-PCR using total RNAs purified from the two clones of U2af1a- and U2af1b-
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only cells (Supplementary Fig. 2D). All tested alternative splicing events showed splicing 

patterns consistent with the RNA-Seq data analyses using AS-Quant. In addition, all tested 

genes showed similar splicing pattern changes within the U2af1a- or U2af1b-only clones, 

demonstrating that these alternative splicing events indeed show U2AF1 isoform 

preferences and did not arise from clonal variations (Supplementary Fig. 2D).  

Although U2AF1 has been indicated to bind to the consensus AG dinucleotide 

motif in the 3’-splice site, our analyses of U2AF1 isoform-dependent alternative splicing 

events strongly suggest that each U2AF1 isoform prefers additional distinct sequence 

contexts around the 3’-splice site and renders the specificity in exon choice for the splicing 

reaction. Therefore, we analyzed the nucleotide frequency surrounding the 3’-splice site of 

the cassette and alternative 3’-splice site type splicing events based upon U2AF1 

expression as well as U2AF1 isoform preferences (-35 ~ +5 bp relative to the AG 

dinucleotide of 3’-splice site). In line with the well-established role of U2AF complex in 

splicing, exons whose inclusions are commonly promoted by U2AF1a and U2AF1b have 

a strong poly-pyrimidine tract frequency downstream of the -20 position compared to 

exons not promoted by U2AF1 (Supplementary Fig. 2E and F). And interestingly, while 

sharing the feature of prominent poly-pyrimidine tract, nucleotide frequencies upstream of 

the 3’-splice site of U2AF1a-preferred exons have different sequence signatures compared 

to that of U2AF1b-preferred exons. Specifically, for both cassette and alternative 3’-splice 

site types, there is a higher frequency of C at the -1 position for U2AF1b-preferred exons. 

U2AF1b-preferred exons also have a stronger T preference at -3 and -4 positions (Fig. 2F 

and Supplementary Fig. 2E). In contrast, U2AF1a is less selective in the sequence 
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preference at these positions and shows a weaker preference to polypyrimidine tracts 

compared to U2AF1b (Fig. 2F and Supplementary Fig. 2E). These analyses indicate that 

the two types of U2AF dimers consisting of two different U2AF1 isoforms have distinct 

nucleotide-binding preferences at the splice site. Together, these data provide evidence that 

the two isoforms have comparable involvements in the general splicing mechanism, yet a 

subset of alternative exons are differentially regulated by the two isoforms, demonstrating 

the functional differences between U2AF1a and U2AF1b in alternative splicing.   

  

U2AF1 isoform stoichiometry is a mechanistic factor for mutually exclusive 

alternative splicing 

As shown above and in other studies 13,39–42, genes with tandem duplicated exons 

can produce highly similar isoforms with distinct functions. Therefore, it is important to 

understand how the mutually exclusive tandem duplicated exons are processed, which can 

involve more dynamic reorganization of RBPs and cis-acting sequence elements in introns 

and exons compared to other types of alternative splicing. Intriguingly, AS-Quant 

identified a number of tandem duplicated mutually exclusive alternative splicing events to 

be differentially regulated by U2AF1 isoforms. Although previous reports suggest that 

U2AF1 function in alternative splicing of several mutually exclusive duplicated tandem 

exons, mechanistic insights of these alternative splicing events are largely lacking 23,36. 

Moreover, these studies did not consider the relevance of the functional differences of 

U2AF1 isoforms in the regulation of mutually exclusive alternative splicing events.  
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Figure 3. Stoichiometry of U2AF1 isoforms determines alternative 3’-splice site. (A-

D) RNA-Seq read alignments of Tpm2 (A), H2afy (B), P4ha1 (C) and Fyn (D) gene loci 

in U2af1a-only, U2af1b-only and U2af1 knockdown in corresponding cells. Please note 

that the designation of mutually exclusive exon a and b of these genes is in the order of 

exons from 5’ to 3’-end direction for convenience. Inclusion of exon a or b is shown based 

on the quantitation of RNA-Seq data with the matching color code. (E) An RNAi screening 

to identify a factor(s) for P4ha1 exon 9b alternative splicing. Relative inclusion of exon 9a 

or exon 9b in P4ha1 expression was presented after the knockdown of indicated RNA-

binding proteins (RBPs) in TSC-/- MEFs. The asterisks indicate the statistically significant 

decrease in the inclusion of exon 9b compared to the control. The data are presented as the 

mean (SD) (*p<0.0062, two-tailed Student’s t test, n=3 for technical repeats). (F) The 

effect of PTBP1 and SRSF7 overexpression on the inclusion of P4ha1 exon 9b. PTBP1 or 

SRSF7 was overexpressed in TSC-/- MEFs and the relative inclusion of exon 9b was 

measured. Two independent repeats of the experiments are shown. The asterisks indicate 

the statistically significant increase in the inclusion of exon 9b compared to control. The 

data are presented as the mean (SD) (*p<0.01, two-tailed Student’s t test, n=3 for technical 

repeats). (G) A proposed model for the mutually exclusive alternative splicing of P4ha1 

upon the changes of U2AF1 isoform stoichiometry. The stoichiometry of U2AF1 isoforms 

in cells determines the usage of one of the tandem exons’ splice site based on the nucleotide 

composition and the other splice site is selected by other splicing factors. In this case, 

PTBP1 and SRSF7 are one of the splicing factors involved in the mutually exclusive 

alternative splicing of P4ha1. 
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In our datasets, RNA-Seq read alignments of several duplicated tandem exons 

displayed mutually exclusive alternative splicing when comparing U2af1a- and U2af1b-

only cells; moreover, RNAi knockdown of U2af1 in those cells also showed characteristic 

U2AF1 isoform-dependent changes of mutually exclusive alternative splicing. For 

example, the inclusion of exon 6a in the mutually exclusive alternative splicing of Tpm2 is 

dependent upon the overall level of U2AF1, but independent of which U2AF1 isoforms is 

present, as the shift of exon inclusion to 6b occurred similarly in the RNAi knockdown of 

U2af1 in both U2af1a- and U2af1b-only cells (Fig. 3A). In contrast, U2AF1-isoform 

dependent tandem exon splicing became apparent in the H2afy expression. In this case, the 

inclusion of exon 6b decreased as U2af1 was knocked down in both isoform-specific cell 

lines. Notably, however, the inclusion of exon 6b was more favored in U2af1a-only cells 

compared to U2af1b-only cells (Fig. 3B). These observations suggest that U2AF1a, as 

compared to U2AF1b, is more specific to exon 6b inclusion and is more capable of 

competing against exon 6a inclusion by unknown splicing factor(s). In the cases of P4ha1 

and Fyn expression, U2AF1b was more critical for the inclusion of a specific exon between 

the tandem exons. In P4ha1 mutually exclusive alternative splicing, U2af1b-only cells 

exhibit more favorable exon 9a inclusion (59.9%) than U2af1a-only cells (31.0%) (Fig. 

3C). Furthermore, the knockdown of U2af1 shifted the exon inclusion to 9b in both cell 

lines (40.1% to 63.5% in U2af1b-only cells and 69.0% to 83.5% in U2af1a-only cells) 

(Fig. 3C). Similar observations were made in the expression of Fyn. In this case, exon 9b 

is more preferentially selected in U2af1b-only compared to U2af1a-only cells (25.7% vs. 

13.9% exon 9b inclusion) and the knockdown of U2af1 in both cell lines decreased exon 



 

 147 

9b inclusion (8.2% in b-only vs. 9.5% in a-only). Thus, with a varying degree, it seems 

that U2AF1b is more specific than U2AF1a is to the splicing of P4ha1 exon 9a and Fyn 

exon 9b; the other exon in those tandem exons is likely to be spliced by an unknown 

splicing factor(s) as both U2AF1 isoform knockdown increases the inclusion of the other 

exon (Fig. 3C and D). Collectively, these results show that the stoichiometry of U2AF1 

isoforms determines the selection of one of tandem exons for mutually exclusive 

alternative splicing and the other exon selection is completed by an unknown splicing 

factor(s). Indeed, a series of knockdown experiments on selected RBPs identified SRSF7 

and PTBP1 as two of the splicing factors for P4ha1 tandem exon splicing because the 

knockdown of Srsf7 or Ptbp1 in TSC-/- MEFs decreased the inclusion of exon 9b (Fig. 3E 

and Supplementary Fig. 3A-C). Consistent with these observations, overexpression of 

Ptbp1 or Srsf7 in TSC-/- MEFs increased the inclusion of exon 9b (Fig. 3F and 

Supplementary Fig. 3D). Together, these results support a model in P4ha1 tandem exon 

splicing where U2AF1b has a higher preference to exon 9a inclusion than U2AF1a and 

furthermore, that PTBP1/SRSF7 have a role in the inclusion of exon 9b (Fig. 3G). 

Therefore, the stoichiometry of U2AF1 isoforms and the level of competing splicing 

factors in a given cellular context likely determine the selection of tandem exons in 

mutually exclusive splicing. Of note, the concept that the stoichiometry of U2AF1 isoforms 

affects alternative splicing also applies to a simpler splicing type, e.g. cassette type 

(Supplementary Fig. 3E-H). These demonstrate the importance of considering the 

functional differences of U2AF1 isoforms in mechanistic studies of the regulation of 

alternative splicing.  
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Isoform-specific interactomes of U2AF1 feature common but refined cellular 

functions 

Differences in nucleotide preference and splicing regulation by U2AF1 isoforms 

raise the question of whether they form different functional complexes in cells. To identify 

proteins interacting with U2AF1 isoforms, we performed CRISPR-induced homologous 

recombination to insert a C-terminal Flag-tag to U2af1 gene in U2af1a-only and U2af1b-

only cell lines (Fig. 4A and Supplementary Fig. 4A). Characterization of the resulting Flag-

tagged U2AF1 isoform-specific cell lines by western blots indicated that the Flag-tag was 

added to one allele of the U2af1 gene in both U2af1a-only and U2af1b-only cell lines (Fig. 

4B left). Immunoprecipitation (IP) with an a-Flag antibody followed by western blots 

confirmed that endogenous Flag-tagged U2AF1 isoforms pull down U2AF2, providing 

evidence that Flag-U2AF1 isoforms form endogenous U2AF complexes (Fig. 4B right). 

Since protein-protein interactions in the spliceosome are highly dynamic and transient, to 

capture the interactomes of U2AF1 isoforms, we performed the proteomics part of ribo-

proteomics approach using formaldehyde-mediated crosslinking and Flag-IP in the 

presence of RNase A followed by mass spectrometry analysis 43,44. Mass spectrometry 

analysis of the immunoprecipitated samples showed high enrichment of U2AF 

heterodimer, suggesting the enrichment of U2AF1-interacting proteins in the co-IP (Fig. 

4C). We used the intensity based label-free quantification (LFQ) algorithm to assess the 

relative abundance of interactors normalized to each U2AF1 isoform (Supplementary Fig. 

4B). From this approach, we identified 127 U2AF1a interactors and 192 U2AF1b 

interactors significantly enriched over control Flag-IP (Fig. 4C, Supplementary Fig. 4C 
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and Supplementary Table 4). Of these identified interactors, 23 and 88 proteins were 

specific to U2AF1a and U2AF1b, respectively (Fig. 4C, Supplementary Fig. 4C and 

Supplementary Table 4). Gene Ontology (GO) term analyses of the U2AF1 interactomes 

show that overall U2AF1a and U2AF1b interactomes are similar to each other and are 

highly enriched for the GO terms ‘mRNA processing’ and ‘splicing processes’ (Fig. 4D 

and Supplementary Fig. 4D and E). However, U2AF1a displays a greater association with 

interactors belonging to ‘mRNA processing’ and ‘splicing processes’ while U2AF1b 

interactors are highly enriched in ‘translation’ (Supplementary Fig. 4D). Thus, our data 

suggest that the isoforms of U2AF1 form overlapping yet distinct protein complexes. 

Importantly, all enriched GO terms contain a subset of proteins exclusive to either U2AF1 

isoform (Fig. 4D and Supplementary Fig. 4E). For instance, SF3A1 is specific to the 

U2AF1a interactome while MBNL2 is exclusive to the U2AF1b interactome (Fig. 4D). To 

validate these results, we first conducted co-IP and western blot analyses using antibodies 

specific to identified interactors (HNRNPC1/C2 and HNRNPA1) of both U2AF1 isoforms 

in the presence of RNase A. As shown in Fig 4E, both HNRNPC1/C2 and HNRNPA1 

directly interact with U2AF complexes endogenously. To further confirm the isoform-

specific interactomes of U2AF1, we co-expressed MBNL2 (identified to bind to U2AF1b 

but not U2AF1a) and U2AF1a-Flag or U2AF1b-Flag in HEK293 cells and performed Flag-

IP in the presence or absence of RNase A, followed by western blot analyses. As shown in 

Fig 4F, MBNL2 prefers to bind to U2AF1b over U2AF1a; this bias is not RNase dependent. 

Together, these validate the results of U2AF1 interactome analyses, which strongly suggest 
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that U2AF1 isoforms have overlapping cellular functions yet provide refined or different 

regulatory roles by forming distinctive protein complexes.    

 

Figure 4. Overlapping but distinct interactome profiles of U2AF1 isoforms represents 

refined functional differences. (A) Schematic for CRISPR-induced homologous 

recombination (HR) to generate C-terminal Flag-tagged U2AF1 isoform-specific cell lines. 

Yellow rectangular box represents the Flag-tag. (B) Western blot analyses confirming the 

addition of a Flag-tag to U2AF1 (left). Anti-Flag immunoprecipitation (IP) and western 

blot analyses using total cellular extracts from Flag-tagged U2AF1 isoform-specific cell 

lines. Only Flag-tagged U2AF1 along with U2AF2 was immunoprecipitated (right). Tot: 
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Total cell lysate, 1% of input was loaded. (C) Volcano plots illustrating enrichment of both 

U2AF1 isoforms and corresponding interactors. The plot compares the log2 mean protein 

LFQ intensity difference between the control, U2AF1a and U2AF1b baits against the 

negative logarithmized p-values. (D) Interactome analyses of U2AF1a and U2AF1b. 

Interactomes of U2AF1a and U2AF1b in GO term mRNA processing (GO:0006397) and 

regulation of transcription (GO:0006355) are illustrated. Proteins colored in solid blue and 

red represent unique interactors of U2AF1b and U2AF1a, respectively. (E, F) Co-IP and 

western blotting validation of U2AF1 isoform interactome analysis. (E) Anti-

HNRNPC1/C2 or HNRNPA1 antibodies were used for co-IPs in the presence of RNase A. 

Nuclear fraction of HEK293 cells was used for co-IPs. 2.5% of input was loaded as total. 

The asterisk denotes a non-specific band which may come from undissociated antibody 

chains. (F) MBNL2 and U2AF1a-Flag or U2AF1b-Flag were co-expressed in HEK293 

cells. Flag-IP was performed with nuclear fractions in the absence or presence of RNase 

A. 10% of input was loaded as total. Anti-Flag and Anti-MBNL2 antibodies were used for 

immunoblotting.  
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U2AF1a-mediated 5’-UTR alternative splicing promotes translation  

To understand the physiological consequences of U2AF1 isoform-mediated 

alternative splicing events (Fig. 2E), we surveyed regions of these alternative splicing 

events and found that 70% of the alternative splicing events affect the coding capacity of 

genes while 24% and 6% of the alternative splicing events occur in the 5’-UTR and 3’-

UTR, respectively (Fig. 5A). This distribution is very similar to that of the known 

alternative splicing events in mouse genome (mm10, Supplementary Fig. 5 O). To look 

into the functional proteomes regulated by U2AF1 isoforms, we first searched the 

alternative splicing events affecting coding DNA sequence (CDS) regions against Pfam 

domain database. Out of the 224 CDS alternative splicing events, 64 events affected 74 

functional domains annotated by Pfam. Among those, 28 Pfam domains were associated 

with the GO term while 46 Pfam domains were not (Fig. 5B). Almost a half of the GO 

term-associated Pfam domains including ‘Pkinase_Tyr’ and ‘Homeobox’ clustered 

together (green box in Fig. 5B). Collectively, these indicate that the alternative splicing 

events differentially regulated by U2AF1 isoforms could widely affect various cellular 

pathways. 
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Figure 5. U2AF1 isoform-regulated alternative splicing in 5’-UTR modulates 

translation. (A) Distribution of alternative splicing in the regions of mRNA. Alternative 

splicing events displaying differences between U2af1a- and U2af1b-only cells were 

shown. (B) Affected Pfam domains by U2AF1 isoform-coordinated alternative splicing 

events were analyzed and their linkage to GO term is presented. Pfam domains affected by 

U2AF1a and U2AF1b-mediated alternative splicing are highlighted in light red and light 

blue, respectively. The Pfam domains highlighted in yellow are affected by both U2AF1a 

and U2AF1b-mediated alternative splicing. CC: Cellular Components; BP: Biological 

Processes; MF: Molecular Functions (C) Examples of 5’-UTR alternative splicing events 
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in U2af1a- and b-only cells. RT-PCR and agarose gel electrophoresis were conducted to 

validate alternative splicing events. RNA-Seq read alignments and quantitation of 

alternative splicing events are shown. Arrows indicate the position of primer binding sites 

for RT-PCR analyses. Splicing isoforms and their quantitation are color-coded as 

illustrated; yellow boxes highlight the alternative exons. Asterisk denotes a non-specific 

PCR product. (D) Polysome profiling analyses on the cytosolic fraction of U2af1a-only 

and U2af1b-only cells. Distribution of 5’-UTR alternative splicing transcripts (left, 

Hnrnph2; right, Anapc10) in polysome fractionation were analyzed by absolute 

quantitation using qPCR. T: 10% of input. Splicing isoforms are color-coded as illustrated. 

Monosome and polysome fractions are indicated. (E) The same analyses described in (D) 

were conducted on Cwc22 and Srr genes.  (F) Luciferase assays on the effects of 5’-UTR 

alternative splicing events on translation efficiency. The 5’-UTRs including or excluding 

the alternative exons of Hnrnph2, Anapc10, and Cwc22 were placed into the 5’-UTR of 

luciferase reporter. The fold-changes of luciferase signals between the exon-included and 

exon-excluded 5’-UTR reporter construct pairs of the three genes are shown in bar graphs. 

The data are presented as the mean (SD) (*p<8.6e-5, two-tailed Student’s t test, n=4 for 

technical repeats). (G) A proposed model for U2AF1 isoform-coordinated translational 

regulation by 5’-UTR alternative splicing and the connection to mTORC1 signaling. In this 

model, mTORC1-regulated changes of U2AF1 expression profile contributes to the 

proteome regulation by multiple ways. Alternative splicing in coding regions produce 

protein isoforms while alternative splicing in the 5’-UTR regulates differential translation. 
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Interestingly, the average length of 5’-UTR of transcripts with annotated alternative 

splicing events is 527.7 nucleotides, which is much longer than that of 5’-UTR of 

transcripts without reported alternative splicing events (226.6 nucleotides) in the mouse 

transcriptome (Supplementary Fig. 5A). In addition, the relative proportion of alternative 

exon length to the entire 5’-UTR is about 29.9% (Supplementary Fig. 5B). Since 5’-UTR 

is known to contain diverse elements for translational regulation 45,46, it is presumed that 

the alternative splicing events in the 5’-UTR reconfigure these regulatory cis-elements. 

Indeed, a search for potential regulatory elements in the affected 5’-UTRs in our data 

(U2af1a-only vs U2af1b-only) using UTRScan 47 identified several known 5’-UTR motifs 

and upstream open reading frames (uORFs) that were reconfigured by U2AF1 isoform-

regulated alternative splicing events (Supplementary Fig. 5C and D). Out of the 77 genes 

showing U2AF1 isoform-mediated 5’-UTR alternative splicing events, 35 genes are 

predicted to reconfigure one or more uORFs (Supplementary Fig. 5D). In this case, not 

only the frequency but also the average length of uORFs were significantly changed by 

alternative splicing in the 5’-UTR.  

RNA-Seq read alignments and semi-quantitative analyses of several genes on 5’-

UTR alternative splicing validated U2AF1 isoform-specific events in all tested U2af1a- 

and U2af1b-only cells (Fig. 5C and Supplementary Fig. 5E). To examine whether these 5’-

UTR alternative splicing events are associated with translational regulation, we conducted 

polysome fractionation using the cytoplasmic extracts from U2af1a- and U2af1b-only cells 

(Supplementary Fig. 5F) and analyzed the distribution of two alternative 5’-UTR isoforms 

by qPCR with absolute quantitation. Hnrnph2 is mostly expressed as the exon 3-skipped 
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isoform in U2af1a-only cells whereas the exon 3-included isoform is highly expressed in 

U2af1b-only cells (Fig. 5C). Our quantitative analyses showed that, given the input 

amounts, the Hnrnph2 exon 3-skipped isoform (shown in light red) formed polysomes 

more efficiently in both U2af1a- and U2af1b-only cells, while the transcript with exon 

inclusion (shown in light blue) was less efficient in forming polysomes (Fig. 5D left and 

Supplementary Fig. 5G, M). Similar differential polysomal distributions due to alternative 

splicing were observed in Anapc10 (Fig. 5D right and Supplementary Fig. 5H, M). 

Interestingly, exon skipping is not always favored for polysome formations. In the case of 

Cwc22 and Srr where exon inclusion in the 5’-UTR occurs more often in U2af1a-only cells 

(Supplementary Fig. 5I-J, M), the exon 2-included isoforms of both Cwc22 and Srr (shown 

in light red) formed polysomes more efficiently compared to the exon 2-skipped isoforms 

(Fig. 5E and Supplementary Fig. 5K-M). Interestingly, in these select genes, alternative 

splicing events promoted by U2AF1a (skipping in Hnrnph2 and Anapc10, inclusion in 

cwc22 and Srr) leads to increase in polysome formation of the transcripts. To validate the 

findings of polysome fractionation analyses, we cloned the 5’-UTRs of Hnrnph2, Anapc10, 

Cwc22, and Pex2, including or excluding the alternative exon, into the 5’-UTR of 

luciferase reporter constructs (Fig. 5F). We then transfected these constructs into TSC1-/- 

MEFs and compared their luciferase activities to measure the effects of these 5’-UTRs on 

translation efficiency. As shown in Fig. 5F and Supplementary Fig. 5 N, consistent with 

the results of polysome fractionation analyses, the exclusion of the 5’-UTR alternative 

exons of Hnrnph2, Anapc10, and Pex2 and the inclusion of the 5’-UTR alternative exon of 

Cwc22 lead to higher translation of luciferase compared to their counterparts. Together, 
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these data show that the alternative splicing events in the 5’-UTR modulated by U2AF1 

isoforms coordinate translation and suggest that the stoichiometry of U2AF1 isoforms 

plays a key role in the regulation of translation, potentially uncoupling the correlation 

between mRNA and protein abundance in cells.  
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Discussion 

U2AF1 has been extensively studied for its crucial role in pre-mRNA splicing and 

the pathogenesis of myelodysplasia syndrome (MDS) 1,6,9,14,26–29,31–33,35,36,48–50. Albeit two 

isoforms are expressed from U2AF1, early studies on U2AF1 were not able to functionally 

differentiate two isoforms 8,9,49. Furthermore, commonly used mammalian cell lines often 

express more U2AF1a than U2AF1b 7–9. Accordingly, most, if not all studies on U2AF1 

and its pathogenic mutations do not distinguish U2AF1 isoforms 6,9,14,26–32,34–36,48,51–53. A 

high sequence similarity along with the same molecular weight between the two isoforms 

make it challenging to study one isoform over the other. In addition, RNAi knockdown 

approaches for functional studies on U2AF1 isoforms are poised to generate U2AF1a-

biased outcomes as many cell systems used for this kind of approach underrepresent 

U2AF1b expression 7–9. In contrast, our genome editing approach to produce both isoform-

specific cell lines provides an unbiased biological system to understand the function of 

U2AF1 isoforms. In fact, unlike previous reports 7,9, our study could bring up 

underrepresented U2AF1b functions as our data show that the number of exons and genes 

exclusively regulated by each U2AF1 isoform is similar (Fig. 2D and E). In conjunction 

with our interactome analyses, these indicate that two U2AF1 isoforms distinctively 

contribute to the transcriptome and have nuanced functional differences in cells. These 

conclusions are along the same lines with other well characterized tandem exon-derived 

isoforms including PKM and FGFR2 10–13,39.  In this regard, our findings of distinctive 

functions of U2AF1 isoforms raise important questions regarding pathogenic U2AF1 

mutations in MDS. Since most, if not all, studies on U2AF1 pathogenic mutations do not 
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differentiate the two U2AF1 isoforms nor profile their expressions, they are not 

comprehensive in understanding the pathogenic mechanisms of MDS by not recognizing 

the potential functional impacts of the dynamic expressions of U2AF1 isoforms on the 

phenotypes that are attributed to U2AF1 mutations 31–36,50.  

 Obtaining the endogenously Flag-tagged U2AF1 isoform-specific cell lines with 

CRISPR-induced homologous recombination allowed us to enrich for U2AF1 isoform-

specific interactomes by simply performing Flag-IP. More importantly, it eliminated the 

need to exogenously over-express bait proteins that may skew the stoichiometry of 

interactomes, and allowed us to IP endogenous U2AF1 isoform-specific complexes.  The 

results of this comprehensive interactome analysis of U2AF1 isoforms suggest that the 

specificity of the isoform-specific interactomes could be a key characteristic of distinct 

functionality of the isoforms. Thus, these isoform-specific interactomes could not only help 

explain the different sequence preferences of the two isoforms, they could also represent 

previously unknown or sophisticated functions of U2AF1. Indeed, consistent with our 

findings of a possible link between U2AF1b and translation, a recent study suggested a role 

of U2AF1 and its mutations in translation regulation in the cytoplasm, although this study 

still lacked the information on U2AF1 isoforms 54. Collectively, these demonstrate that our 

approach of interactome analyses is beneficial in revealing unknown and sophisticated 

functions of U2AF1 isoforms.    

One of the surprising outcomes of U2AF1 isoform-specific alternative splicing is 

the translational regulation through 5’-UTR alternative splicing. As shown by various 

computational analyses, alternative splicing in the 5’-UTR driven by U2AF1 isoform 
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preferences as well as U2AF1 isoform knockdowns dynamically rearranges known cis-

regulatory elements and uORFs (Supplementary Fig. 5C-D, Q-S). Thus, 5’-UTR 

alternative splicing reprograms multiple features in the 5’-UTR and can regulate 

translation. One of the most well characterized molecular signatures of 5’-UTR in 

translational regulation is the translational activation of 5’-TOP (terminal oligopyrimidine) 

containing mRNAs by mTOR 55. Intriguingly, most 5’-UTR alternative splicing events 

specific to U2af1a- and U2af1b-only cells do not contain a 5’-TOP signature (only 2 out 

of 77 events in Fig. 5A contain 5’-TOP feature, Supplementary Fig. 5T). This pattern was 

consistent with the dataset of U2af1a-only control vs knockdown and U2af1b-only control 

vs knockdown (7 out of 130 events and 5 out of 132 events contain 5’-TOP feature, 

Supplementary Fig. 5P, U). A recent study using transcription start site profiling reported 

that distinct classes of non-5’-TOP mRNAs were subjected to mTOR-regulated 

translational control. Interestingly, the study found that mTOR-dependent translation of 

these non-5’-TOP mRNAs have short or long 5’-UTRs and the length of 5’-UTR is 

associated with cellular pathways targeted by non-5’-TOP mRNAs 56. Our findings in this 

study present U2AF1 isoform-regulated alternative splicing in the 5’-UTR as a previously 

unrecognized translational regulatory mechanism and provide mTORC1-regulated U2AF1 

isoform profile as a molecular link between mTORC1 and non-5’-TOP mRNA translation 

(Fig. 5G). 
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Supplementary Figure 1. (A, B) Histogram plots of transcript expression level change 

in TSC1-/- compared to WT MEFs of select RBPs (A) and 3’-end processing factors (B) 
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based on RNA-Seq quantification. Genes mentioned in the main text are indicated. (C) A 

diagram showing the locations of Taqman probes and PCR primers used in Taqman 

qPCR assays on U2af1 transcript isoforms. (D) Standard curves for absolute quantitation 

of mouse U2af1 transcript isoforms using Taqman qPCR assay. (E) Western blot analysis 

on TSC1-/- MEF cells under EBSS or FBS add-back treatment. The changes of mTORC1 

activity by EBSS and FBS treatment are evidenced by pS6 (pRPS6) blotting, while S6 

blotting serves as a loading control. (F) Knockdown of various SR splicing factors by 

RNAi. Relative expression of SR proteins in control and knockdown samples was 

measured using qPCR. (G) Knockdown of various polyadenylation factors by RNAi. 

Relative expression of CPSF proteins in control and knockdown samples was measured 

using qPCR. (H) Changes of U2af1 isoform expression upon the knockdown of various 

polyadenylation factors. The amounts of U2af1a and U2af1b isoforms were measure by 

Taqman qPCR assay. (I, J) Small scale RNAi screen for regulators of alternative 

splicing. Each indicated splicing factor was knocked down by RNAi and the expression 

of U2af1 isoforms was measured by Taqman qPCR assay. (K) Srsf3 transcript undergoes 

3’-UTR alternative polyadenylation (APA) upon the mTOR activation. (left) RNA-seq 

read alignments of the Srsf3 3’-UTR in WT and TSC1-/- MEF cell lines. (right) RSI 

(relative shortening index) measurement of Srsf3 3’-UTR APA in TSC1-/- relative to WT 

MEF cell lines. (L) Standard curves for absolute quantitation using qPCR assay on mouse 

Srsf3 long 3’-UTR and total transcripts. (M) Absolute quantitation of Srsf3 long and short 

3’-UTR transcripts using qPCR. The standard curves in (L) were used for the calculation. 

(N) Polysome profiling for Srsf3 long and short 3’-UTR transcripts in TSC1-/- MEFs. 



 

 165 

Absolute quantitation of long 3’-UTR and total Srsf3 transcripts was conducted. The 

amount of short 3’-UTR Srsf3 transcript was calculated by the subtraction of long from 

total amounts. (O) The biological repeats of the Western blot analysis of SRSF3 in WT 

and TSC1-/- MEFs shown in Fig. 1F.  TUBULIN and HNRNPA1 were used as loading 

controls. (P) Schematic of U2af1 tandem exon splicing reporter construct. (Q) 

Overexpression of SRSF3 suppresses exon 3b inclusion in U2af1 splicing reporter assay. 

Two splicing isoforms from the reporter was measured by Taqman qPCR with relative 

quantitation upon the overexpression of SRSF3,  SRSF1 and vector alone. 

Overexpression of Srsf1 and Srsf3 in the experiments was validated by qPCR with 

relative quantitation. The data are the mean (SD) (*p=0.010, **p=0.13 ; two-tailed 

Student’s t test, n=3 for technical repeats). 
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Supplementary Figure 2. (A) Western blot analyses of U2AF1 isoforms using various 

cancer cell lines. (B) (upper panel) A diagram illustrating the design of CRISPR/Cas9-

mediated generation of U2af1a- and U2af1b-only cell lines. The locations of exon-

flanking gRNAs are denoted by arrows. Primer sets used for gDNA screening are 

denoted by triangles. The distances between primer sets and the flanking gRNA pairs are 

indicated. (lower panel) PCR using the denoted gDNA screening primer sets followed by 

agarose gel electrophoresis. The downshift of the bands in U2af1a- and U2af1b-only 

cells demonstrates the successful homozygous editing by the exon-flanking gRNA pairs 

via NHEJ. (C) Western blot analysis on TSC1-/- MEF, U2af1a-only#1, and U2af1b-

only#1 cells treated with control (con) or U2af1-targeting siRNA (U2af1 kd). (D) 

Splicing of four representative alternative splicing events showing U2AF1 isoform 

preferences. For each panel, RNA-Seq read alignments and quantitation of alternative 
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exon of U2af1a-only#1 and U2af1b-only#1 cell lines are shown. RT-PCR validation in 

U2af1a-only#1, U2af1a-only#2, U2af1b-only#1, and U2af1b-only#2 cell lines are 

shown. Splicing isoforms are color-coded as illustrated; yellow boxes highlight the 

alternative exons. Asterisks denote non-specific bands. (E) The frequency of upstream 

nucleotides of 3’-splice site preferred by U2AF1 isoforms. The certainty of nucleotides in 

each position was calculated by considering both cassette and alternative 3’-splice site 

type splicing. (F) The frequency of upstream nucleotides of the 3’-splice site of exons 

commonly dependent on both U2AF1 isoforms. (upper) Exons that are more included in 

the presence of U2af1. (lower) Exons that are more included in the absence of U2af1 

(upon knockdown). (left) 3’-splice site of cassette type alternative splicing. (right) 3’-

splice site of alternative 3’-splice site type alternative splicing.  
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Supplementary Figure 3. (A) An initial RNAi screen for RBPs that promote the 

inclusion of exon 9b in P4ha1. Relative exon inclusion was calculated by relative 

quantitative PCR. (B) The measurement of knockdown efficiency of RBPs shown in (A). 

Relative qPCR was used for quantitation. (C) The measurement of knockdown efficiency 

of RBPs shown in Fig. 3E. Relative qPCR was used for quantitation. (D) The 

measurement of Ptbp1 and Srsf7 overexpression shown in Figure 3F. Relative qPCR was 

used for quantitation. (E-H) Examples of cassette type alternative splicing events that 

depend upon U2AF1 isoform in various manners. RNA-Seq read alignments of Puf60 
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(preferring U2AF1b) (E), Cast (preferring U2AF1a) (F), Pcbp2 (no U2AF1 isoform 

preference) (G) and Pex2 (only dependent upon U2AF1b) (H) gene loci in U2af1a-only, 

U2af1b-only and U2af1 knockdown in corresponding cells are shown. Inclusion of the 

alternative exon is plotted based on the quantitation of RNA-Seq data with the matching 

color code. 
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Supplementary Figure 4. (A) Screening of U2AF1a-Flag and U2AF1b-Flag cell lines 

after CRISPR/Cas9-initiated HR using synthesized gBlocks DNA. A slight shift caused 

by 3X-Flag tag insertion into the C-terminus of U2af1 locus in U2af1a- and U2af1b-only 

cell lines was marked. (B) Multi-scatter plot illustrating the protein LFQ intensity and R² 

correlation among three sample repeats. Within technical replicates of each U2AF1 pull-

down, the average R-squared pair-wise correlation coefficients of the protein LFQ 
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intensity profiles was 0.885, indicating high similarity. In contrast, the pair-wise 

comparison of the U2AF1 isoform-specific pulldowns had a lower average R-squared 

correlation coefficients (0.510) than the background protein correlation profile 

represented by the control Flag-IP samples using untagged TSC1-/- MEF cell line (0.761), 

indicating significant U2AF1 isoform-dependent difference in protein interactor 

abundance. (C) A summary of U2af1 isoform-specific interactomes. Overlapped and 

unique proteins identified by interactome studies are shown in a Venn Diagram. (D) GO-

term analyses of U2AF1a- and U2AF1b-specific interactomes. (E) Interactomes of 

U2AF1a and U2AF1b in GO term RNA splicing and DNA binding are illustrated. 

Proteins colored in solid blue and red represent unique interactors of U2AF1b and 

U2AF1a, respectively. 
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Supplementary Figure 5. (A) Length distribution of 5’-UTR with or without alternative 

splicing annotated in mm10 UCSC mouse genome annotation. (B) Proportion of 

alternative exon in 5’-UTRs with annotated alternative splicing events. The frequency of 

each portion was displayed in the y-axis. (C) Rearrangement of known 5’-UTR 
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regulatory elements by U2AF1a- and U2AF1b-mediated alternative splicing. Red boxes 

and blue boxes indicate the elements and frequencies changed by U2AF1a and U2AF1b, 

respectively. (D) Average length and number of uORFs changed by U2AF1a- and 

U2AF1b-mediated alternative splicing. Red boxes and blue boxes indicate the dynamics 

of uORFs by exon exclusion and inclusion, respectively. (E) Examples of 5’-UTR 

alternative splicing events in U2af1a- and b-only cells. RT-PCR and agarose gel 

electrophoresis were conducted to validate alternative splicing events. RNA-Seq read 

alignments and quantitation of alternative splicing events are shown. Arrows indicate the 

position of primer binding sites for RT-PCR analyses. Splicing isoforms and their 

quantitation are color-coded as illustrated; yellow boxes highlight the alternative exons. 

Asterisk denotes a non-specific PCR product. (F) Absorbance measurement of polysome 

fractionations. Fractions corresponding to monosme and polysomes are indicated. (G, H) 

Standard curves of qPCR assay for Hnrnph2 (g) and Anapc10 (h) 5’UTR alternative 

transcript isoforms. (I, J) Examples of 5’-UTR alternative splicing events in U2af1a- and 

b-only cells. RNA-Seq read alignments and quantitation of alternative splicing events are 

shown. Splicing isoforms and their quantitation are color-coded as illustrated; yellow 

boxes highlight the alternative exons. Asterisk denotes a non-specific PCR product. (K, 

L) Standard curves of qPCR assay for Cwc22 (k) and Srr (l) 5’UTR alternative transcript 

isoforms. Due to technical difficulties, total- and long-specific qPCR primer sets were 

designed and used for absolute quantitation. (M) Data from polysome profiling analyses 

of Figure 5 (D-E) normalized to total input. Splicing isoforms are color-coded as denoted. 

(N) Luciferase assays on the effects of 5’-UTR alternative splicing events on translation 
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efficiency. The 5’-UTRs including or excluding the alternative exon of Pex2 were placed 

into the 5’-UTR of luciferase reporter. The fold-change of luciferase signals between the 

exon-included and exon-excluded 5’-UTR reporter construct pair are shown in bar 

graphs. (O, P) Overall distribution of alternative splicing in the regions of mRNA was 

shown for (O) the mouse genome (mm10) and (P) U2AF1a control vs knockdown and 

U2AF1b control vs knockdown. (Q, R) Average length and number of uORFs changed 

by alternative splicing events in (Q) U2AF1a control vs knockdown and (R) U2AF1b 

control vs knockdown datasets. Red boxes and blue boxes indicate the dynamics of 

uORFs by exon exclusion and inclusion, respectively. (S) Rearrangement of known 5’-

UTR regulatory elements by alternative splicing events in U2AF1a control vs knockdown 

and U2AF1b control vs knockdown datasets. Red boxes and blue boxes indicate the 

elements and frequencies changed by exon exclusion and inclusion, respectively. (T) 

Distribution of alternative splicing regions of mRNA in U2af1a- and U2af1b-only cell 

datasets. In each alternative splicing category, the distribution of regions is represented 

by color code. The number of alternative splicing events in cassette and alternative 3’-

splice site categories was displayed. (U) Distribution of alternative splicing regions of 

mRNA in U2AF1a control vs knockdown and U2AF1b control vs knockdown datasets. 

In each alternative splicing category, the distribution of regions is represented by color 

code. The number of alternative splicing events in cassette and alternative 3’-splice site 

categories was displayed.
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Supplementary Table 1. Alternative splicing events upon U2af1 knockdown in 

U2Af1a-only cell.  

Supplementary Table 2. Alternative splicing events upon U2af1 knockdown in 

U2Af1b-only cell. 

Supplementary Table 3. Differential alternative splicing events between U2Af1a-only 

and U2AF1b-only cells. 

Supplementary Table 4. List of identified U2AF1 isoform-specific interactors.  

 

To access Supplementary Tables 1–4, go to https://academic.oup.com/nar/article-
lookup/doi/10.1093/nar/gkz761#supplementary-data.   
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CHAPTER FOUR 

 

Conclusions and Perspectives 
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Functional Difference between U2AF1 Isoforms and Its Potential Roles in Cancer 

Biology 

Splicing factor U2AF1 defines a 3’-splice site around a polypyrimidine tract and 

regulates alternative mRNA processing1–4. As briefly discussed in Chapter 3, mutations 

and changes in the expression of U2AF1 affect transcriptome-wide AS events, thus 

altering the functional proteome5. Specifically, U2AF1 has recurrent somatic mutations in 

~11% of myelodysplastic syndromes (MDS) patients as well as in various other cancer 

types6–8. The mutated U2AF1 proteins show altered sequence binding preference and thus 

AS events6,9. Interestingly, although it is still unclear how U2AF1 mutants contribute to 

tumorigenesis, mutant-expressing cells tend to be more sensitive to splicing inhibitors10. 

Moreover, it has been shown that myc-driven cancer cells are vulnerable to perturbation 

of splicing components including U2AF111. Together, these studies highlight the splicing 

machinery, specifically U2AF1, as an important target for cancer research and 

therapeutics.  

 As we demonstrated in Chapter 3, while most studies on U2AF1 do not 

differentiate the two isoforms due to their high similarity and the U2AF1a-dominant 

expression in most cellular model systems, the two U2AF1 isoforms indeed function 

differently in AS regulations. For example, also demonstrated in the previous chapter, the 

isoform-specific AS regulations affect the expression of select genes by controlling their 

translation efficiency. Therefore, given U2AF1’s association with cancer biology, the 
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next step for this project could be to determine whether this functional difference 

between the two isoforms is significant in U2AF1’s role in cancer. Of note, there are 

roughly 80 protein coding genes that contain duplicate tandem exons in humans. Since in 

most cases the tandem exons are highly similar, and the switching of the tandem exons 

cannot be detected by conventional gene expression analysis using RNA-Seq or western 

blot, the physiological relevance of the seesawing of most tandem exons has not been 

elucidated. Nevertheless, as demonstrated in well-known studies on PKM (pyruvate 

kinase muscle type), FGFR2 (fibroblast growth factor receptor 2), and FGFR3 genes, 

mutually exclusive, duplicate tandem exons can function differently and drastically alter 

cellular pathways in cancers12–17. 

 Intriguingly, our interrogations on The Cancer Genome Atlas (TCGA) data 

collection show that the biased increase of U2AF1a expression compared to the b 

isoform expression is widespread across many types of cancer (Fig. 1A). Particularly, the 

difference in the expression of the two isoforms is most significant in Breast Invasive 

Carcinoma (BRCA) data collection (Fig. 1A-B). Furthermore, triple-negative breast 

cancer (TNBC) patients show more significant differences of U2AF1 isoform expression, 

suggesting that a higher stoichiometry of U2AF1a over b isoform is critical in TNBC 

transcriptome homeostasis (Fig. 1). The cellular mTORC1 activity, often deregulated in 

TNBC and other breast cancer subtypes, selectively drives U2AF1a upregulation, which 

will alter U2AF1a-dependent AS events in general. Thus, these findings establish the 

regulatory axis of mTORC1-modulating of U2AF1 isoforms––transcriptome-wide AS 

events in breast cancer. AS is a hallmark of cancer but the current understandings of AS 
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in the cancer transcriptome and its cancer relevance are far from complete. Moreover, 

U2AF1 isoform functional differences in the context of cancer and how U2AF1a 

upregulation plays a role in driving cancer-prone transcriptome reprogramming have not 

been studied. Together, these establish strong scientific premises for future researchers to 

probe further how U2AF1 isoform expressions impact cancer biology, particularly in 

TNBC, through AS regulations. 

 

Figure 1. Interrogation of U2AF1 isoform expressions in TCGA RNA-seq data 

collections. (A) Expression differences between U2AF1a and U2AF1b in tumor and normal 

tissues are plotted across many types of cancer in TCGA data collections. Red-colored 

cancer types show a significant increase of U2AF1a over b isoform in tumor. Dark blue-

colored cancer types do not show a significant increase of U2AF1a expression. BRCA 

dataset shows the most significant differences in U2AF1 isoform expressions. P-values for 

each dataset are as follows; BRCA 6.06e-14, HNSC 3.6e-3, COAD 1.5e-3, STAD 5.1e-4, 

KIRP 0.013, KIRC 2.4e-5, LUAD 0.036, LIHC 0.18, LUSC 0.49. (B) Expression of 

U2AF1a and U2AF1b in individual tumor and normal tissues of BRCA were plotted. 

BRCA data were collected from more than 1,000 tumor samples and 106 normal tissues. 
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Thus, the x-axis is presented as the fraction of patient index. The patient index was sorted 

by the differences of the two isoform expressions. 
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The Role of Post-Transcriptional Regulations in mTORC1 Biology and Beyond 

As presented in Chapter 1, it has been well-established that mTORC1 regulates a variety 

of cellular processes through controlling the translation and transcription activities of its 

downstream effector genes. And our works presented in Chapters 2–3 have shown that 

mTORC1 signaling also has a role in regulating transcriptome-wide post-transcriptional 

regulations, both in APA and AS. For mTORC1-activated 3’-UTR APA events, we have 

shown that in select cases, a significant increase in protein synthesis without significant 

changes in their mRNA transcript levels was observed. Pathway enrichment analysis on 

these 3’-UTR-shortened genes revealed that ubiquitin-mediated proteolysis pathway is the 

most targeted pathway by mTORC1-mediated 3’-UTR shortening18. Thus, with UTR-APA 

analysis on mTORC1-activated transcriptome, a pathway activated by mTORC1 that was 

previously not associated with mTORC1 activity was revealed. Moreover, with the 

integration of PAS-Seq in our UTR-APA analysis, we demonstrated that mTORC1 

upregulates CCAAT/enhancer binding protein gamma (CEBPG) through 3’-UTR 

shortening; this upregulation of CEBPG by mTORC1 is critical in protecting cells against 

endothelial reticulum stress19. Furthermore, we showed that cellular mTORC1 activity 

regulates the expression of U2AF1 isoforms (U2AF1a v. U2AF1b), which in turn changes 

of alternative splicing in 5’-UTR of many genes that significantly affect translation 

efficiency (Fig. 2)20. 
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Figure 2. Illustration of how mTORC1-mediated post-transcriptional regulations 

play a role in controlling various cellular pathways and physiological outcomes. 

Recent studies have shown that mTORC1 controls the AS and APA of select genes, 

affecting their expressions. These can lead to changes in cellular biology, e.g. 

proliferation.  
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On top of our research, others have also reported the role of mTOR in modulating 

post-transcriptional regulations. For example, Passacantilli et al. reported that upon 

chemical mTOR inhibition, extensive changes in the transcriptome were observed in 

Ewing sarcoma cells using microarray analysis. Particularly, 1,440 AS events were 

detected in 918 genes21. These data were obtained by microarray technology, which can 

only identify previously annotated AS events. This suggests that we could expect to 

observe more mTOR-mediated AS events if unbiased sequencing technologies such as 

RNA-Seq are used for analyzing these biological samples. Nonetheless, their work 

demonstrates that mTOR activity indeed regulate transcriptome-wide alternative splicing 

events. Furthermore, Lee et al. also reported that chemical inhibition of mTORC1 leads 

to malfunction in the splicing of select genes. With improper splicing, introns are retained 

in these genes, activating nonsense-mediated pathway for the degradation of the 

transcripts (Fig. 2)22.  

Lee et al. demonstrated that, through S6K1 phosphorylation, mTORC1 regulates 

the activity of SRSF (serine and arginine rich splicing factor) protein kinase 2 (SRPK2), a 

key regulator of a series of splicing factors. When mTORC1 is downregulated, SRPK2 

activity is inhibited, preventing the proper function of downstream splicing factors, 

causing splicing dysregulation and thus downregulation of a number of lipogenic genes 

(Fig. 2)22. This study showed that mTORC1, through regulating the activities of splicing 

regulators, can modulate gene expression at the level of splicing regulation. Passacantilli 

et al. also demonstrated that the transcriptome-wide alternative splicing events they 

observed in ES cells upon mTOR inhibition contribute to drug resistance in that 



 

 197 

particular cancer cell line21. Thus, these reports not only reveal mTORC1’s role in 

splicing regulation, but that these mTORC1-mediated splicing regulations have 

significant physiological impacts.  

Taken together, these studies, and ours, add post-transcriptional regulation as 

another layer of gene expression regulation to our understanding of the multi-faceted 

functions of mTORC1 (Fig. 2). Moreover, analyses of mTORC1-mediated post-

transcriptional regulations in various cellular contexts have enabled researchers to not 

only gain new mechanistic insights into mTORC1’s control over previously associated 

biological processes, but also to discover new cellular signaling pathways that are 

regulated by mTORC1 and make mechanistic connections that were previously masked 

due to a lack of analyses focusing on post-transcriptional regulations.  

 

Post-Transcriptional Regulations Beyond mTORC1 Biology 

It has been a common knowledge that if we apply the simplistic understanding of 

the central dogma and the one-gene one-enzyme theory in molecular biology to our 

understanding of gene expression regulation in cells, we may fail to fully capture the 

complex landscape of gene expression regulations and the dynamics of functional 

proteome in cells. As discussed above, post-transcriptional regulations play important 

roles in the diversity and dynamics of the functional proteomes of biological systems. 

The physiological impacts of these post-transcriptional regulations can be quite 

significant and should not be neglected when we study the expression of genes in cells. 

Nonetheless, most commonly, when researchers perform transcriptome profiling with 
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technologies such as RNA-Seq, only transcript level analyses are carried out. Moreover, 

most, if not all, transcript-based biomarkers presently available are designed according to 

the transcript level profiling of the samples. Indeed, mRNA transcript level changes can 

suggest physiological outcomes due to protein level changes, yet often times transcript 

level changes do not lead to corresponding protein level changes. And intriguingly, for 

many of such cases, post-transcriptional regulations are the reason for these seeming 

discrepancies23. Therefore, given that many genes have been shown to display drastically 

different functions through AS or APA without changing their transcript levels 

necessarily, and that multiple user friendly and free bioinformatics tools are currently 

available online24, analyses on post-transcriptional regulations with transcriptome 

profiling datasets should be performed routinely in order to capture the fuller picture of 

gene expression regulations in the biological systems of interest.  

So far, we have discussed the significance of AS and APA events in cellular 

biology in the context of mTORC1 signaling. We have shown that the regulation of post-

transcriptional events by mTORC1 is just as extensive and important to cellular biology 

as its regulations of transcriptional and translational events. This not only helps cement 

the role of post-transcriptional regulation as an important layer of gene expression 

regulation, it also establishes a mechanistic link between a well-studied and high-profile 

cellular signaling pathway, mTORC1, to the regulation of post-transcriptional events, as 

well as the physiological outcomes of these events. On the other hand, we believe that 

post-transcriptional regulations can also play as important and extensive of a role in other 

cellular signaling contexts as observed in mTORC1 signaling pathway. With the rising 
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awareness of how post-transcriptional regulations can dictate and steer cellular biology, 

and the increasing availability and sophistication of technologies to study post-

transcriptional events, we expect to see more and more reports on the key roles of post-

transcriptional events in various cellular signaling pathways and the pathogenesis of 

diseases in the near future.  

Furthermore, apart from the two types of post-transcriptional events highlighted 

thus far (AS and APA), there are other types of regulations at the mRNA transcript level 

that can also be studied with transcriptome-profiling data. They all add to the richness of 

information one can obtain on top of transcript level analysis with transcriptome data, 

given that suitable bioinformatics tools are available. One example would be alternative 

transcription start site events, where the same gene uses different transcription start sites 

for transcription under different circumstances25. The consequences of alternative 

transcription start site events include alternative 5’-UTR composition, potentially 

resulting in changes in the fates of the final mRNA transcripts, as well as changes in the 

N-terminal ends of proteins, potentially leading to the inclusion or exclusion of signal 

peptides or ubiquitin sites in the final protein products. Another common type of 

regulation on mRNA transcripts is RNA modification/editing, where the insertion, 

deletion, and/or substitution of nucleotides is carried out on a transcribed RNA molecule 

by a set of enzymes. These editing events can lead to changes in the coding of amino 

acids of the final protein product, or changes in the binding sites of trans-acting factors, 

alternating the regulations on the mRNA transcripts by these factors26. Indeed, these 

regulations on mRNA molecules can have exciting biological consequences. However, 
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they are not very well explored in the field yet, at least not systematically. Thus, with 

single-nucleotide resolution sequencing experiments becoming routine for examining the 

transcriptomes of biological samples nowadays, researchers can and should perform 

analyses on post-transcriptional regulations and events on top of transcript level analysis 

to be better informed when studying the biological phenomena of interest.  
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