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ABSTRACT OF THE DISSERTATION 

 

Mechanisms and Interplay of RNA Processing Pathways 

 

by 

 

Keaton Barr 

Doctor of Philosophy in Biochemistry, Molecular, and Structural Biology  

University of California, Los Angeles, 2025 

Professor Guillaume Chanfreau, Chair 

 

Production of RNAs, their processing, and the regulation thereof encompasses numerous 

biological pathways that work both on their own and in concert with one another to ensure 

proper gene expression and cellular function. This thesis will present four works, each exploring 

various RNA processing pathways, how they function, and how they may interconnect with one 

another in the production or processing of their given substrate RNAs. 

The first work presented examines the relationship between splicing and 3′ end processing in S. 

cerevisiae, processes that have been shown to be coupled in mammalian cells. To further 

explore this relationship, we set out to study the production of RNA in conditions where the 

cleavage and polyadenylation (CPA) or splicing pathways were inactivated through nuclear 

depletion of related proteins. We find that unlike in mammalian cells, the processes of splicing 

and 3′ end processing are not directly coupled in S. cerevisiae. However, we demonstrate that 
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in the event of transcriptional read-through, many yeast mRNAs present extended 5′ ends due 

to termination failure of an upstream gene. These 5′ extensions are correlated with decreased 

splicing efficiency in comparison to unextended mRNAs in a length dependent manner. 

Furthermore, we find that in the event of transcriptional read-through due to CPA inactivation, 

novel intergenic and intragenic splicing events may occur utilizing splice sites found within the 

extended RNA products. 

Continuing this work exploring the effects of CPA inactivation on RNA production, we 

determined the existence of a population of cleavage and polyadenylation independent mRNAs, 

which are stably produced in the absence CPA.  We provide evidence that this population of 

mRNAs may utilize novel mechanisms for 3′ end formation without the primary CPA 

components. First, we demonstrate that in the absence of CPA, transcriptional roadblocks are 

capable of producing stable mRNA 3′ ends. We also provide evidence for a novel mechanism of 

3′ end formation which relies on genetically encoded poly(A) tracts. These poly(A) tracts are 

actively transcribed and correspond to the exact 3′ end of their given mRNAs, suggesting they 

may act as pseudo poly(A) tails. 

In the third work, we follow up on previous data from our lab, which established the use of 

RNase-III mediated decay (RMD) as a pathway utilized for the regulation of bromo-domain 

factor 2 (BDF2) mRNAs. The exact mechanism through which this RMD regulation occurred, 

however was not yet understood. We show that this RMD dependent degradation of BDF2 

mRNAs is hyperactivated in conditions which are known to induce increased nuclear retention 

of global mRNAs, such as salt stress or nuclear depletion of 3′ end processing factors. 

Strikingly, this RMD dependent processing of BDF2 mRNAs can be prevented in these same 

conditions through the nuclear depletion of yeast RNase-III, Rnt1p. Together, these data 

suggest that the regulation of BDF2 by RMD is result of increased proximity with Rnt1p in the 

nucleus as a result of increased nuclear retention in stress conditions. 
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Finally, we explore the relationships between proper splicing and the production of intron-

encoded snoRNAs. We present evidence that when splicing is inactivated, a novel hybrid 

mRNA-snoRNA (hmsnoRNA) species is generated. Here, we explore the mechanisms which 

regulate the production and decay of these hmsnoRNAs, shedding light on the importance of 

proper splicing in the production of intron-encoded snoRNAs. 

Altogether, the research presented within this thesis furthers the understanding of the 

relationships between various RNA processing pathways and how these pathways may or may 

not come together for their proper function in the production of RNAs in the cell. Additionally, we 

elucidate the existence of potential novel RNA processing pathways in S. cerevisiae. 
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Chapter 1: Introduction to RNA Processing Pathways 
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1.1: General Introduction 

Ribonucleic acids (RNAs) are a class of biological molecules composed of polymers of 

ribonucleotides that are assembled through the linkage of their sugar-phosphate backbone by 

RNA Polymerase (RNAP) enzymes Reviewed in 1. These RNA molecules, while all composed of the 

same building blocks can vary greatly in their function in the cell and play roles in numerous vital 

cellular processes such as relaying the genetic information of the cell′s DNA to the ribosome for 

translation (mRNA)2, aiding in the modification of other RNAs (snoRNAs)reviewed in 3, carrying 

amino acids to the ribosome for protein production (tRNAs)4, targeting other RNAs for 

degradation (miRNAs)reviewed in 5, and more. With their wide-ranging importance to the health of 

the cell, the proper production of RNAs and the regulation of their production are equally 

important. The work presented in this thesis thus aims to further the understanding of how some 

of the processes an RNA may go through during its production are themselves regulated, how 

these various RNA processing pathways may interact with one another during their function, if 

previously unknown pathways exist, and the potential fate of a given RNA when various steps of 

their production are perturbed. 

1.2: Transcriptional Termination and 3′ end processing of RNAs 

 During mRNA transcription, when the active RNAP (RNA Pol II in S. cerevisiae) nears 

the end of its current transcription unit, various signals within the C-terminal domain (CTD) of 

the RNAP6 and the nascent transcript7,8, will recruit the Cleavage and Polyadenylation (CPA) 

Complex. After recruitment of the CPA complex to the nascent pre-mRNA, an endonuclease 

within the complex (Ysh1p in yeast, CPSF73 in higher eukaryotes)9 will cleave the nascent pre-

mRNA at a specific sequence known as the poly(A) site, thus liberating the pre-mRNA from the 

active RNA Polymerase while simultaneously creating an open RNA end on both sides of the 

cleavage reviewed in 10. For the newly cut pre-mRNA, this exposed 3′-end is then utilized by the 

poly(A) polymerase (PAP, Pap1p in S. cerevisiae) in the CPA complex to add a poly(A)-tail to 
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the 3′-end of the nascent pre-mRNA11: thus, creating the mature 3′-end of the mRNA, which 

along with other RNA modifications, signals that the mRNA is ready for export out of the nucleus 

for translation while also providing protection against various RNA decay mechanisms in the 

cell. On the other end of the CPA cleavage site is an exposed 5′-end of an RNA still connected 

to the actively transcribing RNA Polymerase. This exposed 5′-end is then bound by a 5′-3′ 

exonuclease (Rat1p in yeast), which will then translocate down the RNA degrading it along the 

way until it collides with the active RNAP: dislodging it and terminating transcription12. In 

eukaryotes, this process is believed to be the process that every mRNA, aside from mammalian 

histone mRNAs, undergoes for the maturation of the pre-mRNA 3′-end and termination of RNA 

Polymerase transcription. However, for non-coding RNAs (ncRNAs) such as some small 

nucleolar RNAs (snoRNAs) and many other aberrant ncRNAs other termination pathways exist. 

One such pathway is the S.cerevisiae NRD1-NAB3-SEN1 (NNS) pathway. During NNS-

termination, RNA sequences within the nascent RNA are bound by the proteins Nrd1p and 

Nab3p, which in turn recruit the RNA helicase Sen1p. Sen1p, then translocates down the 

nascent transcript chasing RNA Pol II until they collide, knocking RNA Pol II off the DNA in a 

“torpedo” like mechanism, which terminates transcription13,14. RNAs produced by this 

mechanism are then typically polyadenylated by the Trf4/Air2/Mrt4p Polyadenylation (TRAMP) 

complex, a protein complex which binds to RNAs and adds short poly(A) tails. In contrast to the 

stabilization and protection effect seen with the longer PAP dependent poly(A) tails of mRNA, 

these shorter TRAMP dependent poly(A) tails typically assist in targeting these RNAs for 

decay/processing by the exosome15. Additionally, this mechanism of transcriptional termination 

is generally stochastic in its exact termination site. However, work from our lab16 has shown that 

should RNA Pol II run into any natural barriers on the DNA, such as a DNA Binding protein like 

the transcription factors Reb1p, Rap1, Abf1, or the RNA Polymerase III transcription factor 

TFIIIB, its activity can be paused at the site of the collision. This pausing of RNA Pol II for an 

NNS-dependent transcript gives Sen1p the ability to consistently torpedo RNA Pol II at the 
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roadblock site, thus creating a more uniform termination to the RNAs at that locus. 

1.3: Spliceosomal RNA Splicing 

 While many mRNAs are transcribed as one continuous piece of RNA, some mRNAs  

(the percentage of which can vary drastically by organism) have regions known as introns 

interspersed throughout their coding sequence which need to be removed through the process 

of splicing in order to produce the final mature mRNA from these genes. Within unspliced pre-

mRNA three well conserved sequences characterize the intron: the 5′ splice site, branch point, 

and 3′ splice site. These three distinct sequences are not only recognized specifically by various 

components within spliceosome, but also carry out the splicing reaction as described further in 

this chapter. Generally occurring co-transcriptionally, this highly conserved two-step chemical 

process is carried out by the spliceosome, a large ribonucleoprotein (RNP) complex composed 

by 5 small nuclear RNAs (U1, U2, U4, U5, and U6 snRNAs) and multiple dozens of proteins 

depending on the species. Prior to catalysis, the U1 and U2 snRNP complexes bind to the 5′ 

splice site and branch point respectively through base pairing interactions of their snRNA 

components and their corresponding binding sites17,18,19. These in turn recruit the U4, U5, and 

U6 tri-snRNP. From this point, the pre-catalytic complex undergoes multiple rounds of 

reconfigurations assisted by proteins such as Prp28p, Brr2p, and Prp2p: adding and removing 

multiple components, while also restructuring the substrate RNA and tri-snRNP in order to form 

the active site and properly position the branch point and 5′ exon in preparation for catalysis19, 

reviewed in 20-22. During the first step of splicing, an adenosine within the branch point sequence of 

the intron performs a nucleophilic attack on the 5′ splice site. This liberates the 5′ exon and 

forms an intron lariat-3′ exon intermediate20-22. After the first step of splicing is complete, the 

complex undergoes another reconfiguration induced by Prp16p, among other proteins to 

prepare for the second step of splicing23,24. In the second chemical step of splicing, this newly 

liberated 5′ exon then performs a nucleophilic attack onto the 3′ splice site: thus, joining together 

the two exons in separation from the intron lariat completing the process of splicing for a given 
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junction20-22. After completion of the splicing reaction, the spliced mRNA, intron lariat, and 

spliceosome components must be disassembled. First, the spliced mRNA is released from the 

complex by Prp22p25. Prp43p, among other proteins, then disassembles the remaining complex, 

recycling the components of the spliceosome and releasing the intron lariat26. Once released 

from the spliceosome, the intron lariat is then typically debranched by the debranching enzyme 

(Dbr1p in yeast) and degraded by exonucleases reviewed in 27. In addition to the primary function of 

splicing in the removal of introns from coding sequences of RNA, splicing, or rather alternative 

splicing, presents the cell with multiple mechanism through which it can modulate gene 

expression. Alternative splicing simply put is the process that an RNA undergoes when it is 

spliced in a pattern or with different splice sites to its normal configuration. The fate of an mRNA 

after alternative splicing can vary wildly. For example, RNAs in mammalian cells often contain 

many exons, each definitionally separated by an intron. Here, by changing the pattern of 

whether or not certain exons are included in the final spliced mRNA, the resulting proteins could 

be drastically different from one another; thus, allowing for the cell to create numerous protein 

isoforms from a singular gene sequence28. Alternative splicing can also occur where the 5′ 

and/or 3′ splice site utilized by the spliceosome are different, which would result in either the 

inclusion or removal or the RNA sequence between the primary and alternative splice sites28. 

Previous work has shown that mammalian cells can use alternative splicing to promote the 

inclusion of poison exons which trigger degradation by nonsense-mediated decay (NMD), a 

translation coupled decay pathway29,30. Previous work from the Chanfreau lab has 

demonstrated that in S. cerevisiae, alternative splicing events can shift the reading frame of the 

mRNA to introduce a premature stop codon (PTC). This inclusion of a PTC in the mRNA by 

alternative splicing was shown to then target these mRNAs for degradation by NMD as well; 

therefore, giving the cell another mechanism, through which is can regulate the levels of these 

mRNA species31. 
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1.4 mRNA Export 

 In order to be translated, the nascent, mature mRNA must be exported out of the 

nucleus to the cytoplasm so that it may interact with the ribosome. The recruitment of RNA 

export factor proteins to the mRNA occurs co-transcriptionally and is dependent on interactions 

between these export factors with cis-factors within the RNAP CTD32 or other structures within 

the mRNA such as the poly(A)-tail or 5′-cap33. These RNA export factors then help guide the 

nascent mRNA to the nuclear pore complex (NPC), which is effectively a channel through the 

nuclear membrane into the cytoplasm. There at the NPC, the mRNA is then actively channeled 

through the pore in an ATP dependent manner, where it then is released into the cytoplasm to 

be transported to the ribosome for translation reviewed in 34. This primary function of mRNA export 

into the cytoplasm for translation through the NPC also creates another level through which the 

cell can modulate gene expression. That is, by retaining an mRNA species in the nucleus rather 

than exporting it, the ability of that mRNA to be translated and the other processes it may be 

subject to are different than if it were in the cytoplasm.  

1.5 RNA Nucleases 

In addition to the direct production and processing of RNAs, the cell must also have 

mechanisms through which it can both control the quality of said RNA products, but also break 

them down either to completion, or partially as a step within other pathways when necessary. 

This degradation and or processing is performed by nucleases: proteins responsible for cleaving 

nucleic acids. In the yeast S.cerevisiae, one mechanism that utilizes multiple types of RNA 

nucleases in the decay and or processing of its substrates is RNAse III mediated decay (RMD). 

During RMD, the Rnt1 endonuclease binds to an AGNN tetraloop structure present at the top of 

double-stranded RNA (dsRNA) secondary structure and then cleaves the backbone of the 

dsRNA35. This cleavage of the RNA backbone by Rnt1p exposes 5′ and 3′ ends on the RNA, 

which can then act as substrates for exonucleases such as Rat1p a 5-3′ exonuclease, and the 
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nuclear exosome, a large protein complex responsible for the 3′-5′ degradation and processing 

of RNAs in eukaryotes. Within this nuclear exosome complex the majority of the proteins 

compose the core, which primarily acts a channel for RNAs positioning them for degradation by 

the two catalytic proteins in the complex: Dis3p and Rrp6p. In both cases, the active sites of 

these proteins cleave the backbone sequentially from the end through hydrolysis and release of 

nucleoside 5′-monophosphate molecules as they process their way through an RNA substrate 

reviewed in 36,37. 

1.6 RNA Production and Processing Pathways Interconnected 

 These RNA production and processing pathways as well as others not discussed here 

however are not happening alone in a vacuum. Rather, these pathways are often working in 

consort to tightly manage the production of RNA in the cell, often directly interacting with one 

another: especially when the RNA binding proteins are in closely related pathways such as 

those involved in pre-mRNA maturation. One such example is the coupling of 3′-end processing 

and splicing in mammalian cells. As previously described, splicing and 3′-end processing of an 

mRNA both occur co-transcriptionally and are both required for the proper maturation of an 

mRNA. Research has shown that for these two processes, not only do their components directly 

interact as demonstrated in the binding of U2AF 65 (a protein in the human U2snRNP) and CF 

Im (a cleavage factor in the human CPA complex), but are also important for the proper function 

of one another38. Additionally, mutations in the poly(A) site sequence have been shown to cause 

defects in the splicing of mammalian terminal introns39. In addition to multiple RNA processing 

pathways functionalities being directly coupled together, in other cases, multiple RNA 

production and processing pathways can also come together in alternative ways to produce 

entire new classes of RNA in function of their normal purposes. 

An example of this can be found in the production of snoRNAs. snoRNAs are a class of 

small non-coding RNAs that are bound by proteins to function in a snoRNP complex performing 
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the modification of other RNAs. These snoRNAs are produced in one of two ways in yeast: 

either as their own transcription unit, or within the intron of a coding gene. Transcription of the 

independently transcribed snoRNAs is terminated via NNS, after which a short poly(A) tail is 

added by the TRAMP complex before the 3′ end is then trimmed by the nuclear exosome like 

most ncRNAs terminated by NNS and TRAMP. For these snoRNAs, nuclear exosome-mediated 

trimming is eventually blocked by the proteins of the snoRNP complex, thus protecting them 

from complete degradation. Additionally, for some of these independently transcribed snoRNAs, 

the 5′-end of these RNAs form the tetra-loop substrate structure for Rnt1p, which then cleaves 

the RNA creating an entry point for 5-3′ exonucleases: allowing them to trim the snoRNA to the 

5′ RNP boundary. With trimming complete, the mature snoRNP complex is formed. For intron 

encoded snoRNAs however, they are transcribed as part of their host gene due to their location 

within the intron of said gene. In order to then be liberated from the intron the host mRNA must 

undergo splicing: therefore, releasing the intron lariat in which it resides. The intron lariat is then 

debranched and targeted for degradation by exonucleases as it normally would be. However, 

instead of fully degrading the debranched intron as a normal intron, the bound proteins of the 

snoRNP complex block again the exonuclease at the mature snoRNP boundary, leaving only 

the snoRNP reviewed in 40, 41.  

These above examples clearly demonstrate that frequently, the direct coordination of 

multiple RNA processing pathways either through the interaction of their components or their 

chemical activities is crucial for the proper production or regulation for many RNA species. 

However, there is still much that is yet unknown in this regard for many pathways and their 

corresponding processes. The following work presented in this dissertation will discuss four 

explorations of this concept. The first two of which explore the relationship of CPA and splicing 

in S. cerevisiae, and the existence a novel CPA-independent 3′ end processing pathway for 

mRNAs respectively. In the third work, we demonstrate a direct link between nuclear retention 
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of the BDF2 mRNA and its degradation by RMD. Lastly, we evaluate how defects in splicing can 

affect the proper production of intron-encoded snoRNAs and how the cell handles the aberrant 

RNA species that is generated as a result of aforementioned defects. 
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Abstract 

Splicing of terminal introns is coupled to 3′-end processing by cleavage and polyadenylation (CPA) of 

mRNAs in mammalian genes. Whether this functional coupling is universally conserved across eukaryotes 

is unknown. Here we show using long read RNA sequencing in S.cerevisiae that splicing inactivation does 

not result in widespread CPA impairment and that inactivation of CPA does not lead to global splicing 

defects. However, 5′-extensions due to termination defects from upstream genes lead to splicing 

inhibition in a length-dependent manner. Additionally, for some extended RNAs resulting from failed 

termination, we observed decreased splicing fidelity resulting in novel intergenic and long-range 

intragenic splicing events. These results argue against a broad coupling of splicing to CPA in S.cerevisiae 

but show that efficient CPA-mediated transcription termination is critical for splicing fidelity and efficiency 

in a compact genome. 
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Introduction  

Synthesis of most eukaryotic mRNAs requires three main processing steps: capping of the 5′-end of the 

mRNA by addition of a 7-methyl guanosine(7-meG), removal of intronic sequences by splicing, and 3′-end 

formation by cleavage and polyadenylation (CPA). In addition to generating mRNA 3′-ends, CPA also 

promotes transcription termination by RNA polymerase II. The three major mRNA processing reactions 

occur co-transcriptionally, as factors involved are known to associate with RNA polymerase II and/or the 

nascent transcripts (reviewed in 1). These three main processing reactions also influence each other. At 

the 5′-end of the mRNA, capping stimulates splicing of the first, cap-proximal intron (2–4; reviewed in 5). 

This stimulation is conferred by the cap-binding complex (CBC), which binds the 7-meG cap and promotes 

recruitment of the U1 snRNP, resulting in enhanced recognition of the first, cap-proximal exon 5′ splice 

sites (SS) by splicing factors 2,3,6.. At the 3′-end of the mRNA, splicing of the terminal intron and recognition 

of the CPA site are intimately connected (reviewed in 1,7). Interestingly, this coupling of splicing and 3′-end 

processing can occur independently from transcription8,9, and several interactions have been described 

between 3′-end processing factors and splicing factors. At the genomic scale, perturbation of 3′-end 

processing has been shown to result in inhibition of splicing of terminal introns10.  

While there is broad evidence for reciprocal stimulation of splicing of terminal introns and 3′-end 

processing by CPA in mammalian genes, it is unclear whether this mechanism is universally conserved 

across eukaryotes. In support of this conservation, inactivation of the S.pombe homologue of splicing 

factor U2AF65 triggers 3′-end formation defects and transcriptional read-through11. In the yeast 

S.cerevisiae, most intron-containing genes contain only a single intron, which defines most introns as de 

facto ′terminal′ and close to the cleavage and polyadenylation sites, especially for introns of ribosomal 

protein genes which constitute the quantitative majority of splicing substrates 12. Some indirect evidence 

suggests that there might exist functional coupling between splicing and 3′-end formation in S.cerevisiae. 

For instance, the Ysh1 endonuclease involved in the cleavage reaction of CPA was first identified in a 
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genetic screen for splicing mutants13,14 . In addition, physical and genetic interactions have been identified 

between splicing factors and the CPA machinery (reviewed in 15). However no study has yet directly 

addressed the impact of inactivating CPA factors on splicing, or of inactivating splicing factors on 3′-end 

formation. In this study we address this question, using long-read RNA sequencing technology. Using rapid 

inactivation of splicing or 3′-end processing factors, we do not find evidence for broad reciprocal coupling 

between splicing and 3′-end processing. However, loss of termination promoting readthrough into intron-

containing genes results in decreased splicing efficiency, likely because of the increased distance of the 

intron from the cap structure. In addition, loss of termination revealed dormant splice sites and resulted 

in the production of intergenic spliced mRNAs. These results underscore the importance of proper CPA-

mediated termination to limit aberrant splicing events and enhance splicing efficiency.  

Inactivation of the U1 snRNP component Snp1 does not lead to prevalent 3′-end formation or 

termination defects. 

To analyze the reciprocal impact of splicing or 3′-end processing factors on splicing and polyadenylation, 

we assessed the impact of rapidly inactivating these factors on the transcriptome. Most splicing or 3′-end 

processing factors are essential in S.cerevisiae. To rapidly inactivate these RNA processing factors, we used 

the anchor away (AA) technique16, which promotes rapid export of a nuclear protein of choice out of the 

nucleus, resulting in their functional inactivation. This technique had previously been used to rapidly 

inactivate splicing17 or 3′-end processing 18,19 factors in S.cerevisiae. We used AA strains of the 3′-end 

processing factors Ysh1 and Rna15, as well as the U1 snRNP component Snp1p, the yeast orthologue of 

the U1-70K protein. We chose to inactivate this early splicing factor to prevent engagement of transcripts 

in the splicing pathway and binding of proteins that may recognize splicing signals following E complex 

formation. Following treatment with Rapamycin to induce the export of tagged proteins out of the 
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nucleus, RNA processing efficiency was analyzed in vivo using long-read RNA sequencing. An untagged 

strain from the same genetic background (which alleviates any toxic effects of rapamycin treatment and 

downstream effects of gene expression) was treated for 2hrs with Rapamycin and used as a negative 

control (mentioned as WT in the 

remainder of this study). RNA samples 

were obtained for three replicates for 

each strain and sequenced by direct 

RNA sequencing using the Oxford 

Nanopore Technology (ONT) platform. 

We obtained an average of ca. 3 million 

reads per replicate (Table S1) and 

excellent reproducibility of RNA 

detection between replicates (Fig.S1).  

We then analyzed the impact of 

inactivation of these factors on 3′-end 

formation by measuring 3′ UTR length. 

Analysis of global 3′-UTR lengths did not 

reveal any global impact of Snp1 

inactivation on 3′-UTR length (Fig.1A).  

Figure 1. Global analysis of 3′-end formation and splicing upon CPA or splicing inactivation. 
A. Comparison of 3′UTR length between the Snp1-AA strain and the WT control for all S.cerevisiae genes 
detected by Nanopore sequencing. Numbers indicate the 3′UTR lengths in nucleosides.  

B. Comparison of 3′UTR length between the Snp1-AA strain and the WT control for all S.cerevisiae 
intron-containing genes detected by Nanopore sequencing.  

C. Comparison of 3′UTR length between the Rna15-AA and the WT control for all S.cerevisiae genes 
detected by Nanopore sequencing. 



19 
 

D. Same as (C) for the Ysh1-AA strain.  
 
E. Volcano plot showing the ICGs exhibiting splicing defects in the Snp1-AA strain compared to WT. Red 
dots correspond to ICGs showing significant splicing changes.    

F. Same as (E) for the Ysh1-AA strain. 

G. Same as (E) for the Rna15-AA strain. 

H. Venn Diagram showing the overlap of ICGs showing significant splicing defects in the Ysh1-AA and 
Rna15-AA strains.  

 

This lack of effect could be due to the fact that intron-containing genes (ICG) represent only ~5% of genes 

in S.cerevisiae. We therefore analyzed 3′-UTR length only for ICG, and did not detect any significant 

changes in UTR length upon Snp1 inactivation (Fig.1B). This is in contrast to what was observed for Ysh1 

or Rna15 inactivation, which resulted in a global increase in 3′-UTR size (Figure 1C), as expected since loss 

of these factors is known to induce termination defects.  

Since Snp1 inactivation resulted in general splicing defects (see below), we conclude that splicing 

inactivation at an early stage of the splicing pathway does not result in major perturbations of 3′-end 

processing in vivo.  

 

Inactivation of the cleavage and polyadenylation factors Ysh1 and Rna15 does not induce widespread 

splicing defects 

We next focused on analyzing the impact of inactivating Snp1, Ysh1 or Rna15 on pre-mRNA splicing. To 

this end, we quantitated unspliced reads in strains in which these factors were anchored away. Analysis 

of splicing efficiency in the Snp1-AA strain showed widespread increase of unspliced reads for many ICGs, 

as expected (Fig.1D). Some genes did not show significant accumulation of unspliced reads: either because 

their splicing is robust enough to resist to short-term inactivation of the U1 snRNP, or because unspliced 
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pre-mRNAs accumulation is limited by rapid degradation 20,21. By contrast, inactivation of Rna15 or Ysh1 

had a more modest effect on splicing (Fig1E, 1F). Some splicing defects overlap was observed upon 

inactivation of Rna15 or Ysh1(Fig.1G). However, inactivation of Ysh1 and Rna15 also resulted in unique set 

of genes for which splicing was affected (Fig.1G). This suggests that the impact of Ysh1 or Rna15 

inactivation on splicing is not due to a general effect of CPA inactivation on splicing, but that each of these 

factors impact expression of the affected genes in a unique way which perturbs splicing indirectly, rather 

than through a general coupling mechanism between splicing and CPA. 

 

Splicing defects are not prevalent in 3′-extended RNAs and unprocessed RNAs are subject to nuclear 

degradation 

To understand the mechanistic basis for the perturbation of splicing of genes impacted by Ysh1 or Rna15 

inactivation, we first analyzed the splicing signals of ICGs showing a significant splicing defect in the Ysh1-

AA or Rna15-AA samples. Sequence logos obtained for the 5′SS or branchpoint sequences of the RNAs 

with splicing defects in the Ysh1 or Rna15-AA strain were similar to those of all ICG (Fig.S2), suggesting 

that deficient splicing for these mRNAs was not due to intrinsically weaker splicing signals. To better 

understand the mechanism responsible for these splicing defects, we inspected ONT reads of ICGs to 

search for the presence of unspliced RNAs in transcripts with 3′-readthroughs in the Ysh1-AA or Rna15-

AA samples. In general, intron-containing transcripts with long 3′-extensions following Ysh1 or Rna15 

inactivation did not show increased accumulation of unspliced species. One example is shown in Fig.2A 

for the RPL26A gene, which exhibits frequent readthrough transcripts onto the neighbor gene YLR345W, 

none of which were unspliced. We calculated the splicing efficiency of RNA with 3′-extensions in the Ysh1-

AA or Rna15-AA or control strain genome-wide, based on the percentage of unspliced reads, and 

compared this metric to the splicing efficiency of RNAs with no extensions. RNAs with 3′-extensions found 
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in the Ysh1-AA or Rna15-AA 

datasets did not show a 

large increase of unspliced 

reads compared to 

unextended transcripts 

found in the control wild-

type sample or unextended 

transcripts detected in the 

Ysh1-AA or Rna15-AA 

samples (Fig.2B). Some 

exceptions include RPL28, 

for which intron retention 

was twice as abundant in 

3′-extended transcripts 

compared to unextended 

transcripts in the Ysh1-AA 

or Rna15-AA (Fig.2C; 

Fig.S3). Overall, these results argue that loss of recognition of the primary CPA or termination site does 

not impact the efficiency of splicing of upstream introns genome-wide.  

Figure 2. Impact of CPA inactivation on splicing efficiency. 

A. Selection of ONT reads from WT or Rna15AA in the MRPL24-RPL26A-YLR345W region showing the 
accumulation of 3′ extended reads of RPL26A in the Rna15AA strain. Reads are colored in salmon; splicing 
event connecting reads are colored in blue. Sashimi plots showing the splicing of RPL26A are also included.  

B. Bar graph showing the percentage of unspliced reads genome-wide as a function of 5′ extension size 
in the Ysh1-AA, WT or Rna15-AA strains for RNAs with no extensions. The p-values obtained for the 
comparisons are: Rna15vs WT: No Ext: 0.005848); 3' extended: 0.003757; 
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Ysh1 vs WT: No Ext: 0.007634; 3' extended: 0.01342. 

C. Selection of ONT reads from WT or Rna15-AA showing the accumulation of unspliced and 3′ extended 
reads of RPL28 in the Rna15AA strain. 

D. RT-PCR scheme used to analyze the splicing status of normal and 3′-extended mRNAs. Shown is the 
Oxford Nanopore sequencing read coverage obtained for the WT and Ysh1-AA samples for one example 
gene (RPS14A) gene and approximate location of the primers used for the RT-PCR analysis. The Rev-Ext 
primer only anneal to 3′-extended forms detected upon Ysh1 or Rna15 inactivation. Similar schemes are 
used for the other genes.  

E. RT-PCR analysis of splicing of normal and 3′-extended mRNAs. panels show RT-PCR products obtained 
for each of the genes indicated in the indicated strains. S=spliced; US = unspliced.  

 

The ONT RNA sequencing platform relies on the presence of poly(A) tails for sequencing. For this reason, 

mRNAs that are 3′ extended but unpolyadenylated were undetectable in the sequencing experiments 

described above. Therefore, we could not rule out that unpolyadenylated, 3′-extended readthrough 

transcripts might be predominantly unspliced when the CPA machinery is inactivated. In addition, we 

could not rule out that RNA degradation pathway such as the nuclear exosome, or nonsense-mediated 

decay might degrade unspliced transcripts, limiting their detection by Nanopore sequencing. To 

investigate the splicing status of unpolyadenylated, 3′-extended readthrough transcripts, we analyzed 

selected transcripts that did not show prevalent splicing defects in 3′-extended Nanopore reads by RT-

PCR using total RNAs, which included unpolyadenylated RNAs. We used two different reverse primers: an 

internal reverse primer (Rev-Int) detects normal mRNAs, as well as 3′-extended ones; or a Rev-Ext primer 

that anneals only to 3′-extended RNAs and allowed the analysis of splicing for 3′extended forms (Fig.2D). 

Concomittant inactivation of the nuclear exosome component Rp6p by anchor away, or deletion of the 

gene encoding the NMD factor Upf1p was used to assess if unprocessed transcripts are subject to nuclear 

or cytoplasmic surveillance.  

As show in Fig.2E, RT-PCR analysis using reverse primers that anneal only to extended RNAs showed that 

3′-extended transcripts that were fully spliced were readily detected but absent in WT (or present at much 
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lower level for ACT1). This analysis did not reveal any major accumulation of unspliced 3′-extended 

transcripts in the Ysh1-AA strain. For all genes analyzed, a minor accumulation of unspliced 3′-extended 

transcripts could be detected upon inactivation of both Ysh1 and Rrp6,. This result shows that these 3′-

extended and unspliced RNAs are efficiently degraded by the nuclear exosome. By contrast, inactivation 

of NMD did not result in an increase in unspliced RNAs detection, which showed that these transcripts are 

likely retained in the nucleus, perhaps due their lack of poly(A) tails. A similar minor accumulation of 

unspliced transcripts was observed with the Rev-Int primer in the Ysh1/Rrp6 double anchor away strain. 

We conclude that a fraction of unprocessed, 3′-extended RNAs fail to undergo splicing but they do not 

accumulate to detectable levels unless the nuclear exosome is inactivated. We note that concurrent 

inactivation of CPA factors and of Rrp6p has been shown to induce relocation of mRNAs to discrete nuclear 

compartments22, which may complicate the interpretation of these data.  

 

Upstream termination defects result in length-dependent splicing defects for downstream intron-

containing genes 

Inspection of the genes showing significant splicing defects in the Ysh1-AA or Rna15-AA samples revealed 

that unspliced reads were mainly found for RNAs with 5′-extensions resulting from readthrough 

transcription from upstream genes. These 5′-extensions are due to deficient termination from upstream 

transcription units, resulting in transcripts containing the upstream mRNAs, the intergenic region and the 

downstream ICG mRNA. One example is shown on Fig.3A where deficient termination of MRPL24 

transcription generated readthrough transcripts into the downstream ICG, leading to accumulation of 

unspliced RPL36A reads (Fig.3A). This effect was detected genome-wide, as shown by a large increase in 

the fraction of unspliced reads for reads containing 5′-extensions found in the Rna15-AA or Ysh1-AA strain 

relative to unextended transcripts found in any of the strains (Fig.2B). This effect is reminiscent to what 
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was observed upon 

nuclear depletion of the 

nuclear poly(A) binding 

protein Nab223, which 

results in readthrough 

transcripts that are 

frequently unspliced.  

 

Figure 3. Impact of 
upstream readthrough 
transcripts and 5′ 
extensions on splicing 
efficiency.  

A. Selection of ONT reads 
from WT or Rna15-AA in 
the MRPL24-RP36A 
region showing the 
accumulation of 
unspliced 5′ extended 
reads of RPL36A in the Rna15-AA strain.  

B. Bargraph showing the percentage of unspliced reads genome-wide as a function of 5′ extension size in 
the Ysh1-AA strain. The p-values obtained for the comparisons are: <300 vs 800 -1200: 0.01486; <300 vs 
1200-2000: 0.03149; <300 vs >2000: 0.009079. 

C. Selected Nanopore reads from WT control cells in the YEA4-GIM4 region. Reads at the top of the picture 
are readthroughs transcripts from YEA4 gene into GIM4 which show a high fraction of unspliced reads.  

D. Quantification of splicing defects for normal GIM4 mRNAs (S), or readthrough mRNAs from the YEA4 
gene (L); p-value L vs S: 0.0003384. Numbers indicate the percentage of unspliced reads.  

E. Selection of Nanopore reads from WT control cells in the YDL012C region. 

F. Quantification of splicing defects for YDL012C mRNAs with short 5′exons (S), or with 5′ exons longer 
than the annotated 5′ exon  (L); p-value L vs S: 0.01879. Numbers indicate the percentage of unspliced 
reads. 
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The results described above suggest that an increased distance from the 5′-end of the transcript to the 

intron is detrimental to splicing. To provide support for this hypothesis, we compared the length of 5′ 

extensions found in transcripts showing significant splicing defect or no splicing defects. In the Ysh1-AA 

strain, the median 5′ extension size for ICGs which showed a significant splicing defect  was 1320 nt, while 

the median 5′ extension size for ICGs which did not show a significant splicing defect  was only 768 nt. In 

the Rna15-AA, the corresponding numbers were very similar, at 1426 nt and 833 nt, respectively. Binning 

reads obtained from the Ysh1-AA strain according to 5′ extension lengths showed a threshold pattern, 

where transcripts with 5′ extensions smaller than 800 nt showed a low level of intron retention, while 

transcripts with longer 5′ extensions showed significantly stronger splicing defects (Fig.3D). A similar effect 

was observed for the Rna15-AA strain (Fig.S4). Overall, these data demonstrate that long 5′ extensions 

that are caused by readthrough transcription upon CPA inactivation decrease splicing efficiency of 

downstream ICGs. 

 

mRNAs with naturally long 5′-extensions exhibit low splicing efficiency.   

The previous data showed that loss of termination due to nuclear depletion of CPA factors led to 

inefficiently spliced transcripts with 5′-extensions. To determine if this effect was solely due to the length 

of the 5′-exons/extensions or to indirect effects from CPA factors inactivation, we analyzed ONT data from 

WT cells to search for ICGs exhibiting reads with heterogenous 5′-ends and analyzed their splicing 

efficiency as a function of 5′-exon length. The GIM4 ICG is located just downstream of the YEA4 gene, and 

we detected a high number of transcripts originating from YEA4 and reading through GIM4 in WT samples 

(Fig.3C). Strikingly, these readthrough transcripts showed a much lower splicing efficiency than the mRNAs 

originating from the bona fide GIM4 promoter (Fig.3C,3D) as the level of unspliced reads for readthrough 

mRNA reached close to 50% (Fig.3D). For YDL012C, we detected some transcripts with heterogeneity in 
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5′-exon length, possibly due to usage of alternative transcription start sites (Fig.3E). As described above 

for GIM4, YDL012C mRNAs with naturally long 5′-exons were less efficiently spliced than those with short 

5′-exons (Fig.3F), with an increase of ~5-fold in the amount of unspliced reads. We note that the numbers 

shown on this figure might be an underrepresentation of the actual splicing defects for these genes, as 

unspliced mRNAs are known to be targeted by various RNA surveillance systems21. Overall, these data 

demonstrate that long 5′-exons interfere with splicing efficiency. The most direct explanation for this 

effect is that long 5′-exon length increase the distance from the 5′-cap to the intronic sequences, 

decreasing the activation of splicing by the cap-binding complex 5. 

  

Deficient transcription termination reveals dormant splice sites and promotes new splicing events   

We next analyzed the impact of inactivating Ysh1 or Rna15 on splicing fidelity, by searching for novel 

splicing events induced by inactivation of these factors. We hypothesized that RNA extensions caused by 

loss of termination upon CPA inactivation would expose sequences matching splice sites, which are 

otherwise not used in the context of normal termination. Inspection of the Ysh1-AA and Rna15-AA strain 

datasets identified several such cases. The 5′ splice site of RPS16B was found to be spliced to a new 3′-

splice site found within the RPS16B second exon (blue arrows, Fig 4A), in the Ysh1-AA or Rna15-AA strains, 

but not in WT. In addition, several reads showed frequent usage of a novel 5′ splice in the middle of 

RPS16B exon2, spliced to the aforementioned 3′ SS (red arrows, Fig.4A; Fig.S5). It is possible that the 3′SS 

found used in the Rna15 or Ysh1-AA strains is naturally used in a wild-type context. However, this would 

result in a very short transcript considering the length of the exons used, which is likely to be undetectable 

by Nanopore sequencing given the size limit for detection. In another case, we detected frequent usage 

of a novel 5′SS found at the end of exon2 of RPL18A spliced to the 3′SS of the following RPS19A gene upon 

Ysh1 or Rna15 inactivation (Fig.4B). This novel 5′SS showed a GUAAGU sequence which overlaps with the 
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UAA stop codon of RPL18A.(Fig.S6). This splicing event resulted in the production of chimeric RPL18A-

RPS19A transcripts, which corresponds to about 10% of the splicing events for extended species of RPL18A 

in Rna15 or Ysh1-AA. (Fig.4B). 

Figure 4. Activation of novel Splice sites promoted by deficient transcription termination.   

 A. Selection of Nanopore sequencing reads for RPS16B in the WT control or Rna15AA strain. Blue 
arrows point to reads using the alternative 3′SS detected in the 3′UTR of RPS16B. Red arrows point to 
the isoform using the alternative 5′SS  and 3′SS. 

B. Selection of Nanopore sequencing reads for the RPL18A and RPS19A in the WT control or Rna15AA 
strain and Sashimi plots for WT, Rna15AA, and Ysh1AA showing the intergenic RPL18A-RPS19A splicing 
using the new 5′SS found at the 
end of RPL18A. 

C. RT-PCR detection of the 
intergenic RPL18A-RPS19A 
splicing. RNAs extracted from WT 
control or Ysh1AA ,Ysh1Rrp6AA, 
and Ysh1upf1 were analyzed by 
RT-PCR using the forward (Fwd) 
and reverse (Rev) primers 
indicated.  

 

We validated the accumulation of 

this spliced product by RT-PCR in 

the Ysh1-AA (Fig.4C). Interestingly, 

this spliced isoform did not appear 

to be targeted by the nuclear 

exosome (Ysh1-Rrr6AA, Fig.4C), 

nor by nonsense-mediated decay 

(NMD) (Ysh1AA-upf1, Fig.4C). 

The sequence of this chimeric 

mRNA would encode the Rpl18 



28 
 

protein in its entirety, fused to the protein sequence encoded by the second exon of RPS19A. The 

absence of premature stop codon explains the lack of effect of inactivating NMD. In the case of the 

duplicated RPL18B gene paralogue, the corresponding sequence is GUAAUC and we did not detect 

splicing between RPL18B and RPS19B at that site. The mismatches at positions 5 and 6 compared to 

canonical 5′SS sequences explains why such intergenic splicing events were not detected for the 

paralogue genes. 

 

Deficient transcription termination promotes long-distance intergenic splicing events, including 

splicing-dormant genes. 

The previous example showed that loss of termination could promote the production of chimeric RPL18A-

RPS19A transcripts. In S.cerevisiae, several intron containing genes (ICG) are located in tandem on the 

same strand (Table S2). Deficient termination due to inactivation of Ysh1 or Rna15 may therefore result 

in the production of transcripts covering multiple introns containing several splicing signals competing for 

usage, providing the opportunity for splicing events between tandem genes. We searched for such 

intergenic splicing events by identifying reads that showed splicing junctions between sequences 

belonging to different genomic features. After curating these junctions for overlapping transcription units, 

and for read alignment artefacts, we identified several cases of intergenic splicing triggered by loss of 

termination in the Ysh1-AA and/or Rna15-AA strains. The most frequent event detected was the splicing 

of the 5′ SS of RPL22B to the 3′ SS of the downstream MOB2 gene (Fig.5A).  
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Figure 5. Intergenic splicing events detected upon inactivation of CPA factors.  

A. RPL22B-MOB2 genomic region and examples of Oxford Nanopore reads obtained from WT or RNA15-
anchor away strains. Reads highlighted with blue arrows indicate intergenic RPL22B-MOB2 splicing 
events.  

B. Other examples 
of intergenic splicing 
events detected in 
the Ysh1-AA and/or 
Rna15-AA strains. 
Numbers indicate 
the distance 
between the 5′ and 
3′ SS used.  

C. RT-PCR analysis of 
intergenic splicing in 
WT, Ysh1-AA and 
derivative strains. 
The approximate 
locations of the 
forward (Fwd) and 
Reverse (Rev) 
primers used is 
indicated.  

 

It was shown previously that an alternative intronic 5′ SS is present in RPL22B 24. This alternative 5′ SS was 

also found to be spliced to the downstream 3′ SS of MOB2. Reads showing splicing of exon1 of one intron-

containing gene to the exon2 of a downstream ICG were also found for several other gene pairs: RPL18B-

RPS19B, RPS9A-RPL21B and RPS24A-YOS1 (Fig.5B). These events were found to occur upon inactivation 

of either Rna14 or Ysh1, showing that deficient transcription termination can promote intergenic splicing.  

In addition to these events where natural splice sites were used, we also discovered cases where new 

splice sites are revealed. In the case of IDP1, a cryptic 5′ SS is present at the beginning of the ORF, which 

becomes spliced to the 3′ SS of the downstream UBC9 gene (Fig.5B; Fig.S7). Strikingly, in the case of the 

LCB2-AIM7 or DUT1-SRB6 gene pairs, none of these genes are naturally spliced. However, Ysh1 or Rna15 

inactivation generates readthrough species which results in the intergenic splicing between a 5′ SS present 
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in the 5′UTR or ORF of the upstream gene (LCB2 or DUT1) and a 3′ SS in the ORF of the downstream gene 

(AIM7 or SRB6, respectively; Fig.5B; Fig.S8). We used RT-PCR to validate two of these splicing events 

(Fig.5C), and test whether these intergenic spliced species are subject to nuclear surveillance or 

degradation by NMD. In agreement with the Nanopore sequencing data, intergenic splicing between 

RPL22B and MOB2 or between DUT1 and SRB6 was detected only upon inactivation of Ysh1, but not in 

the WT control (Fig.5C). There was no major effect of inactivating Rrp6 or the NMD factor Upf1 on the 

accumulation of these intergenic spliced products, suggesting that these species are not a major target of 

these RNA degradation systems.  

 

Discussion  

In this work we have studied the impact of rapid inactivation of splicing or 3′-end processing factors on 

splicing and 3′-end formation using long read ONT sequencing. The use of this platform allowed us to 

directly investigate the splicing efficiency and 3′-end of transcripts genome-wide. Strikingly, we did not 

find evidence for global reciprocal coupling between splicing and usage of downstream 3′-end processing 

signals. One of the limitations of this conclusion is that ONT sequencing relies on polyadenylated RNAs, 

and RNAs showing 3′-extensions in our sequencing data are still polyadenylated albeit at more distant 

sites. RT-PCR analysis of selected transcripts showed that a minor population of unspliced and 3′- 

extended transcripts can be detected in total RNAs (which include both polyadenylated and 

unpolyadenylated RNAs) if the nuclear exosome component Rrp6 is inactivated concomitantly with CPA 

factors (Fig.2E). While this may suggest some level of coupling of splicing to 3′-end processing, we note 

that the majority of these 3′-extended transcripts are still efficiently spliced (Fig.2E). In addition, 

simultaneous inactivation of CPA factors and of Rrp6p has been shown to induce relocation of mRNAs to 

discrete nuclear compartments22, which may complicate the interpretation of data involving these double 
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mutants. The involvement of the RNA exosome in degrading unprocessed RNAs is in agreement with 

previous studies showing that readthrough transcripts generated upon genetic inactivation of some CPA 

factors can be degraded by the exosome25. Overall our genome-wide analysis of the Rna15-AA or Ysh1-

AA showed a global increase in 3′-UTR length (Fig.1); therefore we think that our genome-wide analysis 

still revealed the full extent processing defects in these strains, albeit at possibly lower levels than if all 

RNA surveillance pathways had been inactivated. Based on these experiments we conclude that there is 

no global coupling of splicing to 3′-end formation for most S.cerevisiae ICGs, although coupling might exist 

for a few transcripts such as RPL28 (Fig.2). One reason for the loss of this coupling mechanism might be 

due to the fact that most transcription units in S.cerevisiae do not contain intronic sequences, unlike in 

mammalian genomes. Therefore the evolutionary pressure to maintain functional coupling between 

these two processes may have been lost if the signals that dictate the efficiency of each process are strong 

enough. 

  

One of the major conclusions from our work is that loss of termination promoted by inactivation of CPA 

factors result in intron-containing transcripts with long 5′-extensions, which strongly decreased splicing 

efficiency. Strikingly, the size of the 5′-extensions negatively correlates with splicing efficiency. A negative 

impact on splicing for readthrough transcripts was reported previously upon nuclear depletion of the 

nuclear poly(A) binding protein Nab223. While Nab2 is not a bona fide component of the CPA machinery, 

it is possible that the global impact of nuclear depletion of Nab2 on nuclear RNA decay26 and/or on mRNA 

export 27 indirectly impairs transcription termination and/or CPA. Interestingly, we found that the 

deleterious impact of long 5′extensions can be detected not only upon CPA inactivation, but also in a 

normal cells for transcripts exhibiting readthrough transcription from an upstream gene such as GIM4 

(Fig.3), or for mRNAs with heterogeneous transcription start sites such as YDL012C. These results shows 

that the splicing defects induced by long extensions are not intrinsically due to CPA deficiency but suggest 
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that an increase distance of the splicing signals to the 5′-cap structure is responsible for the impairment 

of splicing, as it would decrease the positive effect of the cap-binding complex on splicing. Alternatively, 

we cannot rule out that long 5′-extensions might promote secondary structures that impair the 

recognition of downstream splicing signals. However, given the general widespread effect of 5′ extension 

length on splicing, we believe this hypothesis to be unlikely. Overall these data underscore the importance 

of proper termination to limit readthrough transcription onto downstream genes, which would largely 

inhibit splicing.  

 

One of the most striking effect of inactivating CPA is the production of intergenic transcripts with multiple 

splicing signals, resulting in the detection of novel splicing events (Fig.4, 5). These results provide further 

evidence that inhibition of CPA does not impair splicing, as the extended species that are produced upon 

CPA inactivation are now spliced with novel patterns. Intergenic splicing events can be highly abundant in 

the case of RPL22B-MOB2 or more rare, as they are sometimes detected with only a few reads in the Ysh1-

AA or Rna15-AA samples. These spliced species might actually be underrepresented in our ONT 

sequencing datasets for two major reasons. First some of these species might be targeted by RNA 

surveillance pathways, even if we did not detect a major effect upon inactivating the nuclear exosome or 

NMD (Fig.4 and 5). For instance, exon skipped products (which functionally correspond to the intergenic 

spliced products we describe here) have been shown to be targeted by the exosome and Rat1 in 

S.cerevisiae 28. In addition, some 5′-exons are very short, and while Nanopore sequencing offers good 

coverage of mRNAs, some 3′-end bias can still be observed in yeast29, which results in underrepresentation 

of transcript with short 5′-exons. We note that the distance involving some of these splicing events 

exceeds the size of the largest natural intron in S.cerevisiae, including several detected splicing events 

involving splice sites that separated than more than 2kb, including 2.6 and 2.8kb (Fig.5B). These results 

indicate that the yeast splicing machinery can operate at longer distances than previously thought. On the 
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other hand, readthrough between closely positioned transcription units can promote short distance 

splicing events such as the one detected between DUT1 and SRB6. It is possible that some of these 

intergenic splicing events may occur in natural conditions and produce functional products if natural levels 

of transcriptional readthrough occurs, such as in stress conditions as observed in mammalian cells30. The 

compactness of the yeast genome and the close spatial positioning of transcription units make this more 

likely, and could potentially offer a way to produce proteins resulting from splicing of adjacent genes.  
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Materials and Methods 

Yeast Strains and Growth.  

All yeast growth was performed in YPD media (1% w/v yeast extract, 2% w/v peptone, and 2% w/v 

dextrose). In all experiments cells were back diluted from an overnight solution to an O.D.600nm between 

0.1 and 0.13 in 50mL per time-point and grown for approximately two doublings at 30°C, shaken at 

200rpm. 50mL of cell culture would be harvested via centrifugation and flash frozen in liquid nitrogen for 

downstream use. Anchor away experiments were performed by replacing cell culture media of log-phase 

yeast with YPD+ 1µg/mL of rapamycin as described originally in 16. Cells were then grown for an additional 

2 hours in YPD+rapamycin before being harvested by centrifugation and flash frozen for downstream use. 

Strains used in this work can be found in Table S3. 
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RNA Extraction and Direct RNA sequencing.  

Total RNAs were extracted in triplicate via the standard phenol-chloroform technique 31 from anchor-

away yeast strains. RNAs for the wild-type, ysh1-AA, and rna15-AA samples were then further processed 

according to the protocol described in the manufacturer′s manual for ONT product (SQK-RNA004) for 

sequencing on the PromethION system (PRO-SEQ002) using RNA Flow Cells (FLO-PRO004RA). The only 

exception was the use of Maxima-H Minus as the RT enzyme as this was the recommended enzyme at the 

time of these experiments. RNAs for the snp1-AA samples were further processed per the manufacturer′s 

manual for ONT product (SQK-RNA004) for sequencing on the MinION system (MIN-101B) using RNA Flow 

Cells (FLO-MIN004RA) using the current Induro RT enzyme protocol. RNA Flow Cells were washed 

according to the manufacturer′s protocol for the Flow Cell Wash Kit (EXP-WSH00) in between sample runs. 

RT-PCR Analysis 

RNAs for RT-PCR were generated from yeast cells as described above. RNA samples were then DNase I 

treated according to the manufacturer′s instructions (Thermo Fisher EN0521). For cDNA synthesis from 

total RNAs the standard Maxima H Minus RT protocol (Thermo Fisher EP0751) was followed with gene 

specific primers and 100 units of enzyme per reaction. 1uL of each RT reaction was then used as template 

for a 20uL HiFi-PCR reaction using the corresponding gene specific primers (Supplemental Table S1). 5uL 

PCR products were then mixed with a 6x Bromophenol Blue and Xylene Cyanol loading dye and analyzed 

by agarose gel using 1.2-1.8% w/v agarose in 1xTAE (40mM Tris Base, 20mM acetic acid, 1mM EDTA, pH 

8.2-8.4) depending on expected product size. Gels were then visualized by Ethidium Bromide staining on 

an Azure 300 Imaging System. 

 

Bioinformatics and Statistical Analysis  
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Reads were basecalled in real-time using the default algorithm for direct RNA sequencing on 

MinKNOW (version 6.2.6) with Dorado (version 7.6.7). Reads were then mapped to the 

Saccharomyces cerevisiae genome (S288C_reference_sequence_R64-5-1) acquired from SGD 

using Minimap 2 (Version 2.17-r941). The following parameters were used during alignment 

“minimap2 -ax splice -G 3000” which set a maximum intron length of 3000 bp. Resulting bam 

files were coordinate sorted and converted to bed files using SAMtools32 and Bedtools 

(https://bedtools.readthedocs.io/en/latest/) for downstream analyses. Reads were visualized using 

IGV (Version 2.12.3).  

 

Reads were annotated with overlapping genes using bedtools intersect (v2.30.0). For read counts, 

we calculated the number of reads mapping to each gene using featureCounts as part of the 

Rsubread package (version 2.12.3) allowing for multiple overlaps. DESeq2 33 was used to quantify 

changes in gene expression and for normalizing counts to library size. 

 

Counts were generated separately for whole genes and introns specifically. For a read to be counted 

as unspliced it needed to overlap an annotated intron by at least 6 bases. Ratios of unspliced were 

generated by dividing intron counts by the gene counts. For extension analysis, reads were 

classified into 4 groups. “3 prime extended” are reads which overlap the gene of interest but 

terminate more than 150 bp downstream of the annotated PAS. “5 prime extended” overlap the 

gene of interest, but begin more than 100 bp upstream of the TSS. If a read met both of these 

conditions, it was assigned as an “intrusive transcript”. All other reads fall into the “no extension” 

category. Experimentally derived UTR annotations34 were used for the TSS and PAS locations. 
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All statistical tests and p-values reported were based on a welch's t-test. For the splicing volcano 

plots the p-value was adjusted further using the Benjamini-Hochberg method to control for False 

Discovery Rate. 

Data availability 

Custom Nanopore processing code is available on GitHub: https://github.com/kevinh97/Yeast-

Transcription-termination. The long-read RNA sequencing data reported in this paper are 

accessible in the NIH SRA database under the accession number PRJNA1229592. 
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2.2 Ongoing work and future directions 

 Through the work described in chapter 2.1, we have demonstrated that unlike 

mammalian cells, the coupling of 3′-end processing and splicing is not generally observed in S. 

cerevisiae. We additionally provided some mechanistic insight towards improper splicing of 5′ 

extended RNAs that agrees with previous literature. However, we wish to further explore the 

linkage between the length of the 5′ extension and the efficiency of splicing of a given intron to 

support this work. To do so we have generated plasmids containing synthetic gene constructs of 

two different genes: ACT1, a traditional splicing reporter that does not gain a 5′-extension in 

CPA deficient environments; and RPL36A, an intron containing gene that does gain a 5′-

extension in CPA deficient environments. In both cases we fused the gene of interest in-frame 

at the 5′-end to one of two different variants of the gene PDC1 downstream of its natural 

promoter region, which was chosen due to its natural high level of expression as well as its 

length of over 1000bp. In the first variant only the first 120 basepairs of PDC1 were included in 

the fusion: a length similar to that of the natural 5′UTR of ACT1, which should simulate the 

“expected” natural distance from the 5′-end of a given yeast mRNA to the 5′-splice site. The 

second construct however, contains the entirety of PDC1 sans stop codon fused directly to the 

first base of either ACT1 or RPL36A. This fusion then would simulate the presence of a long 5′-

extension on the mRNA without the need to deplete the CPA machinery. Together, these 

synthetic genes will allow us to determine not only if the splicing defects in vivo due to the 

increased distance to the 5′-end from the 5′-splice site in these extended species, but also if the 
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absence of interactions between the CPA and splicing machinery is playing some role as well. 

Example diagrams of the RPL36A constructs are shown in Figure 2.6.

 

Figure 2.6 Diagrams of the PDC1-RPL36A Fusion Constructs. A. Fusion construct of the 

first 120bp of PDC1 and its 5′ UTR direct attached to RPL36A. The relevant components are 

labeled within. B. Fusion construct of the full PDC1 gene and its 5′ UTR to RPL36A. The 

relevant components are labeled within. 
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Chapter 3: Novel pathways of mRNA3′-end formation: independence from CPA 

Machinery 
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3.1: Abstract 

 With the exception of histone mRNAs, 3′-end processing of most eukaryotic mRNAs is 

mediated by the cleavage and polyadenylation (CPA) machinery which recognize various 

signals within the nascent pre-mRNA to induce cleavage and poly(A) tail addition. This cleavage 

of the nascent pre-mRNA by the CPA machinery also promotes the termination of RNA 

Polymerase II (Pol II) transcription. In addition to CPA, other molecular mechanisms have been 

shown to mediate Pol II transcription termination. For instance, the Chanfreau lab previously 

showed that the presence of proteins tightly bound to DNA can help mediate transcription 

termination for yeast ncRNA genes by the NNS-pathway through transcriptional roadblocks. In 

this study we assessed whether 3′-end formation of yeast mRNAs can occur independently from 

specific CPA factors. We performed NanoPore RNA sequencing of S. cerevisiae strains in 

which the Ysh1 or Rna15 components of the CPA machinery were rapidly exported to the 

cytoplasm. This experiment revealed several examples of yeast mRNAs that are insensitive to 

inactivation of Ysh1 or Rna15, suggesting that some specific transcripts do not require all 

components of the CPA machinery for mRNA 3′-end maturation. This lack of sensitivity to the 

loss of either Ysh1 or Rna15 was independently validated for a few specific transcripts via both 

Northern Blot or RT-qPCR. Interestingly, many transcripts insensitive to CPA factor inactivation 

are generated from genes with potential transcriptional roadblocks such as GTFs or tRNA 

genes near the mature mRNA 3′-end. We hypothesize that proteins tightly bound to proximal 

downstream regions result in transcriptional roadblocks, which terminate Pol II transcription of 

specific mRNA genes. The release of these pre-mRNAs due to the termination of Pol II would 

generate the substrate for the poly(A) polymerase, producing mature polyadenylated transcripts 

without cleavage. Additionally, NanoPore sequencing data revealed variations at the 3′-end of 

transcripts in response to CPA inactivation: some mRNAs maintain their approximate 3′-ends, 

while others produce a slightly extended versions after CPA inactivation. Furthermore, for many 
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of these CPA independent genes, their primary or extended 3′-end correspond to genomically 

encoded poly(A) tracts, which we propose may not only assist in inducing Pol II termination, but 

also act as either a primer for Pap1p, or are sufficient stand-ins for a traditional poly(A) tail. 

These data suggest that mRNA roadblock and poly(A) tract termination may serve both as a 

primary termination mechanism for some genes, but also as a fail-safe mechanism for other 

genes. Overall, these studies identify a novel mechanism of mRNA 3′-end formation 

independent of cleavage factors.  

3.2: Introduction 

 The process of cleavage and polyadenylation (CPA) is the definitional pre-mRNA 3′ end 

processing pathway in eukaryotes and also provides the mechanism through which Pol II is able 

to terminate its activity during mRNA transcription reviewed in 1,2. Firstly, as the actively transcribing 

Pol II nears the end of a given mRNA transcript, the proteins of the CPA complex are recruited 

to the active Pol II and nascent pre-mRNA during transcription by signals with the C-terminal 

domain of Pol II3. In the yeast S. cerevisiae, this CPA complex is composed of three 

subcomplexes: cleavage factor (CF) IA, a complex composed of Rna14p, Rna15p, Clp1, and 

Pcf11; CF IB, which is the singular protein Hrp1p; and CPF, a complex of 14 proteins in S. 

cerevisiae, importantly containing the active endonuclease, Ysh1p, and the poly(A) polymerase, 

Pap1p, of the greater CPA complex4. In general, the proteins of CF IA, through interaction of its 

Rna14p and Rna15p components5, and CF IB bind to U-rich sequences within the nascent pre-

mRNA both upstream and downstream of the prospective cut-site and assist in the positioning 

of CPF through various protein interactions. Meanwhile, proteins such as Yth1p within the CPF 

complex will bind the poly(A) site, an A-rich sequence in the nascent pre-mRNA in yeast that, 

unlike its mammalian equivalent, is generally poorly conserved 4, reviewed in 6. Once bound, these 

protein complexes restructure the RNA:CPA complex, preparing it for enzymatic activity4. Here, 

the endonuclease of the complex, Ysh1p7, will cleave the RNA backbone, liberating the nascent 
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pre-mRNA from Pol II and creating an exposed 3′ or 5′ end on either side of the cut. Upstream 

of the cut, this cleavage creates the loose 3′ end that will act as the entry point for the Pap1p, 

which then adds a long poly(A) tail in the dozens to over 100 bases long depending on the 

transcript 8, reviewed in 9. The other side of the cleavage site however, provides a mechanism 

through which to terminate the active Pol II transcription. This exposed 5′ end of the nascent 

RNA is the entry point for a 5′ to 3′ exonuclease Rat1p, which proceeds to degrade the RNA still 

being actively transcribed until it runs into Pol II: knocking Pol II from the DNA and terminating 

transcription10. In this torpedo mechanism, the induction of Pol II pausing at specific genomic 

sequences such as poly(T) tracts has been shown to assist in the efficient termination of Pol II 

transcription by destabilizing the Pol II/DNA complex; thus, making it easier to dislodge11. This 

pathway is generally considered to be the pathway through which virtually all eukaryotic mRNAs 

gain their mature 3′ end and terminate transcription. However, while the CPA dependent 

pathway may be the general mechanism for mRNA 3′ end processing and transcriptional 

termination, previously published work has also demonstrated the existence of a roadblock 

dependent mechanism, which through Pol II collisions with DNA bound proteins, is able to act 

as a fail-safe for CPA and also terminate pervasive transcription events12,13. These findings 

raise the question as to whether these transcriptional roadblocks may also act as a primary 

mechanism of mRNA 3′ end production, as well as if novel, yet undiscovered transcriptional 

termination pathways exist. In this work, we analyze the effects of depleting the nucleus of 

various components of the CPA machinery and known roadblock proteins in S. cerevisiae. We 

show while the majority mRNA species are downregulated in the absence of CPA function, a 

large number of mRNAs are still stably produced with their polyadenylated native 3′ ends, or still 

stable, polyadenylated, alternative 3′ ends: indicating the existence of alternative 3′ end 

processing pathway for these specific mRNAs. Additionally, we provide insight as to what some 

of these alternative mechanisms may be, such as transcriptional roadblocks or intrinsic 

sequences within the DNA. 
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3.3: Results 

3.3.1: Nuclear depletion of CPA factors results in genome-wide loss of mRNA transcript 

levels for most but not all genes 

 In order to identify mRNAs as potential subjects of alternative 3′ end processing 

pathways we first set out to analyze the genome-wide effects of CPA deficiency. To do this we 

performed direct RNA NanoPore sequencing on RNAs from cells where various CPA proteins 

were depleted from the nucleus through the anchor away (AA) technique. During the AA 

experiment a tagged nuclear protein of interest is rapidly sequestered into the cytoplasm during 

rapamycin treatment due to the interaction of the tag and the protein FKBP12, which only 

occurs during the presence of rapamycin14. This allows for the study of nuclear processes in the 

inducible export of the aforementioned tagged protein out of the nucleus. We found that 

generally, the majority of mRNA transcripts detected by NanoPore sequencing decrease in 

amount after depletion of CPA proteins, however there is also a population of genes whose 

mRNA levels remain relatively stable or even increase instead (Fig 3.1.A). Of note, these 

sequencing datasets generated from total RNAs after 2 hours of CPA depletion with no 

selection of nascent RNA populations post treatment. As such, there is the possibility that some 

effects seen in this study are due to hyper-stable mRNAs, which are surviving the 2-hour 

treatment rather than being RNAs that are stably produced post CPA shut-off. To address this 

concern, we performed a half-life analysis of select examples by RT-qPCR and found that these 

mRNAs are not particularly stable when compared to CPA dependent mRNAs after Pol II 

shutoff (Supplemental Figure 3.3.1). These results are also validated by comparison to recently 

published 4sU-seq data11, which only sequences nascently transcribed RNAs through selective 

pull-down of 4-thiouracil labeled RNA (Figures 3.2.A and 3.2.B)15. From this genome-wide data, 

we then selected a subset of genes both “CPA independent” (Fig 3.1.B) and “CPA dependent” 

(Fig 3.1.C) and performed RT-qPCR, which confirmed the NanoPore results. Additionally, we 
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demonstrate that these phenotypes occur in multiple CPA deficient backgrounds (Fig 3.1.C and 

D). These data are generally consistent with results seen previously for CPA deficient 

backgrounds both genome-wide and upon direct comparison of data from similar works11 at 

individual genes. 

3.3.2: Some CPA independent mRNA 3′ ends correspond with previously known 

transcriptional roadblocks 

  With this list of CPA independent mRNAs, we then determined to look for key features 

that may provide insight as to a mechanism through which these mRNAs are producing their 3′ 

ends and termination transcription. Transcriptional roadblocks by general transcription factors 

(GTFs) and RNA Polymerase III have previously been identified as being capable of inducing 

Pol II termination for ncRNAs15,16 and acting as an independent fail-safe should CPA fail12. As 

such, we first looked for evidence if these roadblocks are also observed in our data for mRNA 

transcription. To do so, we analyzed the 3′-ends of select CPA independent RNAs in the 

previously described NanoPore sequencing of CPA-AA RNA samples, as well as previous 3′-

end sequencing data of reb1p-AA datasets from our lab16, and previously published 4sU-seq of 

similar ysh1-AA RNAs11 and Reb1p CHIP data17. We observe that for some mRNAs that have a 

Reb1p binding site directly downstream of their primary 3′ end, these 3′ ends are unaffected by 

the loss of CPA function. However, after the nuclear depletion of the GTF Reb1p, the primary 3′ 

end of these mRNAs shifts downstream: indicating that the presence of Reb1p on the DNA is 

important for the formation of these specific mRNA′s 3′ ends (Figure 3.2.A and Figure 3.2.C). 

Alternatively, for some transcripts both the ysh1-AA and reb1p-AA show usage of the same 

alternative 3′ end site and similar long-distance run-off in depletion of their corresponding 

protein. This suggests that for some genes, the CPA and roadblock mechanisms may work in 

concert for the production of their primary 3′ ends (Figure 3.2.B and 3.2.C). We additionally 

identified multiple mRNAs which seem to generate CPA independent 3′ ends through other 
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classes of transcriptional roadblocks such as tRNA gene transcription (Supplemental Figure 

3.3.2). 

3.3.3: Genomically encoded poly(A) sequences assist in CPA independent termination 

for some mRNAs 

 While we did find many CPA independent 3′ ends that correspond to the presence of 

nearby transcriptional roadblocks, many others did not. Previous work has demonstrated that 

specific sequences within the DNA are sufficient to induce Pol II pausing, which can help induce 

termination of transcription. We posited that perhaps a similar sequence dependent mechanism 

may also exist for some CPA independent mRNAs. As such, we collected and analyzed the 

sequences directly on either side of the 3′ end of mRNAs detected after CPA depletion in the 3′ 

end sequencing dataset. A sequence logo was then generated for these 3′ end adjacent regions 

both globally, and for genes that had a fold-change above 0.8 when compared to their untreated 

equivalents. These sequence logos demonstrated that for RNAs that are relatively stable in the 

absence of Ysh1p, we observe an enrichment of adenosines directly following the 3′ end of the 

transcript (Figure 3.3A). Additionally, we plotted both the relative frequency of a transcript to 

have a given number of adenosines as a function of the number of adenosines downstream of 

its 3′ end in the populations of mRNAs with fold changes above and below 0.8 after Ysh1p 

depletion (Figure 3.3.B) as well as the fold change of a given mRNA as a function of the number 

of adenosines located after its 3′ end (Figure 3.3.C). In both cases, longer genomically encoded 

poly(A) stretches are associated with higher fold change values. Together, these data suggest 

that genomically encoded poly(A) tracts may play a role in the proper termination for CPA 

independent mRNAs. 
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3.3.4: Genomically encoded poly(A) tracts are transcribed and represent the true 3′ end 

of some CPA independent transcripts 

 To determine the exact role these genomically encoded poly(A) may play in the CPA 

independent termination for these genes we began to explore specific examples of mRNAs that 

fell into this category. Strikingly, we found that the 3′ end of many of these genes lands directly 

within this genomically encoded poly(A) stretch; therefore, meaning that the actual end of the 

transcribed mRNA was also a poly(A) sequence creating a pseudo poly(A) tail. For some genes, 

this alignment of poly(A) stretch and 3′ end occurs directly at their primary 3′ end (Figure 3.4.A). 

However, for other genes, the loss of CPA termination led to a stable 3′ extension which then 

contained the poly(A) stretch (Figure 3.4.B). Due to the innate poly(A) based nature of the 

sequencing techniques utilized in this study, we were concerned that our data may have been 

skewed by internal poly(A) priming during the library preparation. As such, the presence of this 

pseudo poly(A) tail on the mRNA from these genomically encoded poly(A) tracts was then 

confirmed in a poly(A) independent manner through a modified 3′ Race protocol (Figure 3.4.C). 

Here, the RNAs were in vitro GI-tailed, which created a unique non-poly(A) sequence at the 3′ 

end to which an alternative RT primer for 3′ RACE could bind.  

3.4: Discussion 

Cleavage and polyadenylation is one of the hallmark steps on the pre-mRNAs journey to 

maturation and eventually translation. Additionally, it is generally considered to play a major role 

in, if not required for the termination of Pol II transcription for mRNAs1,2. In this work, we show 

that while the majority of mRNAs are downregulated, there exists a population of mRNAs in S. 

cerevisiae that are insensitive to the inactivation of multiple components of the CPA complex. 

Within this CPA insensitive mRNA population, a number of these mRNA 3′ ends correspond to 

loci with known inducers of transcriptional roadblocks, which when subsequently depleted from 

the nucleus, leads to alterations of the corresponding mRNA 3′ ends. These data directly 
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corroborate previous findings which also demonstrated wide-spread transcriptional roadblocks 

of Pol II as a mechanism for terminating transcription for both pervasive and coding genes by a 

range of roadblockers such as GTFs, tRNA loci, and centromeres13. 

In addition to our confirmation of transcriptional roadblocks as an alternative mechanism 

through which Pol II can terminate, our findings demonstrate a sequence enrichment for poly(A) 

stretches genomically encoded in the DNA near the 3′ end of these identified CPA independent 

transcripts. Additionally, for specific mRNAs studied here, these genomically encoded poly(A) 

tracts are transcribed and directly correlate to the 3′ end of the transcript. We propose that these 

poly(A) sequences, frequently ranging from a dozen to sometimes exceeding 20 adenosines in 

length, represent an alternative transcriptional termination mechanism to CPA with a built-in 

stabilizing system for the mRNAs it generates: poly(A) tails. Homopolymer AT-rich sequences 

are known to induce pausing of Pol II and altogether have weaker interactions with the Pol 

II:DNA:RNA complex. As such, our identified poly(A) tracts may induce pausing and subsequent 

termination of transcription. However, due to the nature of these sequences, the resulting 

mRNA that is released contains a terminal poly(A) sequence of some length depending on the 

genomically encoded tract. These terminally transcribed poly(A)s may then act as a primer for 

processive addition by Pap1p, or be enough themselves for binding and subsequent protection 

by the yeast poly(A)-binding proteins Pab1p and Nab2p, which only require around 10-20 

adenosines to bind18,19, thus, providing stabilization for these A-tract terminated mRNAs. 

3.5 Future Directions 

While the data presented here demonstrate an existing relationship between the 

presence of a genomically encoded poly(A) tail and independence from the CPA machinery, 

further experiments are needed to validate our proposed mechanism. In order to do this, I 

propose to use synthetic gene constructs similar to those being used in the ongoing work of 

chapter 2. These synthetic gene constructs would be constituted by one of two genes, one 
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being CPA dependent and the other being CPA independent with a genomically encoded 

poly(A) tail. From there, the 3′ end of the CPA dependent gene would be replaced with a poly(A) 

tract, while the 3′ end of the CPA independent gene would have its poly(A) tract removed. 

Should our hypothesis be correct, these swaps should either confer CPA independence or 

abolish it respectively, thus confirming if these poly(A) tracts constitute the proper requirements 

for CPA independent termination. One gene we particularly aim to study in this manner is that of 

HSP12 (Figure 3.4.A), a heat-shock protein whose mRNAs terminate at a 12nt long poly(A) 

tract. Being a stress response gene, both gives innate biological relevance to HSP12 as well as 

an easy means of induction. Additionally, we hypothesize that it may be beneficial for a stress 

response gene to have mechanisms of production that are more independent from the typical 

machinery as a means of functional insulation from specific stress responses. 
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Figure 3.1 Comparison of mRNA levels before and after nuclear depletion of CPA 

endonuclease Ysh1p. A. The log 10 counts for every mRNA pre and post anchor away of 

Ysh1p are plotted against each other. Several outliers of mRNAs whose levels increase in the 

absence of Ysh1p have been labeled. B. RT-qPCR for GCN4, ACO1, and RAS2 mRNAs in wt-

AA, ysh1-AA, and rna15-AA strains with standard deviations shown in the crossbars. C. RT-

qPCR of ERP2 and RPL31B mRNAs in wt-AA, ysh1-AA, and rna15-AA strains with standard 

deviations shown in the crossbars. D. Northern Blots for RPL31B, CBP4, ACO1, and GCN4 

before and after rapamycin treatment in rna15-AA. 
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Figure 3.2 Some mRNA primary 3′ ends are dependent on the presence of Reb1p. A. An 

array of Next-Gen and NanoPore sequencing, and Reb1p CHIP data at the AAT2 locus. B. An 

array of Next-Gen and NanoPore sequencing, and Reb1p CHIP data at the PRE10 locus. C. 

Ridge plots showing the distribution of 3′ ends of AAT2 and DPH5 in WT, ysh1-AA, rna15-AA, 

and reb1-AA 
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Figure 3.3 Sequence analysis reveals enrichment for adenosines genomically encoded 

directly downstream of CPA independent mRNAs. A. Sequence logos for the 20 bases 

directly after an RNA 3′ end for all RNAs (left) and for RNAs with a Fold Change above 0.8 after 

ysh1-AA (right). B. Frequency of an RNA to have a given number of adenosines plotted for both 

RNAs below a fold change of 0.8 (red) and those above 0.8 (blue). C. Fold change after ysh1 

AA plotted as a function of the number of As immediately downstream the 3′ end. 
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Figure 3.4 Genomically encoded poly(A) tracts are transcribed as pseudo poly(A) tails. A. 

Next-Gen and NanoPore sequencing shown at the 3′ end of the gene HSP12 in wild-type, and 

pre and post ysh1-AA samples. B. Next-Gen and Nanopore sequencing showing the 3′ end and 

extension of MTC7 RNAs in wild-type, and pre and post ysh1-AA samples. C. Agarose gel of GI 

Race samples. RT was performed with either an internal primer for MTC7 or a primer for the GI 

tail. The top band of the GI tail Rap + lane was sequenced and aligned to MTC7 shown in blue. 

The 3′ end identified by Nanopore sequencing is highlighted in orange. 
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Supplemental Figure 3.3.1 CPA Independent RNAs are not particularly stable. RT-qPCR of 

two CPA independent genes GCN4 and ACO1 and one CPA dependent gene RPL31B during a 

time course of Pol II shut off by the heat shock of Pol II t.s. mutant rpb1-1. 
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Supplemental Figure 3.3.2: Other classes of mRNA transcriptional roadblocks 

termination. A. Next-Gen and Nanopore sequencing showing the 3′ end of EMP24 labelled in 

green. The tDNA tK(CUU)G1 is labeled in red. B. Next-Gen and Nanopore sequencing showing 

the 3′ end of GCN4 labelled in green. The tDNA tR(UCU)E is labeled in red. C. Next-Gen and 

Nanopore sequencing showing the 3′ ends of RPS14B in red and RPS22A in green. 
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Chapter 4: Stress-induced inhibition of mRNA export triggers RNase III-mediated decay 
of the BDF2 mRNA 



60 
 



61 
 



62 
 



63 
 



64 
 



65 
 



66 
 



67 
 



68 
 



69 
 



70 
 



71 
 

 

 



72 
 

Chapter 5: Splicing inactivation generates hybrid mRNA-snoRNA transcripts targeted by 

cytoplasmic RNA decay 
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5.2 Ongoing work and updates 

One major point made in this work was that our multiple attempts to find a biological 

condition in which these hmsnoRNAs naturally accumulate independently from splicing 

inactivation were unsuccessful. Additionally, our results at the time suggested that the 

hmsnoRNA products were not polyadenylated, based on a northern blot analysis of the 

ASC1/snR24 in poly(A)+ RNAs. However, recent analysis of subsequent Oxford Nanopore RNA 

sequencing data has shed more light on both of these subjects.  

In order to study the genome-wide effects of defects in a range of RNA processing 

pathways, we performed both direct RNA NanoPore sequencing of wild-type, CPA deficient, 

splicing deficient, as well as cDNA NanoPore sequencing (not shown) of fast and slow RNA Pol 

II mutant strains of S. cerevisiae. These NanoPore sequencing data are poly(A)-tail based, 

meaning that any RNA sequenced must have a poly(A) tail with demonstrated detection down to 

at least 10As in length. Surprisingly, in every sample studied, we detect the presence of multiple 

hmsnoRNA reads (Figure 5.XA), including the aforementioned ASC1/snR24 hmsnoRNA in 

some samples (Figure 5.XB) without prior in vitro polyadenylation. This in contrast to our 

previous work in which we detected hmsnoRNA by Nanopore sequencing upon inactivation of 

the splicing factor Slu7 after in vitro polyadenylation.  

 These data apparently contradict our previous finding that these hmsnoRNAs were not 

polyadenylated. This contradiction could have resulted for a couple of reasons. Firstly, these 

polyadenylated hmsnoRNA species are detected by NanoPore at low levels, such as the 

ASC1/snR24 hmsnoRNA only having a handful of reads. It is possible that for these 

hmsnoRNAs the vast majority of the species are not polyadenylated and that the particularly low 

count of poly(A) hmsnoRNAs were present in the Northern Blot, but not detectable. 

Alternatively, the failure to detect these poly(A)+ hmsnoRNAs could be a technical limitation of 

the technique used to separate the poly(A)+ and poly(A)- fractions prior to Northern Blot 
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analysis. Oligo-d(T)25 beads are primarily designed for the purification of mRNAs, which 

generally carry long poly(A) tails added by the poly(A) polymerase of their respective CPA 

complex. However, snoRNA 3′ ends are typically polyadenylated by the TRAMP complex to 

assist in targeting the snoRNA for 3′ end trimming by the nuclear exosome. These poly(A) tails 

added by the TRAMP complex are generally much shorter than their PAP dependent 

contemporaries: often only being single digits into the low teens of adenosines long. This 

difference between the designed poly(A) tail length target of oligod(T)25 beads and the expected 

TRAMP-dependent poly(A) tail lengths could result in the failure for hmsnoRNAs to bind to the 

beads during purification, which could explain in their exclusive presence in the poly(A)- fraction 

of the previous experiment. NanoPore sequencing technology, however, is known to be capable 

of sequencing short poly(A) tails as previously mentioned. This potential increased sensitivity for 

shorter poly(A) tails in comparison to oligo d(T)25 would then explain why these poly(A)+ 

hmsnoRNAs are detected via NanoPore sequencing, but not in the previous Northern Blot. 

Additionally, it is possible that each hmsnoRNA species may have differing levels of 

polyadenylation and/or stability, meaning our previous species specific experimentation could 

have coincidentally targeted hmsnoRNAs that happened to not be detectable easily by poly(A)+ 

Northern Blot, while other hmsnoRNAs could have. 

Regardless of the reasoning as to why these hmsnoRNA′s poly(A) status was previously 

missed, these data provide both more questions, and potentially a better way to study these 

RNAs than our previous methodology. First-most, in order to determine both if hmsnoRNAs are 

generally polyadenylated or if there are varying ratios of poly(A) populations for each 

hmsnoRNA, I propose a paired set NanoPore sequencing experiments. In these two 

sequencing experiments we would split one total RNA sample into two parts; one which would 

be sequenced without further treatment with direct RNA NanoPore sequencing, the other we 

would process as we had previously i.e. ribodepletion followed by in vitro polyadenylation prior 



84 
 

to direct RNA NanoPore sequencing. We would then be able to compare the presence of every 

hmsnoRNA between the two samples, which should indicate the ratio of poly(A)+ and poly(A)- 

hmsnoRNAs for each hmsnoRNA. 

 

 

 

 



85 
 

 

 

Figure 5.5. hmsnoRNAs are detectable by NanoPore sequencing. A. Direct RNA NanoPore 

sequencing data for wild-type-AA, snp1-AA, and ysh1-AA at the IMD4 locus. Orange boxes 

indicate reads that represent the hmsnoRNA IMD4/snR54. cDNA NanoPore sequencing of wild-

type, Fast Pol II, and slow Pol II are not included, but also show detectable levels of the 

IMD4/snR54 hmsnoRNA. B. Direct RNA NanoPore sequencing of wild-type-AA, and snp1-AA of 

the ASC1 locus. Orange boxes indicate reads that correspond to the ASC1/snR24 hmsnoRNA 




