UCLA

UCLA Electronic Theses and Dissertations

Title
Mechanisms and Interplay of RNA Processing Pathways

Permalink
bttgs:ééescholarshiQ.orgéucgitem426b7r89g
Author

Barr, Keaton

Publication Date
2025

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/26b7r89c
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

Mechanisms and Interplay of RNA Processing Pathways

A dissertation submitted in partial satisfaction of the requirements for the degree Doctor of

Philosophy in Biochemistry, Molecular, and Structural Biology

by

Keaton Barr

2025



© Copyright by

Keaton Barr

2025



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



in the event of transcriptional read-through, many yeast mMRNAs 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-IlIl 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 mMRNAs, 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-Ill, Rntlp. Together, these data
suggest that the regulation of BDF2 by RMD is result of increased proximity with Rntl1p in the

nucleus as a result of increased nuclear retention in stress conditions.



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



1.1: General Introduction

Ribonucleic acids (RNASs) 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 Reviewedinl 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)?, aiding in the modification of other RNAs (SnoRNAs)™viewedin3 ' carrying
amino acids to the ribosome for protein production (tRNAs)*, targeting other RNAs for
degradation (miRNAs)™ewedin5 ‘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 Il in S. cerevisiae) nears
the end of its current transcription unit, various signals within the C-terminal domain (CTD) of
the RNAP® and the nascent transcript”® will recruit the Cleavage and Polyadenylation (CPA)
Complex. After recruitment of the CPA complex to the nascent pre-mRNA, an endonuclease
within the complex (Yshlp in yeast, CPSF73 in higher eukaryotes)® 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 "viewedin 10 Eor the newly cut pre-mRNA, this exposed 3'-end is then utilized by the
poly(A) polymerase (PAP, Paplp 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-mRNA!: 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 (Ratlp 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 transcription2. 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 Senlp. Senlp, then translocates down the
nascent transcript chasing RNA Pol Il until they collide, knocking RNA Pol Il off the DNA in a
“torpedo” like mechanism, which terminates transcription!*>'4, 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 mMRNA,
these shorter TRAMP dependent poly(A) tails typically assist in targeting these RNAs for
decay/processing by the exosome®®. Additionally, this mechanism of transcriptional termination
is generally stochastic in its exact termination site. However, work from our lab*® has shown that
should RNA Pol Il run into any natural barriers on the DNA, such as a DNA Binding protein like
the transcription factors Reblp, Rapl, Abfl, or the RNA Polymerase Il transcription factor
TFIIIB, its activity can be paused at the site of the collision. This pausing of RNA Pol Il for an
NNS-dependent transcript gives Senlp the ability to consistently torpedo RNA Pol Il 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 ShARNA
components and their corresponding binding sites!’1819, 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 catalysis®
reviewed in 20-22 Dyring 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 intermediate?®-?2. 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 splicing?>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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junction?%-22, After completion of the splicing reaction, the spliced mRNA, intron lariat, and
spliceosome components must be disassembled. First, the spliced mMRNA is released from the
complex by Prp22p?. Prp43p, among other proteins, then disassembles the remaining complex,
recycling the components of the spliceosome and releasing the intron lariat?®. Once released
from the spliceosome, the intron lariat is then typically debranched by the debranching enzyme
(Dbrlp in yeast) and degraded by exonucleases "Ve¥edin 27 |n 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 sequence?. 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 sites?.
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 pathway?%3°. 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

mMRNA species®..



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 CTD?*? or other structures within
the mRNA such as the poly(A)-tail or 5'-cap®. 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 vewedin 34 Thjs primary function of mMRNA 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 mMRNA 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 Il mediated decay (RMD).
During RMD, the Rntl 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
dsRNA®*. This cleavage of the RNA backbone by Rntlp exposes 5' and 3’ ends on the RNA,
which can then act as substrates for exonucleases such as Ratlp 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 another®. Additionally, mutations in the poly(A) site sequence have been shown to cause
defects in the splicing of mammalian terminal introns®°. 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



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 snoORNP 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 Rntlp, 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 mMRNA 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

MRNASs respectively. In the third work, we demonstrate a direct link between nuclear retention



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
mMRNA 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 Il. The three major mRNA processing reactions
occur co-transcriptionally, as factors involved are known to associate with RNA polymerase Il and/or the
nascent transcripts (reviewed in ). 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 (>%; reviewed in ).
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 3%, At the 3'-end of the mRNA, splicing of the terminal intron and recognition
of the CPA site are intimately connected (reviewed in 7). Interestingly, this coupling of splicing and 3’-end
processing can occur independently from transcription®®, 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 introns®°.

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-through!l. 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 2. Some indirect evidence
suggests that there might exist functional coupling between splicing and 3’-end formation in S.cerevisiae.

For instance, the Yshl endonuclease involved in the cleavage reaction of CPA was first identified in a
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genetic screen for splicing mutants'*!* . In addition, physical and genetic interactions have been identified
between splicing factors and the CPA machinery (reviewed in *). 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 Ul snRNP component Snpl 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) technique®®, 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 splicing'” or 3’-end processing *° factors in S.cerevisiage. We used AA strains of the 3'-end
processing factors Ysh1 and Rnal5, as well as the U1 snRNP component Snp1lp, 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 A
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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 Rnal5-AA and the WT control for all S.cerevisiae genes
detected by Nanopore sequencing.
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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 Rnal5-AA strain.

H. Venn Diagram showing the overlap of ICGs showing significant splicing defects in the Ysh1-AA and
Rnal5-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 Ysh1l
or Rnal5 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 Snpl 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 Ysh1l and Rnal5 does not induce widespread

splicing defects

We next focused on analyzing the impact of inactivating Snp1, Ysh1l or Rnal5 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 %%, By contrast, inactivation of Rnal5 or Ysh1
had a more modest effect on splicing (FiglE, 1F). Some splicing defects overlap was observed upon
inactivation of Rnal5 or Ysh1(Fig.1G). However, inactivation of Ysh1 and Rnal5 also resulted in unique set
of genes for which splicing was affected (Fig.1G). This suggests that the impact of Yshl or Rnal5
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 Rnal5
inactivation, we first analyzed the splicing signals of ICGs showing a significant splicing defect in the Ysh1-
AA or Rnal5-AA samples. Sequence logos obtained for the 5SS or branchpoint sequences of the RNAs
with splicing defects in the Ysh1 or Rnal5-AA strain were similar to those of all ICG (Fig.52), 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 Rnal5-
AA samples. In general, intron-containing transcripts with long 3’-extensions following Yshl or Rnal5
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 Rnal5-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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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 Rnal5AA in the MRPL24-RPL26A-YLR345W region showing the
accumulation of 3’ extended reads of RPL26A in the Rnal5AA 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 Rnal5-AA strains for RNAs with no extensions. The p-values obtained for the
comparisons are: Rnal5vs 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 Rnal5-AA showing the accumulation of unspliced and 3’ extended
reads of RPL28 in the Rnal5AA 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 Rnal5 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 Upflp 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

compartments??, 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 Rnal5-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 Nab2?, 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 Rnal5-AA in
the MRPL24-RP36A
region showing the
accumulation of
unspliced 5 extended

reads of RPL36A in the Rnal5-AA strain.
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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-GIMA4 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 YDLO12C region.

F. Quantification of splicing defects for YDLO12C 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 Rnal5-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 Rnal5-AA strain (Fig.54). 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 YDLO12C, 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, YDLO12C 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 systems?’. 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 °.

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

We next analyzed the impact of inactivating Ysh1l or Rnal5 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 Rnal5-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 Rnal5-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 Rnal5 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 Rnal5 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 Rnal5 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 Rnal5AA 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 Rnal5AA
strain and Sashimi plots for WT, Rnal5AA, and Ysh1AA showing the intergenic RPL18A-RPS19A splicing
using the new 5'SS found at the Fig.4
end of RPL18A.
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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 Yshl or Rnal5 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 Rnal5-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
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It was shown previously that an alternative intronic 5’ SS is present in RPL22B %%, 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-Y0S1 (Fig.5B). These events were found to occur upon inactivation

of either Rnal4 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 Rnal5

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 Upfl 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 compartments??, 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 exosome?®. Overall our genome-wide analysis of the Rnal5-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 Nab2?3. 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 decay? and/or on mRNA
export ¥ 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 YDLO12C. 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 Rnal5-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 Ratl in
S.cerevisiae 8. 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 yeast?, 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 cells®. 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 0.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+ 1pg/mL of rapamycin as described originally in 6, 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 3! from anchor-
away yeast strains. RNAs for the wild-type, ysh1-AA, and rnal5-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 PromethlON 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 MinlON system (MIN-101B) using RNA Flow
Cells (FLO-MINOO4RA) 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-WSHOQ0) in between sample runs.

RT-PCR Analysis

RNAs for RT-PCR were generated from yeast cells as described above. RNA samples were then DNase |
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. 1ulL 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 SAMtools®? 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. DESeq?2 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 annotations®* 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/Y east-
Transcription-termination. The long-read RNA sequencing data reported in this paper are

accessible in the NIH SRA database under the accession number PRINA1229592.
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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.

1000 EIJE‘IJ 3000

—— Full RPLI6A

PDC1 utr

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 mMRNA3'-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 Il (Pol I1) transcription. In addition to CPA, other molecular mechanisms have been
shown to mediate Pol Il 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 Yshl or Rnal5 components of the CPA machinery were rapidly exported to the
cytoplasm. This experiment revealed several examples of yeast mMRNAs that are insensitive to
inactivation of Yshl or Rnal5, suggesting that some specific transcripts do not require all
components of the CPA machinery for mMRNA 3'-end maturation. This lack of sensitivity to the
loss of either Yshl or Rnal5 was independently validated for a few specific transcripts via both
Northern Blot or RT-gPCR. 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 Il transcription of
specific mMRNA genes. The release of these pre-mRNAs due to the termination of Pol Il 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 Il termination, but
also act as either a primer for Paplp, 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 Il is able
to terminate its activity during mRNA transcription reviewedin 1.2 Firstly, as the actively transcribing
Pol Il nears the end of a given mRNA transcript, the proteins of the CPA complex are recruited
to the active Pol Il and nascent pre-mRNA during transcription by signals with the C-terminal
domain of Pol 113, In the yeast S. cerevisiae, this CPA complex is composed of three
subcomplexes: cleavage factor (CF) IA, a complex composed of Rnal4p, Rnal5p, Clpl, and
Pcfl1; CF IB, which is the singular protein Hrplp; and CPF, a complex of 14 proteins in S.
cerevisiae, importantly containing the active endonuclease, Yshlp, and the poly(A) polymerase,
Paplp, of the greater CPA complex®. In general, the proteins of CF IA, through interaction of its
Rnal4p and Rnal5p components®, 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 # eviewedin6 Qnce bound, these
protein complexes restructure the RNA:CPA complex, preparing it for enzymatic activity*. Here,

the endonuclease of the complex, Yshilp’, will cleave the RNA backbone, liberating the nascent
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pre-mRNA from Pol Il 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 reviewedin 9 The other side of the cleavage site however, provides a mechanism
through which to terminate the active Pol Il 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 Il: knocking Pol 1l from the DNA and terminating
transcription®®. In this torpedo mechanism, the induction of Pol Il pausing at specific genomic
sequences such as poly(T) tracts has been shown to assist in the efficient termination of Pol Il
transcription by destabilizing the Pol [I/DNA complex; thus, making it easier to dislodge!. 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 Il collisions with DNA bound proteins, is able to act
as a fail-safe for CPA and also terminate pervasive transcription events'23, 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 mMRNA species are downregulated in the absence of CPA function, a
large number of mMRNAs 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 mMRNAs. 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 mMRNA transcript

levels for most but not all genes

In order to identify mMRNAs 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 rapamycin!4. 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 mMRNA 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-gPCR and found that these
MRNAs are not particularly stable when compared to CPA dependent mRNAs after Pol Il
shutoff (Supplemental Figure 3.3.1). These results are also validated by comparison to recently
published 4sU-seq data!, which only sequences nascently transcribed RNAs through selective
pull-down of 4-thiouracil labeled RNA (Figures 3.2.A and 3.2.B)*. 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-gPCR, 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 works!! at

individual genes.

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

transcriptional roadblocks

With this list of CPA independent mRNASs, 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 Il have previously been identified as being capable of inducing
Pol Il termination for ncRNAs!16 and acting as an independent fail-safe should CPA fail'?. As
such, we first looked for evidence if these roadblocks are also observed in our data for mMRNA
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 lab*®, and previously published 4sU-seq of
similar ysh1-AA RNAs!! and Reblp CHIP datal’. We observe that for some mRNAs that have a
Reblp 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 Reblp, the primary 3’
end of these mMRNAs shifts downstream: indicating that the presence of Reblp on the DNA is
important for the formation of these specific mMRNA'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 mRNASs

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 Il pausing, which can help induce
termination of transcription. We posited that perhaps a similar sequence dependent mechanism
may also exist for some CPA independent mMRNAs. As such, we collected and analyzed the
sequences directly on either side of the 3' end of mMRNAs 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 Yshlp, 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 mMRNAs with fold changes above and below 0.8 after Yshlp
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 mMRNAs 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 mMRNA 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 technigues 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 Gl-tailed, which created a unigue 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 Il transcription for mMRNAs2. In this work, we show
that while the majority of mMRNAs are downregulated, there exists a population of mMRNAs 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 Il as a mechanism for terminating transcription for both pervasive and coding genes by a

range of roadblockers such as GTFs, tRNA loci, and centromeres?®®,

In addition to our confirmation of transcriptional roadblocks as an alternative mechanism
through which Pol Il 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 mMRNAs 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 Il 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 Paplp, or be enough themselves for binding and subsequent protection
by the yeast poly(A)-binding proteins Pablp and Nab2p, which only require around 10-20

adenosines to bind'®1°, 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, |
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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ABSTRACT

The expression of bromodomain-containing proteins that regulate chromatin structure and accessibility must be tightly
controlled to ensure the appropriate regulation of gene expression. In the yeast S. cerevisiae, Bromodomain Factor 2
(BDF2) expression is extensively regulated post-transcriptionally during stress by RNase lll-mediated decay (RMD), which
is triggered by cleavage of the BDF2 mRNA in the nucleus by the RNase Il homolog Rnt1p. Previous studies have shown
that RMD-mediated down-regulation of BDF2 is hyperactivated in osmotic stress conditions, yet the mechanisms driving
the enhanced nuclear cleavage of BDF2 RNA under these conditions remain unknown. Here, we show that RMD hyperac-
tivation can be detected in multiple stress conditions that inhibit mRNA export, and that Rnt1p remains primarily localized
in the nucleus during salt stress. We show that globally inhibiting mRNA nuclear export by anchoring away mRNA biogen-
esis or export factors out of the nucleus can recapitulate RMD hyperactivation in the absence of stress. RMD hyperactiva-
tion requires Rnt1p nuclear localization but does not depend on the BDF2 gene endogenous promoter, and its efficiency is
affected by the structure of the stem-loop cleaved by Rnt1p. Because multiple stress conditions have been shown to me-
diate global inhibition of MRNA export, our results suggest that the hyperactivation of RMD is primarily the result of the
increased nuclear retention of the BDF2 mRNA during stress.

Keywords: Rnt1p; RNase lll; Bromodomain; mRNA export; stress

INTRODUCTION yeast salt stress response, although the specific mecha-
nisms that govem these processes remain elusive (Fu
et al. 2013). Bdf2p is not essential for growth in S. cerevi-
siae. However, strains lacking both Bdf2p and Bdf1p are in-
viable (Matangkasombut et al. 2000), suggesting a partial
redundancy between the functions of the two proteins. In-
deed, BDF2 overexpression can rescue the salt sensitivity
and mitochondrial dysfunction of bdf1A mutants (Fu et al.
2013). This functional redundancy is further confirmed by
the observation that Bdf2p can occupy sites normally
bound by Bdflp in mutants lacking Bdf1p (Durant and
Pugh 2007). The absence of Bdf1p also increases the basal
expression of BDF2 (Fu et al. 2013; Volanakis et al. 2013).
Interestingly, Bdf2p has been found to interact with the
general Pol.ll transcription factor TFIID, implicating a possi-
ble broader role in regulating transcription (Matangkasom-
but et al. 2000; Fu et al. 2013). These observations show
that a precise regulation of BDF2 is necessary to balance
its expression relative to that of BDF1 and during stress.

The covalent modification of histones is a major epigenetic
mechanism that regulates the accessibility of DNA for dam-
age repair, transcriptional activation or repression and het-
erochromatin formation (Lawrence et al. 20164). Histones
acetylation is a well-studied covalent modification that is
generally associated with transcriptional activation (Kurdis-
tani and Grunstein 2003). Bromodomain-containing pro-
teins bind to acetylated histones and recruit various
proteins to alter gene expression (Josling et al. 2012). As
such, they are key players in transcriptional regulation,
and bromodomains have recently emerged as therapeutic
targets in oncogenesis and various pathological conditions
(Morgado-Pascual etal. 2019; Gilan et al. 2020). Bromodo-
main factor 2 (Bdf2p) is one of the two bromodomain-con-
taining proteins found in the yeast S. cerevisiae that
recognizes acetylated lysines on histones. Bdf2p was found
to establish heterochromatin boundaries and regulates the
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BDF2 expression has been shown to be extensively reg-
ulated post-transcriptionally in the nucleus through two
distinct pathways: spliceosome-mediated decay (SMD)
(Volanakis et al. 2013) and RNase lll-mediated decay
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FIGURE 1. Rnt1p protein levels and localization remain unchanged during after salt stress. (A)
Schematic representation of the cleavage of the BDF2 mRNA by Rnt1p and by the spliceo-
some. Shown are the two 5'-cleavage products generated by Rnt1p-mediated decay (RMD;
CFm) or by spliceosome mediated decay and RMD (CFs). These cleavage products are typical-
ly degraded by nuclear exonucleases but can be detected by inactivation of Rrpép. The 3’ frag-
ments are not represented. (B) Western blot analysis of Rnt1p harboring an HTP carboxy-
terminal tag (Granneman et al. 2009). Cells were treated with or without 0.6 M NaCl for the
indicated times. Tdh1p was used as a loading control. An untagged wild-type strain was
used as a negative control. Numbers below the blot show the average of three independent
biological replicates. (C) Northern blot analysis of BDF2 in the Rnt1-HTP tagged strain.
Shown is a northern blot of BDF2 using a probe spanning the BDF2 initiation codon until
the Rnt1p cleavage site (RCS; Fig. 1A) of RNAs extracted from a Rnt1-HTP tagged strain grown
in normal medium or after a shift to NaCl (0.6 M, 1 h). The ncRNA scR1 was used as loading
control. Numbers indicate the % of the BDF2 cleavage fragment CFm relative to all BDF2tran-
scripts. Numbers are the average of two independent experiments. (D) Localization of a Rnt1p-
GFP tagged version before and after a 20 min shift to 1 M NaCl. Shown is the GFP signal from a
strain expressing Rnt1-GFP, or GFP alone (bottom panel) in the indicated salt conditions, over-
lapped with the blue signal (DNA; Hoechst) or the red signal from the Cy3-labeled oligodT
probe. (E) Northern blot analysis of BDF2 in a strain in which Rnt1p is exported to the nucleus
using the anchor away technique. Shown is a northern blot of BDF2 showing the full length (FL)
and cleavage fragment (CF) in a strain expressing Rnt1p tagged with a FKBP12-rapamycin
binding domain (FRB) (Haruki et al. 2008). Strains were first treated with Rapamycin or control
medium for 1 h, and then shifted to 0.6 M NaCl containing medium for 1 h or maintained in a
similar medium for the control samples. Numbers indicate the levels of the full-length BDF2
relative to the scR1 control (average of three independent replicates).
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(RMD) (Roy and Chanfreau 2014). During SMD, the BDF2
mRNA undergoes the first step of splicing at a 5’ splice
site sequence (5'SS, Fig. 1A), but the subsequent interme-
diates are released and degraded, instead of proceeding

through the second splicing step
(Volanakis etal. 2013). RMD isinitiated
by cleavage of the BDF2 mRNA by
Rnt1p, the sole representative of the
RNase Il family of double-stranded
RNA endonucleases in S.cerevisiae
(Elela et al. 1996; Roy and Chanfreau
2012). After cleavage in a stem-loop
structure of BDF2 by Rnt1p (the Rnt1
cleavage site or RCS, Fig. 1A),
the cleavage fragments are subse-
quently degraded by nuclear exoribo-
nucleases (Roy and Chanfreau 2014).
The major upstream cleavage product
(CF., Fig. 1A) can be detected upon
partial inactivation of the nuclear
exosome through a deletion of its nu-
clear component Rrpép (Roy and
Chanfreau 2014). RMD and SMD are
not completely independent, as the
5'-exon released after SMD can under-
go RMD (Roy and Chanfreau 2014),
resulting in a shorter cleavage frag-
ment shown as CF, on Figure 1A.
Interestingly, the two major mecha-
nisms of BDF2 nuclear decay are acti-
vated by different environmental
stresses. During osmotic stress, RMD
predominates over SMD while the op-
posite is true during DNA replication
stress (Roy and Chanfreau 2014). The
increase in the activity, or hyperactiva-
tion of RMD during salt stress results in
a drastic decrease of the available
pool of BDF2 transcripts and is also re-
sponsible for the extreme salt sensi-
tivity of bdflA mutants (Roy and
Chanfreau 2014). However, the mech-
anism by which RMD is hyperactivated
during stress remains unclear. In this
study, we provide evidence that the
increased cleavage of the BDF2 tran-
scripts during specific stress condi-
tions is primarily due to increased
retention of the BDF2 mRNAs within
the nucleus. These results show that
RMD can act as an additional layer in
regulating gene expression, where
transcripts are retained within the nu-
cleus and subsequently degraded by
RMD.
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RESULTS

Rnt1p protein levels remain stable in salt stress

Previous studies have shown that the BDF2 mRNA can be
regulated by both spliceosome mediated decay (SMD)
(Volanakis et al. 2013) as well as RNase Ill-mediated decay
(RMD) (Roy and Chanfreau 2014). In the presence of high
concentrations of NaCl (0.6-1 M), RMD is hyperactivated
and promotes degradation of the BDF2 transcript (Roy
and Chanfreau 2014). After treatment of cells with 0.6 to
1M NaCl, the 5'-cleavage fragment generated by RMD be-
comes readily detectable by northern blot analysis, while
the full-length BDF2 mRNA progressively disappears (Roy
and Chanfreau 2014). To further investigate the mechanism
responsible for RMD hyperactivation on the BDF2 tran-
script after exposure to high concentrations of NaCl, we
first analyzed Rnt1p protein levels by western blot, as in-
creased Rntlp expression might be responsible for in-
creased cleavage of BDFZ2. Westen blot analysis of an
HTP (Hisé-TEV-Protein A; Granneman et al. 2009)-tagged
version of Rnt1p showed no significant changes in Rnt1p
protein levels (paired t-tests P-values >0.1; quantifications,
averages, standard deviations and statistical tests applied
forallthe quantitative data includedin the article are shown
in Supplemental Table $1) or electrophoretic mobility be-
tween samples grown in standard medium versus those
treated with high salt (Fig. 1B). We verified that this HTP-
tagged version of Rntlp was functional for promoting
BDF2RMD (Fig. 1C). This suggests that the hyperactivation
of RMD of the BDFZ transcript is not a consequence of an
overall increase in Rnt1p protein levels.

Rnt1p remains localized in the nucleus during salt
stress and its nuclear localization is necessary for
BDF2 RMD

Rnt1p is primarily localized in the nucleoplasm and nuclec-
lus in normal growth conditions (Catala et al. 2004; Henras
et al. 2004). However, it is unknown if the subcellular local-
ization of Rnt1p changes during stress or under different
environmental conditions. We hypothesized that if the
bulk of the BDF2 mRNA is cytoplasmic, an increase in
Rnt1p cytoplasmic localization during osmotic stress may
result in an increase in BDF2 RMD. In order to visualize
the localization of Rnt1p within the cell, we utilized a strain
expressing a GFP-tagged version of Rnt1p, which was pre-
viously shown to be functional (Henras et al. 2004) and
which can promote BDF2 mRNA RMD during stress (see
below). We did not observe a difference in the subcellular
localization of Rnt1p in strains grown in normal conditions
or treated with 1 M NaCl (Fig. 1D), as the major site of
GFP accumulation was still detected in the nucleus, as pre-
viously shown (Henras et al. 2004). This localization was
specific as it was not detected using a strain expressing a
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GFP control (Fig. 1C). The primary nuclear localization of
Rnt1p during salt-induced stress suggests that Rnt1p-me-
diated cleavage of BDF2 transcripts during stress is likely
to occur within the nucleus. Previous studies have shown
that environmental stresses can cause global poly(A)*
mRNA retention within the nucleus (Piper 1995; Saavedra
et al. 1996; lzawa et al. 2008). Thus, it is conceivable that
salt stress may cause similar global nuclear retention of
poly(A)™ mRNAs. In this scenario, nuclear retained
transcripts would be more likely to undergo RMD. Using
Cy3-labeled oligo d(T)so to visualize polyadenylated
mRNAs by fluorescence in situ hybridization (FISH), a dis-
tinct pattern of nuclear poly(A)” mRNA aggregation was
detected after exposure to 1 M NaCl salt stress, contrasting
to the diffuse cytoplasmic pattern detected before stress
(Fig. 1D). We tried to specifically detect the BDF2 mRNAs
by FISH in these conditions, but we were unable to obtain
consistent data using oligonucleotide probes complemen-
tary to the BDF2 sequence (not shown). Taken together,
ourdata show that high salt stress does not induce an over-
all change in the nuclear localization of Rnt1p but results in
an overall change in the localization of poly(A)” mRNAs that
may contribute to promoting RMD in the nucleus.

To further show that the nuclear localization of Rnt1p is
necessary for BDF2 RMD, we depleted Rnt1p from the nu-
cleus using the anchor away technique (Haruki et al. 2008)
prior to salt stress exposure. We used a strain in which
Rnt1p is tagged with a FKBP12-rapamycin binding domain
(abbreviated as FRB), which can be used to promote the
rapid export of nuclear proteins to the cytoplasm upon ad-
dition of rapamycin (Haruki et al. 2008). Anchoring away
Rnt1p to the cytoplasm prior to 1 h of NaCl-induced stress
was sufficient to prevent BDF2RMD cleavage (Fig. 1E; lane
4 vs. lane 3 paired t-test P-value =0.017), further support-
ing the hypothesis that RMD predominantly occurs within
the nucleus. Altogether, these data indicate that Rnt1p lo-
calization remains unaltered in salt stress and that RMD is
dependent on the nuclear localization of Rnt1p.

BDF2 RMD hyperactivation can be detected
in a variety of stress conditions that are known
to result in mRNA nuclear retention

The previous data showed that nuclear localization of
Rnt1p is necessary for the cleavage of BDF2 transcripts,
suggesting that an increase of BDF2 mRNA nuclear reten-
tion during salt stress may be a primary mechanism for RMD
hyperactivation. To further test this hypothesis, we subject-
ed S. cerevisiae to various stress conditions and analyzed
BDF2 transcripts by northern blotting. RMD hyperactiva-
tion during these stress conditions was visualized either
by estimating the amount of full-length mRNA remaining
or by calculating the overall % of cleavage fragment (CF)
over the overall BDF2 transcripts population [%CF=
CF/(CF + FL) x 100]. Ethanol or heat shock stress are known
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to cause selective retention of bulk
mRNAs within the nucleus and the
rapid export of stress responsive tran-
scripts (Piper et al. 1994; Saavedra
etal. 1997; Izawa et al. 2008). Striking-
ly, we detected RMD hyperactivation
of BDF2in cells treated with either eth-
anol or heat shock (Fig. 2A) but the ki-
netics and final effect on full-length
BDF2 levels varied. Ethanol treatment
resulted in a global decrease of the
BDF2 mRNA and an accumulation of
the main cleavage fragment CFm after
1 h. However, during heat shock the
cleavage fragment was detected at
its peak within the first 20 min of treat-
ment and the level of the BDF2 FL
mRNA was not strongly affected. No
cleavage fragment was detected after
an hour of heat shock, as the cells may
have recovered from the stress. This is
consistent with RNA-seq analysis
done after 45 min of heat shock
(Wang et al. 2020), which showed
that BDF2 full-length levels were simi-
larly to control samples after pro-
longed heat-shock. Interestingly, a
complete loss of the full length BDF2
transcript was not detected during
salt treatment at 23°C, as compared
to salt treatment at 30°C (compare FL
between lanes 7 and 2, Fig. 2A). This
suggests that the steady state growth
temperature may influence the cleav-
age activity of Rnt1p as well. Overall,
these data using heat shock and etha-
nol stress treatments suggest that the
RMD hyperactivation seen on BDF2
mRNAs may be due to its nuclear re-
tention, which has been shown to oc-
cur globally on mRNAs in these stress
conditions (Piper et al. 1994; Saavedra
et al. 1997; Izawa et al. 2008).

To test the hypothesis that BDF2
RMD during heat-shock requires
Rnt1p nuclear localization, we ana-
lyzed BDF2 during heat shock in a
rmt1A mpbA double deletion mutant
strain expressing either GFP alone,
the RNT1-GFP fusion used for the lo-
calization studies shown above, or a

RNT1-GFP carrying a deletion of the nuclear localization
signal of Rnt1p (NLSA), which results in a large fraction of
Rnt1p delocalized to the cytoplasm (Henras et al. 2004).
Cells expressing the Rnt1-GFP fusion exhibited a decrease
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FIGURE 2. Analysis of BDFZ RMD in various stress conditions. (A) Northem blot analysis of
BDF2 following exposure to ethanol (10%), heat shock (42°C), or salt stress conditions (0.6
M NaCl). scR1 was used as a loading control. The migration of the full-length (FL) and of the
main cleavage fragment (CFm) is indicated. Numbers indicate the % of the BDF2 cleavage
fragments relative to all BDF2 transcripts. The numbers shown are the average of three inde-
pendent biological replicates, except for lane 5 (60 min ethanol treatment) for which only two
independent replicates were obtained. (B) Northern blot analysis of BDF2 in an rmpéAmt1A
strain expressing GFP alone, Rnt1-GFP or Rnt1-GFP partially delocalized to the cytoplasm
(NLSA) from pUG35 plasmids (Henras et al. 2004) in normal and heat-shock conditions.
Numbers indicate the % of the BDF2 cleavage fragment relative to all BDF2 transcripts calcu-
lated from the northern blot shown on the picture which is the only biological replicate for this
experiment. (C) Northem blot analysis of BDF2 in control medium or following a 1 h exposure
10 0.6 M NaCl or 0.6 M KCI. Numbers indicate the % of the BDF2 cleavage fragment relative to
all BDF2 transcripts (average of three independent replicates). (D) Northern blot analysis of
BDF2 during NaCl-induced stress in the mpéA and mpéAsit2A mutants. Legends as in Figure
2A. Numbers indicate the % of the BDF2 cleavage fragment relative to all BDF2 transcripts
based on the average of three independent biological replicates.

of the FL form of BDF2 after heat-shock, with an increased
accumulation of the BDF2 cleavage fragment compared to
cells expressing GFP alone (Fig. 2B). This result shows that
the Rnt1-GFP fusion is functional for RMD during heat
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shock. In contrast, cells expressing the Rnt1p-NLSA mutant
showed a delay in the accumulation of the BDFZ cleavage
fragment, with none detectable after 5 min of heat shock
treatment, and a reduced accumulation after 10 min com-
pared to the wild-type Rnt1-GFP (Fig. 2B). RMD was not
detected in the strain expressing GFP alone, showing that
the band detected upon heat-shock is the result of Rnt1p
cleavage. Even though this experiment was only per-
formed once, this result shows that a fully functional
Rnt1p localization signal is required for optimal RMD of
BDF2 during heat shock. These experiments also show
that, as opposed to salt stress, heat shock results in a tran-
sient activation of RMD.

We further explored the type of ionic stress that can me-
diate RMD of BDF2. We found that the addition of high
KCI concentrations (0.6 M) did not activate RMD, indicat-
ing that RMD hyperactivation is specific to the type of ionic
stress (Fig. 2C). A similar result was obtained when nuclear
exosome activity was impaired by the deletion of Rrpép to
increase detection of the CF (Fig. 2C). Altogether, these
results demonstrate that BDF2 RMD can be hyperactivated
in a variety of stress conditions that are known to specifi-
cally induce mRNA nuclear retention.

BDF2 RMD hyperactivation is reduced

in the s/t2A mutant but can be uncoupled
from extracellular stress by anchoring away
mRNA biogenesis or export factors

Specific stress conditions, including salt stress and heat
stress can promote the nuclear retention of non-heat shock
mRNAs as a mechanism to rapidly change gene expres-
sion (Carmody et al. 2010). Sl2p (also referred to as
Mpk1p) is a key protein kinase involved in the stress re-
sponse (Kim and Levin 2011), which is required for the re-
tention of non-heat shock mRNAs during heat shock
conditions (Carmody et al. 2010). We used a strain carrying
a deletion of the SLT2 gene to determine if stress-induced
hyperactivation of RMD is caused by BDF2 nuclear reten-
tion through the Slt2p pathway. We performed this exper-
imentin an mpéA background to maximize the detection of
the BDF2 cleavage fragment. The absence of Sit2p signifi-
cantly reduced BDF2 RMD activation during NaCl-induced
stress (lane 4 vs. lane 2; paired ttest P-value=0.008;
Supplemental Table S1), as shown by the increased accu-
mulation of the full-length BDF2 mRNA and the relative
decrease of the cleavage product during stress compared
to the wild-type control (Fig. 2D). However, the absence of
Slt2p did not fully inhibit RMD activity on BDF2 during salt
stress. This result suggests that Sit2p might contribute to
the increased retention of BDFZ2 during stress, but that
the BDF2 mRNA could also be retained through a different
pathway not defined by Sh2p. For example, specific stress
signals may impact the mRNP formation, processing and
export of several transcripts differently (lzawa et al. 2008).
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To further test the hypothesis that the hyperactivation of
RMD on BDFZ2 is primarily due to its nuclear retention dur-
ing stress, we tested the effect of globally inhibiting mRNA
export to the cytoplasm independently from any extracel-
lular stress. We used the anchor-away technique (Haruki
etal. 2008) to rapidly deplete from the nucleus several pro-
teins that are involved directly or indirectly in the export of
mRNAs to the cytoplasm. We first focused on the poly(A)
binding protein Nab2p and on the 3'-end processing fac-
tor Nabdp (Hrp1p), as defects in poly(A) tail binding or for-
mation have been shown to inhibit mRNA export
(Hammell et al. 2002). As a control, salt treatment of strains
in which Nab2p and Nab4p were FRB-tagged (but without
adding rapamycin which promotes the anchor away pro-
cess) resulted in a reduction of the full length BDF2 tran-
scripts and in the appearance of the cleavage product
CFm (Fig. 3A). Strikingly, cleavage of BDF2 transcripts
was detected in the absence of any salt stress after anchor-
ing away Nab2p or Nab4p (Fig. 3A). The size of the frag-
ment detected upon anchoring away Nab2p or Nab4p in
the absence of stress was identical to the size of the frag-
ment detected during salt stress (Fig. 3A), which showed
that RMD was activated upon anchoring away Nab2p or
Nabdp. The extent of BDF2 cleavage differed, with
Nab4p resulting in a stronger accumulation of the CFm
and in a very strong reduction in the levels of the FL form
of BDF2; however, this reduction was not solely due to
RMD, as long extended forms could also be detected
due to transcription termination defects arising from de-
fective 3-end formation when Nab4p is inactivated
(Minvielle-Sebastia et al. 1998). Nevertheless, these results
suggested that the inhibition of mMRNA export triggered by
defects in poly(A) formation or binding is sufficient to reca-
pitulate the salt stress-induced RMD hyperactivation of
BDF2. However, anchoring away Nab2p or Nab4p did
not result in an activation of RMD to the same extent as
that detected during salt stress, and a further loss of the
full-length transcript was observed when cells were ex-
posed to salt stress prior to Rapamycin treatment (Fig.
3A). This additive effect may either indicate a synergy be-
tween the retention of unprocessed RNAs and the reten-
tion of mature RNAs during stress for RMD activation, or
that the anchoring away of either of these two factors
may not completely abolish mRNA export.

To further explore the hypothesis that inhibiting 3'-end
processing can result in BDF2 RMD hyperactivation, we
constructed strains in which the core cleavage and polya-
denylation (CPA) factors Yth1p and Ysh1p can be anchored
away from the nucleus, concomitantly with Rrpép (Fig. 3B).
This double anchor away strategy was used to allow a better
detection of the BDF2 cleavage product as anchoring away
Rrpép strongly stabilizes nuclear exosome targets (Roy
et al. 2016), possibly because other subunits of the exo-
some might be anchored away concomitantly. Strikingly,
anchoring away both Rrpép and Ysh1p or Yth1p resulted
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FIGURE 3. Anchoring away mRNA biogenesis or mRNA export factors triggers RMD hyperac-
tivation of BDF2 in the absence of stress. (A) Northern blot analysis of BDF2in strains express-
ing FRB-tagged versions of Nab2p, and Nabdp in salt stress conditions and/or in conditions
triggering nuclear export of these factors upon addition of Rapamycin. Cells grown to log
phase were split in half, with one kept in normal medium and the other half treated with 0.6
M salt. After an hour of salt treatment, each culture was split in half again and treated with either
1 pg/mL of rapamycin or its vehicle solvent (90% ethanol and 10% Tween-20) for an additional
hour. scR1 was used as a loading control. The BDF2 full-length (FL) and cleavage fragments
(CFm) are shown, with the scR1 loading control. Numbers indicating the % of the BDF2 cleav-
age fragment relative to all BDF2 transcripts are the average of three independent biological
replicates. (B) Norther blot analysis of BDF2 in strains expressing FRB-tagged versions of
Rrpép and of the cleavage and polyadenylation factors Yth1p or Ysh1p, in salt stress conditions
and/or upon addition of Rapamycin. Legends are as in Figure 3A. Numbers indicating the % of
the BDF2 cleavage fragment relative to all BDF2 transcripts are the average of three indepen-
dent biological replicates, except for lanes 1, 4, 7, and 10 (two independent replicates), and 2
and 3 (one replicate). (C) Northern blot analysis of BDF2 in a strain expressing FRB-tagged ver-
sions of Rrpép and of the mRNA export factor Mexé7p in salt stress and/or upon addition of
Rapamycin. Legends are as in Figure 3A. Numbers indicating the % of the BDF2 cleavage frag-
ment relative to all BDF2 transcripts are the average of three independent biological repli-
cates. (D) Northern blot analysis of the BDF2 and HSP12 mRNAs in a wild-type strain and in
a strain expressing BDF2 from the HSP12 promoter in normal and in salt stress conditions.
Legends as in Figure 3A. Numbers indicating the % of the BDF2 cleavage fragment relative
to all BDF2 transcripts are the average of ten (lanes 1 and 2) or three (lanes 3 and 4) indepen-
dent biological replicates.
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in a strong accumulation of the BDF2
cleavage product (Fig. 3B) in the ab-
sence of any extracellular stress. The
fragment detected upon anchoring
away Ysh1p or Yth1p and Rrpép in
the absence of stress comigrated
with the fragment detected during
salt stress treatment alone (Fig. 3A),
which showed that this fragment was
generated by Rnt1p cleavage. The ac-
cumulation of the BDF2 cleavage frag-
ment and the decrease of the full-
length  mRNA were exacerbated
when strains were exposed to salt
stress prior to anchoring away these
CPA factors. Similar to what was ob-
served with Nabdp, anchoring away
Ysh1p and Yth1p also resulted in the
appearance of extended species of
BDF2, likely because of the transcrip-
tion termination defects resulting
from CPA inactivation. These results
show that inactivation of different
CPA factors can promote the hyperac-
tivation of BDF2 RMD.

To formally demonstrate that in-
hibition of mRNA nuclear export can
trigger RMD hyperactivation, we per-
formed nuclear depletion of the es-
sential mMRNA export factor, Mexé7p
concomitantly with Rrpép. Mex67p is
a core member of the mRNA export
complex (Hurt et al. 2000) and its nu-
clear depletion through the anchor-
away technique completely abolishes
poly(A)" mRNA export (Haruki et al.
2008). Strikingly, co-nuclear depletion
of Mexé67p and Rrpép fully repro-
duced BDF2 RMD hyperactivation
(Fig. 3C) in the absence of extracellular
stress. Nuclear depletion of Mexé7p
resulted in a complete loss of the full
length BDF2 transcripts, a phenotype
stronger than the nuclear depletion
of Nab2p or of the 3'-end processing
factors Nab4p, Yth1p, or Ysh1p. The
complete cleavage of the BDF2 tran-
scripts was further confirmed by the
observation that no additional cleav-
age product accumulated when the
anchored-away strains were treated
with salt stress (Fig. 3C). Overall, these
results indicate that the subcellular
localization of BDF2 mRNAs plays a
pivotal role in determining their
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degradation fate through RMD, and that inhibition of
mRNA nuclear export by triggering export of key mRNA
biogenesis or export factors can fully recapitulate RMD
hyperactivation of BDF2 in the absence of extracellular
stress.

Promoter identity is not required to promote
BDF2 RMD during stress

Elements within gene promoters can affect the stability of
mRNAs expressed from these promoters (Trcek et al.
2011; Catala and Abou Elela 2019). Promoter-dependent
regulation of mRNA stability is controlled through the
cotranscriptional recruitment of several proteins that initi-
ate mRNA decay. Rnt1p itself can be recruited to the pro-
moter before recognizing the Rnt1p cleavage site (RCS)
within the ORF (Catala and Abou Elela 2019). To determine
if BDF2RMD relies on the recruitment of Rnt1p to the BDF2
promoter, we swapped the endogenous BDF2 promoter
with that of HSP712. The HSP12 mRNA does not undergo
RMD, and we hypothesized that this promoter would be
unable to recruit Rnt1p despite containing many stress re-
sponse elements (STRE) (Varela et al. 1995). Furthermore,
the HSP12 promoter is strongly activated under salt stress,
allowing us to investigate the RMD-mediated regulation
of the BDF2 transcript generated from this promoter
(pHSPIZ-BDFZ}. The BDF2 mRNA generated from
pHSP12-was still targeted by Rnt1p for rapid cleavage un-
der salt stress (Fig. 3D). In fact, the strong induction of the
HSP12 promoter under salt stress generated more tran-
scripts to be targeted by RMD, resulting in an increase of
accumulation of the cleavage fragment compared to wild
type post-salt stress. RMD was however not sufficient to
completely eliminate the highly expressed ,HSP12-BDF2
transcript, possibly due to the known ability of STRE to pro-
mote rapid export in heat shock through recruitment of the
mRNA export factor Mexé7p by Hsf1p (Zander et al. 2016).
We conclude that the RMD hyperactivation on the BDF2
transcript does not require recruitment of Rnt1p to the en-
dogenous BDF2 promoter.

The identity of the stem-loop cleaved by Rnt1p
influences RMD efficiency during stress

Previous studies have demonstrated that specific structural
features of the stem-loop recognized by Rnt1p may affect
cleavage efficiency (Comeau et al. 2016). To further inves-
tigate how the stem-loop present in BDF2 may affect RMD
hyperactivation, we replaced the endogenous BDF2 RCS
with that of UBP15 (Fig. 4A). The UBP15 mRNA does not
undergo RMD hyperactivation in salt stress (Fig. 4B) and re-
placing the BDF2 promater by the UBP15 promoter does
not abrogate RMD (Fig. 4C), which showed that the lack of
cleavage of UBP15 in vivo during stress is not due to its en-
dogenous promoter, which could have promoted its ex-
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port from the nucleus as shown for other stress induced
genes (Zander et al. 2016). However, the BDFZ mRNA con-
taining the stem-loop (SL) present in UBP15 was fully
cleaved when incubated for 1 h with recombinant Rnt1p
in vitro (Fig. 4D). Incubation of total RNAs containing the
BDF2 hybrid transcripts containing the UBP15 SL with re-
combinant Rnt1p resulted in detection of a cleavage prod-
uct with a migration identical to that detected upon in vitro
cleavage of the wild-type BDFZ2 (Fig. 4D). This indicates
that the hybrid BDF2 transcripts can be indeed targeted
and cleaved by Rntlp in the same stem-loop structure.
We note that the UBP15 terminal loop also induced the
cleavage at an additional, minor site (asterisk on Fig. 4D).
Based on these in vitro cleavage data, it is unclear whether
the absence of RMD activity on UBP15 in vivo is due to the
identity of its RCS or to other factors that might prohibit
cleavage in vivo. To further investigate the impact of the
RCS identity on RMD, we analyzed the levels of wild-
type BDFZ and of the mutant containing the UBP15SL dur-
ing stress. The BDF2 hybrid transcript containing the
UBP15 SL was less efficiently down-regulated by RMD dur-
ing a kinetic of salt exposure (Fig. 4E), with significant de-
creases of RMD efficiency compared to the WT based on
the %CF (all time points paired t-tests P-values <0.05;
Supplemental Table 51). To better characterize the impact
of the UBP15 stem-loop on BDF2, we introduced this mu-
tation in the context of the rrpéA mutant, and we analyzed
BDFZ levels in control medium (YPD) or after 1 h of 0.6 M
NaCl or 10% thanol treatment (Fig. 4F). In rich medium, the
presence of the UBP15 SL resulted in a substantial increase
of the FL form and a decrease of both CFm and CFs (Fig.
4F), reflecting a significant decrease in Rnt1p cleavage ac-
tivity in normal growth conditions (lane 1 vs. 4; t-test P-val-
ue =0.005; Supplemental Table S1). The UBP15 stem—
loop also decreased the hyperactivation of BDF2 RMD
during stress, based on the %CF ratios indicated and as
shown by a substantial amount of the full length BDFZ2 hy-
brid transcript remaining after an hour of salt or ethanol
treatment compared to the wild-type BDF2 (paired t-test
P-values: NaCl treatment=0.001; ethanol treatment=
0.05). To further characterize the impact of the UBP15
stem-loop on Rntlp cleavage activity, a kinetic analysis
of in vitro cleavage was performed using purified Rnt1p
and total RNAs as a source of substrate RNA. As shown
in Figure 4G the rate of in vitro cleavage of the hybrid tran-
script was slower than that observed for the wild-type
BDF2 transcript (Fig. 4G). Although this time course exper-
iment was performed only once, the decreased cleavage
efficiency is consistent with the decreased cleavage activ-
ity detected in vivo in Figure 4E F. Inefficient cleavage of
this substrate compared to the WT could be due to the
fact that the UBP15 stem-loop is rich in A-U base pairs
near the terminal tetraloop, which is unusual for Rnt1p sub-
strates (Chanfreau 2003). Taken together, our data demon-
strate that specific features of the RCS can affect RMD
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FIGURE 4. The identity of the Rnt1p cleavage site (RCS) influences RMD hyperactivation in
stress conditions. (A) Predicted secondary structures of the terminal stem-loops present at
the top of the RCS of BDF2 and UBP15 using Mfold (Zuker 2003). (B) Analysis of UBP15
mRNA expression in WT and mt1A cells in normal growth conditions and upon salt stress treat-
ment. Shown is a northern blot analysis of UBP15 in the corresponding strains. scR1 was used
as a loading control. This experiment was performed once and the ratios indicate the level of
full-length UBP15 relative to scR1 based on the northem blot shown. (C) Northem blot analysis
of BDF2 in normal or NaCl-stress conditions for the endogenous BDF2 gene or the gene ex-
pressing BDF2 from the UBP15 promoter. The FL and main cleavage fragments are indicated.
This experiment was performed once and the %CF was calculated from the northem blot
shown on this figure. (D) In vitro cleavage assay of BDF2 transcripts containing the RCS of
UBP15. Shown is a northem blot of total RNAs from the corresponding strains after incubation
in buffer or with recombinant Rnt1p for 1 h. The location of the main cleavage fragment (CFm)
is indicated. The asterisk indicates a secondary, minor cleavage event detected for the BDF2-
UBP15 SL substrate. (E) Northemn blot of wild-type BDF2 and BDF2 transcripts harboring the
RCS from UBP15 after exposure to 0.6 M NaCl stress. Legends as in Figure 2. Numbers indi-
cating the % of the BDF2 cleavage fragment relative to all BDF2 transcripts are the average
of three independent biological replicates. (F) Northern blot of BDF2 in an rpéA mutant ex-
pressing the wild-type BDF2 or a BDF2 mutant with the UBP15 stem-loop in normal medium,
or after exposure to 0.6 M NaCl or 10% ethanol for 1 h. Numbers indicating the % of the BDF2
cleavage fragment relative to all BDF2 transcripts are the average of three independent bio-
logical replicates. (G) Time course of in vitro cleavage of the wild-type BDF2 and BDF2 RNA
with the UBP15 terminal stem-loop by recombinant Rnt1p. Total RNAs extracted from the
wild-type strain or from a strain expressing BDF2 with the UBP15 terminal stem-loop were in-
cubated with recombinant Rnt1p for the indicated times. The reactions were stopped, the
RNAs repurified and analyzed by northem blot. The numbers indicate the % of BDF2 cleavage
[(CF/CF +FL) x 100] relative to time zero for each substrate for the time course experiment
shown on this figure.
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expression (Roy and Chanfreau
2014). This regulation is of particular
importance during stress conditions,
where a rewiring of transcription and
translation is necessary to promote
cellular fitness during stress. In high
salt stress, an increase in activity of
RMD on BDF2 causes its transcript to
become completely undetectable.
Repression of BDF2 in stress condi-
tions is necessary for the robust ex-
pression of the stress responsive
gene GPH1, and potentially other
stress responsive genes as well (Roy
and Chanfreau 2014). Despite the sig-
nificance of regulating the expression
of BDF2, the mechanism that triggers
RMD hyperactivation during salt stress
was not clearly understood. In this
study, we demonstrate that the in-
crease of RMD activity on BDF2 during
stress does not arise from a direct
change in the expression of Rnt1p or
its localization within the cell. Rather,
our study suggests that the nuclear re-
tention of BDF2 transcripts during
stress causes RMD hyperactivation. A
global block of nuclear export of
mRNAs induced by stress conditions
such as heat or ethanol shock, or by
nuclear depletion of specific mRNA
biogenesis or export factors, can re-
produce salt stress-induced RMD
hyperactivation on BDF2. We also
show that inactivation of the key stress
response factor Slt2p reduces the effi-
ciency of BDF2RMD during stress. We
interpreted this reduction in RMD in
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the sltZA mutant as a consequence of the role of SIt2p in
mediating stress-induced mRNA nuclear retention (Car-
maody et al. 2010). However, we do not know if the reduc-
tion of RMD efficiency detected in this mutant for RMD is
dependent on its kinase and signaling activity, as Sh2p
has kinase-independent roles during stress (Kim and Levin
2011). Taken together, these results show that the primary
mechanism underlying the hyperactivation of RMD for
BDF2 is the inhibition of mRNA export and the retention
of transcripts in the nucleus. RMD hyperactivation is inde-
pendent of the identity of the BDFZ2 transcript promoter re-
gion, as switching its promoter to that of HSP12 or UBP15
does not prevent RMD. This suggests that promoter-de-
pendent recruitment of Rnt1p, which is required for RMD
of other transcripts (Catala and Abou Elela 2019) does
not play a role in the hyperactivation of RMD of BDFZ2 ob-
served in stress conditions.

We further provide evidence that the identity of the
Rnt1p cleavage stem-loop (RCS) within BDF2 further influ-
ences its susceptibility to cleavage, as replacing the en-
dogenous BDF2 terminal stem-loop by that of UBP15
decreases BDF2 RMD in vivo, and Rnt1p cleavage efficien-
cy in vitro. This supports previous evidence that the nucle-
otide base-pairing of the product termini can determine
the Rnt'p substrate reactivity (Comeau et al. 2016). The ef-
fect of the UBP15 stem-loop on Rnt1p cleavage might be
linked to its stretch of A-U base pairs near the terminal tet-
raloop (Fig. 4A), which is not usually found in natural Rnt1p
substrates (Chanfreau 2003). It is unclear whether certain
stress conditions, such as heat shock or salt stress, may al-
ter the structure of the RCS in vivo and influence its cleav-
age efficiency by Rnt1p. High temperatures or specific salt
conditions may contribute to the stabilization or destabili-
zation of the BDF2 RCS and thereby modulate cleavage ef-
ficiency. This may contribute to explain some of the
differences in BDF2 RMD efficiency detected between
heat shock treatment, ethanol or salt stress. Alternatively,
it is possible that these different stress conditions affect
mRNA export out of the nucleus differently, or that they
could impact degradation pathways which facilitate the
detection of the BDF2 cleavage products.

Altogether, our results indicate that Rnt1p may help reg-
ulate expression of specific genes through the cleavage
and degradation of specific substrates based on their local-
ization and stem-loop structures. The nuclear export of
many mRNAs is inhibited during stress, which provides
the opportunity for these mRNAs to be targeted by
Rnt1p for degradation in these conditions to differing ex-
tents, depending on substrate reactivity. Previous studies
have shown that blocking the nuclear export of mRNAs
by nuclear depletion of Mex67p results in the rapid degra-
dation of newly synthesized RNAs (Tudek et al. 2018). A
similar effect was observed for polyadenylated RNAs
when the poly(A) binding protein Nab2p was depleted
from the nucleus (Schmid et al. 2015). Strikingly, anchoring
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away both of these factors is sufficient to promote BDF2
RMD in the absence of stress (Fig. 3). Therefore, itis possi-
ble that Rnt1p may play a role in the general degradation
mechanism previously described by the Jensen group
upon nuclear depletion of these factors, and that Rnt1p-
mediated cleavage may contribute to the elimination of
specific mMRNAs containing compatible cleavage sites dur-
ing stress-induced nuclear retention of mMRNAs. However,
not all mMRNAs sequestered in the nucleus during stress or
after nuclear depletion of CPA or export factors contain
stem-loop structures compatible with Rntlp cleavage,
and it is likely that the sequence content of mRNAs has
evolved to either promote RMD of mRNAs that are not re-
quired or perhaps detrimental during stress conditions.

MATERIALS AND METHODS

Yeast strains and plasmids

All strains used in this study were derived from BMAS4, HHY 168
or as described below:

* Strains previously described or from external sources:
BMAG4 (Chanfreau et al. 1998): MATa; ura3-1; trp1A2; leu2-
3;112; his3-11,15; ade2-1; can1-100
mt1A: BMA&4, mt1A:TRP (Chanfreau et al. 1998)
BY4742: MATo his3A1 leu2A0 lys2A0 ura3A0 (Open
Biosystemns)

HHY168 (Haruki et al. 2008) MATalpha tor1-1 fpri:NAT
RPL13A-2xFKBP1 2:TRP1 ade 2-1 trp1-1 can1-100 leu2-
3,112 his3-11,15 ura3 GAL psi+ (Haruki et al. 2008)

yCW2: MATa his3A1 leuZA0 met15A0 ura3A0 RNT1-HTTP:
KIURA3 (gift of D. Tollervey).

yCWé: BY4742, mpéa:: hphMXé (Wang et al. 2020)
yCW17: yCW8, slt2A:kanMX6 (Wang et al. 2020)

* Strains generated in this study:

yCW4: MATalpha tor1-1 fpri:hphMX6 RPL13A-2xFKBP12:
TRP1 ade 2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3
GAL psi+

yCWS5: yCW4 with RNT 1-FRB:kanMXé

yCW7: yCW4 with NAB2-FRB::kanMXé

yCW8: yCW4 with NAB4-FRB::kanMXé

yCWS: yCW4 with YTH1-FRB::kanMXé RRP6-FRB::his3MXé

yCW10: yCW4 with YSH1-FRB::kanMX6 RRP&-FRB::his3MX&

yCW11: yOW4 with MEX67-FRB::kanMXé RRP&-FRB::his3MX6

yCW12: BMA&4 with pHSP12-BDF2

yCW13: BMAG4 with BDF2 with UPBT5 SL

yCW14: BMAG4 with BDF2 with UPB15 SL rpéA:hphMXé

yCW18: BMAS4 mt1A:TRP, rrpbA:hphMXé

yCW19: BMAG4 with BDF2 with UBP15 promoter

Strains were constructed using a high efficiency transformation

method (Gietz and Schiestl 2007). Mutations within the BDF2
transcripts were constructed through the delitto perfetto
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approach (Storici and Resnick 2006). The Rnt1p target stem-loop
within the BDFZ2 transcript (ChrlV:332367-80) was replaced with
the CORE integration cassette, consisting of the URA3 and
KanMX6 genes. Successful transformants were selected through
their resistance to G418, and further confirmed through PCR.
Afterwards, the CORE integration cassette was replaced with var-
ious Rnt1p target stem-loops using the transformation protocol
as described above. Successful transformants were initially select-
ed on the basis for their ability to grow on 5-Flucroorotic acid (5-
FOA) due to the loss of URA3, inability to grow on G418 due to
the loss of kanMXé, and then further confirmed through PCR
and Sanger sequencing (Laragen, Inc.).

Anchor away strains were created in a modified HHY 168 (Haruki
et al. 2008) background where the natMXé marker was replaced
with the hphMX4 marker amplified from pAG32 (Goldstein and
McCusker 1999). The genes of interest were carboxy-terminally
tagged with the rapamycin binding domain (FRB) using the trans-
formation method as described. Plasmids expressing Rnt1-GFP
and Rnt1-GFP with a deletion of the nuclear localization se-
quence are described in Henras et al. (2004).

Oligonucleotides used for mutagenesis (F and R
stand for forward and reverse primers)

BDF2 Promoter Core oligonucleotides:

F.AGAGGCGAAAAAAGAGTGCAACGTCAACAACGCTAAAA
GAGAGCTCGTTTTCGACACTGG

RAGCCGCCGAGGTTTATTTCGCTCAATCTGTTTGTTTCAGT
TCCTTACCATTAAGTTGATC

HSP12:BDF2 promoter swap:

FAATGGAGTGAAGCAGGCAGGGTGACCCTCTAGCTAAAA
AA GATCCCACTAACGGCCCAGC; R:CAGAATGTGCGTG
TCTTGTATCCATGTTAGTACGAGACAT TGTTGTATTTAGT
TITTTIT

UBP15::BDF2 promoter swap:

FAGAGGCGAAAAAAGAGTGCAACGTCAACAACGCTAAAA
GA CAAGAGAGCAGTAGTAAGAG

R:ICAGAATGTGCGTGTCTTGTATCCATGTTAGTACGAGACA
TTGTTTGTTTGAAGAGACTAA

BDF2 Rnt1 cleavage site Core insertion:

F:GGATTCAGATCTTGAAGAGGATAACTATTCTTCTTCATAT
GAGCTCGTTTTCGACACTGG

RTAGTTATATCGTTTTCATTTATGTCTTCATCATCATATTCTC
CTTACCATTAAGTTGATC

UBP15 stem-loop swap:

RAATATTTTGAATGAAATTGAAACGGATTCAGATCTTGAAGA
GGATGCAAAATTTGGTCTCGGACAAAAAGAATTTTCAAAG

FTTTGTTCCAAATATTGAATAGCCGGATTAGTTATATCGTTT
TCATTACTTAATTTGATCTTTGAAAATTCTTTTTGTCCG

Yeast media and growth conditions

All strains were grown in YPD (1% yeast extract, 2% peptone, and
2% dextrose) or minimal media (0.67% w/v yeast nitrogen base,
2% w/v dextrose, and 0.2% w/v amino acid mixture) at 30°C un-
less noted otherwise. For protein and RNA extractions, 50 mL of
culture were harvested at ODygy 0.4-0.6 by centrifugation at
4000 rpm (Sigma Rotor 11030) for 1.5 min and transferred to
2 mL screw capped Eppendorf tubes. The cells were pelleted
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and flash frozen in liquid nitrogen. For experiments involving
treatment involving anchor away and salt stress conditions, specif-
ic conditions are described in the results or legends of each fig-
ure. For heat shift experiments, cells were grown to exponential
phase at 23°C before equal volumes of 61°C preheated YPD
were added to bring the temperature to 42°C. The cultures
were immediately harvested at the indicated times. For ethanol
treatrment, cells were grown to exponential phase before equal
volumes of YPD or YPD containing 20% ethanol (v/v) were added,
and then harvested at the indicated times.

Yeast RNA extraction and northern blot analysis

For most experiments, northern blot analysis was performed in
triplicate (unless indicated otherwise) on purified total RNAs as
described previously (Roy and Chanfreau 2014). Briefly, RNAs
were extracted using phenol-chloroform, precipitated with etha-
nol and sodium acetate, and resuspended in water. A total of 5
ng of glyoxylated RNAs were run on a 1.8% agarose gel and trans-
ferred to nylon membranes for probing.

Riboprobe and oligonucleotide probe synthesis for
northern blotting analysis

The radiolabeled riboprobes were transcribed in vitro using T3
RMNA polymerase (Promega) as described previously (Roy and
Chanfreau 2014). The BDFZ riboprobe hybridizes from the begin-
ning of the open-reading frame until the Rnt1p cleavage site.

Templates used were synthesized by PCR using the primers:
BDF2 F: GCACATTCTGCTTTACTGGCAGC and BDF2Z T3R:
GGCTAAATTAACCCTCACTAAAGG
TTCAAGATCTGAATCCGTTT.

The SCR1 Oligonuclectide used for the loading control:
ATCCCGGCCGCCTCCATCAC was radiolabeled using y-*?P-
ATP (PerkinElmer) and T4 polynuclectide kinase (New England
Biolabs) according to the manufacturer’s protocol.

In vitro Rnt1p cleavage assay

Recombinant Rnt1p was purified as described previously (Henras
et al. 2005). In vitro cleavage reactions were performed in 50 pL
reactions consisting of 50 pg of total yeast RNA, 10 pmol of puri-
fied recombinant Rnt1p in Rnt1p cleavage buffer (30 mM Tris pH
7.5,150 mM KCl, 5 mM spermidine, 200 mM MgClz, 0.1 mM DTT,
0.1 mM EDTA). The reactions were incubated at 30°C and halted
by the addition of 150 pL of RNA buffer at the times indicated.
The reactions were then purified through using phenol-chloro-
form. Briefly, 200 pL of phencl: chloroform: isoamyl alcohol
were added to the samples. The samples were vortexed for 1
min and spun down for 2 min at 15,000 rpm. The top agueous lay-
erwas added to a fresh Eppendorf tube containing 1 mL ethanol,
40 pL 3 M sodium acetate pH 5.2, and 1 pL of GlycoBlue
(Ambion). Precipitation of the RNA was facilitated through incu-
bating the samples at —80°C for 30 min and then pelleted by cen-
trifugation at 15,000 rpm for 10 min. The pellets were washed with
200 pL of 70% ethanol and resuspended in 15 pL of nuclease-free

water.
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Protein extraction and western blot analysis

Western blot analysis was performed using protein extracts from
an Rnt1p-HTP strain kindly provided by D. Tollervey (U.
Edinburgh). The HTP carboxy-terminal tag (Granneman et al.
2009) consists of a 6-His sequence, followed by a TEV protease
cleavage site and a Protein A sequence (PMID: 19482942).
Total protein was prepared from the Rnt1p-HTP strain and an un-
tagged control strain grown to mid-log phase in 50 mLYPD liquid
medium and treated with 0.6 M NaCl for 0, 15, and 60 min. The
culture was harvested by centrifugation for 5 min at 3500 rpm,
washed with ddHz0, and resuspended in lysis buffer (200 mM
Tris-HCI pH 8.0; 320 mM Ammonium sulfate; 5 mM MgCly; 10
mM EGTA pH 8.0; 20 mM EDTA pH 8.0; 1 mMDTT; 20% glycerol;
1 mM PMSF; 2 mM benzamidine HCl and protease inhibitor cock-
tail). The sample was vortexed with glass beads (roughly equiva-
lent volume to size of cell pellet) for 8 min at 4°C. Supernatant was
collected by centrifugation at max speed (13.2k rpm) for 5 min at
4°C. Total protein concentration was measured using the
Bradford method with the Bio-Rad Protein Assay (#500-0006) ac-
cording to the manufacturer’s protocol. A total of 10 pg total pro-
tein from crude extracts was analyzed by 8% SDS-PAGE and
transferred to PVDF membranes for western blot analysis.
Rnt1p-HTP was detected with anti-protein A antibody conjugated
to horseradish peroxidase (HRP) (Invitrogen PA1-26853) diluted
1:8000 in blocking solution (1x PBS-T, 5% milk) with the Pierce
ECL Westemn Blotting Substrate (Thermo Fisher #3220%) accord-
ing to the manufacturer’s protocol.

Microscopy

Strains expressing GFP-tagged Rnt1p (Henras et al. 2004) were
grown to mid-log phase in standard growth conditions and treat-
ed with 0.6 M or 0.1 M NaCl for 20 min before being prepared for
imaging via the Stellaris RNA FISH protocol for 5. cerevisiae with
the following modifications: All centrifugation was performed at
850g for 6 min instead of 400g for 5 min, and Hoescht stain was
used instead of DAPI for nuclear staining. The FISH probe used
for visualization of mRNA localization was an oligo-d(T)25 labeled
with Cy3 (MilliporeSigma). Microscopy was performed on a Leica
DMI4000B Confocal microscope. All images were taken with
identical settings and with a z-stack of six images with 1 pm steps,
from which one z-slice was chosen from each stack for further pro-
cessing. Image processing was then performed and equally ap-
plied to all images with the ImageJ software.

Reproducibility and statistics

In general, most experiments were performed in triplicate with
the exception of the experiments presented in Figures 2B, 4B-
D,G which included enly one replicate, and some specific lanes
of some figures (see figure legends). The quantification of the
western blot and northern blot signals for experiments shown in
all figures and for all replicates is included in Supplemental
Table 51, with the calculation of the average and the standard de-
viations. Paired t-test P-values are included in Supplemental
Table 51 for the comparisons of averages corresponding to spe-
cific lanes for each experiment.

70

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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Many small nucleolar RNAs (snoRNA)s are processed from introns of host genes, but
the importance of splicing for proper biogenesis and the fate of the snoRNAs is not
well understood. Here, we show that inactivation of splicing factors or mutation of
splicing signals leads to the accumulation of partally processed hybrid messenger
RNA-snoRNA (hmsnoRNA) transcripts. hmsnoRNAs are processed to the mature 3’
ends of the snoRNAs by the nuclear exosome and bound by small nucleolar ribonucleo-
proteins. hmsnoRNAs are unaffected by translation-coupled RNA quality-control path-
ways, but they are degraded by the major cytoplasmic exonuclease Xmlp, due to their
messenger RNA (mRNA)-like 5’ extensions. These results show that completion of
splicing is required to promote complete and accurate processing of intron-encoded
snoRNAs and that splicing defects lead to degradation of hybrid mRNA-snoRNA spe-
cies by cytoplasmic decay, underscoring the importance of splicing for the biogenesis of
intron-encoded snoRNAs.

snoRNA | splicing | introns | exosome | exonuclease

Small nucleolar RNAs (snoRNAs) are noncoding RNAs that guide small nucleolar
ribonucleoprotein (snoRNP)-mediated 2'-O-methylation or pseudouridylation of pre-
ribosomal RNA precursors and other stable RNAs (1-3). These snoRNAs are classified
in two major families: the C/D and H/ACA classes, which guidc 2'-O-methylation and
pseudouridylation of their substrates, respectively. The importance of correct snoRNA
expression is underscored by the fact that defects in snoRNA metabolism are linked to
multiple pathologic processes, including cancer (4, 5), Prader-Willi syndrome (6), and
metabolic stress (7). snoRNAs are found in many different genomic contexts (2, 8). In
mammalian genomes, many snoRNAs are present in the introns of host genes, but
they can also be generated from long noncoding RNAs (IncRNAs). In plants, snoRNAs
are often generated from polycistronic transcription units (8). In the budding yeast
Saccharomyces cerevisiae, which has been used extensively to study the mechanisms of
snoRNA biogenesis and processing, snoRNAs are expressed either from independently
transcribed genes, polycistronic snoRNA precursors, or from introns (2, 8). The syn-
thesis of mature snoRNAs from intronic sequences is thought to occur primarily
through splicing of the host gene precursor messenger RNA (pre-mRNA). In vitro and
in vivo studies have shown that splicing results in accurate processing of intron-
encoded snoRNA in mammalian cells (9). The current model is that intron-encoded
snoRNAs are generated by exonucleolytic trimming of the excised linear introns after
completion of the splicing reaction and debranching of the lariat introns. In support of
this model, inactivation of the §. cerevisiae debranching enzyme Dbrlp results in the
accumulation of lariat intron species conraining the snoRNAs (10), showing that
debranching of the excised intron is critical for processing. However, the production of
mature snoRNA can still occur inefficiently in the absence of the debranching enzyme
(10), because random hydrolytic cleavage of the lariat intron exposes the cleaved intron
to processing by exonucleases, or through cleavage by the RNase III enzyme Rntlp
(11). In addition, some studies have reported splicing-independent processing of
intron-encoded snoRNAs (12), cither by endonucleolytic cleavage of the precursors
(11, 13) or by exonucleolytic processing (14). In S. cerevisiae, the Rnase P endonuclease
has also been proposed to initiate a processing pathway independent from splicing, by
cleaving unspliced pre-mRNAs that host box C/D snoRNAs (15). Finally, snoRNAs
can be found associated with stable lariats (16), and processing of introns containing
multiple snoRNAs can generate sno-IncRNAs, which correspond to partially processed
introns that contain two snoRNAs linked by an intronic segment (17).

Despite the known importance of splicing for the processing of intron-encoded
snoRNAs, it is unclear how defects in the spliceosome machinery may impact the fate
of intron-encoded snoRNAs. This is an important question, as recent work has shown
that defects in 5"-end processing of independently transcribed snoRNAs can result in
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mis-localization of the unprocessed snoRNAs in budding yeast
(18). Strikingly, very little is known about the impact of spli-
ceosome defects on snoRNA expression. Haploinsufficiency of
the core small nuclear ribonucleoprotein (snRNP) SmD3 results
in a reduction in the levels of intron-encoded snoRNAs (19),
but the specific molecular effects of this mutation on the biogen-
esis pathway of intron-encoded snoRNAs have not been investi-
gated. In this study, we have analyzed the impact of inactivating
splicing using trans- and cis-acting splicing mutants on the pro-
duction of intron-encoded snoRNAs in the yeast S. cerevisiae.
We show that inactivating splicing factors involved in different
steps of the spliceosome cycle or mutating the splicing signal of a
host gene result in the accumulation of aberrant, hybrid mRNA-
snoRNAs species, which share some of the hallmarks of marure
snoRNAs but are degraded by the cytoplasmic decay. These
results highlight the importance of splicing for determining the
fate of intron-encoded snoRNAs and show that incorrectly proc-
essed intron-encoded snoRNAs are degraded by the general
messenger RNA (mRNA) decay pathway. Our results may also
provide some insights into possible additional effects of genetic
diseases that affect splicing factors.

Results

Inactivation of Splicing Factors at Different Stages of the
Cycle Results in the Accumulation of Hybrid mRNA-snoRNA
Forms of NOG2/snR191. To investigate the importance of the
splicing reaction for the processing of intron-encoded snoRNAs,
we used the anchor away (AA) technique (20), which promotes
the rapid export of endogenously FRB (FKBPI2-rapamycin
binding domain)-tagged splicing factors to the cytoplasm after
addidon of rapamycin (20). This results in the nuclear depletion
of these factors and in the inactivation of their nuclear functions
in vivo. The genetic background used for these experiments alle-
viates the toxic effects of rapamycin and its downstream effects
on gene regulation (20). To analyze the contribution of splicing
factors involved at different steps of the spliceosome cycle, we
used strains expressing FRB-tagged versions of Prp5p, Prp28p,
PrplGp, Prpl8p, Slu7p, and Prp22p. These proteins are involved
in various steps of splicing (21), from spliccosome assembly
(Prp3p, Prp28p) to the second caulytic step (PrplGp, Prpl8p,
Slu7p, Prp22p) and spliceosome recycling (Prp22p). We first
analyzed expression of the NOG2 gene, which contains the
H/ACA snoRNA snR191 in its intron (22), by Northern blot
(Fig. 1.A4). After nudlear depletion of each of these splicing factors,
a probe hybridizing to the first exon of NOG2 detected the
unspliced precursors but also RNAs migrating faster than the
spliced mRNAs (labeled “hms” in Fig. 1B). hmsRNAs were
detected in all the AA strains treated with rapamycin but not
prior to rapamycin treatment. We first hypothesized that these
species might correspond to cleaved 5" exons; however, based on
their estimated size (~1100 nucleotides [nt]), these species are
too large 1o correspond to free 5' exons. In addition, these RNAs
were also detected after anchoring away proteins involved prior
to the first catalytic step (e.g., Prp5p, Prp28p). Furthermore, spe-
cies migrating faster than the hms RNAs and whose size matched
those of cleaved 5" exons (~850 nt) were detected only in strains
in which second-step splicing factors are anchored away (ic.,
Slu7p, Prpl6p, Prpl8p, Prp22p), but not in strains in which
splicing factors involved prior to the first step are depleted from
the nucleus (i.e., Prp5p, Prp28p). These fastest migrating species
correspond to cleaved 5" exons thar fail 1o undergo splicing
because of second-step defects and are labeled “E1” in all figures.
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Further mapping of the hms RNAs, using probes hybridizing
to the different regions of the NOG2-mRI191 gene (Fig. 14),
showed that these species also hybridize to probes complemen-
tary to the mature snR191 snoRNA and to the intronic region
preceding the snoRNA (Fig. 10). Based on their approximate
size (~1100 nt) and their hybridization patterns, we hypothe-
sized that these RNAs correspond to hybrid mRNA-snoRNA
(hmsnoRNA) containing the mRNA 5 exon, the intronic
segment upstream of the snoRNA, and the entire snoRNA
sequence (schematic representation is shown in Fig. 14). The
combination of estimated sizes and probe hybridization pat-
terns was consistent with a 3’ end close to that of the mature
snoRNA 3’ end. To test this idea, we mapped the 3’ end of the
NOG2-nR191 hmsnoRNA using a modified 3'~Rapid Ampli-
fication of cDNA Ends (RACE) protocol after in vitro polyade-
nylation of total RNAs. Sequencing of the 3-RACE products
showed that the s#R191 hmsnoRNA 3’ ends match precisely
those of mature snoRNAs (57 Appendix, Fig. S1). RNAs similar
in size to the hms species also accumulated in mutants carrying
deletions of the nonessential genes encoding the U2 snRNP
component Lealp (23) or the splicing fidelity factor Isylp (24)
(Fig. 1D). Therefore, the production of hmsnoRNAs is caused
by general splicing defects rather than by indirect effects of the
AA process.

HmsnoRNAs Can Be Detected for Most Intron-Encoded S. cere-
visiae snoRNAs by Northern Blot and Nanopore Long-Read
Sequencing. To extend the results described above for other
snoRNAs, we analyzed RNAs accumulating in the Slu7p-AA
strain prior to or after rapamycin treatment for several genes
expressing box C/D snoRNAs from their introns: IMD4/snR54
(Fig. 1E), TEF4/snR38 (Fig. 1F), and ASCl/snR24 (ST Appendix,
Fig. S2). For IMD4/snR54 and TEF4/snR38, we detected the
accumulation of hmsnoRNAs hybridizing to both exon 1 and
snoRNA probes (Fig. 1 £and F). Mapping of the ASCI1/nR24
hmsnoRNA using four probes hybridizing to different regions of
ASCI (ST Appendix, Fig. S2 A and B) showed that these species
contain the first exon of ASCI, the first part of the intron, and
the entire snoRNA sequence that ends close to the mature 3 end
(ST Appendix, Fig. S2 A and B). The estimated size and hybridiza-
tion patterns of the IMD4/nR54 and TEF4/inR38 hmsnoRNAs
(Fig. 1 E and P suggest a similar architecture. Mapping of
the 3’ end of the IMD4/nR54 hmsnoRNA using the modified
3-RACE protocol showed that the IMD4/s»R54 hmsnoRNA 3/
end is identical to that of the mawre snR54 (51 Appendix, Fig.
S1). Thus, splicing inactivation results in the general accumula-
tion of hybrid mRNA-snoRNA species for all intron-encoded
snoRNAs tested, which belong to both H/ACA and C/D families.

To perform a more comprehensive mapping of hmsnoRNA
genome-wide, we performed a direct RNA long-read sequenc-
ing experiment on RNAs extracted from an Slu7-AA strain after
addition of rapamycin, using the Oxford Nanopore platform.
Prior analysis revealed that the majority of the ASCl/nR24
hmsnoRNAs are not polyadenylated (SI Appendix, Fig. S20), so
the standard protocol to perform direct poly(A)+ RNA sequenc-
ing could not be used. We developed a protocol that used in vitro
polyadenylation after ribosomal RNA (rRNA) depletion, which
allowed detection of the hmsnoRNA by Nanopore sequencing.
In the strain in which Slu7p was anchored away, hmsnoRNAs
could be detected for EFBI-mRI18 (Fig. 24), ASCI-snR24 (Fig.
2B), TEF4-mR38 (Fig. 20), IMD4-nR54 (Fig. 2D), RPL7A-
miR39 (Fig. 2B), NOG2-nRI91 (Fig. 2F), and RPL7B-mR59 (51
Appendix, Fig. S3A). The architecture of hmsnoRNAs revealed by
long-read sequencing matched perfectly the predictions made above

pnas.org



Downloaded from https://www.pnas.org by 76.170.55.19 on February 27, 2025 from IP address 76.170.55.19.

A

NOG2

-

2 3 4

- — —
=
TN soR191 . Exonz
810 274 168 650

B  NOG2/snR191

L oY
NOG2-5nR191 hmsnoRNA F A¥ AN o
—E—TT— R g & & Q&" & &
- + - % - % - % - + - _+ Rapa
C . NOG2/snR191 2,000- Lus
b& - .- .- Ll +S
g SWFAA 1,000-| &8 ** ee w« ®® ws«thms
B LE1
2,
- 500-
3 ’ - - . s we (GAPDH
E mp4/snrsa F  1EFa/snR38
" 2 slu7-AA slu7-AA
-+-+Fba§a - + - + Rapa
D  NOG2snR191 e ¥ o i
AD AD
MRS
- s»-hms
-Us -E1
e rw e S .-hms
= v -hms
snR54 snR38
scR1 scR1
w% s s -GAPDH Exon 1 snR54 Exon 1snR38
probe probe probe probe

Fig. 1.

Hybrid forms of intron-encoded snoRNAs are produced upon splicing inactivation. (A) Schematic structure of the NOG2 gene encoding the snR197

H/ACA snoRNA in its intron, and proposed structure of the NOG2-snR191 hmsnoRNA. Exons are represented by black boxes and the mature snoRNA by a
gray box. Intronic sequences are shown as gray lines. Numbers indicate the length, in nts, of the different exonic and intronic regions and of the snoRNA.
UTR lengths are not included. Black lines with numbers 1 to 3 indicate the approximate locations of the different riboprobes used for this figure. Boxes and
line lengths are not to scale. (B) Northern blot analysis of NOG2/snR191 in strains expressing AA FRB-tagged versions of the Slu7p, Prp16p, Prp18p, Prp5p,
Prp28p, and Prp22p splicing factors. Each FRB-tagged strain was grown in normal medium and then spun down and resuspended in either fresh normal
medium or shifted to medium containing rapamycin (Rapa) for 1 h to promote export of the tagged splicing factor out of the nucleus. (Top) Probe 1 was
used. GAPDH was used as a loading control. ; (C) Mapping of the hmsnoRNA forms of snR791 using different riboprobes. Shown are Northern blots of
NOG2/snR191 using riboprobes 1, 2, and 3 shown in panel A of RNAs extracted from the Slu7-AA strain before or after 1 h of treatment with rapamycin. An
ethidium bromide staining of the 255 rRNA is shown as a loading control. (D) Wild-type (WT) Northern blot analysis of NOG2 in strains in WT and /ea7A or
isy1A deletion strains. () Northern blot analysis of IMD4/snR54 in RNAs extracted from the Slu7p-AA strain before or after treatment with rapamycin for 1 h.
Shown are Northern blots using probes hybridizing to the 5’ exon or to the mature snoRNA. Labeling of the different species is as in B. scRT was used as a
loading control. (F) Northern blot analysis of TEF4/snR38 in the Slu7p-AA strain. E1, cleaved 5'exon; LI, lariat intron-exon 2 intermediate; S, spliced mRNA; US,

unspliced pre-mRNA.

using Northern blot and confirmed that these species contain the
5" exon, the beginning of the intron, and the snoRNA up the
mature 3 ends. We also detected unspliced precursors and cleaved
5" exons that accumulate due to the second-step splicing defect
(Fig. 2). We did not detect any hmsnoRNA for the RPS22B-
snR44 gene (SI Appendix, Fig. S3B), likely because of the presence
of an RNase III cleavage site in the first intron of the unspliced
precursors, which precludes the accumulation of exonl-intronl-
exon2-snR44 species when unspliced species are generated (25).
Our sequencing approach produced many reads for the box
H/ACA snR191 (Fig. 2 but failed to detect most mature box
C/D snoRNA, with the exception of a few reads for snRI8
(Fig. 2A).This lack of detection may be linked to the small size
of box C/D snoRNAs, which makes their mapping challenging
by Oxford Nanopore sequencing. Overall, these results show
that after splicing inactivation, hmsnoRNAs are generated from
most intron-encoded snoRNAs in S. cerevisiae, and the reads
obtained confirmed the general architecture of these RNAs.
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HmsnoRNAs Are Processed at Their 3' Ends by Exonucleolytic
Trimming by the Exosome. The previous results using 3-RACE
and Nanopore sequencing showed that the 3" ends of hmsnoRNAs
are identical to those of mature snoRNAs, which are generated
by exonucleolytic trimming by the nuclear exosome (26). To test
the hypothesis that hmsnoRNAs acquire their 3" end through
exosome-mediated processing, we used an AA strain in which the
nuclear exosome component RrpGp is FRB tagged. Anchoring
away Rrp6p provides a more effective method of inactivating the
nuclear exosome than deleting the gene encoding Rrp6p (27),
possibly because exporting Rrp6p to the cytoplasm may also
result in the nuclear depletion of other nuclear-exosome compo-
nents. We then generated a strain in which Rrp6p and Prp18p or
Slu7p could be coanchored away simultaneously. Nuclear deple-
tion of Rrp6p resulted in an increased accumulation of both the
unspliced and spliced forms of NOG2 (Fig. 34). This observation
is consistent with previous studies that showed that the nuclear
exosome actively degrades unspliced precursors and may limit the

https://doi.org/10.1073/pnas.2202473119 3 of 9



Downloaded from https://www.pnas.org by 76.170.55.19 on February 27, 2025 from IP address 76.170.55.19.

A G snR18 EFB1- Blas snR24 ASC1
hms-l
e El- 1 §-US/nt.
snR18
-
s—l deg.
1 Hus I
. D snR54 IMD4
R38 TEF4
G e hms
hms: E1
e -deg.
sq Int. -US/nt.
-S
Z F r-; snR191 NOG2
E hms: B
Hinie snR39  RPL7A —_—
. , 5 =
snR191

Fig. 2. Detection of hmsnoRNAs by direct single-molecule Oxford Nanopore RNA sequencing. For all the panels, each sequencing read is represented by a
horizontal gray line. RNA species are labeled as follows: US, unspliced pre-mRNA; S, spliced mRNA; E1, cleaved 5' exon; deg., degradation intermediates; Int.,
snoRNA processing intermediates. (A-F) Oxford Nanopore sequencing reads obtained from a s/u7-FRB-tagged strain treated for 1 h with rapamycin for the

following loci: (A) EFB1-snR18 ; (B) ASC1-snR24; (C) TEF4-snR38; (D) IMD4-snR54;

production of mature species (28-30). Hybridization with a probe
complementary to snR191 detected the accumulation of shortly
extended forms of snR191 in the Rrp6p-AA strain (ST Appendix,
Fig. S4), consistent with the known role of the exosome in trim-
ming intronic snoRNA mature 3’ ends (26).

As shown previously, anchoring away Slu7p (Fig. 34 and S7
Appendix, Fig. S4) or Prp18p (Fig. 34), resulted in the accumu-
lation of NOG2-snR191 hmsnoRNAs. Strikingly, when RrpGp
was anchored away simultaneously with Prp18p or Slu7p, the
accumulation of the hmsnoRNA decreased compared with what
was observed when anchoring away these splicing factors alone
(Fig. 34; see also ST Appendix, Fig. S4 for Slu7p). Similar results
were obtained for ASCI-snR24 (Fig. 3B). We observed a con-
comitant increase in the level of unspliced precursors (Fig. 34
and ST Appendix, Fig. S4). These results suggested a precursor-
to-product relationship between unspliced pre-mRNAs and
hmsnoRNAs, and that hmsnoRNAs are generated by exonucleo-
lytic trimming of unspliced precursors by the nuclear exosome.

To further demonstrate that hmsnoRNAs are processed to or
near the 3’ ends of the mature snoRNAs by the exosome, we
used strains in which the gene encoding the nonessential U2
snRNP component Lealp is deleted, along with a deletion of
the gene encoding Rrp6p. Consistent with the results obtained
above, the 77p6A knockout resulted in a reduction in the accu-
mulation of NOG2-snR191 hmsnoRNA species when coupled
to the /lealA mutation, accompanied by an accumulation of
unspliced precursors (Fig. 3C). Overall, these results, combined
with the analyses described above, show that hmsnoRNAs are
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processed by the nuclear exosome to generate 3" ends identical
to those of the corresponding mature snoRNAs.

HmsnoRNAs Are Not Targeted by Translation-Dependent
Quality-Control Pathways. Because hmsnoRNAs contain 5'-
untranslated region (UTR) and exon 1 sequences, they exhibit
mRNA-like features at their 5’ ends, which suggests that they
might be translated. However, they lack a poly(A) tail, which
may limit translation efficiency. If hmsnoRNAs are translated,
translation would stop shortly after the end of the 5'-exon
sequence because of the occurrence of premature stop codons
in the intronic sequences, which may trigger nonsense-mediated
decay (NMD). NMD could potentially affect hmsnoRNAs, since
NMD can occur in the absence of a poly(A) tail in yeast (31).
Alternatively, the presence of secondary structures in the snoR-
NAs or the binding by snoRNPs (see below) may block ribo-
some progression and trigger No-Go Decay (32). To investigate
a potential targeting of hmsnoRNAs by these two RNA surveil-
lance pathways, we knocked out the genes encoding the NMD
factor Upflp or the No-Go Decay factor Dom34p in the lealA
mutant and analyzed NOG2-nR191 and IMD4-snR54 by
Northern blot (Fig. 3C and D). Eliminating Upflp or Dom34p
did not increase the levels of hmsnoRNAs in the lez/A mutant
(Fig. 3C and D). Instead, the upfIA knockout resulted in a
decrease of the level of hmsoRNAs, while eliminating Dom34p
showed no effect. As opposed to what was observed in the
lealArrp6A mutant, the decreased accumulation of the NOG2-
snRI191 hmsnoRNA detected in the lalAupfIA mutant did not
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Fig. 3. hmsnoRNAs acquire their 3’ ends through processing by the
nuclear exosome but are mostly unaffected by cytoplasmic quality-control
pathways. (A) Northern blot analysis of NOG2/nR191 in strains expressing
FRB-tagged, AA versions of Rrpép, Prp18p, Slu7p, or double AA versions.
Strains in the name of the gene italicized indicate that the corresponding
protein was FRB tagged (e.g., rrp6 = rrp6-FRB). The membrane was hybrid-
ized with a probe complementary to the exon 1 of NOG2. GAPDH was used
as a loading control. E1, cleaved exon 1; Rapa, rapamycin; S, spliced mRNA;
US, unspliced pre-mRNA; WT, wild type. (B) Northern blot analysis of ASC1/
snR197 in strains expressing FRB-tagged, AA versions of Rrpép, Prp18p, or
both Prp18p and Rrp6p. The probe used was complementary to the exon 1
of ASCT. ScR1 was used as a loading control. Labeling of the species is as
in A. (C) Northern blot analysis of NOGZ/snR191 in strains carrying viable
deletions of the genes encoding the splicing factor Lealp and/or the RNA
degradation or processing factors Dom34p, Upfip, or Rrpép. The probe
used is complementary to the exon 1 of NOG2. ScR1 was used as a loading
control. Labeling of the species is as in A. (D) Analysis of IMD4/snR54 was
as described for NOG2/snR191 in C.

correlate with an increased accumulation of the unspliced precur-
sors for snR191(Fig. 3C), suggesting that Upflp is not involved in
the conversion of unspliced precursors into hmsnoRNAs. We
detected some unspliced precursor accumulation for IMD4 in the
lealAupfIA mutant (Fig. 3D), but this was also detected in the
upfIA mutant. While we do not fully understand the molecular
basis for the decreased accumulation of hmsnoRNAs in the
leaIAupfIA mutant, experiments described below using splicing
signals mutations suggest that this might be the result of indirect
effects. Overall, we conclude from these experiments that hmsnoRNAs
are not targeted by translation-mediated RNA quality-control
pathways.

hmsnoRNAs Can Be Generated by a 5 Splice-Site Mutation and
Are Degraded by the Cytoplasmic Decay Pathway Involving
Xm1p. The previous results showed that inactivation of splicing
factors resulted in the accumulation of hybrid mRNA-snoRNA
species. However, we could not rule out that anchoring away
splicing factors or deleting genes encoding nonessential splicing
factors may result in indirect effects that may hamper the inter-
pretation of our results. To alleviate these concerns, we used a
plasmid-based system to introduce splice-site mutations that
would inhibit splicing and circumvent any general splicing defects.
We generated a construct expressing the NOG2-mR191 gene from
a centromeric plasmid, which expressed NOG2 at levels that
exceeded the RNAs expressed from the endogenous NOG2 gene
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(ST Appeneix, Fig. S5). We did not detect any hmsnoRNA or any
other aberrant species from the plasmid-borne wild-type version
of NOG2, showing that it is fully and accurately processed (S7
Appendix, Fig. §5). We then generated two mutants designed to
inactivate splicing of the plasmid borne NOG2 transcripts: M1
is a mutation of the 5" splice site (SS), and M2 is a double muta-
tion that combines M1 with a branch point (BP) mutation (Fig.
4A). Since the plasmid-borne versions are expressed at higher lev-
¢ls than the endogenous NOG2 transeripts, and because NOG2
is an essential gene, we used these plasmids in strains that also
expressed the endogenous NOGZ2 gene, which facilitated the
genetic analysis. Transcripts expressed from the M1 and M2
plasmids accumulated in wild-type strains mostly as hmsnoR-
NAs and, to a lesser extent, as unspliced transcripts (Fig. 48).
The temperature used to grow strains had some influence on the
level of accumulation of hmsnoRNAs derived from these mutants,
as hmsnoRNAs were more abundant when cells were grown at
20°C compared with 30 °C (ST Appendix, Fig. S6).

In the mp6A mutant, the levels of hmsnoRNAs expressed
from the M1 or M2 plasmids decreased with an accumulation
of unspliced precursors, consistent with our previous conclusion
that the nuclear exosome processes the 3 end of hmsnoRNAs.
The dom34A and upfIA mutations had no major effect on the
accumulation of hmsnoRNAs expressed from these plasmids, in
contrast to the result described above, which showed a decreased
accumulation of hmsnoRNAs in the lea/AupfIA mutanc (Fig.
3D). Since inactivating Upflp does not impact the level of
hmsnoRNAs generated by splicing-signal mutations, we interpret
the decreased accumulation of hmsnoRNA previously observed
in the lealAupfIA mutant as the result of indirect effects. This
interpretation is supported by previous work showing that muta-
tions that reduce splicing efficiency and inactivate NMD result in
synthetic growth defects (33), which may indirectly impair pro-
cesses required for the accumulation of hmsnoRNAs.

In contrast to all other RNA degradation mutants analyzed
previously, a large increase of all NOG2 RNA species was
detected in the xm]A mutant deficient for the major cytoplas-
mic 5-3" exonuclease (34) (Fig. 4B). While the increased accu-
mulation of spliced and unspliced species was expected, the
increase in abundance of the hmsnoRNAs strongly suggests
that these species are degraded in the cytoplasm by the general
mRNA decay pathway, which relies primarily on Xrnlp. As
hmsnoRNAs contain the 5' ends and exon 1 sequences of the
NOG2 gene, they may contain a 'meG-cap similar to that of
mRNAs, which would subject them to the general decay path-
way for cytoplasmic mRNAs (35). In order to show that
hmsnoRNAs are degraded by the general cytoplasmic decay
pathway, which requires decapping, we analyzed hmsnoRNA
accumulation resulting from the M1 mutation in a strain lacking
the decapping enzyme Dep2p. As observed previously for the
xrn]A mutant, inactivation of Dep2p resulted in an increased
accumulation of the hmsnoRNAs (87 Appendix, Fig. §7). This
result is consistent with the idea that hmsnoRNAs are degraded
by the major cytoplasmic decay pathway, which involves Depl/
2-mediated decapping and 5'-3" degradation by Xrn1p.

hmsnoRNAs Are Affected by Delocalization of Rat1p in the
Cytoplasm. To test if hmsnoRNAs are affected by the nuclear
5'-3' exonuclease Rarlp (also known as Xrn2p), we inactivated
Ratlp by AA and assessed the accumulation of hmsnoRNAs
from the M1 construct (Fig. 4C). This analysis revealed higher
hmsnoRNAs levels in conditions where Ratlp is depleted from
the nucleus, suggesting that a fraction of hmsnoRNAs is nuclear.
It is also possible that the inactivation of Ratlp may limit
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Fig. 4. hmsnoRNAs generated by SS mutations are degraded by Xrn1p and Rat1p and share some of the features of mature snoRNPs. (4) Mutations intro-
duced in the plasmid expressing NOG2-snR191. (B) NOG2-snR191 hmsnoRNAs generated by splicing signal mutations are degraded by Xrn1p but unaffected
by cytoplasmic quality-control pathways. Wild-type (WT) or the indicated deletion mutants were transformed with the pUG35 vector (V) or the pUG35 plas-
mids expressing mutants M1 or M2, and RNAs extracted from these stains were analyzed by Northern blot using a probe hybridizing to the exon 1 of NOG2.
GAPDH was used as a loading control. RNA species are labeled as follows: E1, cleaved exon 1; S, spliced mRNA; US, unspliced pre-mRNA. (C) Impact of Rat1p
inactivation on hmsnoRNA levels expressed from the M1 and M4 plasmids. A WT strain or a Rat1-FRB AA strain transformed with the M1or M4 expression
plasmids were grown in medium in the absence or presence of rapamycin (Rapa) for 1 h and analyzed by Northern blot as described for B. 255 rRNA was
used as a loading control. (D) Impact of Rat1p delocalization on hmsnoRNA levels expressed from the M1 plasmid. A WT strain or an xrn1A mutant strain
transformed with the M1 expression plasmid were transformed with an empty vector (vect.), a plasmid expressing WT Rat1p (Rat1), or a version of Ratip
with a mutated nuclear localization signal (NLSA). RNAs were analyzed by Northern blot as described for B. (F) NOG2-snR191 hmsnoRNAs generated by the
M1 mutation are bound by the H/ACA snoRNP Nop10p. Shown are Northern blots of RNAs extracted from cell extracts (Input) prepared from untagged wild
strain (lane 1) or ZZ-tagged Nop10 strain (lane 2) and of RNAs extracted after incubation of whole-cell extracts from the same strains with IgG beads and
washing (see Materials and Methods). Membranes corresponding to independent purification experiments were hybridized to a probe complementary to the
exon 1 of NOG2 and to snR191 (Top) or to probes hybridizing to scR1 or snR54 (Bottom). *Cross-hybridization of the probe to a ribosomal RNA. (F) Destabili-
zation of hmsnoRNAs caused by the deletion of the ACA box of plasmid-borne NOG2-snR197s cannot be rescued by inactivation of Xrn1p. Shown is a
Northern blot analysis using a probe hybridizing to the exon 1 of NOG2 of RNAs extracted from WT or xrn14 mutants transformed with plasmids expressing
the M1 or M4 constructs, as in A.

degradation of unspliced precursors as shown previously (25,  mutant lacking its nuclear localization signal (NVLSA), which
28), which could then be converted into hmsnoRNAs and result was shown previously to be able to rescue Xrnlp activity (36).
in higher hmsnoRNA levels. The expression of these constructs had little effect in a wild-

To assess whether Ratlp could degrade hmsnoRNAs in the type context (Fig. 4D). By contrast, expressing the rat/-NLSA
cytoplasm, we used plasmids expressing wild-type Ratlp or a ~ mutant in a strain lacking Xrnlp resulted in a strong decrease
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of hmsnoRNA and unspliced and mature mRNAs levels, while
expressing a wild-type version of Ratlp had little impact. This
result shows that a version of Ratlp, which is delocalized in the
cytoplasm, can destabilize hmsnoRNAs in the absence of Xmlp,
providing further evidence that hmsnoRNAs are primarily degraded
through cytoplasmic 5'-3' decay.

hmsnoRNAs Share Some of the Hallmarks of Mature snoRNAs.
The plasmid expressing NOG2 with a mutated 5'-SS provided
us a suitable system to investigate if hmsnoRNAs share some of
the features of mature snoRNPs. We first asked if hmsnoRNAs
are bound by a snoRNP protein found in mature snoRNPs.
We performed immunoprecipitation (IP) of RNAs in a strain
expressing the M1 mutant and a ZZ-tagged version of Nopl10p
(37), a core component of H/ACA snoRNPs. A control strain
was included which did not express tagged Nop10p. Northern
blot analysis of RNAs purified on immunoglobulin G (IgG)
beads (which bind the ZZ-tagged NoplOp) showed that
hmsnoRNAs copurified with Nop10p, as did the mature forms
of snR191 (Fig. 4F IP lane 2). By contrast, non—-H/ACA
RNAs such as snR54 or scRI were not efficiently purified (Fig.
4E and SI Appendix, Fig. S8), and no RNAs were retained on
IgG beads in the strain that did not express tagged NoplOp
(Fig. 4E, IP lane 1), showing the specificity of this immunopre-
cipitation procedure. The ratio of signals for the RNAs found
in the Nopl0p immunoprecipitates compared with the input
showed very similar values for the mature snR191 and the
hmsnoRNAs (ST Appendix, Fig. S8), suggesting that hmsnoRNAs
are quantitatively bound by NoplOp. Interestingly, unspliced
precursors were also immunoprecipitated by Nop10p (Fig. 4F).
This is consistent with prior work showing cotranscriptional
assembly of H/ACA snoRNPs on an intron-encoded H/ACA
snoBRNA in S. cerevisiae (38).

If hmsnoRNAs are bound by snoRNPs and stabilized by their
binding, one would expect that mutation of snoRNA sequence
clements that promote snoRNP assembly would result in a
decrease of a steady-state levels of hmsnoRNAs, as described pre-
viously for mature H/ACA snoRNAs (1). To test this hypothe-
sis, we generated a variant of the M1 mutant in which the ACA
box of #RI191 is deleted (M4 mutant; Fig. 44). This mutation
resulted in the complete destabilization of the hmsnoRNA
species, which were no longer detectable (Fig. 4 Cand F). Strik-
ingly, anchoring away Ratlp from the nucleus partially restored
the accumulation of hmsnoRNAs expressed from this construct
(Fig. 4C). This result shows that defective assembly of snoRNPs
due to the ACA-box deledon triggers degradation of the
hmsnoRNAs by nuclear 5'-3' decay. By contrast, deletion of
Xrnlp did not result in any rescue of hmsnoRNA levels from
the M4 mutant, as opposed to what was observed for the
hmsnoRNAs generated from the M1 construct (Fig. 47). These
results show that hmsnoRNAs that are not properly assembled
into snoRNDs are primarily degraded by Ratlp in the nucleus
and are unaffected by cytoplasmic turnover.

Discussion

In this work, we show that inactivation of splicing by impairing
splicing factors or mutating splicing signals leads to the produc-
tion of hybrid mRNA-snoRNA species for both box C/D or
H/ACA snoRNAs. Extensive mapping of these species by
Northern blot and Oxford Nanopore long-read sequencing
showed that hmsnoRNA have extended 5" ends containing
mRNAs sequences that include 5-UTR and exon 1 and that
their 3’ ends march those of marure snoRNAs. This chimeric
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architecture is reminiscent of that of sno-IncRNAs (17), but
hmsnoRNAs contain mRNA-like features instead of an snoRNA
at their 5" ends. The data we have presented suggest a general
pathway for the production and degradation of hmsnoRNAs (57
Appendix, Fig. §9). Splicing inactivation results in accumulation
of unspliced pre-mRNAs, which are bound by at least a subpop-
ulation of snoRNPs (eg., NoplOp for the NOG2-snR191
hmsnoRNA) and then trimmed to or near the mature 3’ end of
the snoRNA sequence by the nuclear exosome (S7 Appendix, Fig.
59). Early binding of snoRNPs is consistent with findings of
prior studies that have shown cotranscriptional assembly of
snoRNP components (38—41). This assembly can occur in a
splicing-independent manner (41), which explains why Nap10p
can bind to hmsnoRNAs produced when splicing is inactivated
(Fig. 4F) and why deletion of the ACA box of an NOG2-
snR191 gene containing a 5'-SS mutant significantly destabilizes
the RNAs generated from this construct and triggers nuclear
decay by Ratlp (Fig. 40). After nuclear 3'-end processing by the
exosome, hmsnoRNAs are exported to the cytoplasm, where
they can be degraded by the general 5'-3' decay pathway that
involves Dep2p and Xenlp (ST Appendix, Fig. §9). Further evi-
dence for cytoplasmic localization of hmsnoRNAs is provided by
the fact that a version of Ratlp mis-localized in the cytoplasm
can reduce hmsnoRNA levels in a strain lacking Xelp (Fig.
4D). Despite degradaton by these 5'-3' decay pathways,
hmsnoRNA can accumulate to relatively high levels, from 10 to
64% relative to the mature snoRNA levels, depending on the
snoRNA (S7 Appendi, Table $1).

We found that inactivation of splicing factors involved at dif-
ferent steps of the spliceosome cycle results in the accumulation
of hmsnoRNAs. This observation might be unexpected for fac-
tors involved in the second catalytic step such as Slu7p or
Prp18p, as anchoring away these factors is expected to produce
mostly lariat intermediates and cleaved 5" exons but not unspliced
precursors, which we showed are converted into hmsnoRNAs by
the nuclear exosome. However, a recent study offers an explana-
tion to this conundrum, as inactivation of late splicing factors can
result in unspliced precursors accumulation in vivo (42), possibly
because of recycling defects. Our work sheds light on previous
results that described the accumulation of RNAs similar to
hmsnoRNAs upon mutation of the BP sequence of the host
intron of #R18 (previously called U18) (43). The result reported
in this previous study is reminiscent of the effect detected when
mutating the 5 $S and the BP of NOG2. In the previous study,
the 5'-extended /018 species were interpreted as intermediates in
the processing pathway (43). However, there was no evidence
provided that these species could be converted into functional
mature products, and based on our observations, it is mare likely
that they correspond to dead-end products similar to hmsnoRNAs
and which are defective byproducts of splicing inactivation.

The accumulation of RNAs similar to hmsnoRNAs has also
been reported when the precursor transfer RNA processing
enzyme RNase P is inactivated by a thermosensitive mutation
(15). These species were considered intermediates in the path-
way, and their accumulation was interpreted as evidence for a
direct involvement of RNase P in the processing pathway of
intron-encoded snoRMNAs. However, RNase P—mediated cleav-
age intermediates could not be detected in vivo in this study
(15); furthermore, lariat introns containing snoRNAs accumu-
late at very high levels in a debranching enzyme mutant (10),
which argues against a major cleavage pathway of intronic
sequences by RNase P. We propose, instead, that the accumula-
tion of hmsnoRNA-like RNAs in this RNase P thermosensitive
mutant is, in fact, due to an indirect inhibition of splicing, as
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work published later by the same group showed that this muta-
tion results in the accumulation of unspliced pre-mRNA precur-
sors in vivo (44), which might be converted into hmsnoRNAs.
Splicing activity has been shown to be inhibited during stress
or nonstandard growth conditions (45), which suggests that
hmsnoRNAs could be naturally produced in such conditions
without experimental interference with the splicing process. To
assess whether hmsnoRNAs might be produced in growth con-
ditions that reduce splicing efficiency, we analyzed NOG2
expression in stationary phase, heat-shock conditions or treat-
ment with rapamycin (in a wild-type strain that contains a
functional TOR pathway, unlike the AA strains described in
Results). None of these conditions resulted in the accumulation
of hmsnoRNAs (ST Appendix, Fig. 510). However, the same
conditions are also known to generally reduce ribosome biogen-
esis and snoRNP assembly. Therefore, the absence of detection of
these species in these conditions is difficult to interpret, as it might
be due to conditions that globally repress ribosome biogenesis
and prevent assembly of snoRNPs on the hmsnoRNA species.
The results presented here provide a general framework that
underscores the importance of the splicing process for the bio-
genesis of snoRNAs. In the absence of splicing, not only are
intron-encoded snoRNAs not processed properly but the RNAs
species that are improperly generated are subject to a degrada-
tion pathway similar to that which targets mRNAs in the cyto-
plasm (87 Appendix, Fig. §9). A parallel model was proposed to
underscore the importance of 5'-end processing for indepen-
dently transcribed snoRNAs in S. cerevisiae (18). In the absence
of cotranscriptional cleavage of snoRNA precursors by the
endonuclease Rntlp, unprocessed snoRNAs accumulate in the
cytoplasm and are not functional (18). Overall, the results
described here combined with those reported by Grzechnik et
al. (18) converge to establish a unified model for the impor-
tance of RNA processing for the fate of snoRNAs. Regardless
of the precise mode of expression and of the nature of the tran-
scription units that produce snoRNAs, RNA processing of
snoRNA precursors serves two major purposes: these reactions
not only remove flanking sequences, they also dictate the proper
fate of snoRNP particles and their mode of degradation. In the
case of intron-encoded snoRNAs, the work described here estab-
lishes an additional functional role for splicing reactions beyond
simply removing intervening sequences of mRNAs. Finally, these
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data may shed some light on the molecular effects of mutations
of splicing factors, which can result in a variety of human dis-
eases. While the impact of these mutations on mRNA splicing
and alternative splicing patterns has been investigated, their
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been well characterized. It is possible that some of the deleterious
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tal to RNA metabolism.
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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
Il 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)2s beads are primarily designed for the purification of mMRNAs, 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).s 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)2s 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, | 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
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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.
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Figure 5.5. hmsnoRNAs are detectable by NanoPore sequencing. A. Direct RNA NanoPore
sequencing data for wild-type-AA, snpl-AA, and ysh1l-AA at the IMD4 locus. Orange boxes
indicate reads that represent the hmsnoRNA IMD4/snR54. cDNA NanoPore sequencing of wild-
type, Fast Pol Il, and slow Pol Il are not included, but also show detectable levels of the
IMD4/snR54 hmsnoRNA. B. Direct RNA NanoPore sequencing of wild-type-AA, and snpl-AA of

the ASCL1 locus. Orange boxes indicate reads that correspond to the ASC1/snR24 hmsnoRNA
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