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Quiescence is a conserved resting state, which is required for long-term survival. Quiescent cells,
far from being inert, are poised to re-enter the mitotic cell cycle when conditions are appropriate.
In this thesis, I analyzed the nascent transcriptome of quiescent budding yeast and found an
increase in relative abundance of non-coding transcription compared to Gi-arrested yeast. Analysis
of the nascent and steady-state transcriptomes also revealed increased post-transcriptional
regulation in quiescence compared to Gi-arrested cells. To further understand the role of post-
transcriptional regulation and non-coding transcripts in quiescence, I investigated the nuclear
exosome-NNS pathway. This pathway is known to function in the regulation of non-coding
transcripts in exponentially growing yeast. My work revealed that the nuclear exosome and NNS

regulate over one thousand mRNAs in quiescent cells in addition to canonical non-coding RNA



targets. RNA sequencing yeast from multiple time points revealed that the nuclear exosome
functions in two distinct phases, one around the diauxic shift and the other later in quiescence
entry. mRNAs regulated by the NNS-nuclear exosome pathway are enriched in functions such as
protein synthesis, metabolism, cellular organization, and the cell cycle, underscoring the

importance of this pathway in promoting cellular quiescence.
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Chapter 1. INTRODUCTION

1.  QUIESCENCE

1.1.1 G, stationary phase and quiescence

In 1963, Laszlo Lajtha proposed the existence of a nondividing state where “cells would
just sit, minding their own biochemical business”. He named this “true resting state” Go based on
the “gap notation” used to named G and Gz (Lajtha, 1963). Over time, Go as a term has come to
encompass multiple exits from the mitotic cell cycle, including permanent exits like terminal
differentiation and senescence (Cheung & Rando, 2013). Quiescence is a unique Go state because
it is readily reversable. Quiescent cells remain poised to re-enter the cell cycle when conditions
are favorable, allowing for long term survival. This resting but poised state is crucial to
organisms across domains of life. Multi-cellular organisms need to maintain a pool of quiescent
adult stem cells for tissue repair and homeostasis (de Morree & Rando, 2023). Single celled
organisms must be able to survive starvation conditions, especially since most microbes are
quiescent most of the time (De Virgilio, 2012; Dworkin & Harwood, 2022; Rittershaus et al.,
2013). Microbes have therefore spent much of evolutionary time in this cell state which is
relatively under-studied, and key to their ability to adapt to changing environments (D. Lewis &
Gattie, 1991). As a result, many genes may have yet undiscovered quiescence-specific functions.

Understanding quiescence in more detail has the potential to improve human health.
Proper regulation of quiescence is necessary for healthy cells to avoid becoming cancerous
(Hanahan & Weinberg, 2011; Tomasin & Bruni-Cardoso, 2022). Additionally, cancer cells have

been proposed to enter quiescence as a mechanism to evade treatments (Bruschini et al., 2020;
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W. Chen et al., 2016; Nik Nabil et al., 2021; J. Zhang et al., 2019). Quiescence in eukaryotes
also has ramifications for infectious diseases. Pathogenic fungi are estimated to cause 1.2 million
deaths per year worldwide (Brown et al., 2012), making them a serious health concern.
Pathogenic yeast such as Candida albicans rely on forming biofilms where quiescence
populations can evade treatment with anti-fungal drugs (Bojsen et al., 2014; Palkova & Véachova,
2016). Studying quiescence in Saccharomyces cerevisiae, a closely related yeast species, can

help uncover both basic biology and promote more translational research.

1.1.2 Quiescence in Saccharomyces cerevisiae

Saccharomyces cerevisiae (hereafter yeast) is widely used model system to study
quiescence. Whether quiescence in yeast is analogous to mammalian Gy is controversial (De
Virgilio, 2012). However, many similarities between quiescent yeast and mammalian cells have
been observed including genome compaction (Pifion, 1978), expression of heat shock proteins
(lida & Yahara, 1984), and G1 DNA content (Gray et al., 2004; Pardee, 1974). Additionally,
conserved signaling pathways such as TOR and PKA promote quiescence in yeast and mammals
(Chapman et al., 2020; De Virgilio, 2012; Dhawan & Laxman, 2015).

Generally, Go is conceptualized as an “off cycle” cell state (Figure 1.1). Classically, in
animal cells, a single restriction point exists for commitment to the cell cycle, and cells arrest in
Gi1 (Pardee, 1974, 1989; Zetterberg & Larsson, 1985). Recent studies have identified G2 neural
stem cells in Drosophila (Otsuki & Brand, 2018), and that mouse epidermal stem cells require
G2 cells for normal calcium signaling (Moore et al., 2023), suggesting exceptions to this rule
may be more common in normal tissue homeostasis than previously believed.

In yeast, conditional cell division cycle (cdc) mutants were used to arrest cells in different

cell states as well as define which cell cycle events are dependent on one another (Hartwell et al.,



1974). If Go were truly a distinct “off-cycle” cell state, similar mutants should exist to arrest cells
in Go. Theses mutants would be unable to exit stationary phase under restrictive conditions but
would not display other cell cycle defects (Gray et al., 2004; Werner-Washburne et al., 1993).
This requirement was briefly met in 1987, when a conditional mutant for exit from stationary
phase was discovered (Drebot et al., 1987). This gcs/ mutant was unable to divide when
stationary yeast cells were diluted in fresh media at the restrictive temperature of 14 °C, and
were defective specifically in their ability to re-enter the cell cycle from Go. However, later work
demonstrated Gscl and Age2 have overlapping and essential functions in vesicular transport in
exponentially growing cells (Poon et al., 2001). Therefore, the gcs/ mutant phenotype on exit
from stationary phase could be the result of low expression of Age2, rather than due to a

quiescent-specific requirement (De Virgilio, 2012).

M
)
\-/Go

w0

G,

S

Figure 1.1 Model of Go as an “off-cycle” state.
Diagram of cell cycle with Go included.

Whether one unified quiescent state exists with essential genetic requirements, or if
multiple quiescent states exist remains unknown (Breeden & Tsukiyama, 2022). Starvation from
different nutrients has been studied in yeast, and limited comparative analysis suggest

differences in the state reached by the cell in each case, implying that multiple quiescent states



may develop in response to nutrient limitation (Boer et al., 2010; Klosinska et al., 2011; J. Wu et
al., 2004). For the purposes of this introduction, I will focus on entry into quiescence with
respect to glucose exhaustion in YPD (1% yeast extract, 2% peptone, 2% glucose). All work for
this thesis was performed in YPD, as historically this system has been most widely used to study
quiescence in yeast (De Virgilio, 2012).

Yeast cells enter cellular quiescence over multiple days. During the first day, cells grow
exponentially, fermenting glucose to support an approximately 90-minute doubling time at 30°C
(Herskowitz, 1988). Named the “Crabtree effect”, yeast favor fermentation over respiration even
in the presence of oxygen (Goddard & Greig, 2015; Pfeiffer & Morley, 2014). This is proposed
to provide several evolutionary advantages such as increased speed of glucose consumption
compared to other microbes (Pfeiffer et al., 2001), and the production of heat and toxic ethanol
(Goddard, 2008). As glucose is exhausted, cells sense that nutrients will become limiting, and
begin to store glucose as glycogen and later as trehalose (Lillie & Pringle, 1980). When glucose
has been depleted from the media, yeast transition to post-diauxic growth, and rely on respiration
to continue to grow (Werner-Washburne et al., 1993). Cells reach saturation over approximately
seven days, forming a heterogenous culture with at least two distinct cell types: quiescent (Q)
and non-quiescent (NQ) (Figure 1.2) (Allen et al., 2006). Allen et al. developed a method to
separate these populations by density centrifugation, with the quiescent fraction going to the
bottom of the gradient while the non-quiescent population stays at the top. This initial study
found that these populations have distinct characteristics with non-quiescent cells having
decreased longevity and thermotolerance and altered gene expression patterns compared to the
quiescent fraction. In general, the quiescent yeast cells are mostly younger “daughter” cells,

while older “mothers” remain in the non-quiescent fraction (Aragon et al., 2008; L. Li et al.,



2013). However, some strains have vastly different quiescence entry efficacy demonstrating this

rule is not universal (Miles et al., 2019, 2023) (See Appendix A).

Non-quiescent

A
Glucose Exhaustion
_z\ (Diauxic Shift) R
) stationary phase
cC ="} Non-quiescent
[0 Srauxic phase
10l
o pos
QO
o /8
2| A
= N Quiescent
2 $ Quiescent
O| /s
Q_}Q

1 2 3 4 5 6 7 8
Days after inoculation

Figure 1.2 Yeast growth phase with time.

Schematic diagram of culture density, growth phase and time in yeast (left) with quiescent and
non-quiescent fraction (right). Adapted from Werner-Washburne et al. 1993 and Allen et al.
2006.

The ability to isolate quiescent yeast has facilitated the study of the gene regulation
during this state. Gene expression is globally altered, with an initial study using micro-arrays
determining that over 1300 mRNAs distinguished quiescent and non-quiescent cells, and that
expression patterns were distinct from Gi-arrested cells (Aragon et al., 2008). During entry into
quiescence gene expression is globally repressed. Nucleosome depleted regions are narrowed,
and histones are de-acetylated to reduce transcription (McKnight et al., 2015). While histone
acetylation during quiescence entry decreases dramatically, alterations in histone methylation are
more subtle and gene specific (Mews et al., 2014; Young et al., 2017). Additionally, the 3D
structure of chromatin is globally compacted, resulting in a 35% smaller nucleus compared to
Gi-arrested cells (Swygert et al., 2019). In concert with reduced transcription, translation is also

globally repressed upon starvation (Ashe et al., 2000; L. M. Dickson & Brown, 1998; Fuge et al.,



1994). Interestingly, 5" cap recognition factor eIF4E is dispensable for survival during starvation,
but another translation initiation factor e[F4A is not (Paz & Choder, 2001). Additionally, genes
with internal ribosome entry sites are translated during nitrogen starvation and stationary phase
(Gilbert et al., 2007; Paz et al., 1999). Gene expression during quiescence is globally repressed,
however cells retain the ability to rapidly exit, with transcription occurring within minutes of

refeeding in YPD (Cucinotta et al., 2021).

1.1.3  Post-transcriptional regulation of RNA in quiescence

Post-transcriptional regulation of RNA is altered upon entry into quiescence. While many
mechanisms involving the regulation of chromatin in quiescence have been explored, many
fewer post-transcriptional mechanisms have been identified. A study using a fibroblast model of
quiescence found approximately 500 mRNAs with altered half-life compared to growing
fibroblasts (Johnson et al., 2017). Upon starvation from multiple nutrients yeast activate
autophagy, a conserved mechanism of bulk decay (Reggiori & Klionsky, 2013). In yeast,
autophagy has recently been shown to act on RNA (H. Huang et al., 2015) and be at least
somewhat selective (Makino et al., 2021).

Several RNA binding proteins have been identified as regulators of quiescence. In mouse
lymphocytes, RNA binding proteins ZFP36L1 and ZFP36L2 suppress the transition into S-phase
(Galloway et al., 2016). Tis11, the Drosophila ortholog to ZFP36L1 and ZFP36L2, promotes
mRNA degradation which is key to re-establishing intestinal stem cell quiescence after injury
(McClelland et al., 2017). In yeast, the RNA-binding proteins Ssd1 and Mpt5 have parallel roles
in promoting quiescence entry in yeast (L. Li et al., 2013). Mpt5, ZFP36L1 and ZFP36L2, and
Tisll all interact with the Ccr4-Not deadenylase complex (Akiyama & Yamamoto, 2021; Fabian

et al., 2013; Hook et al., 2007) which has been shown to regulate quiescence in human and



mouse immune cells (Akiyama et al., 2021). Given that this altered regulation of RNA decay is
observed in multiple model systems across eukaryotic life, altered RNA stability might be a
hallmark of quiescence. However, most of genes studied so far are restricted to a few of the
many RNA decay pathways available to the cell, suggesting the existence of additional unknown
regulators of quiescence.

RNA localization is also altered during stress conditions. The formation of phase
separated RNA protein condensates is a conserved process that occurs in response to various
stress conditions (Kroschwald et al., 2015; Wallace et al., 2015). Over a dozen different types of
these condensates have been identified, largely based on their localization, their component
proteins and their proposed functions, rather than from the perspective of their component RNAs
(S. Tian et al., 2020; Wiedner & Giudice, 2021). Multiple functional RNA protein condensates
have been described with functions such as ribosome biogenesis (Lafontaine et al., 2021) and
regulation of translation (Parker et al., 2022). However, whether this RNA compartmentalization
is necessarily functional or simply incidental in some cases is a matter of debate (Putnam et al.,
2023). Current evidence suggests that some transcripts are enriched in RNA protein condensates.
For example, in stationary phase yeast protease treatment of cell lysate resulted in increased
abundance of over 2000 mRNAs, suggesting many RNAs are sequestered in stationary phase
(Aragon et al., 2006). Which RNAs are sequestered and when the sequestration takes place is a
regulated process (Escalante & Gasch, 2021). In low glucose conditions, mother cells pass
processing bodies (p-bodies), a type of cytoplasmic RNA granule, on to daughter cells, resulting
in larger daughters (Garmendia-Torres et al., 2014). The RNA composition of p-bodies in yeast
is dependent on the stressor, and has been shown to be regulated by Mpt5 (C. Wang et al., 2018).

Separately, Mpt5 has been shown to promote entry into quiescence (L. Li et al., 2013). During



transition from growth to quiescence the cytoplasmic pH drops, resulting in the cytoplasm
becoming glass-like (Munder et al., 2016); this altered cytoplasm is characterized by reduced
diffusion and increased protein aggregation. Interestingly, RNA concentration is a key regulator
of protein aggregation, with high RNA concentration inhibiting phase separation of RNA
binding proteins (Maharana et al., 2018). mRNA concentration is estimated to decrease by 30-
fold on entry into quiescence (McKnight et al., 2015). Though my thesis work is on the latter,
regulatory RNA sequestration and RNA decay likely work in concert to promote cellular

quiescence.

1.2 NNS-NUCLEAR EXOSOME PATHWAY

1.2.1 The nuclear RNA exosome

The nucleus is a site of significant RNA decay, and it has even been argued that nuclear
decay is the default fate of most transcription (Bresson & Tollervey, 2018). My thesis investigated
the nuclear exosome, a major RNA decay pathway in the eukaryotic nucleus. The nuclear exosome
is formed from the ten subunits of the core cytoplasmic exosome. Nine of these subunits form a
barrel structure, with Dis3, an essential 3'to 5" exonuclease and endonuclease associated with this
barrel (Kilchert et al., 2016). The nuclear exosome has an additional exonuclease, Rrp6, which is
localized to the nucleus and is non-essential in yeast (Allmang et al., 1999). The nuclear exosome,
as well as many of its cofactors, are conserved in eukaryotes (Ogami et al., 2018).

Rrp6 has been implicated in the regulation of most RNA types. Genomic studies find show
that Rrp6 binds rRNA, tRNA, mRNA, snRNA, snoRNA and IncRNA in vivo (Schneider et al.,
2012; Sohrabi-Jahromi et al., 2019). 3" end processing of structured non-coding RNAs is one of

Rrp6’s key roles, and in its absence 3" extended forms of snRNAs and snoRNAs accumulate (Heo



et al., 2013; Vasiljeva & Buratowski, 2006). One of its most studied functions is in degrading non-
coding transcripts, with a specific class of transcripts known as cryptic unstable transcripts (CUTs)
discovered because they are readily detectible in steady state RNA when RRP6 is deleted (Wyers
et al., 2005). Additionally, Rrp6 degrades aberrant transcripts such as truncated 5S rRNA, hypo-
methylated tRNA;M, and improperly spliced mRNA (Kadaba et al., 2006; Lemieux et al., 2011).
Most studies characterizing Rrp6 were performed in logarithmically growing cells. One report,
which analyzed differential expression in 77p6A cells two hours post-diauxic shift and in early

stationary phase, did not find increased mRNA abundance (Yassour et al., 2010).

1.2.2 Transcription termination couples transcription and post-transcriptional RNA

processing and decay

Nuclear RNA decay by Rrp6 is regulated by an essential transcription termination
complex—Nrd1-Nab3-Senl (NNS). Nrdl and Nab3 are RNA binding proteins which interact
with the nascent RNA transcript as well as the C-terminal domain (CTD) of RNA polymerase 11
(Pol IT) (Carroll et al., 2004; Vasiljeva, Kim, Mutschler, et al., 2008). These two RNA binding
proteins form an essential heterodimer (Carroll et al., 2007; Chaves-Arquero et al., 2022) and
interact with RNA in a semi-specific manner (Bacikova et al., 2014) (discussed in detail below).
Senl is an ATP dependent RNA-DNA helicase (Kim et al., 1999). In vitro experiments find it
promotes termination by translocating along the nascent transcript and then colliding with Pol 11
to dislodge it (Han et al., 2017; S. Wang et al., 2019). Conserved as senataxin in humans, Senl,
also functions outside of NNS in DNA repair (Cohen et al., 2018; Hasanova et al., 2023; Yiice &
West, 2013). RNA binding by Senl1 is not sequence specific, and instead interacts with Nrd1 via
a CTD mimic (Han et al., 2020). However, the study which identified Sen1’s CTD mimic also

found it enhances, but is not necessary for transcription termination by Senl, which instead



requires transcriptional pausing. This suggests Nab3 and Nrd1 may function to pause Pol II to
recruit Senl. Consistent with this, data using anchor away in exponentially growing yeast
proposed that Nrd1 pauses Pol II transcription (Schaughency et al., 2014).

NNS mainly terminates non-coding transcripts, and directs them to the nuclear exosome
for processing or decay, via a co-factor called the TRAMP complex. Trf4, a non-canonical
poly(A) polymerase interacts with the Nrd1 via a CTD mimic, disrupting the interaction between
Nrdl and the Pol IT CTD (Tudek et al., 2014). In 77p6A cells, Nrd1 and Nab3 accumulate on
undegraded transcripts and cannot be recycled (Villa et al., 2020). This results in impaired
termination of Pol II at some NNS targets in vivo, along with extended 3" ends (Fox et al., 2015).
Thus, while NNS is a transcriptional regulator and Rrp6 mainly functions on the level of RNA

stability, the line between transcriptional and post-transcriptional is blurred in nuclear RNA

metabolism.
Nuclear
NNS TRAMP Exosome
Nrd1 ARAR Rrp6
Sen1 b
PH ring

Transcription \/ Dis3
termination .:DN
rd1/Nab3 RNA processing/
recycling decay

Figure 1.3 Nuclear Exosome/NNS pathway schematic.

NNS terminates transcription of RNA polymerase II transcripts. Nab3 and Nrd1 interact with the
nascent transcript, and Nrd1 interacts with the CTD of Pol II. Senl, a helicase, disrupts Pol 11
interaction with the DNA, terminating transcription. Nrd1, interacts with Trf4/5 of the TRAMP
complex, directing transcripts for 3" end processing or 3" decay by nuclear exosome. Structural
cartoon of the nuclear exosome shows two exonucleases, Rrp6 and Dis3, at opposite ends of the
essential barrel structure. Essential genes in yeast are outlined in black. Pathway schematic
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adapted from Villa and Porrua 2022. Structural cartoon of nuclear exosome adapted from
Kilchert et al. 2016.

NNS acts an alternative transcription termination pathway to cleavage and
polyadenylation. Cleavage and polyadenylation factor (CPF), cleavage factor IA (CFIA) and
cleavage factor IB (CFIB) function in this process (Kumar et al., 2019). These two transcription
termination pathways terminate most Pol II transcription in yeast (Porrua et al., 2016). Several
mechanisms have been uncovered which determine whether a given transcript will be terminated
by CPF or NNS.

One mechanism which discriminates between NNS and CPF pathways is post-
translational modification of the Pol II CTD. This heptad repeat sequence is highly conserved
across eukaryotes, and is modified as transcription progresses (P. Liu et al., 2010). Serine 5
(Ser5) phosphorylation peaks very early in transcription and diminishes quickly while serine 2
(Ser2) phosphorylation peaks towards the 3 end of the gene (Dias et al., 2015; Mayer et al.,
2012; N. Singh et al., 2022; Tietjen et al., 2010; Zaborowska et al., 2016). Ser2 phosphorylation
recruits cleavage and polyadenylation complexes and is crucial for 3" end processing in humans
and yeast (Ahn et al., 2004; Davidson et al., 2014). Multiple studies have suggested that Nrd1
preferentially interacts with Ser5-phosphorylated CTD in vitro (Kubicek et al., 2012; Mayer et
al., 2012; Vasiljeva, Kim, Mutschler, et al., 2008), and this interaction is suggested to result in
NNS’s preference for short loci (Gudipati et al., 2008). However, deletion of Nrd1’s CTD
interacting domain did not result in increased read through transcription at several snoRNA
targets in one study (Vasiljeva, Kim, Mutschler, et al., 2008), though a later work found

increased readthrough using Pol I ChIP (Tudek et al., 2014).
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A more recent work mutated tyrosine 1 (Tyrl) of this heptad repeat to phenylalanine to
block phosphorylation (Collin et al., 2019). This resulted in snoRNA read-through, without a
decrease in Nrd1 recruitment to the loci. The Ser5 phospho-blocking mutant from the same study
did not have any apparent readthrough transcription. This work suggested that Tyrl
phosphorylation mediated pausing, not Ser5 phosphorylation is required for efficient NNS
termination in vivo. Nrd1 does not interact with Tyrl phosphorylation in vitro (Mayer et al.,
2012), further complicating the mechanism of action. While Tyr1 peaks towards the 5’end of
genes in humans (Descostes et al., 2014), in yeast during logarithmic growth it peaks towards the
3" end of genes, and prevents premature termination by polyadenylation and cleavage (Mayer et
al., 2012). Re-analysis of this data has suggested this Tyr1 phosphorylation effect is likely
limited to only a subset of mRNAs (Collin et al., 2019) suggesting Tyrl phosphorylation has
multiple functions.

Chromatin architecture has also been demonstrated to regulate transcription termination.
3" nucleosome depleted regions (NDRs) form just downstream of poly(A) site and NDR width
informs poly(A) site selection (Spies et al., 2009; Turner et al., 2021). A strongly positioned
nucleosome is sufficient to rescue transcription termination defects (Hildreth et al., 2020).
Histone post-translational modifications have also been implicated in regulation of transcription
termination. In general, histone trimethylation at K4 (H3K4me3) peaks towards the 5" end of
genes while H3K4mel peaks towards the 3" end (Barski et al., 2007; C. L. Liu et al., 2005).
Poly(A) sites have distinct chromatin signatures with decreased H3K36 trimethylation and H3K4
methylation in human cells (Khaladkar et al., 2011; C. Lee & Chen, 2013). In yeast,
polyadenylation site choice is regulated by histone methyltransferases Setl and Set2

(Kaczmarek Michaels et al., 2020). NNS mutants have been shown to have genetic interactions
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with Setl and histone demethylase, Jhd2. Increased readthrough transcription is seen when the
methyltransferase activity of Setl is removed, implying that H3K4 methylation regulates NNS
termination (Terzi et al., 2011). Additionally, the “constitutively unmethylated” H3K4A amino
acid substitution mutant exacerbates the temperature sensitive growth defect of Nab3 mutants
(K. Y. Lee et al., 2018). Recently it was found that Setl methylates Nab3 at a crucial regulatory
site, complicating the initial finding that H3K4 methylation regulates NNS (K. Y. Lee et al.,
2020).

Another mechanism of regulation is through recognition of RNA motifs on the nascent
transcript. Analysis of snoRNA targets, found that Nrd1 recognizes GUA[A/G], while Nab3
recognizes UCUU (Carroll et al., 2004; Steinmetz et al., 2001). These binding motifs are highly
abundant, and present in the sequence of almost every mRNA in yeast (Webb et al., 2014).
However, Nrd1 has been described as only somewhat sequence specific (Bacikova et al., 2014),
and Nab3 and Nrd1 binding motifs can also be targeted by the cleavage and polyadenylation
pathway (Porrua et al., 2012). Multiple RNA sequences coordinate polyadenylation and
cleavage, with a positioning element, efficiency element and U-rich element interacting with
different subunits of the complex; these RNA motifs are degenerate, and can occur multiple
times at a given location, giving rise to alternative polyadenylation (Proudfoot, 2011; B. Tian &
Graber, 2012).

Given multiple RNA binding motifs on a given transcript, and global patterns of
chromatin and CTD modifications, an emerging model is that transcription termination is largely
a kinetic competition between multiple sites of varying efficiency. Kinetics have been
demonstrated to be key in poly(A) site choice (Geisberg et al., 2020; Pinto et al., 2011; Turner et

al., 2021) and several studies have found mutant “slow” Pol II alleles rescue defects in NNS
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dependent termination (Collin et al., 2019; Hazelbaker et al., 2013). Crucially, where

transcription is terminated and by what mechanism is a key determinate of the ultimate fate of a

given RNA.
A Ser5p
Tyr1p - humans Ser2p
B E— ORF B e e—
TSS PolyA site TTS
positioning
B element
a-rich H
AAUAAA PolyA site
nascent
UGUA . ¥ [ = By
efficiency u-rich
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UAUA
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Cleavage and Polyadenylation

Figure 1.4 Some features which distinguish NNS and CPF site choice.

(A) Distribution of Pol II CTD marks. Ser5p has been implicated in NNS targeting while Ser2p
has been implicated in targeting CPF. Data suggests Tyr1p regulates both NNS and CPF.
Adapted from Zaborowska et al. 2016.

(B) RNA motifs associated with NNS termination vs. polyadenylation and cleavage. Short RNA
motifs are associate with Nrd1 and Nab3 binding. CPF binding depends on multiple elements,
including an efficiency element, A-rich positioning element and a U-rich element.

1.2.3  NNS-nuclear exosome in mRNA regulation

NNS and Rrp6 are mainly described as non-coding RNA regulators (Villa & Porrua, 2022).
Despite this, accumulating evidence suggests that this pathway is also a key regulator of coding

transcripts. Rrp6, Nrd1 and Nab3 have been demonstrated to bind mRNA in exponential growth
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using an RNA-IP assay known as PAR-CLIP (Sohrabi-Jahromi et al., 2019; Webb et al., 2014).
This is consistent with the observation that nearly all mRNAs contain Nrd1 or Nab3 RNA-
binding motifs (Webb et al., 2014). However, only a small number of mRNAs have been
identified as differentially expressed when either RRP6 is deleted (Arigo, Carroll, et al., 2006;
Kuehner & Brow, 2008) or Nab3 is depleted (Merran & Corden, 2017) in exponentially growing

cells.

Rrp6 and NNS function in quality control for many different RNA species, and this activity
extends to mRNA. Incorrectly spliced mRNAs are terminated and degraded by this pathway (P.
Singh et al., 2021; Steinmetz & Brow, 1998). Disrupting mRNA biogenesis in logarithmic
growth results in the accumulation of aberrant mRNAs in 77p6A and NNS mutants. This has been
studied by expressing bacterial Rho to perturb RNA biogenesis (Honorine et al., 2011; Moreau et
al., 2019) and using conditional transcriptional mutants (P. Singh et al., 2021). Crucially, NNS’s
regulation of mRNA has been linked to nutrition sensing. When glucose is rapidly removed from
the media, NNS binds distinct mRNA targets (Bresson et al., 2017; van Nues et al., 2017). Using
anchor-away, NNS was demonstrated to regulate the transcription of mRNAs functioning in
nitrogen catabolite repression (Merran & Corden, 2017). These accumulating reports suggest
NNS targeting may be a crucial way in which yeast adapt their transcriptional program to various

changes in nutrition.

1.3 NON-CODING RNA

1.3.1 Pervasive transcription

The term pervasive transcription describes the phenomenon wherein most of the genome

is transcribed. Pervasive transcription is a conserved featured of eukaryotic genomes (Dinger et
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al., 2009; Villa & Porrua, 2022). In humans, ~2% of the genome is devoted to open reading
frames (International Human Genome Sequencing Consortium, 2004) but more than 90% is
estimated to be transcribed (Pertea, 2012). Since the discovery of this widespread non-coding
transcription, it has been an open question in the field if this it provides cellular functions or if
pervasive transcription is a result of leaky transcription initiation (Dinger et al., 2009). Evidence
is emerging that non-coding transcription is a conserved hallmark of cell state in humans, plants
and invertebrates (Akay et al., 2019; Kang & Liu, 2015; Seifuddin et al., 2020). However, only a
small minority of non-coding transcripts have been functionally characterized (Dinger et al.,
2009; Till et al., 2018). Characterized IncRNA are sometimes only functional under certain
conditions (Lenstra et al., 2015; Moretto et al., 2021). Additionally, different mechanisms and
functions have been suggested by different investigators (Castelnuovo et al., 2013; Hegazy et al.,
2023).

Saccharomyces cerevisiae have a gene dense genome, where the average length between
open reading frames is only 536 base pairs (Hurowitz & Brown, 2004) and ~73% of the genome
is devoted to open reading frames (Alexander et al., 2010). Nevertheless, pervasive transcription
occurs in this gene dense landscape, with 85 % of the yeast genome transcribed in rich media
(David et al., 2006). Saccharomyces cerevisiae have lost RNA interference (RNA1), a conserved
system of recognizing and regulating double stranded RNA (dsRNA) (Drinnenberg et al., 2009).
The loss of RNAi was evolutionarily advantageous to yeast because it allows for double stranded
RNA Kkiller viruses to persist in the cytoplasm (Drinnenberg et al., 2011). These viruses allow the
yeast to produce a “killer-toxin”. Yeast carrying the virus are immune to it the associated killer-
toxin while non-infected yeast are sensitive (Schmitt & Breinig, 2006; Wickner et al., 2013).

Thus, retaining RNAi was specifically problematic to yeast as it meant they could not be infected
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by these dsRNA viruses, and would be vulnerable to the resulting toxins. As a result of losing
RNAI, S. cerevisiae have expanded antisense transcription compared to yeast species which
retained RNAI (Alcid & Tsukiyama, 2016). Some of these antisense transcripts have been
evolutionarily conserved among closely related yeast, suggesting that they may serve functional
roles (Rhind et al., 2011; Yassour et al., 2010).

Non-coding transcription in Saccharomyces cerevisiae has been annotated by several
different groups using different strategies. Xu et al., 2009 annotated a class of non-coding
transcripts they called “stable unannotated transcripts” (SUTs) which are expressed in wild-type
yeast and readily detectable in steady state RNA sequencing (Xu et al., 2009). Other class of
transcripts have relied on genetic manipulation. Deleting RNA surveillance factors was an
approach which stabilized “cryptic” transcripts such as cryptic unstable transcripts (CUTs; found
on deletion of RRP6) (Vera & Dowell, 2016; Xu et al., 2009) and Xrn1-sensitive unstable
transcripts (XUTs) (van Dijk et al., 2011). Alternatively, transcription regulators have been used
to similar effect, creating the classes of Nrd1-unterminated transcripts (NUTs) (Schulz et al.,
2013) and Set2-repressed antisense transcripts (SRATs) (Venkatesh et al., 2016). In some cases,
these transcripts were annotated without consideration for if they overlapped one another,

creating a technical hurdle to analysis.

1.3.2  Functional IncRNA in Saccharomyces cerevisiae

Several studies have attempted to understand if non-coding RNA in S. cerevisiae is
globally functional. These studies have relied on comparing between two genotypes or two cell
states, and seeing if antisense non-coding and coding expression are correlated or anti-correlated.
Most of these efforts have shown that antisense transcription is weakly anti-correlated with sense

transcription genome wide (Gill et al., 2020; Nevers et al., 2018; Schulz et al., 2013). However,
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one recent study found change in sense and antisense to be positively correlated (Hegazy et al.,
2023). Thus, which gene is used to increase non-coding transcription biases these results.

Fewer than twenty of the thousands of annotated S. cerevisiae ncRNA have been
functionally characterized to any extent (J. Li et al., 2021; Till et al., 2018). Several mechanisms
have emerged on how these transcripts function in regulating gene expression. Most well
characterized non-coding RNAs in S. cerevisiae function in cis rather than in trans, meaning they
function at the locus where they are transcribed, and expression from an ectopic locus does not
confer normal function (Gil & Ulitsky, 2020; Till et al., 2018; Yamashita et al., 2016). Due to
our currently limited knowledge and diverse apparent mechanisms, it is not currently reasonable
to classify non-coding RNA in yeast with a set of validated categories (Till et al., 2018). I will
instead focus on describing several example loci which have been characterized and discuss what
is currently known about their mechanism of action.

One mechanism of function for non-coding RNA occurs when local transcription
interferes with transcription from a different start site in cis. At the IME4 locus, elongation of
antisense non-coding RNA called RME? represses IME4, ostensibly through recruiting factors
which block IME4 elongation (Gelfand et al., 2011; Hongay et al., 2006). The transcription of
this ncRNA regulates if the cell commits to meiosis. A similar mechanism occurs at FLO! ]
where an upstream ncRNA /RC1 resets FLOI1 to a basal state by blocking the binding of
transcription factor Flo8 (Bumgarner et al., 2009, 2012).

Another common mechanism is through alteration of the local chromatin structure by the
ncRNA. These non-coding transcripts can occur upstream of the gene, which is the case at the
SER3 locus. The serine metabolic gene is repressed by an upstream non-coding transcript called

SRG1. Transcription of SRG/ alters nucleosome positioning which prevents transcription factor
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binding at the SER3 locus (Hainer et al., 2011). At the GAL locus, transcription of GAL10-
ncRNA results in increased H3K36 trimethylation and decreased acetylation (Houseley et al.,
2008). This ncRNA functions to repress galactose metabolic genes when more preferred carbon
sources such as glucose are available. Antisense transcripts can also be activating, as is the case
with the antisense transcript at CDC28. In this case, antisense transcription promotes gene

looping and activates mRNA expression (Nadal-Ribelles et al., 2014).

Finally, several potentially trans-activating non-coding RNAs have been identified in
yeast. Deletion of SUT457, an intergenic transcript, results in the altered expression of 12 genes
involved in telomere control by an unknown, but likely trans-acting mechanism (Kyriakou et al.,
2016). In aged cells, the PHOS84 antisense transcript was originally proposed to repress mRNA
transcription in cis via histone deacetylation (Camblong et al., 2007). An additional study by the
same authors demonstrated that expression of the PHOS84 antisense transcript from a plasmid
represses both copies of the mRNA transcript, suggesting an additional tans mechanism
(Camblong et al., 2009). However, this locus has recently become much more controversial.
These previous reports showed it functioned to repress its sense mRNA through recruiting
chromatin modifiers (Camblong et al., 2007, 2009), but a new study suggests an activating rather
than repressive function (Hegazy et al., 2023). Three distinct mechanisms have been proposed

for how PHOGS84 antisense transcription regulates PHO84 mRNA and phosphate metabolism.

Current studies of non-coding transcription in yeast have demonstrated that it is highly
context specific. The multiple mechanisms proposed for the PHOS84 locus could all be true in
different contexts. At the GALI0 locus, antisense transcription was shown to be functionally
repressive only when yeast were grown in glucose or raffinose, whereas it did not affect sense

transcription in the presence of galactose (Lenstra et al., 2015). What conditions a IncRNA is
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studied in determines what functions may be discovered. Even some of the more well-defined
non-coding loci in yeast would benefit from additional study to understand the required

conditions and exact mechanisms for their function.

1.4  DISSERTATION OVERVIEW

A major goal of my thesis work was to investigate the quiescent nascent transcriptome at
high resolution and sensitivity. I sought to further probe what transcription persists during
quiescence, when the chromatin environment is highly repressive. These revealed over 1000
non-coding RNAs expressed in quiescence, over 200 of which had no overlap to previous non-
coding annotations. Sequencing of both nascent and steady state RNA additionally allowed me to
investigate post-transcriptional regulation in quiescence. This revealed that many mRNAs and
non-coding RNAs have a larger difference between steady-state and nascent transcriptomes in
quiescence than in Gi, demonstrating the extent of post-transcriptional regulation in quiescence.
In the search for pathways that regulate this process, I identified the NNS-nuclear exosome as a
key regulator of both non-coding and coding transcripts in quiescence and quiescence entry. This
work expands our understanding of gene regulation in quiescence and opens the door for

identifying additional mechanisms of regulation in the future.
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Chapter 2. POST-TRANSCRIPTIONAL REGULATION SHAPES THE
TRANSCRIPTOME OF QUIESCENT BUDDING
YEAST

This chapter is adapted from “Post-transcriptional regulation shapes the transcriptome of

quiescent budding yeast” which has been accepted for publication at Nucleic Acids Research.
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2.1 ABSTRACT

To facilitate long-term survival, cells must exit the cell cycle and enter quiescence, a
reversible non-replicative state. Budding yeast cells reprogram their gene expression during
quiescence entry to silence transcription, but how the nascent transcriptome changes in
quiescence is unknown. By investigating the nascent transcriptome, we identified over a
thousand non-coding RNAs in quiescent and G yeast cells, and found non-coding transcription
represented a larger portion of the quiescent transcriptome than in G;. Additionally, both mRNA
and ncRNA are subject to increased post-transcriptional regulation in quiescence compared to
G1. We found that, in quiescence, the nuclear exosome-NNS pathway suppresses over one

thousand mRNAs, in addition to canonical non-coding RNAs. RNA sequencing through
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quiescent entry revealed two distinct time points at which the nuclear exosome controls the
abundance of mRNAs involved in protein production, cellular organization, and metabolism,
thereby facilitating efficient quiescence entry. Our work identified a previously unknown key
biological role for the nuclear exosome-NNS pathway in mRNA regulation and uncovered a

novel layer of gene-expression control in quiescence.
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Figure 2.1 Graphical abstract for Post-transcriptional regulation shapes the transcriptome of

quiescent budding yeast
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2.2 INTRODUCTION

Cells in all kingdoms of life must be able to cease proliferation and enter a non-replicative
Go state to allow for long-term survival. Quiescence is distinct from other Go states such as
terminal differentiation and senescence because it is reversible, allowing cells to divide again
when conditions are favorable (Breeden & Tsukiyama, 2022). Proper regulation of quiescence is
crucial for single-cell organisms to survive harsh conditions (De Virgilio, 2012; Rittershaus et
al., 2013) and multicellular organisms to maintain their stem cell niche (Cheung & Rando, 2013;
de Morree & Rando, 2023). Saccharomyces cerevisiae is an ideal model organism to study
quiescence because they readily exit the cell cycle when nutrients are exhausted. A long-lived
quiescent population is present in heterogeneous stationary phase culture and can be separated

from the non-quiescent population via density gradient centrifugation (Allen et al., 2006).

This purification method has been instrumental in expanding our understanding of the
molecular mechanisms underlying quiescence. Gene expression is globally remodeled from an
active to a silenced state during quiescence entry (McKnight et al., 2015; Swygert et al., 2019,
2021; Young et al., 2017). Histones are globally de-acetylated by lysine deacetylase Rpd3
(McKnight et al., 2015), which promotes quiescence-specific chromatin folding as well as
transcriptional shut-off (Swygert et al., 2021). In concert with these changes, condensin-
mediated chromatin loops (Swygert et al., 2019) and narrowed nucleosome depleted regions
contribute to the repressed chromatin environment (McKnight et al., 2015). Additionally, a host
of transcription factors collaborate to repress growth genes and activate stress-response genes
during quiescence entry (T. B. Bailey et al., 2022; P. Lee et al., 2013; Miles et al., 2013). While
prior studies have explored the alternative regulation of transcription and genome organization in

quiescence, there has not been a detailed investigation into the changes in the nascent
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transcriptome that occur in quiescence. Previous studies have largely relied on measurements of
steady-state RNA and/or Pol II chromatin immunoprecipitation (ChIP) (Klosinska et al., 2011;
McKnight et al., 2015; Nevers et al., 2018; Swygert et al., 2019; Young et al., 2017), neither of
which capture the nascent transcriptome at high resolution or high sensitivity, nor do these

assays provide information about post-transcriptional regulation.

The S. cerevisiae nuclear exosome is a conserved post-transcriptional regulator comprised
of the 10 subunits shared by the cytoplasmic and the nuclear exosomes, as well as Rrp6, the
nuclear-specific 3'- to 5'-exonuclease (Januszyk & Lima, 2014; Kilchert et al., 2016). Rrp6
regulates diverse RNA species and is responsible for 3"-end processing of structured non-coding
RNAs (ncRNAs) such as snoRNAs and snRNAs, and the degradation of antisense and aberrant
transcripts (Kilchert et al., 2016). Transcripts are targeted to the nuclear exosome by the
transcription termination complex Nrd1-Nab3-Senl (NNS). The NNS complex is composed of
three proteins essential for viability: the two RNA-binding proteins Nrd1 and Nab3, and the
helicase Senl (Arndt & Reines, 2015; Villa & Porrua, 2022). This transcription termination
complex is known to largely target ncRNAs such as snoRNAs, tRNAs, and antisense transcripts,
which are enriched for short sequence binding motifs (Carroll et al., 2004; Schulz et al., 2013;
Steinmetz et al., 2001). However, Nab3- and Nrd1-binding motifs alone are not sufficient to
explain NNS activity, as the same motifs can also be targeted by the cleavage and poly-
adenylation pathway (Porrua et al., 2012). Nrd1 preferentially interacts with the RNA
polymerase II C-terminal domain (CTD) when phosphorylated at Ser5 (Kubicek et al., 2012;
Vasiljeva, Kim, Mutschler, et al., 2008), which peaks early in transcription, and directs

transcripts to early termination and decay.
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Despite nearly all mRNAs containing Nrd1 or Nab3 RNA-binding motifs (Webb et al.,
2014), only a small number of mRNAs are regulated by NNS in logarithmic growth via the
premature termination mechanism (Arigo, Carroll, et al., 2006; Kuehner & Brow, 2008; Merran
& Corden, 2017). Consistent with the role of Rrp6 and NNS in degrading incorrectly processed
RNAs (Allmang et al., 2000; Kadaba et al., 2004; Wlotzka et al., 2011), improperly spliced
mRNAs are also regulated by the pathway (P. Singh et al., 2021; Steinmetz & Brow, 1998).
Additionally, when mRNA biogenesis is disrupted, aberrant mRNAs accumulate in the absence
of Rrp6 or NNS in logarithmic growth (Honorine et al., 2011; P. Singh et al., 2021). Most
relevant to the study of quiescence, NNS has been shown to degrade mRNAs when glucose is
rapidly removed from the media (Bresson et al., 2017; van Nues et al., 2017) and to regulate
genes involved in nitrogen metabolism (Merran & Corden, 2017). Despite accumulating reports
of NNS and Rrp6 regulating mRNA, they are mainly described as regulators of non-coding

transcripts (Villa & Porrua, 2022).

In this work, we investigated the nascent transcriptome in quiescent yeast, assembling and
annotating transcripts in quiescent and G cells. We identified many ncRNA transcripts and
demonstrated that ncRNA profiles distinguish quiescent and G states. We further showed that
post-transcriptional regulation plays larger roles in quiescence compared to Gi. Finally, we
discovered that the NNS-nuclear exosome pathway reduces the abundance of a large number of
mRNAs, in addition to ncRNAs, during quiescence entry and plays key roles in proper

transcriptome regulation in quiescent cells.
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2.3  RESULTS

2.3.1 Characterizing the quiescent transcriptome

To study transcription in quiescence, we measured newly transcribed (i.e., “nascent”)
transcripts in quiescent and Gi-arrested cells. We used Gi as a control because it represents an
arrested state that has not silenced its genome or metabolically adapted to the absence of glucose.
Furthermore, both G and quiescent cells have 1¢ DNA content. Nascent RNA production was
measured using 4tU-seq, an assay in which the uracil analog 4-thiouracil (4tU) is incorporated
into newly transcribed RNAs, metabolically labeling nascent transcripts within a short label time

(see Chapter 3: Materials and Methods) (Barrass et al., 2015).

We estimated steady-state mRNA abundance to be approximately 14-fold lower in
quiescent versus Gi cells (Figure 2.2). To perform this calculation, we normalized to spike-in
alignments and adjusted for the varied cell amounts used in library preparation (see Chapter 3:
Materials and Methods). However, we chose not to estimate nascent RNA levels due to the
complexities associated with 4tU incorporation. 4tU needs to be transported into the cell and
converted to UTP before becoming part of nascent transcripts (Duffy et al., 2019). This process
is complicated by the thick cell walls of quiescent cells (L. Li et al., 2013; Shimoi et al., 1998)
and their altered metabolic activity (Klosinska et al., 2011; Lillie & Pringle, 1980; Shi et al.,
2010), factors that likely lead to different 4tU incorporation rates compared to G1 cells. While
these variations prevent the comparison of absolute transcription levels between the two cell
states, 4tU-seq provides the advantage of high sensitivity to low abundance and rapidly degraded
transcripts (Barrass et al., 2015). To avoid potential misinterpretation, we opted to focus on the
enrichment of transcripts, examining them as proportions of nascent and steady-state RNA,

rather than report on absolute RNA levels. Thus, we analyzed the proportions of processed
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Figure 2.2 Estimating the absolute difference in RNA level between G and quiescence.

(A) Scatter plot of mean log2-transformed counts for K. lactis spike in without adjustment (left)
and with regression adjustment (right).

(B) Scatter plot of mean log2-transformed counts for S. cerevisiae spike in with regression
adjustment (left) and scaled for concentration (right).

(C) Violin plot of mean log2-transformed TPM values in quiescence and G1, reflecting ~14-fold
change between cell states.
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paired-end 4tU-seq reads (hereafter “reads;” see Chapter 3: Materials and Methods) that align to
the Saccharomyces cerevisiae Ensembl R64-1-1 genome (henceforth “R64”), a high-quality
annotated genome assembly (Saccharomyces Cerevisiae S288C Genome Assembly R64,n.d.).
Based on where and what feature they align to, we assigned reads to the feature categories
“gene,” “snoRNA,” “pseudogene,” “snRNA,” and “TE” (transposable element; Figure 2.3A; see
Chapter 3: Materials and Methods). If reads aligned to a region with no annotation, then they
were assigned the category “no feature,” and if they aligned to multiple features, they were

designated “ambiguous”.

The annotated features that comprise R64 do not include the many ncRNAs that have
been assembled and annotated by different groups using a variety of methods (Schulz et al.,
2013; van Dijk et al., 2011; Venkatesh et al., 2016; Vera & Dowell, 2016; Xu et al., 2009). In
some cases, these non-R64 ncRNAs were assembled and annotated without reference to one
another. As a result, thousands of non-R64 non-coding transcripts partially or completely overlap
one another, including cryptic unstable transcripts (CUTs) (Vera & Dowell, 2016; Xu et al.,
2009), Nrd1-unterminated transcripts (NUTs) (Schulz et al., 2013), Xrnl-sensitive unstable
transcripts (XUTs) (van Dijk et al., 2011), stable unannotated transcripts (SUTs) (Xu et al.,
2009), and Set2-repressed antisense transcripts (SRATs) (Venkatesh et al., 2016). Reads that
aligned to overlapping regions or span the boundaries of contiguous features are categorized as
“ambiguous”, thus obfuscating the characterization of the transcriptome. To circumvent this
issue, we collapsed the non-coding transcripts into a single annotated transcriptome assembly
that we refer to as “previously annotated non-coding RNA” (pa-ncRNA; Figure 2.4 and 2.5; see

Chapter 3: Materials and Methods). We refrained from combining pa-ncRNA with the R64 S.

28



A R64 Annotations fraction pa-ncRNA B de novo assembly

categor I categor
1.00 no fe.gaturey 1.00 amblggum},s
ambiguous !not pa-ncRNA  goop
gene pa-ncRNA
pselFlglo ene c
Sos ShRNA. G 075 )
£ TE S =
o o E]
e 2 < 4000
O0.50 = 050 )
S Q 5
- 5
o L1} 8
£0.25 £ 025 C 2000
©
s
o
0.00 000 c
& S &8 & S & 0
& Peo & Lo 15 Lo & Lo
‘\oe %& & g‘%@\ \@e e‘-‘e@ & e“e@ Gi Q
Gi Q G1 Q cat%gory
ambiguous
C 0.5 kb Chr XIV Strand coding i
coding: multiple i
0-10 BPM + coding: multiple, partial
- |G — o - - coding: partial
= 0-10 BPM - noncoding: not R64
3 noncoding: R64
@ \ TE
K 0-10 BPM 2 P St +
0-10 BPM - Identified ncRNA
ORF e
Q ncRNAs  ms ¢
assembled
o« 900
pa-ncRNA s ‘é‘
=
0.5 kb Chr X1l Strand c
- O 600
0-10 BPM + =
Py =
- Gt  oaem - 5
S W & 300
< 0-10 BPM =
-4 A_A—‘_“*-_h._éé-*
° ol _
0-10 BPM -
0
ORF o——
SHH3 Gi1 Q
Q ncRNAs
assembled category
pa-ncRNA an'{isense .
- antisense, unique
XUT-13F-218 intergenic
intergenic, unique
D Q features
1.00 0.20]
' category
no featuré
0.75 0.15 ambiguous
coding

coding: misc.
noncoding: novel
_rllgncoding: R64

mean proportion
o
@
o

°

N

o

mean proportion .
o RN
s

=4
°
a

0.00-

29



Figure 2.3 The nascent transcriptome is enriched for non-coding features in quiescence.

(A) Mean proportions of read alignment from nascent and steady-state RNA-seq from G; and
quiescence (Q) aligned to R64 categories (left) and pa-ncRNA (right). Error bars are SEM for n
= 2 biological replicates.

(B) (top) The numbers of transcripts identified de novo with Trinity (Grabherr et al., 2011) from
nascent 4tU-seq of G and quiescent cells. Transcripts were defined by what feature(s) in the
R64-1-1 assembly (R64) they overlapped. (bottom) Categorization of assembled non-R64
ncRNAs. Non-R64 ncRNAs were defined to be either antisense or intergenic. Antisense
transcripts were defined as having 1 base pair or more antisense overlap to a known feature. All
other transcripts were defined as intergenic. These ncRNAs were subsequently compared to pa-
ncRNA; those having no same-strand overlap were designated as unique.

(C) Examples of novel non-coding transcripts at WSC2 (top) and SHH3 (bottom). Coverage was
normalized using the deepTools (Ramirez et al., 2014) bins per million (BPM) calculation, where
the bin size was set to 1 base pair. Regions blacklisted in normalization are detailed in Materials
and Methods.

(D) Mean proportions of read alignment from nascent and steady-state RNA-seq from G; and
quiescence aligned to the Trinity-assembled quiescent features.
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Figure 2.4 Schematic diagram of non-coding annotations overlapping 3 ORFS.
Uncollapsed non-coding annotations (middle) and collapsed pa-ncRNA (bottom) are both
shown. Positive strand features in green, negative strand features in blue.
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Figure 2.5 Mean proportion of aligned reads to uncollapsed ncRNA broken down by annotation.

cerevisiae features since frequent feature overlaps further ballooned the number of reads

designated as ambiguous. This enabled us to separately analyze coding and non-coding features.

Compared to Gi, the nascent quiescent transcriptome has a higher fraction of reads that
cannot be assigned to an R64 feature, with ~10% of reads aligned to no known features (Figure
2.3A, left: “no feature”). Sequencing of both nascent and steady-state RNA revealed that a much

larger fraction of reads aligned to pa-ncRNA in quiescence than in G (Figure 2.3A, right).

Due to the increase in non-coding transcription and the number of reads not assigned to a
known feature—whether in R64 or pa-ncRNA—we determined that further study of
transcription in quiescence required custom quiescent and G transcriptome assemblies. To

achieve this task, we used Trinity, a well-established and regularly updated program for de novo
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transcriptome assembly (Grabherr et al., 2011). Using the same conservative parameters and
cutoffs for both cell states, we assembled 5,228 transcripts in G1 and 6,471 in quiescence (Figure
2.3B, top). The increased number of assembled transcripts demonstrates the complexity of the
nascent quiescent transcriptome. This means that the low level of global transcription in
quiescence (McKnight et al., 2015; Mews et al., 2014; Young et al., 2017) is spread across a

larger number and increased variety of features.

We assigned the Trinity-assembled transcripts to feature categories based on their overlap
with known features in R64 (see Chapter 3: Materials and Methods). These categories include

2 ¢

“ambiguous,” “coding,” “non-coding,” and “TE”; the sub-category “non-coding: R64” refers to
transcripts that overlap non-coding features in R64, including snRNAs, snoRNAs, and 14
additional RNAs such as the RNA subunit of the Signal Recognition Particle. Transcripts with
no same-strand overlaps against R64 features were assigned to the sub-category “non-coding: not
R64.” The difference in the total number of transcripts between G and quiescence is driven by
the number of “non-coding: not R64” transcripts in each cell state: 212 Gy transcripts and 1,104
quiescence transcripts belong to this feature category (Figure 2.3B, bottom). The majority of
annotated ncRNAs were at least partially antisense to known R64 ORFs, with quiescent cells

particularly enriched for this sub-category. Additional analyses of assembled transcription-unit

length and expression-level distributions are shown in Figures 2.6 and 2.7.

Of these ncRNAs, we identified subsets that had no overlap with pa-ncRNA, referring to
them as “unique.” In both G and quiescence, ~20% of ncRNAs are unique (42 in G; and 241 in
quiescence). The number of completely unique transcripts in G1 was more than expected given
several previous reports in which ncRNAs were identified in cycling cells (Schulz et al., 2013;

van Dijk et al., 2011; Venkatesh et al., 2016; Vera & Dowell, 2016; Xu et al., 2009).
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Figure 2.6 Length of Trinity de novo assembled transcripts.

(A) Violin/box and whisker plots of length for all assembled trinity transcripts for quiescence
(left) and G1 (right).

(B) Violin/box and whisker plots of length for all unique assembled trinity transcripts for
quiescence (left) and G1 (right) divided into intergenic (blue) and antisense (green).
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Figure 2.7 Expression level of Trinity de novo assembled transcripts.

(A) Violin/box and whisker plots of expression level for all assembled trinity transcripts for
quiescence (left) and G (right) for both nascent (N) and steady state (SS) expression.

(B) Violin/box and whisker plots of expression level for all unique assembled trinity transcripts
for quiescence (left) and Gi (right) for both nascent (N) and steady state (SS) expression.

In Figure 2.3C (top), we provide an example of a unique antisense transcript at the WSC2
locus, a gene that encodes a cell wall protein, and a downstream intergenic transcript that
overlaps a pa-ncRNA annotation (pink arrow). In Figure 2.3C (bottom), we show an example of
a unique intergenic transcript upstream of SHH3, which codes for a putative mitochondrial inner
membrane protein. In this same intergenic region, there is also an ncRNA annotation on the

positive stand that overlaps an annotated XUT (a kind of pa-ncRNA) (van Dijk et al., 2011).

To evaluate the differences between G and quiescence captured by our assembled
transcripts, we aligned reads from each cell state to our assembly of the nascent quiescent
transcriptome. This revealed that ~5% of nascent 4tU-seq reads align to ncRNAs in quiescence, a
much larger fraction than in G (Figure 2.3D). Taken together, these results reveal that, despite
limited nutrient availability and globally repressed transcription (McKnight et al., 2015; Mews et
al., 2014; Young et al., 2017), a larger fraction of transcription is devoted to non-coding

transcription in quiescence than in Gi-arrested cells.

2.3.2 A note on our transcriptome annotation

In the subsequent sections, we do not rely on the transcriptome assemblies we generated
in the above section. This is for two major reasons. The first was based on timing. Most of the
analysis in the later parts of the paper were completed in part or full before the annotations were

finalized. The second reason is that the analysis we attempted with these transcripts did not
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reveal interesting biology. The main trend when we analyzed quiescent unique noncoding RNAs

was that they were not expressed in Gi.

233 Post-transcriptional regulation of quiescence transcriptome

During transcriptome analyses, we observed that steady-state and nascent transcriptomes
were distinct from each other in quiescence, with major differences in total composition between
the two (Figure 2.3A, 2.3D). To investigate the differences between nascent and steady-state
transcripts, we performed principal component analysis (PCA) of mRNAs and pa-ncRNAs. To
compare between sequencing types across cell state, raw counts were normalized using the
transcript per million reads (TPM) calculation and then logy-regularized prior to running PCA.
When mRNAs were used in this analysis, nascent and steady-state transcriptomes cluster further
apart from each other in quiescence than in G (Figure 2.8A), a finding consistent with our
observations in the previous section. When pa-ncRNAs were analyzed, principal component
(PC) 1 separates the nascent transcriptome in quiescent cells from all other samples, and PC2
separates the steady-state transcriptome in quiescence from all other samples. These two
components account for 87% of total variation in pa-ncRNA. The larger difference between
steady-state and nascent transcriptomes suggests post-transcriptional regulation plays a larger

role in quiescence than in G across transcript types, especially for ncRNAs.

PCA of mRNA also allowed us to compare steady-state and nascent transcriptomes in G and
quiescence without performing differential expression analysis, a method that can be
inappropriate when absolute amounts of RNA are radically different between samples (Evans et

al., 2018), as is the case with quiescent and G cells. Leveraging PCA in this way enabled the
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Figure 2.8 Post-transcriptional regulation is more prevalent in quiescence than Gi.
(A) PCA of TPM-normalized, log>-regularized mRNA features (left) and pa-ncRNA features

(right).

(B) Bar charts depicting adjusted p values (q) for the top 5 Gene Ontology (GO) biological
process terms enriched for the top 750 mRNAs associated with PC1 axes (negative, light green;
positive, teal) and PC2 axes (negative, pink; positive, purple). GO terms and q values are from
hypergeometric tests with Benjamini-Hochberg corrections from YeastMine (Balakrishnan et al.,
2012).

(C) Scatter plots of logs TPM + 1 values for every mRNA (left) and every pa-ncRNA (right) in
G (top) and quiescence (middle) for nascent (N, y-axis) and steady-state (SS, x-axis)
transcription. Mann-Whitney U tests shows TPM distributions are different between steady-state
and nascent in all cases (**** = p < 0.0001). (bottom) Comparisons of linear regressions from
quiescence and G mRNA (left) and pa-ncRNA (right) with p values from Mann—Whitney U
tests (**** = p < 0.0001).

(D) Examples of rapidly degraded transcripts at PS7/ and PRM? (left), and stabilized transcripts
at FMP16 and snR189 (right). Coverage was normalized using the deepTools (72) bins per
million (BPM) calculation, where the bin size was set to 1 base pair. Regions blacklisted in
normalization are detailed in Materials and Methods.

identification of transcripts associated with certain conditions and not others. With that in mind,
we performed Gene Ontology (GO) analysis using YeastMine (Balakrishnan et al., 2012) for the
750 mRNAs most strongly associated with the PC1 and PC2 axes. PC1 separated transcriptomes
by cell state and accounted for 68.07% of variation in the data. Both nascent and steady-state
transcripts from quiescent cells were associated with the PC1 positive axis, and the top 750 genes
most strongly associated with the PC1 positive axis were enriched for GO terms related to
carbohydrate metabolism, oxidative metabolism, and responses to stimuli (Figure 2.8B)—
processes necessary to maintain cellular quiescence (De Virgilio, 2012). Both nascent and
steady-state transcripts from G were associated with the PC1 negative axis, and the top 750
genes most strongly associated with this axis were enriched for GO terms related to translation

and multiple metabolic processes necessary to promote growth in cycling cells.
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PC2 separated nascent from steady-state transcriptomes and accounted for 23% of
variation. Steady-state transcripts associated with the PC2 positive axis were enriched for GO
terms related to translation, proton transport, protein complex assembly and energy metabolism.
Conversely, transcripts associated with the PC2 negative axis were enriched for rRNA
maturation, ncRNA metabolism, and tRNA methylation—processes that are enriched in the
nascent transcriptome fraction. Since ncRNAs are post-transcriptionally modified (e.g., tRNA

methylation), it is logical that they are more likely to be enriched in the nascent fraction.

To further examine cell-state differences in post-transcriptional regulation, we compared
the relative abundance of steady-state and nascent transcripts for each transcript across cell
states. Using logz-regularized TPM-normalized counts, we compared G steady-state and G
nascent transcriptomes, revealing strong correlations across transcript types (mRNA: Pearson r =
0.96; pa-ncRNA: Pearson r = 0.95) (Figure 2.8C, top). The correlations in quiescence were less
than in G for both transcript types (mRNA: Pearson r = 0.90; pa-ncRNA: Pearson r = 0.88)
(Figure 2.8C, middle). Additionally, for both mRNA and pa-ncRNA, linear regressions and
statistical analyses demonstrated these distributions were significantly different between cell
states (Figure 2.8C, bottom). Examples of actively degraded (i.e., high in nascent but low in
steady-state; left) and stabilized (i.e., low in nascent but high in steady-state; right) transcripts are

shown in Figure 2.8D (pink arrows).

Taken together, these results indicate that post-transcriptional regulation plays a large
role in the transcriptome of quiescent cells for both and coding and non-coding transcripts. Since
post-transcriptional regulation has not been well characterized in quiescence, we next sought to

test this possibility and to elucidate its underlying mechanisms.
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234 The nuclear exosome regulates mRNA abundance in quiescence

We hypothesized the nuclear exosome is a key post-transcriptional regulator of non-
coding transcripts in quiescence due to its well-established role in ncRNA decay (Kilchert et al.,
2016; Vera & Dowell, 2016; Xu et al., 2009) and the number of CUTs expressed in quiescence
(Figure 2.5). To test this possibility, we knocked out the nuclear exosome-specific exonuclease

gene RRP6 and performed RNA-seq in Gi-arrested and quiescent yeast cells.

In analyses of steady-state RNA in r7p64 G arrested cells, we observed 1,206
upregulated pa-ncRNAs (log2FC > 0.58, adjusted p value (q) < 0.05), while only 191 mRNAs
were upregulated (Figure 2.10A). This result is consistent with reports that, during logarithmic
growth, the nuclear exosome plays only a minor role in mRNA regulation (Tudek et al., 2021;
Wyers et al., 2005). However, in comparison to parental wild-type control cells, quiescent r7p64
cells demonstrated broadly increased levels of steady-state RNA: 928 pa-ncRNAs and 1,304
mRNAs. These results show that mRNA regulation is a major role of the nuclear exosome in
quiescence (Figure 2.9A). Examples of such regulation at ECM22 and NCW?2 genes are shown in

Figure 2.9B (pink arrows).

Analysis of RRP6-dependent changes in RNA abundance revealed that, despite
dramatically different transcriptomes, there was a strong correlation between log> fold changes in
pa-ncRNA abundance in G; and quiescence cells (Pearson r = 0.53) (Figure 2.9C, top). This
result suggests that similar sets of non-coding transcripts are regulated by RRP6 in G; and

quiescence. In contrast, comparing RRP6-dependent changes in mRNA abundance between G
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Figure 2.9 RRP6 post-transcriptionally regulates mRNA abundance in quiescence.

(A) Volcano plots showing RRP6-dependent changes in steady-state transcript levels (r7p6A
/WT). Analyses were performed using DESeq2 (Love et al., 2014), and panels show the
magnitudes of r7p6A/WT log, fold change (x-axis) versus significance (—logio q value) for
differentially expressed pa-ncRNA and mRNA (y-axis) in G and quiescence. Significant
differences were defined as q < 0.05 and absolute log2 fold change > 0.58. q values were
obtained from Wald tests with Benjamini-Hochberg corrections. Spike-in K. lactis reads were
used for normalization with K. lactis genes set as control genes in DESeq?2.
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(B) Examples of RRP6-regulated mRNAs in quiescence. Signal is coverage scaled using K.

lactis size factors generated via DESeq2.

(C) Correlations between RRP6-dependent changes (r#p6A/WT) in transcript abundance between
G1 (y-axis) and quiescence (x-axis) for pa-ncRNA (top) and mRNA (bottom). The red line
denotes the line of best fit from linear regression analysis.

(D) Volcano plot of RRP6-dependent changes in nascent mRNA transcript levels (rrp6A/WT).
Differential expression analysis was performed as in 3a.

(E) Scatter plot of RRP6-dependent changes (log> fold) in nascent (x-axis) and steady-state (y-
axis) mRNA transcripts in quiescence.
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Figure 2.10 Volcano plots of RRP6-dependent changes in nascent transcript levels (r7p6A /WT).

Analysis was performed using DESeq2 (51) and panels show magnitude of log> fold change of
rrp6A /WT (x-axis) versus significance (—logio q value) for differentially expressed pa-ncRNA
(y-axis) in quiescence. Significant difference was defined as q < 0.05 and absolute log2 fold
change > 0.58 q obtained from Wald test with Benjamini-Hochberg correction. Spike-in K. lactis
is used for normalization with K. /actis genes set as control genes in DeSeq?2.
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Figure 2.11 Scatter plot of RRP6-dependent changes (log> fold) in nascent (x-axis) and steady
state (y-axis) pa-ncRNA transcripts in quiescence.

and quiescence revealed a poor correlation (Pearson r = 0.13), confirming RRP6 deletion causes

considerably different effects on mRNAs between G; and quiescence (Figure 2.9C, bottom).

Previous reports suggested that transcription termination is impaired at some loci in
rrp6A mutants (Fox et al., 2015; Villa et al., 2020). To test whether RRP6 regulates mRNA
abundance in quiescence at a post-transcriptional level, we performed 4tU-seq in wild-type and
rrp6A quiescent cells. Differential expression analysis revealed only 4 mRNAs were upregulated
in rrp6A4 cells (logoFC > 0.58, q < 0.05), showing the effect of RRP6 deletion in quiescence on
mRNAs is largely post-transcriptional (Figure 2.9D). This same pattern persisted for pa-ncRNA,
with only a small number pa-ncRNAs demonstrating upregulated transcription (Figure 2.10).
Examples of modest differences between nascent RNA signals in r7p6A4 compared to wild-type
controls can be seen in the top panels of Figure 2.9B (blue box). Additionally, changes in steady-

state and nascent mRNA levels are correlated (Pearson r = 0.43; Figure 2.9E; Figure 2.11),
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arguing against a dramatic decrease in transcription rate in 77p6A4 cells (transcriptional buffering)
that was previously reported (Sun et al., 2013). Taken together, our results show the nuclear

exosome post-transcriptionally represses an abundance of mRNAs (~1,300) in quiescence.

2.3.5  Altered transcription termination in quiescence

Next, we sought to obtain mechanistic insights into how the nuclear exosome affects
mRNA abundance in quiescence. Because the Nrd1-Nab3-Senl (NNS) complex functions
upstream of RRP6 (Arigo, Eyler, et al., 2006; Tudek et al., 2014; Villa et al., 2020) and was
reported to target mRNAs upon rapid carbon source downshift (Bresson et al., 2017; van Nues et
al., 2017), we hypothesized that NNS terminates mRNA transcription in quiescence. To test this
possibility, the RNA-binding protein Nab3 was depleted in quiescence using an auxin inducible
degron system (Nishimura & Kanemaki, 2014) (Figure 2.12). To assess changes in transcription,
4tU-seq was performed in the presence of auxin in Nab3 degron-tagged strains and, as controls,

untagged parental strains.

Anti-HSV
(Millipore,
mouse)

Anti-H2B
(Active Motif,
Rabbit) ’ — —— -

Figure 2.12 Auxin efficiently depletes Nab3-AID in quiescent yeast
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Western blot of Nab3-HSV-AID to demonstrate depletion. H2B was used as a loading control.

Differential expression analyses of these strains revealed the increased transcription of
both pa-ncRNA and mRNA in quiescence compared to parents, with 2,539 pa-ncRNAs and
1,417 mRNAs demonstrating increased transcription (log2FC > 0.58, q < 0.05) (Figure 2.13A).
Additionally, upon Nab3 depletion, 1,555 pa-ncRNAs and 3,255 mRNAs showed increased
steady-state RNA levels. We compared logz fold changes in steady-state and nascent transcripts
upon Nab3 depletion, revealing high correlations for mRNAs (Pearson r = 0.77) and pa-ncRNAs
(Pearson r = 0.84). This suggests that NNS-independent post-transcriptional regulation plays a

minor role for these transcripts (Figure 2.14).

To determine if NAB3 and RRP6 regulate overlapping sets of mRNAs in quiescence, we
compared log> fold changes for 77p64 steady-state mRNAs to logz fold changes in wild-type
Nab3-depletion nascent transcripts. RRP6- and NAB3-dependent changes were correlated
(Pearson r = 0.39), implying that many of the mRNAs that are regulated by RRP6 are also
regulated by NAB3 (Figure 2.13B; Figure 2.15). This result supports our conclusions above that
the NNS-RRP6 pathway regulates mRNA abundance in quiescence. Logz fold changes tended to
be higher upon Nab3 depletion versus RRP6 deletion. The larger logz fold changes in mRNA
abundance upon Nab3 depletion was the result of increased transcription, with 770 mRNA
transcripts evidencing a 2-fold-or-greater increase. In contrast, in 77p6A4 cells, the increase in
abundance of a given transcript was limited by the level of transcription since this effect was
almost entirely post-transcriptional, with only 175 mRNA transcripts exhibiting more than a 2-

fold increase.

44



A Steady State rP64/wT
G1 pa-ncRNA G1mRNA Q pa-ncRNA
N B so ¥
150 150 E i
s . o
100 100 S v
o o =] o
) k=) 1) R
o o o vl
1 [ 1 1 o
s B 0 = B
Posy R e
ofeneneniei . ohonenn et RESESERD”
=5 o 5 0 -5 0 5 0 -5 o' 5
log2(FC) log2(FC) log2(FC)
B _1kb Chr XII Strand 0.25 kb Chr XII Strand
= |wr 0250 + = 0-2000 +
8 0-250 - ] 0-2000 -
S | rrp6A 020 + & | rrp64 2000 +
Q = 0-250 b asada _ Q = 0-2000 s den ) -
0-50 + 0-150 +
To[WT o5 - To(WT o0 -
g5 83 0-150
= | rrp6a 050 o + S| rrp6A % +
@ 0-50 1 - @ P 0-150 abnnd W -
adbas A e T
0-50 . + 0-1000 +
Zo|WT o5 ) - To 0-1000 -
Gi|Ss Gil| $E
& | rrp6A 50 + & | rrp6A 01000 +
OO tmsaidbdiadh, | - 0100 g diiilialdh -
A
ECM22 NCw2
D Nascent rp6A/wTt E Q mRNA
Q mRNA
Pearson r = 0.43
60! y,=1.16 + 0.64x + e i
r2=0.182 i
24 -
] X s
k7] i
10 ) ;
s 3 F
‘o_ ";" O /‘ ".: o
o s o
L £ -
20- g |-
k=R
D,- ___________________________________ | |
-4 4
-5 0 5 10
log2(FC) log2(FC) nascent

Figure 2.13 Nab3 regulates mRNA transcription in quiescence.
(A) Volcano plots showing NAB3-dependent changes in transcript levels (NAB3-AID/parent).
Analyses were performed using DESeq?2 (Love et al., 2014) , and panels show the magnitudes of
NAB3-AID/parent log, fold change (x-axis) versus significance (—logio q value, y-axis) for
nascent (left) and steady-state (right) pa-ncRNA and mRNA in quiescence. Significant
differences were defined as q < 0.05 and absolute log2 fold change > 0.58. q values were
obtained from Wald tests with Benjamini-Hochberg corrections. Spike-in K. lactis reads were
used for normalization with K. lactis genes set as control genes in DESeq?2.
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(B) Correlation between RRP6-dependent changes (r7p6A/WT, y-axis) in steady-state transcript
abundance and N4B3-dependent changes in nascent transcript abundance (NAB3-AID/parent, x-
axis) in quiescence.

(C) Correlation between NAB3-dependent changes in abundance of antisense ncRNA (x-axis)
and that of overlapping mRNA (y-axis).

(D) Loss of gene boundaries in transcription upon NAB3 depletion. Average nascent
transcription signals at 1,416 Nab3 target genes aligned at translation start (top) and stop
(bottom) codons are shown. The shades around lines indicate standard error of the mean.

(E) Examples of Nab3-regulated mRNAs in quiescence. Signal is coverage scaled using K. lactis
size factors generated by DESeq2.
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Figure 2.14 Minimal post-transcriptional compensation occurs at mRNA and pa-ncRNA in Nab3
depleted yeast.

Scatter plot of Nab3-dependent changes (log> fold) in nascent (x-axis) and steady state (y-axis)
mRNA (left) and pa-ncRNA (right) transcripts in quiescence.
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Figure 2.15 Nab3 and Rrp6 regulate similar pa-ncRNAs.
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Correlation between RRP6-dependent changes (r7p6A /WT, y-axis) in steady-state transcript
abundance and NAB3-dependent changes in nascent transcript abundance (NAB3-AID /parent, X-
axis) for pa-ncRNA in quiescence.

Nascent Nab3-AID/parent
AS transcripts
100 Co

75

50

-log10(q)

25

Figure 2.16 Nab3 depletion increase antisense transcription genome-wide.

Volcano plots of NAB3-dependent changes in transcript level (NVAB3-AID /parent). Analysis was
performed using DESeq?2 (51) and panels show log> fold change of NAB3-AID /parent (x-axis)
versus significance (-logio q value, y-axis) for nascent antisense transcripts in quiescence.
Significant differences were defined as q < 0.05 and absolute log2 fold change > 0.58. q values
were obtained from Wald test with Benjamini-Hochberg correction. Spike-in K. /actis is used for
normalization with K. lactis genes set as control genes in DeSeq?2.

Nuclear depletion of Nrdl in late log phase was reported to cause increased antisense
transcription, which resulted in decreased transcription of overlapping mRNAs (Schulz et al.,
2013). Consistent with this, we found a dramatic increase in antisense transcription in quiescence
upon Nab3 depletion (Figure 2.16), with 4,011 antisense transcripts evidencing increased
expression by at least 1.5-fold (q < 0.05). Similar to trends reported in studies of dividing cells
(Nevers et al., 2018; Schulz et al., 2013), global changes in nascent antisense transcripts weakly
anti-correlated with changes in nascent sense transcripts in quiescent cells (Pearson = —0.22;
Figure 2.13C). However, in contrast to other studies (Gill et al., 2020; Huber et al., 2016; Schulz

et al., 2013), only 20 induced antisense transcripts were associated with a mRNA with
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significantly decreased expression upon Nab3 depletion. These select antisense transcripts may
control the abundance of their overlapping mRNA transcripts. Given the prevalence of non-
coding transcription in quiescence (Figure 2.3A and B), it was unexpected that so few showed

evidence of meaningfully repressive functions.

Metaplot analyses of Nab3-regulated mRNAs revealed poor maintenance of gene
boundaries upon Nab3 depletion: both upstream and downstream transcription was increased
(Figure 2.13D). The extent of upstream and downstream transcription is heterogenous, with
some genes showing only slight changes in transcription initiation and termination as highlighted
in Figure 2.13E at the MDG1 locus (left panel, red boxes). Other genes show a more egregious
loss of gene boundaries, such as at the JAC! locus, where transcription extended into
neighboring genes (Figure 2.13E, right panel, pink arrow). Consistent with Figure 2.13C,
increased antisense transcription at the CKB/ locus did not have an appreciable effect on mRNA
transcription, highlighting that most changes upon Nab3 depletion result in higher levels of
transcription. Our results collectively showed that Nab3 suppresses mRNA transcription in
quiescence, which can partially explain why the nuclear exosome suppresses mRNA abundance

in this cell state.

2.3.6  Features of Nab3-regulated mRNAs in quiescence

We wondered why some mRNAs are affected by NNS in quiescence but not others. To
address this question, we sought to identify specific features of the mRNAs repressed by Nab3 in
quiescence. NNS is known to target short genes in actively dividing cells through Ser5

phosphorylation on the RNA polymerase II C-terminal domain (Kubicek et al., 2012; Vasiljeva,
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Kim, Mutschler, et al., 2008), which peaks near the 5" end of genes (Komarnitsky et al., 2000).
In quiescence, gene length and Nab3-dependent changes in nascent transcription were weakly
anti-correlated (Pearson = —0.19) (Figure 2.17A). While short mRNAs were more likely to be
regulated by Nab3 than long ones, this is a trend rather than a rule. Of the 1,417 Nab3-regulated

mRNAs we identified, 1,010 had open reading frames longer than 500 base pairs.

Independent of gene length, we found the expression level of Nab3 targets tended to be
low. Changes in transcript abundance upon Nab3 depletion and expression level in parental
strains were strongly anti-correlated (Pearson =—0.67) (Figure 2.17B). This suggests Nab3

further suppresses the abundance of lowly transcribed mRNAs in quiescence.

Nab3 and Nrd1 are known to bind RNA through short binding motifs. We tested whether
Nab3 regulated genes are enriched for such motifs. The ten strongest Nrd1 and Nab3 motifs as
identified by Schulz et al. (Schulz et al., 2013) were used for this analysis. Using simple
enrichment analysis from MEME Suite (T. L. Bailey et al., 2009), we compared Nab3-regulated
mRNAs to an equal number of randomly sampled genome positions (see Chapter 3: Materials
and Methods). This analysis revealed that Nab3-regulated transcripts contain NNS motifs largely
at or below background levels, with mean enrichment within ~25% of the background

distribution in all cases (Figure 2.17C).

GO analysis of all 1,400 Nab3 regulated genes resulted in no significant term enrichment,
suggesting that weakly upregulated Nab3 targets are sources of noise in the analysis. Thus, we
sought to examine the GO term enrichment of strongly regulated Nab3 genes by performing

differential expression analysis with logs fold change > 1 and q < 0.05. This resulted in 770
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Figure 2.17 . Features of Nab3-regulated mRNAs in quiescence.

(A) Weak anti-correlation between NAB3-dependent changes in nascent RNA signals and gene
length. Log> fold change in nascent transcript abundance (NAB3-AID/parent) in quiescence (y-
axis) versus ORF length (x-axis) are plotted.
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(B) Anti-correlation between NAB3-dependent changes in nascent RNA signals and transcription
levels. Log> fold change in nascent transcript abundance (NAB3-AID/parent) in quiescence (y-
axis) versus logo TPM + 1 values in parent strain (x-axis) are plotted.

(C) Lack of enrichment for Nab3- and Nrd1-binding motifs on Nab3 target mRNAs in
quiescence. Bootstrapped enrichment analysis of known Nab3 and Nrd1 RNA-binding motifs
was performed on Nab3-target ORFs using simple enrichment analysis from MEME Suite (T. L.
Bailey et al., 2009).

(D) GO enrichment analysis of the top 770 Nab3-target mRNAs. GO terms and q values from

hypergeometric tests with Benjamini-Hochberg corrections from YeastMine (Balakrishnan et al.,
2012) are presented.
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Figure 2.18 Nab3 tag and depletion impair quiescence entry.

Bar plot of Q entry for Nab3 tagged and parental strains with and without IAA added at DS+6
hours.

genes that were, in turn, enriched in GO terms associated with cell division, the cell cycle, and
metabolism, suggesting Nab3 plays crucial roles in quiescence entry and/or maintenance (Figure
2.17D). Consistent with these findings, depletion of Nab3 results in significant quiescence entry
defects (Figure 2.18). However, since all subunits of the NNS complex are essential for cell

viability, the need for NNS in quiescence entry cannot be separated from its essential functions.
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We next tested whether NNS regulates similar mRNAs in quiescence and rapid carbon
source shift in which yeast cells were moved from media containing glucose to media containing
glycerol and ethanol (Bresson et al., 2017). Of the mRNAs repressed by Nab3 in quiescence we
found only 123 (~9%) also had increased binding by Nab3 upon rapid carbon source shift
(Figure 2.19). It is possible that this discrepancy is the result of the difference in assays; Bresson
et al. used an RNA IP assay known as the Cross-Linking Analysis of cDNAs (CRAC), while we
used 4tUseq to measure changes in nascent transcription. Additionally, we compared mRNAs
repressed by RRP6 in quiescence to those with increased binding by Mtr4 upon rapid carbon
source shift; Mtr4 is a part of the TRAMP complex and an essential cofactor of the nuclear
exosome. Our analysis revealed that 237 of 1,250 RRP6-repressed mRNAs in quiescence were
targeted by Mtr4 during rapid carbon source shift (approximately ~19%) (Figure 2.19). These
results suggest the possibility that NNS and the nuclear exosome may affect different mRNAs

between rapid carbon source shift and quiescence.

Nab3 Regulated

Q Nascent
Nab3 Regulated
Rapid Carbon Shift

545 123 1294

RRP6 Regulated

Mtr4 Regulated Q Steady State
Rapid Carbon Shift

609 237 1013
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Figure 2.19 Venn diagrams of mRNAs regulated by Nab3 or Rrp6 in quiescence compared to
those found on carbon source shift.

2.3.7 Two distinct phases of post-transcriptional regulation during quiescence entry

Our data suggest the NNS-nuclear exosome pathway plays previously unknown unique
roles in quiescence. Next, we sought to determine when during the process of quiescence entry
the activity of the pathway shifts from its canonical role in ncRNA regulation to the additional
regulation of mRNAs. Due to challenges posed by using a depletion system during time-course
experiments, we employed r7p64 mutants for these experiments. Yeast cells were harvested
through quiescence entry, and steady-state RNA-seq was performed. Time points were chosen in
the hours preceding and following the diauxic shift (DS), when glucose becomes undetectable in
media and yeast cells switch from fermentation to respiration. Previous work demonstrated that

dramatic changes in the transcriptome take place around DS (M. Spain et al., 2018).

PCA was performed on TPM-normalized, log:-regularized counts for mRNA genes
across all collected time points in wild type and r7p64 (Figure 2.20A). PC1 separated
transcriptomes based on timepoints and PC2 specifically separated DS+2hrs and DS+24hrs from
all other time points. Together PC1 and PC2 represent 70.06% of total variation. In G and at
DS—2hrs, rrp6A transcriptomes were slightly closer to the transcriptomes of the parents at later
timepoints, but at DS+2hrs and after, 77p64 transcriptomes were more similar to the
transcriptomes of the parents at earlier time points, suggesting that, after the DS, gene expression
events during quiescence entry were delayed in the absence of RRP6. PC3 separated mutant and
wild-type samples and accounted for only 10.46% of variation, indicating growth phase and

nutrient availability are stronger sources of variation than genotype.
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We next sought to determine how RRP6 affects its targets during quiescence entry. To
this end, we performed a two-step cluster analysis (see Materials and Methods) of the 1,250
genes that are repressed by RRP6 in quiescence but not G (logoFC > 0.58, q < 0.05) and found 3
distinct clusters (Figure 2.20B). Cluster 1 was composed of 308 genes down in rrp64 at DS—2hrs
and up at DS+2hrs, suggesting RRP6 is necessary for reducing the abundance of transcripts in
this cluster around the DS. The 317 genes that comprised cluster 2 had the opposite pattern as
cluster 1, with increased relative expression in 7#p6A4 at DS—2hrs and decreased expression at
DS+2hrs. Cluster 3 genes had increased expression in 77p64 later in quiescence entry, with the
effect on 629 genes beginning by DS+24hrs and becoming more pronounced by DS+48hrs. To
test the statistical significance of RRP6-dependent changes, we plotted loga-transformed TPM
distributions for the genes that make up each cluster (Figure 2.20C). In agreement with our
cluster analysis, the differences in TPM distributions between mutant and parent in cluster 1
became significant at DS+2hrs, whereas the differences were not significant for cluster 3 until

DS+48hrs. Cluster 2 was significantly different at DS—2hrs and DS+48hrs.

These clusters represented distinct functional groups, with unique sets of enriched GO
terms consistent with the cellular changes during quiescence entry. Cluster 1 was strongly
enriched for genes involved in protein synthesis, such as translation and ribosome biogenesis. In
contrast, cluster 2 genes were more likely to be involved in metabolism, and genes from cluster 3

were involved in organization and transport (Figure 2.20D).

Consistent with the role of RRP6 in regulating these key transitions in gene expression,

rrp6A mutants exhibited a ~50% lower quiescence entry efficiency compared to their parental
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Figure 2.20 RRP6 regulates mRNA abundance at multiple time points during quiescence entry.
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(A) PCA of steady-state mRNA levels in wild-type and r7p6A cells during quiescence entry.
PCA was performed on logz-regularized TPM-normalized mRNA values from wild-type and
rrp6A cells at 6 time points: Gi, DS—2hs, DS+2hrs, DS+24hrs, DS+48hrs, and quiescence.

(B) Two-step cluster analysis of RRP6-dependent changes in steady-state transcript levels
(rrp6A/WT) during quiescence entry. The analysis was performed through quiescence entry on
1,250 mRNAs regulated by RRP6 in quiescence but not in Gi. Log> fold change was calculated
using logz-regularized TPM-normalized RNA-seq data.

(C) Box-and-whisker/violin plots statistically validate RRP6-dependent mRNA control of 3
clusters from 6b. Distributions of log>-regularized TPM-normalized RNA-seq data are stratified
by genotype and state for each cluster. q values are calculated from Kolmogorov-Smirnov tests
with Benjamini-Hochberg corrections: (* =p < 0.05, ** =p < 0.01. *** =p < 0.001, no
asterisks= not significant).

(D) GO enrichment analysis of RRP6-regulated mRNAs from each cluster. GO terms are from
YeastMine (Balakrishnan et al., 2012), as are q values from hypergeometric tests with
Benjamini-Hochberg corrections.

(E) Bar plot for r7p6A and wild-type quiescent cell yield from two biological replicates in
technical duplicate from heterogenous 8-day culture. p value is calculated from Student's t-test.
(F) Mean proportions of read alignment from steady-state RNA-seq from wild-type and rrp6A
cells aligned to the R64-1-1 assembly from G; and quiescence (left), and quiescence entry time
course (right). Error bars are standard error of the mean for 2 biological replicates.

(G) Mean proportions of read alignment from steady-state RNA-seq from wild-type and r7p6A
cells aligned to pa-ncRNA in wild-type and rp6A cells in Gi and quiescence (left), and during
quiescence entry time course (right). Error bars are standard error of the mean for 2 biological
replicates.
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Figure 2.21 rrp6A mutants produce bona fide quiescent cells.

(A) Representative thermotolerance spot test for wild type and r7p6A cells from logarithmically
growing and quiescence cultures.

(B) Representative FACs profile for Q exit for wild type and rrp6A.

wild-type cells (Figure 2.20E). Despite these impairments in quiescence entry, 77p6A quiescent
cells are not dissimilar from wild-type cells. They display only slightly decreased
thermotolerance and are far more thermotolerant than cells in exponential growth (Figure
2.21A). Additionally, r7p64 quiescent cells have slower kinetics during exit from quiescence
(Figure 2.21B). The latter is likely due in part to slow growth defects in r7p6A4 cells (Stead et al.,
2007). Consistent with these mild phenotypes, the transcriptome of quiescent 77p64 mutants is
much closer to that of wild-type quiescent cells than cells at any time points during quiescence
entry (Figure 2.20A). Therefore, while changes in mRNA abundance affect entry into

quiescence, rrp6A mutants still produce bona fide quiescent cells.

We next analyzed whether global changes in RNA abundance coincided with changes in
specific classes of mRNA transcripts. In 77p64 mutants in G;, mRNAs made up a smaller
fraction of read depth as compared to parental wild-type controls (Figure 2.20F, left). Since non-
coding RNAs were elevated in abundance in G, mRNAs became a smaller proportion of the
transcriptome. In sharp contrast, this pattern was reversed in quiescence, consistent with our
finding that a key role for RRP6 in quiescence is to repress mRNAs. During quiescence entry,
rrp6A cells were more like Gi cells in terms of mRNA proportion at DS—2hrs but became more
like quiescent cells by DS+48hrs (Figure 2.20F, right). Concurrently, ncRNA exhibited a pattern
opposite to mRNA, with a larger proportion of read depth corresponding to non-coding features

in G1 rrp6A cells versus wild-type controls, and a smaller portion in quiescence (Figure 2.20G,
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left). During quiescence entry, r7p64 mutants and WT cells exhibited pa-ncRNA content similar
to G1 at DS—2hrs and DS+2hrs (about ~20% of read depth). By DS+48hrs, both 77p6A4 mutants
and wild-type cells began to look similar to the quiescent state in terms of pa-ncRNA content
(approaching ~40% of read depth in quiescence entry) (Figure 2.20G, right). We conclude that
changes in global ncRNA levels coincide with global changes in mRNA level and that the
nuclear exosome is needed to facilitate these key transitions in both classes of transcripts. We
note that the proportions of read alignment from nascent and steady-state RNA from wild-type
G and quiescent cells are different between Figure 2.3A and Figures 2.20F and G, a difference
that likely resulted from using different kits for library preparations (see Materials and Methods).
This is consistent with reports that comparable results can be obtained from different kits, but kit
choice can alter library complexity and numbers of transcripts detected (Sarantopoulou et al.,
2019; Y. Song et al., 2018). We compared only samples prepared with the same kit to eliminate

technical variations that could confound analyses.

2.4 DISCUSSION

2.4.1  Identification of cell state-associated ncRNA

In this study, we provide the first de novo assemblies of the nascent transcriptomes in
quiescent and G cells, which are valuable resources for those who study transcription and RNA
stability in budding yeast. We identified ~1,300 ncRNAs in quiescence and G1, about 300 of
which had no overlap to previously identified ncRNAs, despite the use of stringent filters to
eliminate low-count signals. We suspect the use of cells in specific cell-cycle stages, 4tU-seq,
and rRNA depletion allowed us to capture cryptic transcripts without mutating RNA surveillance

systems to artificially elevate their abundance. While we expected to identify unique ncRNAs in
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quiescence, we were surprised to find 42 Gi-expressed ncRNAs that had no overlap with
previously annotated transcripts. This might be due to the use of different strain backgrounds
(S288C versus W303), different library preparation methods (poly(A) enriched versus rRNA
depleted), the increased sensitivity of deep sequencing compared with tiling arrays, and/or the
presence genuinely bona fide Gi-specific ncRNAs. Our finding suggests that despite the small
genome size and previous efforts by multiple labs to identify ncRNAs in yeast, many ncRNAs

are yet to be found in the budding yeast genome under different conditions.

While ncRNAs have been a subject of increasing scientific interest for the last two
decades, ncRNA identification in yeast has not been systematized to the extent of mRNA. Long-
term efforts to find and characterize functional ncRNAs could be accelerated by a rigorous multi-
lab effort to identify yeast ncRNAs across conditions and cell states. Such an effort would
address the issues caused by the multiple independent annotations and could provide a universal
set of naming rules. Systematic and accurate ncRNA identification would be of high value in
better understanding how yeast adapt their gene expression to cell state. Our data demonstrate
that ncRNA profiles can distinguish G and quiescent cells. Our results are consistent with
reports on other organisms in which ncRNA expression is highly cell state-specific, including in
plants, invertebrates, and humans (Akay et al., 2019; Kang & Liu, 2015; Seifuddin et al., 2020).
Additionally, ncRNAs have emerged as promising biomarkers for several cancers, including
liver, breast, and prostate cancer (Beylerli et al., 2022; Qian et al., 2020). Cumulatively, these
results suggest that ncRNAs are markers for cell state across eukaryotes. ncRNAs tend to have
poor sequence conservation (Szcze$niak et al., 2021) and may be undergoing rapid evolution for

cell state specific function.
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Across species, a very small minority of ncRNAs have been functionally characterized.
Since the discovery that eukaryotic genomes are pervasively transcribed, it has been an open
question as to whether these transcription events are functional or simply a side-effect of cellular
inefficiency, such as improper transcriptional initiation or termination (Dinger et al., 2009; Villa
& Porrua, 2022). Since cellular energy is limited in quiescence, we expected to find that there
was less inefficiency permitted, not more. Early in this work, we hypothesized that ncRNAs may
play key regulatory roles for transcriptional repression in quiescent yeast cells, based on previous
reports that ncRNAs can repress the transcription of overlapping mRNAs through the formation
of repressive chromatin structures (Pelechano & Steinmetz, 2013). However, we unexpectedly
found that antisense transcription is only weakly repressive in quiescence. We suspect this may
be because chromatin is already in a highly repressive state in quiescence (Cucinotta et al., 2021;

McKnight et al., 2015; Mews et al., 2014; Swygert et al., 2019; Young et al., 2017).

242  Post-transcriptional regulation by the NNS-nuclear exosome in quiescence

Comparisons of nascent and steady-state transcriptomes in quiescent and G cells led to
our unexpected finding that post-transcriptional regulation plays a larger role in quiescence. Our
time-course experiments revealed that during quiescence entry, RRP6 controls the abundance of
distinct sets of genes with shared GO terms at distinct time points. It is possible that some of the
rrp6A effects observed in quiescence are due in part to the impaired activity of Dis3, the
essential exonuclease in the nuclear exosome (Januszyk & Lima, 2014; Kilchert et al., 2016) that
exhibits decreased activity in the absence of Rrp6 in vitro (Wasmuth & Lima, 2012). Regardless,

defects in mRNA abundance in r7p64 increase through quiescence entry, suggesting that as a
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complex, the nuclear exosome has an expanded role in mRNA metabolism upon entry into
quiescence. Further work is necessary to understand which nuclear exosome cofactors are
relevant in quiescence as well as the extent to which the conclusions drawn from cycling cells
are applicable in quiescence. Transcriptional and post-transcriptional control during quiescence
entry is highly dynamic and complex, and we found that PCA is a method complementary to

differential expression analyses that is highly informative during this period.

We also found that upstream of Rrp6, NNS is a crucial transcriptional silencer in
quiescence. Such NNS activity has been described at telomeres and the rDNA region in actively
diving cells (Vasiljeva, Kim, Terzi, et al., 2008), but our results demonstrated that NNS represses
thousands of transcripts, both coding and non-coding, in quiescence. Previous reports have
implicated the NNS-nuclear exosome in mRNA regulation upon rapid carbon source shift from
glucose to ethanol/glycerol (Bresson et al., 2017). It is therefore possible that the NNS-nuclear
exosome pathway targets mRNAs under different stress conditions and that the NNS-nuclear
exosome pathway may have currently unknown targets under other stress conditions that have
not yet been investigated. The only distinguishing features of mRNAs regulated by Nab3 upon
quiescence entry were relatively short gene length and low levels of transcription. Since
transcription is globally repressed by multiple chromatin-based mechanisms (McKnight et al.,
2015; Miles et al., 2013; Swygert et al., 2019; Young et al., 2017), low-level mRNA
transcription may behave more similarly to cryptic non-coding transcription in quiescence than
in other cell states. However, it remains to be determined whether other features are required for

NN to target specific mRNAs in quiescence.

We wondered why a larger fraction of transcription resources are used for ncRNAs in

quiescence despite the presence of active NNS complex. One possible underlying reason is that a
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larger fraction of NNS is devoted to targeting lowly expressed mRNAs, leaving non-coding
transcription comparatively unregulated. However, currently available gene overexpression
systems meaningfully interfere with the quiescent state, and advances on this front are necessary
to further address this question. This phenomenon may be enhanced by the sequestration of Nab3
into granules upon glucose deprivation (Loya et al., 2018). Consistent with this idea, the strains
in which Nab3 is mostly sequestered into granules grow poorly on glycerol plates compared to
strains with low-granule accumulation (Hutchinson et al., 2022), suggesting that an increased

level of freely available NNS is beneficial to yeast in nutrient-poor environments.

Several RNA decay pathways other than the NNS-nuclear exosome pathway have been
implicated in other physiologically relevant processes. The Ccr4-Not complex has been
implicated in quiescence in mouse and human immune cells (Akiyama et al., 2021), and Tis11,
another RNA-binding protein that promotes mRNA degradation, acts in Drosophila intestinal
stem cell quiescence (McClelland et al., 2017). In budding yeast, selective RNA autophagy takes
place in yeast upon treatment with rapamycin (Makino et al., 2021), and the RNA-binding
protein Ssd1 extends the chronological lifespan of quiescent yeast (L. Li et al., 2009). In a human
fibroblast model of quiescence, over ~500 transcripts were found to have altered RNA stability
(Johnson et al., 2017). The altered regulation of RNA decay may be a hallmark of quiescence in
eukaryotes, and thus more work is warranted to elucidate mechanisms and biological roles for

RNA decay pathways across eukaryotic quiescent cells.

Collectively, our work identified a previously unknown key biological role for the
nuclear exosome and NNS complex in mRNA regulation, and uncovered an additional layer of
gene expression control in quiescence. Although quiescence entry defects caused by RRP6

deletion and Nab3 depletion likely indirectly affect the transcriptome, changes under these
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conditions are distinct from those caused by other mutations responsible for quiescence entry
defects, such as rpd3A4 deletion (McKnight et al., 2015), condensin depletion (Swygert et al.,
2019), and histone H4 N-terminal mutations (Swygert et al., 2021). The fact that RRP6- and
NAB3-dependent genes have global overlaps also strongly supports our conclusion that the NNS-
nuclear exosome pathway functions to decrease the abundance of a large number of transcripts in
quiescence. Since the vast majority of studies on gene expression control have been done using
actively dividing cells, important mechanisms for regulating other cell states could have been
missed for many genes. Quiescent yeast can serve as a powerful model system to identify the
currently unknown biological functions of well-characterized genes and novel non-coding
features, and to better characterize the global changes in gene regulation that promote cellular

dormancy.

2.5 DATA AVAILABILITY

Data have been deposited in the Gene Expression Omnibus (GEO) with accession GSE239568;
previously published data are also available from ArrayExpress E-TABM-590 (Xu et al., 2009),
NCBI SRA SRA030505 (van Dijk et al., 2011), GEO repository GSE74028 (Vera & Dowell,
2016), NCBI SRA SRP089706 (Venkatesh et al., 2016), and ArrayExpress E-MTAB-1766

(Schulz et al., 2013).

To review GEO accession GSE239568, go to
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE239568. Enter token

"ovitcmoehtkdnit" into the box.
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Source code and documentation for computational experiments and analyses, and copies of
counts matrices, Gene Transfer Format (gtf), and Gene Feature Format (gff3) files, are available

at github.com/kalavattam/2023 Greenlaw-et-al.
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Chapter 3. MATERIALS AND METHODS

This chapter is adapted from “Post-transcriptional regulation shapes the transcriptome of
quiescent budding yeast” which has been accepted for publication at Nucleic Acids Research. It
has been adapted to collapse the Materials and Methods with the Supplemental Materials and
Methods.

3.1 REAGENTS

Table 3.1 Reagents

Reagent Source Identifier

Antibodies

Anti-HSV+Tag® Antibody, clone HSV 78

(mouse) Millipore Sigma | MAC123

Anti-H2B (rabbit) Active Motif 39238

IRDye® 680RD Goat anti-Rabbit IgG

Secondary Antibody LI-COR 926-32211

IRDye® 800CW Goat anti-Mouse IgG

Secondary Antibody LI-COR 926-32210

Chemicals

4-Thiouracil 97% Sigma Aldrich 440736-1G

3-Indoleacetic acid 98% Sigma Aldrich 13750-5G-A

Percoll PLUS density gradient media Cytiva 17544501

MTSEA Biotin-XX Biotium 90066

Dynabeads™ MyOne™ Streptavidin C1 Thermo Fisher 65001

OneTaq® Quick-Load® 2X Master Mix with

Standard Buffer NEB M0486S

Transcriptor First Strand cDNA Synthesis Kit Roche 4896866001
Beckman

AMPure XP Reagent, 60 mL Coulter A63881

Intercept® (PBS) Blocking Buffer LI-COR 927-70001

4-20% Mini-PROTEAN® TGX™ Precast

Protein Gels, 15-well, 15 pl Biorad #4561096
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SYTOX™ Green Nucleic Acid Stain Thermo Fisher S7020
Commercial Assays

Ovation® SoLo® RNA-Seq library preparation
kit and custom yeast rRNA depletion
(AnyDeplete®) Tecan Contact Tecan Rep

Universal Plus™ Total RNA-Seq library
preparation kit and custom yeast rRNA

depletion (AnyDeplete®) Tecan Contact Tecan Rep
RiboPure™ RNA Purification Kit, yeast Thermo Fisher AM1926
miRNeasy Micro Kit Qiagen 217084

Table 3.2 Primers

Name Purpose Sequence

FLC2-1 Check primer for 4tU and for | CCTTTTAACGTGTTTCGTACTGTG
DNA contamination for S.
cerevisiae FLC2

FLC2-2 Check primer for 4tU and for | GGGGTAAAATTTCACATCAAAGAA
DNA contamination for S.
cerevisiae FLC2

KL ACTI1 F | Check primer for 4tU for K. | GCTCCAATGAACCCAAAGAA
lactis ACT1

KL ACTI R | Check primer for 4tU for K. | AAGATAGCGTGAGGCAAGGA
lactis ACT1

3.2  BIOLOGICAL RESOURCES

Due to requirements for quiescence entry, all experiments were conducted in the W303 RADS5+

prototrophic background. Additionally, this background is more sensitized to mutations in the
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nuclear exosome pathway (Klauer & van Hoof, 2013). Using independently created strains, each

experiment was performed in biological duplicate.

Table 3.3 Strains

Strain Number Source Complete Genotype
yTT5781 Tsukiyama Lab | MATa RAD5+ canl-100
yTT5782 Tsukiyama Lab | MATa RAD5+ canl-100
yTT7078 Tsukiyama Lab | MATa RAD5+ canl-100 rrp6A::Nat
yTT7079 Tsukiyama Lab | MATa RAD5+ canl-100 rrp6A::Nat
MATa RADS5+ canl-100 pMK200
yTT6125 Tsukiyama Lab | (URA3 ADH1p-OsTIR[codon optimized])
MATa RADS+ canl-100 pMK200
yTT6126 Tsukiyama Lab | (URA3 ADH1p-OsTIR[codon optimized])
MATa RAD5+ canl-100
pMK200 (URA3 ADH 1p-OsTIR[codon optimized])
yTT7716 Tsukiyama Lab | NAB3-3HSV-AID-Hyg
MATa RADS+ canl-100 pMK200
(URA3 ADHIp-OsTIR[codon optimized])
yTT7718 Tsukiyama Lab | NAB3-3HSV-AID-Hyg
Nathan Clark
NRRL Y-1140 Lab K. lactis spike-in strain

3.3  STATISTICAL ANALYSES

No statistical methods were used to predetermine sample sizes. No data were excluded from

analyses. The experiments were not randomized, and investigators were not blinded to allocation

during experiments and assessment. Where appropriate, the mean or median is reported as a

measurement of central tendency, and the standard error of the mean or standard deviation is

used as measures of precision. Statistical significance was thresholded at o = 0.05. When

multiple test correction was performed, g < a is considered significant; otherwise, p < a is

considered significant. Where appropriate, numbers of sample and replicates are reported in
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figure captions. Statistical analyses were performed using base R (version 4.2.2, 2022-10-31)
and/or various software packages listed in the below subsections. Strategies for stratification,

sampling, and enrichment are described in the below subsections.

3.4 MATERIALS AVAILABILITY

Strains used in this study available from Toshio Tsukiyama (ttsukiya@fredhutch.org) upon

request.

3.5 GROWTH AND MEASUREMENT OF YEAST CELLS

Quiescent cells were grown for 7 days to saturation in YEP with 2% glucose, except in rrp64
experiments, where both knockout and parental strains were grown for 8 days due to the slow
cell division associated with rrp64 cells. All cells were cultured at 30 °C on a platform shaker at
180 revolutions per minute (RPM) in unbaffled flasks. To achieve appropriate aeration, we used
a ratio of 1/10th volume YPD to the flask size. We estimated culture density by measuring
optical density per mL at wavelength 660 (ODsso per mL). Briefly, yeast cultures were diluted to
be within a linear range of the spectrophotometer, and then original-culture cell densities were
back calculated to obtain measurements of ODsso per mL. Consistent numbers of total ODs were
used for each experiment as described below. To evaluate Q entry, the saturated ODgso per mL of

the original culture was measured along with the ODggo per mL of obtained Q cells.

3.6 GROWTH AND PURIFICATION OF QUIESCENT YEAST CELLS

Quiescent yeast were purified using the Percoll (Cytiva) gradient method (Allen et al., 2006; M.
M. Spain et al., 2018). Briefly, 12.5 mL of 9:1 Percoll and 1.5 M NaCl were mixed and spun in a

gradient tube at 10,000 RPM (13,776 RCF) for 15 minutes at 4 °C in an Aventi J-E centrifuge
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(Beckman Coulter). In parallel, yeast cells in 7- or 8-day cultures were spun down and suspended
in 1 mL water. After creating the gradient, we carefully layered saturated yeast in water over the
gradient tube. Yeast cells from 12.5 or 25 mL cultures were added to each gradient, with larger
cultures split over several gradients to prevent the gradient from plugging. In most cases, only
one gradient was needed to obtain 100 ODeeo, with Nab3 depletion requiring two due to the
reduced efficiency of Q entry. All strains in this study saturate at approximately 30 ODseo per
mL. Loaded gradients were spun for 1 hour at 1,200 RPM (410 RCF) in an Aventi J-HC
(Beckman Coulter). The lower quiescent fraction (approximately 5 mL) was separated, rinsed

twice in sterile water, and then snap-frozen and stored at —80 °C. The non-quiescent fraction was

discarded.

3.7 GROWTH OF DIAUXIC SHIFT YEAST

For diauxic shift (DS) experiments, glucose exhaustion was measured using glucose strips
(Precision Laboratories). The diauxic shift was noted as the time that glucose dipped below
detectable levels, at which time points after the DS were taken precisely. Cells were immediately
spun out of the media and snap-frozen. The collection of samples at time points before the DS is
particularly challenging, since the time of glucose exhaustion must be estimated prior to taking
place. Thus, ODeso was monitored in the hours leading up to the DS to estimate the time point of
DS-2 hours, which occurs at a reproducible but strain-dependent ODgso. YTT5781/5782 reach
DS-2 at an ODe¢go per mL of approximately 4, whereas YTT7078/7089 reach DS—2 at an ODeso
per mL of approximately 5. For each time point, 5 ODgso of cells were immediately spun out of

the media and snap-frozen.
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3.8  (G]ARREST

G arrest was achieved by adding o factor at a concentration of 5 pg/mL to early log-phase yeast
(0.1 ODsgo per mL). We evaluated the arrest via microscope and, if necessary, a second dose of o
factor was added at 90 minutes. 7#p64 cells arrested slowly due to slow cell division. Since o
factor arrest lasts only 3 hours, WT and rrp64 cells were collected just prior to the 3-hour mark.

Flow cytometry was used to confirm Gy arrest (arrest profiles in Figure 3.1).

3.9  QUIESCENCE EXIT KINETICS

Quiescence cells in pure water were added at a concentration of 0.5 ODgso per mL to YPD. Exit
was performed at room temperature (25 °C) to slow kinetics as previously described (Cucinotta
et al., 2021). Samples were collected at 1 hour, 2 hours, and then every 30 minutes after for

analysis by flow cytometry.
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Figure 3.1 Profile of G arrested cells.
(A) FACs profile of wildtype G arrested cells used for Figure 2.3 and 2.8.
(B) FACs profile of wildtype and r7p64 G arrested cells used for Figure 3 and 6.
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3.10 FLOW CYTOMETRY

Flow cytometry was used to confirm Gy arrest as well the kinetics of quiescence exit. Cells for
flow cytometry were stored in approximately 70% EtOH at 4 °C prior to staining. Cells were
treated with RNase A (2 mg/mL) for 4 hours at 37 °C, followed by Proteinase K (2 mg/mL) for
45 minutes at 50 °C. Afterward, the cells were incubated at 4 °C overnight. The cells were then
sonicated and resuspended in 50 mM Tris pH 7.5 containing 1/5000 SYTOX Green (Invitrogen)
for 1 hour at 4 °C. Flow cytometry was performed using a BD Bioscience FacsCanto II Flow
Cytometer in the Fred Hutch Cancer Center Flow Cytometry Core facility. Data was analyzed

with FlowJo (version 10; FlowJo, LLC).

3.11 THERMOTOLERANCE ASSAY

Quiescence cells in pure water were diluted to a concentration of 1 ODseo per mL. Early log cells
(between 0.3—0.55 ODeso per mL) were spun down and resuspended in water to a concentration
of 1 ODseo per mL to serve as a control for poor thermotolerance. Cells were heat-treated in a
hot-water bath measuring 51 °C for 15 or 30 minutes as quiescent cells have been shown to be
sensitive in this range (Allen et al., 2006; Klosinska et al., 2011). Cells were serially diluted 10-
fold 4 times, and then 2 pL of all 5 concentrations were plated on YPD and grown at 25 °C.
Plates were photographed using a Biorad Universal Hood II Gel Doc XR System with epi-white

light. No image adjustments were performed.

3.12 NAB3 DEPLETION

3-indoleacetic acid (IAA) powder (98% purity, Sigma Aldrich) was added at a concentration of 1
mg/mL to both the tag strain and parental strain at exactly DS+6 hours (approximately 24 hours

after inoculation). The addition of IAA later in Q entry results in poor depletion, while earlier
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treatment results in inhibited quiescence entry. Depletion was confirmed by western blot

analysis.

3.13 WESTERN BLOTTING

We obtained protein extracts via trichloroacetic acid (TCA) precipitation. Cell pellets
corresponding to 10 ODeso units were bead-beaten in 200 puL of 20% TCA for 10 minutes. The
lysates were precipitated on ice, followed by the addition of 400 uL of 5% TCA. We separated
the lysate from the beads via the needle poking method and then pelleted the lysate at room
temperature. The resulting pellet was washed and resuspended in a solution of 2 parts 0.5 M Tris
pH 7.5 and 3 parts sample buffer. The extract was boiled at 95 °C for 5 minutes, then centrifuged
at maximum speed for 10 minutes prior to loading an equal volume into a gradient gel (4-20%
Mini-PROTEAN® TGX™, Biorad). The gel was transferred to a nitrocellulose membrane (pore
size of 0.2 um) at 100 V for 1 hour at room temperature using a wet transfer method (Bio-Rad
Trans-Blot electrophoretic Transfer Cell). The transfer was visualized by Ponceau staining
before blocking the membrane with 5% milk in PBS-Tween 20 (PBST; 0.1% Tween 20 in 1x
PBS). Subsequently, the membranes were incubated with primary antibodies (1:1000 aHSV
Millipore Sigma, 1:5000 aH2B Active Motif) in 5% milk PBST. We diluted secondary
antibodies (LI-COR) 1:10,000 in 1:1 PBST and intercept blocking buffer prior to application.
Finally, the blots were imaged using the Odyssey CLx system (LI-COR) and processed with

ImageJ (Abramoff et al., 2004).

3.14 RNA-SEQ: SAMPLE PREPARATION, LIBRARY GENERATION, AND SEQUENCING

For RNA-seq, 5 ODseo of yeast were used. This is more than sufficient, producing ~50 pL with a

concentration of 200—800 ng/uL depending on cell state. To provide a consistent spike in across
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RNA-seq and 4tU-seq experiments, K. lactis cells were grown to mid-log and labeled with 5 mM
4-thiouracil for 6 minutes. These cells were snap frozen and stored at -80 °C. All spike-in cells
were grown on a single day and labeled simultaneously to minimize variation between aliquots.
25 uL K. lactis cells at a concentration of 20 ODgso per mL were added to S. cerevisiae. Using
the yeast RiboPure™ RNA Purification Kit (Invitrogen), we extracted RNA from this mixture,
ethanol-precipitated overnight, washed, and then assessed for integrity using a TapeStation
(Agilent). We tested the effectiveness of DNase treatment using PCR without reverse
transcriptase. The RNA was prepared for [llumina sequencing using the Tecan Universal Plus™
Total RNA-Seq library preparation kit with NuQuant® and custom AnyDeplete® for S.
cerevisiae TRNA; to enhance the accuracy of transcript quantification, the protocol incorporated
Unique Molecular Identifiers (UMIs). The resulting libraries were paired-end sequenced on
either a HiSeq 2500 (Illumina) or NextSeq 2000 (Illumina) in high-output runs with 100 cycles,
50 cycles for each end. The sequencing was performed at the Fred Hutch Cancer Center

Genomics Core facility.

3.15 47TU-SEQ: SAMPLE PREPARATION, LIBRARY GENERATION, AND SEQUENCING

4tU-seq was performed as described (Cucinotta et al., 2021). In brief, cells were labeled with 5
mM 4-thiouracil (4tU; added as powder) for 6 minutes before being spun down and snap-frozen.
For each sample, one tube of cells was labeled with 4tU, while another control tube was left
unlabeled. We used 100 ODgso for quiescent yeast and 12.5 ODgso for Gi-arrested yeast. RNA
was prepared as described in RNA-seq: Sample preparation, library generation, and
sequencing except 50 uL K. lactis cells were added instead of 25 to account for the increased
number of cells needed for 4tU-seq. Labeled and unlabeled control RNA was incubated with

MTSEA-biotin-XX (Biotium) for 30 minutes. Subsequently, labeled and unlabeled RNA were
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extracted, isopropanol-precipitated, and washed. RNA at this stage was referred to as "steady-

state" in experiments where 4tU-seq was being performed.

To isolate nascent RNA, we combined RNA with Streptavidin Magnetic Beads (Thermo Fisher),
which were blocked with glycogen for 1 hour at room temperature. RNA and beads were
incubated at room temperature for 15 minutes, followed by 3 washes to remove unbound RNA.
Bound RNA was eluted at 23 °C and concentrated using the miRNeasy Micro Kit (Qiagen). To
assess pull-down efficiency, small volumes of labeled and unlabeled RNA eluted from beads
were converted to cDNA using a Transcriptor First Strand cDNA Synthesis Kit (Roche), and
RT-PCR was performed on labeled and unlabeled samples. For a list of primers, see 2.3.1

Reagents.

Both the pulled-down (nascent) and input (steady-state) labeled RNA were prepared for Illumina
sequencing using either the Ovation® SoLo® RNA-Seq library preparation kit (for wild-type
quiescent and G data in Figures 2.3 and 2.8) or the Tecan Universal Plus™ Total RNA-Seq
library preparation kit with NuQuant® (for all other samples); both protocols made use of
custom AnyDeplete® for S. cerevisiae rTRNA, and both incorporated UMIs. The libraries were
paired-end sequenced on either a HiSeq 2500 (Illumina) or NextSeq 2000 (Illumina) in high-
output runs with 100 cycles, 50 cycles for each end. The sequencing was performed at the Fred

Hutch Cancer Center Genomics Core facility.

3.16 RNA-SEQ AND 4TU-SEQ READ QUALITY ASSESSMENT AND PRE-PROCESSING

Prior to alignment, we took the following sequential steps to assess, and process reads from

paired-end sequencing of RNA-seq and 4tU-seq sample libraries:
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. We assessed the quality of sequenced paired-end reads (hereafter, “reads’) with FastQC
(version 0.11.8) (Simon Andrews, 2014) and MultiQC (version 1.14; data not shown) (Ewels
et al., 2016).

. We appended sequenced UMIs to fastq QNAMEs with the program UMI-tools (umi_tools
extract; version 1.01) (T. Smith et al., 2017). After alignment (see below), we use this
information to distinguish and filter out PCR amplification-based duplicate reads (i.e.,
“technical duplicates”) while retaining duplicate reads that are biological in origin (i.e.,
“biological duplicates”). We assessed the absolute counts and proportions of technical and
biological duplicates with UMI-tools and MultiQC (data not shown).

. We performed read adapter and quality trimming with the program Atria (version 3.2.1)
(Chuan et al., 2021) with default settings except for the switch --no-length-filtration.

Step #4 was performed only for those fastq files used to build wild-type quiescent and G
nascent transcriptome assemblies (see Drafting nascent transcriptome assemblies): To
correct random sequencing errors in the reads, the presence of which adversely affect
transcriptome assembly, we ran the k-mer-based adjustment method Rcorrector (version
1.0.5) (L. Song & Florea, 2015) with default settings. Then, we filtered adjusted fastq files to
exclude read pairs identified as containing irreparable errors (which tend to be associated

with low-complexity sequences).

3.17 RNA-SEQ AND 4TU-SEQ READ ALIGNMENT AND POST-PROCESSING

Using the splice-aware aligner STAR (version 2.7.10b) (Dobin et al., 2013), unadjusted and k-
mer-adjusted reads were aligned to a concatenated multi-organism reference genome made from
the S. cerevisiae, K. lactis, and 20S RNA narnavirus reference genomes. Using the utility

Samtools (versions 1.16.1 or 1.17) (Danecek et al., 2021), non-k-mer-adjusted bam files were
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indexed and filtered to retain only primary alignments; k-mer-adjusted bam files were indexed
and filtered to retain both primary and secondary alignments. The non-k-mer-adjusted bams were

deduplicated using UMI-tools (version 1.01).

3.18 FEATURE-LEVEL QUANTIFICATION OF ALIGNMENTS

Using filtered, UMI-deduplicated bams from the alignment of non-k-mer-adjusted fastqs, we
created "counts matrices" comprised of the numbers of sample-specific reads aligned to features
in Gene Feature Format (gff3) or Gene Transfer Format (gtf) files. To this end, the utility htseq-
count from the HTseq software package (version 2.0.2) (Anders et al., 2015; Putri et al., 2022)

was used.

3.19 PRINCIPAL COMPONENT ANALYSIS

Principal component analysis (PCA) was performed with the R package PCAtools (version 2.10)
(Kevin Blighe & Aaron Lun, 2022). Prior to performing PCA, counts matrices were filtered to
remove rows containing all zeroes; then, matrix columns (samples) were normalized with the
transcripts per million (TPM) calculation (Conesa et al., 2016; B. Li et al., 2010) and regularized
through a log, pseudocount transformation. To run PCA, the PCAtools function pca was called
with default settings and parameters. To evaluate proportions of PC variance explained by
metadata variables, we used the PCAtools function eigencorplot to calculate coefficients of
determination (r?; data not shown). To identify the top feature-wise positive and negative
component loading vectors for PCs of interest, we sorted matrices of component loading vectors
based on their sign and magnitude for the relevant PCs; then, we selected the top 750 positive

and the top 750 negative loading vectors for features (Figure 2.8B).
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3.20 DIFFERENTIAL FEATURE EXPRESSION ANALYSES

The software package DESeq?2 (version 1.38.0) (Love et al., 2014) was used to perform
differential feature expression analyses. Prior to running DESeq2, we filtered counts matrices to
exclude low-count features (rows): For a given feature to be maintained, a minimum of four
counts must have been observed in at least n — 1 samples (columns), where # is the total number
of samples in each matrix; rows not meeting this requirement were discarded. Where appropriate
(Figures 2.9, 2.13 and 2.17), spike-in normalizations were applied to S. cerevisiae sample counts
by supplying K. lactis features and counts as "control genes" to the DESeq2 function
estimateSizeFactors. When running DESeq?2, we constructed Wald tests of significance for
observed results against expected values under a null distribution in which the difference
between two experimental groups was no larger than an effect size of 0.58 (i.e., a fold change of
approximately 1.5). P-values were adjusted for the false discovery rate using the Benjamini-
Hochberg method. Using the R package EnhancedVolcano (version 1.16) (Kevin Blighe et al.,

2022), we visualized the results of differential feature expression analyses in volcano plots.

3.21 GENE ONTOLOGY ANALYSES

We performed Gene Ontology (Ashburner et al., 2000; Gene Ontology Consortium, 2021) term
enrichment analyses using the YeastMine web application (version Jun-20-2023, GO-Release
2023-06-11) (Balakrishnan et al., 2012; Kalderimis et al., 2014; R. N. Smith et al., 2012); default
settings were used, and the full gene set for each category was used as the background set. P-
values were obtained from hypergeometric distributions and adjusted for the false discovery rate

with Benjamini-Hochberg corrections.
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3.22 ESTIMATION OF STEADY-STATE MRNA ABUNDANCE BETWEEN GG1 AND

QUIESCENT YEAST CELLS

We aimed to estimate the steady-state RNA levels across wild-type Gi and quiescent samples,
adapting a method previously developed in the Tsukiyama lab (McKnight et al., 2015). The
significantly lower expression in quiescent compared to G requires the use of a larger number of
quiescent cells in RNA/4tU-seq library preparation—a discrepancy that leads to a higher
quiescent cell-to-spike-in ratio versus the G cell-to-spike-in ratio. To enable inter-sample
transcript abundance estimation, this necessitates an adjustment for the increased ratio as

described in the following steps:

1. We began with a counts matrix derived from steady-state 4tU-seq data, comprising wild-
type G1 and quiescent alignments to both S. cerevisiae and K. lactis ORFs (see RNA-seq
and 4tU-seq read alignment and post-processing and Feature-level quantification of
alignments). We applied a filtering criterion to exclude any ORFs (rows) that had fewer
than 10 counts observed across all but one sample (column), ensuring a baseline level of
count abundance.

2. To adjust for the effects of gene length and sequencing depth, each sample underwent a
TPM normalization. To stabilize the variance and prepare for linear modeling, we log2-
regularized the TPM values.

3. For each ORF, we computed the geometric mean of TPM values for both quiescent and
G cells by evaluating the mean log2(TPM) values for each cell state. This method
ensured a balanced representation of quiescent and G expression levels for each ORF

while minimizing the influence of extreme values.

79



To explore the transcriptional relationship between quiescent and G cells, we used the
geometric mean values derived from K. /actis spike-in controls to fit a linear regression
model. In this model, G geometric means were designated as the dependent variable
(DV), and quiescent geometric means as the independent variable (IV).

. We applied the same method of calculating geometric means and fitting a linear
regression model to the quiescent and G S. cerevisiae data.

. We adjusted the K. /actis joint distribution to align with the line of equation x =y. This
alignment was achieved by modifying the dependent variable (DVKL, representing Gi
values). Each DVKL value was first reduced by the parameter OKL of the original K.
lactis linear equation and then divided by the parameter B1KL: Adjusted DVKL =
(DVKL - BOKL) + B1KL. By refitting the joint distribution to conform to a 1:1
relationship, we approximated a scenario where the amount of K. /actis spike-in was
uniformly represented across both cell states.

. We adjusted the S. cerevisiae values to align with the recalibrated K. lactis values. To
refit the S. cerevisiae joint distribution, we applied the K. lactis parameters, BOKL and
BIKL, by adjusting the S. cerevisiae dependent-variable (i.e., G1) values (DVSC):
Adjusted DVSC = (DVSC - BOKL) +~ B1KL.

. We aimed to address the variations in cell-to-spike-in ratios between G; and quiescent
cells by estimating a scaling coefficient based on S. cerevisiae ODs used in library
generation. The OD for quiescent cells was 100, while the OD for G cells was 12.5 (see
4tU-seq: Sample preparation, library generation, and sequencing). To obtain the
coefficient, we divided the quiescent value by the G; value: scaling coefficient = 100 /

12.5=28.
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9. To equilibrate the quiescent and G cell-to-spike-in ratios, we reverted the Adjusted
DVSC values to a linear scale by squaring them. We then multiplied these values by the
scaling coefficient derived in step #8. This resulted in the G ratio being the same as the
quiescent ratio.

10. Finally, we calculated the arithmetic means of the adjusted, scaled G1 TPM values
(derived from Steps #7-9) and the quiescent TPM values. This allowed us to estimate the
fold-change difference in mean S. cerevisiae transcript abundances: fold change estimate

= mean adjusted G; values + mean adjusted quiescent values.

3.23 NORMALIZING AND PLOTTING COVERAGE

To normalize and plot coverage for the wild-type G1 and quiescent nascent and steady-state
samples (Figures 2.3 and 2.8), we input non-k-mer-adjusted bam files to the deepTools (Ramirez
et al., 2014) utility bamCoverage with the bins per million mapped reads (BPM) normalization
method (--normalizeUsing BPM); the bin size was set to 1 base pair (--binSize 1), and we
excluded all rRNA and tRNA regions from the calculation (--blackListFileName "Greenlaw-et-
al.R64-1-1 blacklist rRNA-tRNA.gtf"). To normalize and plot coverage for the other samples
analyzed in this study (Figures 2.9, 2.13 and 2.17), we calculated library size estimates with the
DESeq?2 function estimateSizeFactors (Anders & Huber, 2010; Love et al., 2014); the K. lactis
features within counts matrices (see Feature-level quantification of alignments) were used as
input to estimateSizeFactors. We took the reciprocal of the library size estimates and applied
them to samples with deepTools bamCoverage; the bin size was set to 1 base pair. Coverage
metaplots were drawn using the deepTools utility plotProfile (Figure 2.13D). The MEP2 locus

was excluded from metaplots due to a sequencing artifact within 500 bp of a stop codon.
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3.24 INVESTIGATING RELATIONSHIPS BETWEEN INDEPENDENT AND DEPENDENT

VARIABLES

To assess the relationships between independent and dependent variable distributions, we
performed linear regression analyses, Pearson correlation calculations, and Mann-Whitney U
(MWU) tests (Figures 2.8, 2.9, 2.13 and 2.17). Using the R (version 4.2.2, 2022-10-31) function
Im, we formulated the model DV = o + (1 x IV) + €, where DV represents the dependent
variable; IV represents the independent variable; fo and B1 are the model coefficients
representing, respectively, the intercept and slope; and € denotes the error term. The significance
of the regression coefficients was determined using two-tailed Student’s t-tests (data not shown).
To quantify the proportion of variance in DV explained by IV, we calculated coefficients of
determination (r?). To determine the extent to which DV and IV linearly associated, we
calculated Pearson correlation coefficients (r). To assess significant differences in DV and IV
distributions, we employed MWU tests; in Figure 2.8C, row 3, we performed MWU tests to

assign significance to differences in distributions predicted by linear regressions.

3.25 TWO-STEP CLUSTERING OF GENES REPRESSED BY RRP6 IN QUIESCENCE

Using the R package pheatmap (version 1.0.12) (Raivo Kolde, 2019), we performed two-step
clustering of genes repressed by RRP6 in quiescence as follows: (1) We performed k-means
clustering of 77p6A and wild-type control samples at the Gi, DS minus 2 hours (DS-2), DS plus
2 hours (DS+2), DS plus 24 hours (DS+24), DS plus 48 hours (DS+48), and Q states; we set k to
3. (2) We assigned each gene (feature) to the cluster with which it showed the highest
association. (3) For each cluster of samples, we performed hierarchical clustering on the
associated genes to identify substructures and patterns within that cluster. To evaluate the

sample-specific expression of cluster-associated genes, we plotted distributions of TPM-
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normalized, log> pseudocount-regularized counts. We assigned statistical significance to
experiment-control pairs with Kolmogorov-Smirnov tests; p-values were adjusted with the

Benjamini-Hochberg method.

3.26 DRAFTING AND PROCESSING NASCENT TRANSCRIPTOME ASSEMBLIES

To assemble nascent transcriptomes, we ran the program Trinity (version 2.14) (Grabherr et al.,
2011; Haas et al., 2013) in genome-guided mode using bams comprised of both primary and
secondary alignments (see 4tU-seq read alignment and post-processing); genome-guided
mode uses the genome to partition reads associated with primary and secondary alignments into
loci-based clusters prior to k-mer-ization and de novo graph-based assembly.. Prior to running
Trinity, we used Samtools to filter out alignments associated with the K. lactis or 20S RNA
narnavirus genomes; then, biological replicates were merged with samtools merge. Trinity was

called as follows:

> Trinity \
> --verbose \
> --max_memory "${j mem}"\

> --CPU"${j cor}"\

> --SS lib_type FR\

> --genome_guided bam "${bam}" \

> --genome_guided_max_intron 1002 \
> --jaccard_clip \

> --output "${out}" \

> —full cleanup \
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> --min_kmer_cov 4\

> --min iso_ratio .05\

> --min_glue 2\

> --glue factor .05\

> --max_reads per graph 2000 \

> --normalize_max_read cov 200\

> --group_pairs_distance 700 \

> --min_contig_length 200
where variable "${j_mem}" was set to "50G" (i.e., 50 GB max memory allocation), "${j cor}"
was set to 6, "${bam}" was set to a specific sample bam (i.e., that for either G; or quiescent

nascent transcription), and "${out}" represent an output file directory for the given sample.

Trinity outputs fastas made up of putative transcripts/transcript fragments. Using the aligner
GMAP (T. D. Wu & Watanabe, 2005), we aligned Trinity fastas to the sacCer3 R64-1-1
reference genome; GMAP was called with default settings except for argument --

format="gff3 gene", which outputs alignments in the gff3 format. The information in these files
constituted draft G; and quiescent nascent transcriptome assemblies. To increase the levels of
certainty in our transcript estimates, we filtered the draft assemblies to retain only those

transcript loci at or above the first quartile of raw count depth.

3.27 CONTEXTUALIZING AND CLASSIFYING THE NASCENT TRANSCRIPTOME

ASSEMBLIES

To contextualize and classify transcripts in nascent transcriptome assemblies, we created a

representation of the S. cerevisiae reference genome in which each base was associated with
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relevant annotations. Then, transcripts were classified based on their overlaps with specific

"feature" and "region" categories, assessing properties such as "mixedness," "repetitiveness," and

"completeness" to assign formal classifications to the transcripts. The final classifications

nn nn

included "coding," "TE" (transposable elements), "ambiguous," "coding: multiple," "coding:
partial," "non-coding: R64" (associated with known R64 non-coding annotations), and "non-
coding: not R64" (not associated with known R64 features). Further classification was done for
"non-coding: not R64" transcripts based on their sense and antisense associations with "region"
and "feature" categories, respectively, and the novelty of "non-coding: not R64" transcripts was

evaluated by assessing overlaps with previously annotated ncRNA features from different studies

(see Processing R64-1-1 and previously annotated ncRNA transcriptome assemblies).

3.28 PROCESSING R64-1-1 AND PREVIOUSLY ANNOTATED NCRNA (PA-NCRNA)

TRANSCRIPTOME ASSEMBLIES

To categorize alignments with respect to coding and non-coding features in the S. cerevisiae
genome, publicly available transcriptome assemblies were obtained and processed. For the
assessment of alignments with respect to official Ensembl R64-1-1 feature annotations, the R64-
1-1 gff3 file was filtered to retain the labels "gene", "pseudogene”, "snRNA", "snoRNA", and
"TE" ("transposable element"). To classify alignments with respect to pa-ncRNAs, the following
assembly files were obtained, processed, and merged: CUT and SUT features (Xu et al., 2009, p.
200); CUT _4x and CUT 2016 features (Vera & Dowell, 2016); NUT features (Schulz et al.,
2013); R64-1-1 ncRNA features (Saccharomyces Cerevisiae S288C Genome Assembly R64,
n.d.); SRAT features (Venkatesh et al., 2016); XUT features (van Dijk et al., 2011). When
necessary, coordinate conversion between genome assemblies was performed using UCSC

liftOver (version 377) (Hinrichs et al., 2006).
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3.29 BOOTSTRAPPING ENRICHMENT RATIOS

BEDTools (version 2.30.0) (Quinlan & Hall, 2010) shuffle was run on BED files comprised of
Nab3-regulated mRNAs 105 times. Then, BED files were converted to fasta files using getfasta
(FASTX-Toolkit; version 0.0.14) (G. J. Hannon, 2010). Simple enrichment analysis from
MEME Suite (version 5.5.1) (T. L. Bailey et al., 2009) was run on a fasta comprised of Nab3-
regulated mRNAs using the 105 shuffled fastas as controls. Meme values were taken from
Schulz et al. 2013 (Schulz et al., 2013) and manually converted to meme format using the utility
iupac2meme from MEME Suite. Simple enrichment analysis was run as follows: sea --p
mRNAs nab3 rna.fasta --n ${file} --m Nab3 3013.meme --o nab3_${file%.fasta}. Data from

each run was collated and visualized.

3.30 GENE OVERLAP ANALYSES

Gene names were extracted from an Excel file provided in the supplement of Bresson et al. 2017
(Bresson et al., 2017). Names were imported into R and matched with official names from SGD
(Cherry et al., 2012). To evaluate overlaps, a merge operation was performed between the
Bresson et al. genes and those we identified as regulated by Nab3 or Rrp6 in Q. Venn diagrams
were constructed to have proportional sizes using the R package venneuler (version 1.1-3) (Lee

Wilkinson, 2022) and then imported into Affinity Designer (version 1.10.6).

3.31 FIGURE PREPARATION

Plots were generated with, alone or in combination, base R (version 4.2.2, 2022-10-31), the R
software package ggplot2 (version 3.4.2), Prism (version 9.4.1, GraphPad), and various plotting
programs employed by the other software packages used in this study. Affinity Designer (version

1.10.6, Affinity) was used for composing figures.
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Chapter 4. DISCUSSION

4.1 EXPANDED KNOWLEDGE AND REMAINING QUESTIONS REGARDING THE

QUIESCENT TRANSCRIPTOME

Since the Tsukiyama lab began working on quiescence in yeast, RNA sequencing
experiments have suggested that non-coding transcription is highly prevalent in the quiescent
transcriptome. As part of understanding the role of non-coding transcription (discussed in detail in
4.3), I sought to systematically characterize the nascent quiescent transcriptome, which had not
previously been done. By annotating the quiescence transcriptome, we identified 241 unique non-
coding transcripts in quiescence (Figure 2.3). This work was an important step in understanding
what distinguishes the quiescent transcriptome from that of Gi-arrested cells. This annotation can
serve as a resource to future work on how regulation of the genome supports quiescence. Some

questions remain which will require further study with expanded approaches.

4.1.1 Why are snoRNAs and snRNAs so abundant in Q?

One observation from characterizing the quiescent transcriptome is that small nucleolar
RNAs (snoRNAs) and small nuclear RNAs (snRNAs) are a larger fraction of the quiescent
transcriptome than in Gi-arrested cells. Together these two RNA types make up an average of 17%
of the steady state S. cerevisiae reads in quiescence (rRNA and tRNA were excluded for technical
reasons) (Figure 2.3). These same RNA types make up only ~4% in Gj. Yeast cells encode 76
snoRNAs (Piekna-Przybylska et al., 2007), and 5 snRNAs (Mitrovich & Guthrie, 2007). These
transcripts are of high relative abundance in quiescence, but what biological function that they may

serve in this state is unknown.
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SnoRNAs are known to function in rRNA processing. The primary described function of
snoRNAs is during ribosome biogenesis, however they have also been suggested to function in
additional RNA processes such as alternate splicing and regulating mRNA abundance (Bratkovic¢
et al., 2020). snoRNAs come in two major classes depending on their structure and the associated
rRNA modification; C/D box snoRNAs direct 2'-O-methylation modifications while H/ACA box
snoRNAs are responsible for pseudouridylation (Bratkovic¢ & Rogelj, 2014; Dupuis-Sandoval et
al., 2015). These modifications are typically described as constitutive (Ge & Yu, 2013). However,
emerging research in cancer (Z. Huang et al., 2022) suggests snoRNAs play a role in cell fate, and
that they may be more dynamic regulators than previously imagined.

snRNAs are the RNA component of the spliceosome (Mitrovich & Guthrie, 2007). Most
yeast RNAs are not spliced, with only ~280 yeast genes containing introns. Nevertheless, splicing
is essential for viability in Saccharomyces cerevisiae (Parenteau et al., 2008). A large portion of
spliced RNAs are ribosomal proteins (Parenteau et al., 2011), which are reduced in abundance
during quiescence entry (Figure 2.20), suggesting reduced splicing in quiescence. Alternative
splicing is a well described method of gene regulation in metazoans (Blencowe, 2006; Kelemen et
al., 2013; Marasco & Kornblihtt, 2023) and to a lesser extent yeast (Hurtig et al., 2020; Juneau et
al., 2009). We did not attempt to annotate alternative splicing in quiescence, as it was not readily
apparent by eye. However, given high snRNA expression, further study may reveal splicing a
regulator of quiescence in yeast.

Altered snoRNA and snRNA relative abundance in quiescence has not been previously
described. The question remains why these small RNAs are prevalent. One possibility is that rRNA
processing and splicing require this level in quiescence. However, since transcription (McKnight

etal., 2015; Young et al., 2017) and translation (Ashe et al., 2000; L. M. Dickson & Brown, 1998;
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Fuge et al., 1994) are globally repressed, the need for these factors at these levels may be during
the exit from quiescence rather than during quiescence itself. Another possibility is that these
highly structured RNAs support the formation of liquid phase separated bodies which are known
to form under stress conditions (Kroschwald et al., 2015; Wallace et al., 2015). Understanding why

snoRNAs and snRNAs are high relative abundance in quiescence may reveal novel biology.

4.1.2 5 and 3’ ends remain uncharacterized in quiescence

One observation I made during this work is that transcription initiation and termination in
wild-type quiescent cells appears to be occurring at distinct locations at some genes. To perform
transcriptome annotation, we used Trinity, a well maintained and highly cited software (Grabherr
et al., 2011; Haas et al., 2013). I found that Trinity was most successful at generating reasonable
assemblies in the gene dense yeast genome compared to other transcriptome assembly programs I
tried such as Cufflinks (Trapnell et al., 2012) and Stringtie (Pertea et al., 2015). However, because
Trinity relies on assembling transcripts from read fragments, it selects the longest transcript at a
given loci, not necessary the most abundant isoform. As a result, we refrained from further
characterizing these changes in transcription start and termination site since we would need to
perform robust 3" and 5" end sequencing to do so.

Short read 5" end sequencing relies on recognizing the 5" end m’Gppp cap structure present
on mRNA (Policastro & Zentner, 2021). These approaches can require high input or have low
strand-specificity (Adiconis et al., 2018), making them non-ideal for studying quiescent cells.
Future approaches to 5” end sequencing would benefit from thinking beyond cap recognition.
Uncapped mRNAs were once thought to be rapidly degraded by cytoplasmic exonuclease Xrnl;
however the discovery of cytoplasmic recapping enzymes changed that paradigm (Trotman &

Schoenberg, 2019). Additionally, a non-canonical RNA cap made with NAD has been found in
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prokaryotes and eukaryotes, including yeast, though the function of these caps is not well
characterized (Julius & Yuzenkova, 2019; Kiledjian, 2018). In exponentially growing yeast, these
NAD caps are actively removed from most RNAs and then to be restricted to 3" truncated RNAs
(Y. Zhang et al., 2020). Altogether, evidence is building that the 5" cap is not as ubiquitous as once
believed and may not be restricted to polymerase start sites.

While 5” end mapping is equated with mapping transcription initiation sites, this practice
ignores these underlying RNA dynamic processes which potentially obscure the true initiation site.
A high-resolution 5" end sequencing technique which does not rely on the canonical cap would
benefit researchers studying multiple areas of gene regulation. This might also help in the
interpretation of results obtained using these methods. In yeast, alternative start sites have been
observed in stress conditions (Lu & Lin, 2019) and meiosis (Chia et al., 2021) but not across
nutrient conditions when growth rate was held constant (Borlin et al., 2018). 5" end mapping in
quiescence would be of interest, but because the extent and efficiency of capping in quiescence
has not been studied, these results would be hard to interpret. Cap recognition factor eIF4E was
found to be dispensable for starvation survival while another translation initiation factor, el[F4A,
was not (Paz & Choder, 2001). Additionally, internal ribosome entry sites have been shown to be
crucial for translation during nitrogen starvation (Gilbert et al., 2007). These results suggest cap
recognition is not necessary for the low levels of translation occurring in nutrient poor
environments (Ashe et al., 2000; L. M. Dickson & Brown, 1998; Fuge et al., 1994). It remains to
be determined if the canonical cap structure is lower abundance in these conditions.

On the other hand, commonly used 3" end sequencing methods rely on the assumptions
that 3" ends of mRNA transcripts are polyadenylated (W. Chen et al., 2017). Polyadenylation

length has been shown to be altered by media and temperature (Tudek et al., 2021) but has not
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been characterized in quiescent cells. My work suggests the possibility that mRNA
polyadenylation levels may be altered in quiescence. A major finding of this work is that NNS
regulates many mRNAs in quiescence (Figure 2.13). Such NNS-regulated transcripts would likely
be polyadenylated by the polyadenylation complex known as TRAMP (Arigo, Eyler, et al., 2006;
LaCava et al., 2005; Wyers et al., 2005). TRAMP has relatively low processivity and produces
shorter poly(A) tails than the canonical polyadenylation and cleavage pathway (Jia et al., 2011,
2012). Our work found mRNA abundance decreased by 14-fold in quiescence compared to Gi
arrest, while work in McKnight et al. 2015 found a 30-fold decrease between quiescence and
logarithmic growth (McKnight et al., 2015). One explanation for these different numbers is that
McKnight et al. used poly(A) selection while I used rRNA depletion; if mRNAs have different
length or extent of poly (A) tailing in quiescence these methodological differences would alter the
results. Whether mRNAs are always polyadenylated has not been the subject of much study since
this stretch of A’s is thought to be crucial for mRNA stability (C.-Y. A. Chen & Shyu, 2011; J.
Liu et al., 2022). However, several studies in human cell lines found a greater extent of non-
polyadenylated mRNA than would be expected (Cheng et al., 2005; Yang et al., 2011), and in one
case those mRNAs were enriched for transcription factors and cell cycle genes (Yang et al., 2011).
To my knowledge, no similar work has been performed in yeast or across cell states. Therefore,
the consensus that most mRNAs are polyadenylated may not hold in quiescence.

Work around the diauxic shift has shown that transcripts termination occurs closer to the
stop codon than in cycling cells (Yague-Sanz et al., 2020). Mechanistically, evidence suggest that
transcription termination is highly dependent upon the kinetics of transcription (Geisberg et al.,
2020; Hazelbaker et al., 2013; Turner et al., 2021), and that in low nutrient environments Pol II

speed might function to sense nutritional status of the cell (Yague-Sanz et al., 2020). These works
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suggest the faster the speed of polymerase, the longer it can transcribe before termination occurs.
Interestingly in quiescence, I observed that by eye some transcripts have extended, rather than
truncated 3" ends. Since chromatin is globally compacted (McKnight et al., 2015; Swygert et al.,
2019, 2021; Young et al., 2017), it is hard to believe that polymerase moves more quickly under
these conditions. Instead, termination factors may be more limited, allowing polymerase to move
further before the nascent transcript is recognized. Alternatively, the compacted chromatin
environment may influence transcription termination, as nucleosome placement has been shown
to rescue transcription termination defects in cycling cells (Hildreth et al., 2020).
Characterization of the 3" and 5" ends may reveal interesting biology about the regulation
of cellular quiescence. Both transcription and RNA metabolism are distinct in quiescence as
described in this work and others (L. Li et al., 2009; McKnight et al., 2015). Current short read
sequencing approaches to capture 3" or 5" ends have drawbacks and bias in answering how
differently RNA related processes may occur in quiescence. Direct long read sequencing RNA,
although currently error-prone, has already been leveraged to analyze poly(A) tail length (Jain et
al., 2022; Tudek et al., 2021). Further technical advances in long read technology with likely play
a key role in understanding 3" and 5" end modifications across biological systems in the coming

years without the biases introduced by currently available short read technologies.

4.2  NNS-NUCLEAR EXOSOME — TRANSCRIPTION TERMINATION AND RNA DECAY

4.2.1  How is NNS/Rrp6 retargeted in quiescence?

A major conclusion of my thesis work is that NNS and the nuclear exosome regulate
mRNA abundance in quiescence. During this work, I was unable to find a reason why some
mRNAs had increased transcription in the absence of Nab3 in quiescence while others did not.

The strongest trend was that these mRNAs tend to be lowly expressed (Figure 2.17). This low
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level of transcription may result in a chromatin structure more like that at non-coding loci in
quiescence, suggesting this might serve to regulate NNS targeting. However, using Deseq2, we
did not find a strong set of genes which we could say with statistical confidence were not
affected by Nab3. As a result, we didn’t have a set of control genes to compare how chromatin
might influence NNS specificity. Future work on this question would be of interest, as histone
methylation has been implicated in regulating NNS activity (K. Y. Lee et al., 2018; Terzi et al.,
2011) and histone methylation is altered in quiescence (Mews et al., 2014; Young et al., 2017).

Using an RNA IP method which captures RNA/protein interactions between Nab3 and its
target RNAs might have a lower background noise and reduce the number of any indirectly
affected transcripts in the data set. Additionally, many RNA-IP techniques are better able to
identify RNA sequence motifs. One possibility is that NNS has an expanded or altered set of
RNA sequence motifs in quiescence. However, Nrd1 has been suggested to be only partially
sequence specific (Bacikova et al., 2014) and NNS and polyadenylation and cleavage have
overlapping recognition motifs (Porrua et al., 2012) so such motifs might not exist or be highly
degenerate. Alternatively, another non-sequence feature of these RNA targets may be more
relevant. RNA secondary structure and RNA modifications have been shown to influence
RNA/protein interactions (C. J. T. Lewis et al., 2017) and may play a role in determining
specificity in quiescence.

Another possibility is NNS altered in some way during quiescence entry to affect its
specificity. All three subunits of the NNS complex are methylated in logarithmic growth, and
further study of one of the methylated residues on Nab3 showed this modification is crucial for
Nab3’s RNA binding affinity (K. Y. Lee et al., 2020). Histone post-translational modifications

have been shown to be crucial for quiescence (McKnight et al., 2015; Swygert et al., 2019;
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Young et al., 2017), and proteins are often post-translationally modified to regulate cell fate
(Tarazona & Pourquié, 2020). One or more NNS subunits may be post-translationally modified
to shift its target specificity in quiescence.

It is also possible that specificity is determined more by RNA polymerase itself than by
any modification in NNS or the composition of the RNA target. Transcription speed has been
demonstrated to be a key determinant of termination site selection (Geisberg et al., 2020; Turner
et al., 2021), and what speed polymerase achieves in quiescence and with what consistency is
unknown. Dense chromatin structure at repressed loci may function not through any specific
modification, but instead slow RNA polymerase down, giving time for NNS to recognize the
nascent transcript. Using a fast elongation polymerase allele, NNS transcription termination was
shown to be have increased readthrough transcription when polymerase speed was increased
(Hazelbaker et al., 2013).

Alternatively, modifications of the c-terminal domain (CTD) of RNA polymerase II in
quiescence may explain altered NNS targeting. Nrd1 is known to interact with the
phosphorylated Ser5 (Kubicek et al., 2012; Mayer et al., 2012; Vasiljeva, Kim, Mutschler, et al.,
2008), which peaks early in transcription. By the time polymerase reaches the 3" end of the gene,
Ser5 phosphorylation is removed and Ser2 is instead phosphorylated. (Dias et al., 2015; Mayer et
al., 2012; N. Singh et al., 2022; Tietjen et al., 2010; Zaborowska et al., 2016) This interaction
with Ser5 is suggested as a reason NNS preferentially interacts with short transcripts (Gudipati et
al., 2008). By western blot, Ser2 phosphorylation is not observable in quiescence cells while
Ser5 phosphorylation is still detectable (Cucinotta et al., 2021). It is possible that Ser5
phosphorylation is differently distributed or more long lived on the polymerase CTD in

quiescence than in other cell states. Understanding which of these potential mechanisms of NNS
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retargeting is relevant in quiescence would improve our understanding not just of this complex

and cell state, but also of the general principles of regulating transcription termination.

4.2.2  Quiescence entry vs. rapid nutrient shift

We found that the mRNAs regulated by Nab3 in quiescence were distinct from those
identified on rapid shift from glucose to ethanol (Bresson et al., 2017) (Figure 2.19). One
possibility is that technical differences altered the RNAs identified; Bresson et al. used the RNA
IP technique CRAC while we evaluated changes in nascent transcripts. This raises the question
of whether NNS may have multiple roles in regulating responses to nutritional changes. Nab3
has been shown to regulate nitrogen metabolism genes (Merran & Corden, 2017), further
supporting this possibility. Since Nab3 was depleted six hours after the diauxic shift, it is
possible that depletion earlier in quiescence entry would result in more overlap between our two
studies.

Supporting this, Rrp6 acts in at least two distinct phases, one around the diauxic shift and
one later in quiescence entry (Figure 2.20). Interestingly, genes effected by RRP6 deletion
around the diauxic shift are enriched for ribosome proteins. A large portion of spliced RNAs are
ribosomal proteins (Parenteau et al., 2011), and Rrp6 has been shown to function in quality
control of spliced mRNAs (P. Singh et al., 2021; Steinmetz & Brow, 1998). Around the diauxic
shift, splicing efficiency may be decreased to promote degradation of these RNAs. I[f NNS
behaves similarly, this first retargeting event would be missed because I depleted Nab3 after the
diauxic shift.

Using time points through quiescence entry allowed me to identify three distinct gene
clusters, with distinct timing and gene ontology terms. This experiment was logistically

challenging to perform, and it is clear why investigators prefer rapid nutrient shift experiments
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for their relative ease. However, fluctuations in nutrient availability in nature often occur over
much longer time spans (Nguyen et al., 2021). Yeast enter quiescence by sensing changes in
nutrient availability, thus preparing for starvation, rather than waiting for nutrients to be
exhausted (Lillie & Pringle, 1980; Miles et al., 2013). As a result, rapid nutrient downshift does
not confer longevity (L. Li et al., 2009). Though onerous, the identification of relevant time
points during physiologically relevant changes in nutrient availability are key to building an

understanding of how gene expression is coordinately regulated to change cell state.

4.3  CHALLENGES TO UNDERSTANDING NON-CODING TRANSCRIPTION

Since the discovery of cryptic pervasive transcription, there has been a question of what
functions, if any, it possesses (Dinger et al., 2009; Villa & Porrua, 2022). One of my goals at the
beginning of my time in the Tsukiyama lab was to understand what functions abundant non-coding
transcription in quiescence might play (Figure 2.3). My thesis work found antisense transcription
to be weakly repressive genome-wide, but only found 20 induced antisense transcripts with their
associate mRNAs reduced by 1.5-fold or more on Nab3 depletion. Since over 4000 antisense
transcripts were induced, less than 0.5% of antisense transcripts have evidence for strong
repressive function at their given loci in quiescence. This is in sharp contrast to two studies
performed in log-phase growth. The first study found 114 antisense transcripts associated with
repressed mRNAs, and 828 at loci that were not repressive (Schulz et al., 2013). In this case,
approximately 12% of antisense transcripts show evidence for strong repressive function by their
criteria. A second study found 217 antisense transcripts with “sense repression” and 469 antisense
transcripts at non-responsive genes (Gill et al., 2020). This would suggest ~31% of antisense

transcripts are potentially repressive in log.
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One explanation for this discrepancy is that antisense transcripts behave differently in
quiescence than in log. Chromatin structure is globally repressive in quiescence (McKnight et al.,
2015; Swygert et al., 2019; Young et al., 2017), and antisense transcripts have been suggested to
function via the formation of repressive chromatin structures (Gill et al., 2020; Houseley et al.,
2008). If the chromatin is already in a strongly repressive state, the addition of antisense
transcription may cause only minor changes or none. However, given several meaningful technical
differences between my thesis work and the work done by others, it is possible that these

differences are not due to cell state.

4.3.1  Potential confounding factors in NNS depletion work

Both Gill et al. 2020 and Schulz et al. 2013 used Nrd1, rather than Nab3 as the NNS protein
they manipulated. I attempted to deplete Nrd1 using the auxin inducible degron system but found
that protein levels did not dramatically change in quiescence (data not shown). This is likely at
least in part due to Nrd1’s ability to regulate its own RNA levels (Arigo, Carroll, et al., 2006).
However, because Nrd1 and Nab3 form a heterodimer (Chaves-Arquero et al., 2022), depletion of
one is likely to have an effect on the other.

Additional technical differences include the depletion system, and the strain backgrounds
used. Gill et al. and Schulz et al. used anchor away, which relies on rapamycin to remove the
tagged factor from the nucleus. To use this system, TOR/ is mutated to for/-1 and FPRI is deleted
to make cells insensitive to rapamycin. Additionally, the human gene FKBP12 is fused to a yeast
gene to serve as the “anchor”. The protein of interest is then tagged with the FKBP12-rapamycin-
binding domain of human mTOR. Upon addition of rapamycin, the tagged protein is exported
from the nucleus via the rapamycin dependent interaction between target and anchor proteins

(Haruki et al., 2008). This system is incompatible with cellular quiescence, as TOR is a crucial
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signaling pathway to responding to nutrient limitation (Breeden & Tsukiyama, 2022; Saxton &
Sabatini, 2017). Instead, we used an auxin inducible degron system, where the protein of interest
is tagged, and the Oryza sativa (rice) protein TIR1 (OsTIR) is introduced into the background.
Upon addition of auxin, the tagged protein interacts with the E3 ubiquitin ligase complex made up
by OsTIR and endogenous yeast protein Skpl, and is subsequently degraded by the proteosome
(Nishimura et al., 2009; Nishimura & Kanemaki, 2014). Both these depletion systems have major
drawbacks. Anchor away relies on mutating an essential signaling pathway. Alternatively, TOR is
a target of [AA (Nicastro et al., 2021) and we find that yeast produce more quiescent cells in the
presence of auxin (Figure 2.18). It is not outside of the realm of possibility that one or both of
these systems meaningfully changes the “wild type” response to depleting a protein and obscures
its typical function. We were pleased to see rrp6A4 and Nab3-AID depletion systems affected
similar transcripts in quiescence (Figure 2.13), suggesting that at least in this case that the depletion
behaves similarly to a related constitutive null within the same established pathway. As costs of
sequencing continue to decrease and further depletion systems are developed, using multiple
parallel systems of depletion to interrogate protein function in gene expression will become
increasingly feasible, thus reducing this as source of variability in the future.

Even without these sources of variability, one major difference remains: normalization. For
this work we relied on spike-in normalization to compares steady-state and nascent RNA levels
between cell states, and to compare between mutant and wild-type. How normalization should be
performed at the bench or at the computer is not standardized in the field. This is a major concern,
with field-wide implications. Both Gill et al. 2020 and Schulz et al. 2013 performed RNAseq or

4tUseq without any spike-in normalization. This is a major short-coming of both papers.
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Using a spike-in correctly makes it possible to understand if the total amount of RNA or
transcription is altered between two conditions. In the absence of a spike-in, the assumption is that
total levels are unaltered. In many cases, especially when depleting proteins with strongly
activating or repressive effects, this assumption is inappropriate. In the absence of a spike-in, the
“highest hits” will remain the same, however the distribution will be shifted. In the case of

antisense transcription this is especially crucial.

4.3.2  Normalization in the analysis of antisense transcripts

To demonstrate the change a spike-in can make when analyzing antisense transcripts, I
have reanalyzed my Nab3-AID depletion nascent transcription data without considering spike-in.
When spike-in is considered, 1417 mRNAs and 4011 antisense transcripts are increased by greater
than 1.5 fold with a q value <.05 (Figure 4.1A). As a default, Deseq2 provides a read depth-based
normalization, and assumes that total transcripts are the same between states. With this read-depth
normalization, only 278 mRNAs and 1968 antisense transcripts are increased by greater than 1.5
fold with a q value <.05 (Figure 4.1B). In addition to the dramatic decrease in over-expressed
mRNAs with read depth normalization, 674 mRNAs have decreased expression by 1.5 fold or
more with a q value <.05, compared to only 27 when spike-in normalization is used. Comparing
antisense with significantly increased expression to mRNAs with significantly decreased
expression is where the potential for repressive antisense transcripts exists. When spike-in
normalization is used, 20 out of 4011 antisense transcripts are predicted to be repressive, compared
to 354 out of 1968 when only read depth normalization is used (Figure 4.1C). Simply by shifting
the distribution, the percent of predicted repressive antisense transcripts goes from .5% to 18%.

This single change brings our result much closer to Gill et al. 2020 and Schulz et al. 2013.
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Figure 4.1 Analysis of antisense transcript repressive activity with spike-in versus read depth
normalization.

(A) Volcano plots showing NAB3-dependent changes in transcript levels (NAB3-AID/parent).
Analyses were performed using DESeq2 (Love et al., 2014), and panels show the magnitudes of
NAB3-AID/parent log, fold change (x-axis) versus significance (—logio q value, y-axis) for
nascent mRNA (left) and antisense transcripts (right) in quiescence. Significant differences were
defined as q < 0.05 and absolute log2 fold change > 0.58. q values were obtained from Wald
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tests with Benjamini-Hochberg corrections. Spike-in K. lactis reads were used for normalization
with K. lactis genes set as control genes in DESeq?2.

(B) Volcano plots showing NAB3-dependent changes in transcript levels (NAB3-AID/parent).
Analyses were performed using DESeq2 (Love et al., 2014) , and panels show the magnitudes of
NAB3-AID/parent log, fold change (x-axis) versus significance (—logio q value, y-axis) for
nascent (left) and steady-state (right) pa-ncRNA and mRNA in quiescence. Significant
differences were defined as q < 0.05 and absolute log2 fold change > 0.58. q values were
obtained from Wald tests with Benjamini-Hochberg corrections. Deseq2 estimated size factors
based on one matrix of sense and antisense counts.

(C) Venn diagrams of mRNAs significantly down on Nab3 depletion (green) and antisense
significantly up on Nab3 depletion (blue). The intersection of these represent loci were antisense
is up and mRNA is down. On the left, spike-in calculated gene numbers are used (Figure 4.1A)
and on the right read depth calculated gene numbers are used (Figure 4.1B).

Based on this analysis, meaningfully comparing the results here to those preformed without
spike-in normalization is not possible. The issue of normalization is not limited to studying non-
coding transcripts and is a matter of field-wide concern for scientists studying gene expression (K.
Chen et al.,, 2016; Evans et al.,, 2018). Even when spike-ins are used they may be used
inappropriately either at the bench or in subsequent computational analyses. Authors often do not
report the details of how spike-in normalization was performed, making it harder to review if the
spike-in was handled correctly. In some cases, spike-ins do not behave linearly, distorting the
distribution (B. M. Dickson et al., 2020; Locati et al., 2015). This problem is especially concerning
in cases where incorrect normalization leads to incorrect biological conclusions about the

processes being studied.

433 Why is non-coding RNA so prevalent in quiescence?

This work found very few non-coding transcripts with evidence of the canonical repressive
effect of antisense transcripts. It is possible that they possess this activity, but our assay was

insufficient to detect it. This might be the case if Nab3 is required for the normal function of
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antisense transcripts, or if the wild-type expression level provides a maximum repressive effect
that over-expression of these transcripts does not alter.

It is also possible that non-coding transcripts provide other, yet undescribed, benefits to the
cell. In quiescence, there may be benefits to keeping transcription above a certain threshold without
transcribing additional mRNA. Hyper-transcription upon quiescence exit (Cucinotta et al., 2021)
may be more efficient if a certain amount of transcription is maintained during quiescence. Non-
coding transcription during quiescence may help the cell recognize DNA damage through
transcription guided repair (Kamarthapu & Nudler, 2015). Another possibility is that these non-
coding RNAs encode functional, translated short-ORFs (Orr et al., 2020; J. E. Smith et al., 2014;
Yagoub et al., 2015) or have functions as an RNA product (Kyriakou et al., 2016). Finally, the
possibility remains that these transcription units and their associated transcripts are inert and
functionless, or potentially even harmful to overall cellular fitness.

Further study and new approaches are required to answer these questions. A recent paper
by Hegazy et al., suggests that genetic systems bias our understanding of antisense transcription.
By deleting the gene encoding RNA helicase DBP2, they found that change in antisense and sense
transcription was positively correlated between wild-type and dbp24 (Hegazy et al., 2023). This
is a very different relationship than I observed when depleting Nab3 or when Nrdl was depleted
by others (Gill et al., 2020; Schulz et al., 2013), demonstrating that which genetic system is used
directly influences results. Single locus experiments have been instrumental in building our
understanding of the mechanisms and functions of antisense transcripts (Hongay et al., 2006;
Lenstra et al., 2015; Nevers et al., 2018). These experiments are time-consuming, technically
challenging, and hard to control for off target effects that occur due to editing at the locus. They

are also prone to similar normalization issues as global genomic experiments, as commonly used
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reference genes such as ACT/ do not always behave as expected (Teste et al., 2009). Editing at the
locus has the potential to interfere with gene looping, as well as the 3’'UTR of the mRNA (Hegazy
et al., 2023). CRISPR approaches have been leveraged to avoid editing the locus of interest
(Lenstra et al., 2015; Novaci¢ et al., 2022), however, strand-specificity remains imperfect (Howe
et al.,, 2017). Finally, a wealth of negative data may remain unpublished. Since papers which
conclusively find an effect or mechanism are much more likely to be published (Hopewell et al.,
2009; Moller & Jennions, 2001), the scientific literature may be biased towards results suggesting

that antisense transcripts have repressive functions, regardless of if that is usually the case.

4.4  CONCLUSIONS

In conclusion, my thesis work characterized the quiescent transcriptome in detail, and
demonstrated extensive post-transcriptional regulation on both coding and non-coding transcripts
in this cell state. This work also annotated several hundred novel non-coding transcripts in
quiescence, enabling future further study of their function. Finally, I discovered a novel role for
the nuclear exosome-NNS pathway in the regulation of mRNA in quiescence and quiescence
entry. Together, these finding expand our knowledge of gene regulation in quiescence and

presents many future avenues for investigation.
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APPENDIX A: ACIDIC PH PROMOTES QUIESENCE ENTRY IN
W303 SACCHAROMYCES CEREVISIAE

This appendix is composed of draft of a manuscript which will be submitted to
microPublication Biology with authors A. C. Greenlaw and T. Tsukiyama.

Abstract

Quiescence is a conserved cellular state wherein cells cease proliferation and remain poised
to re-enter the cell cycle when conditions are appropriate. Budding yeast has emerged as powerful
tool for studying cellular quiescence. In this work, we demonstrate that the pH of the YPD media
affects quiescence entry efficiency in Saccharomyces cerevisiae. Many more quiescent cells are
produced in acidic pH YPD than in basic pH YPD. Thermotolerance of the produced quiescence
yeast are similar, suggesting the starting media pH influences the quantity of quiescent cells more

than quality of quiescence reached.
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Figure 1 Acidic pH promotes quiescence entry.

(A) Bar graph showing total saturated ODseo of yeast produced by each media condition. Points
represent each replicate and bars are standard deviation. Using pair t-test, difference is not
significant.

(B) Bar graph showing percent quiescent cells produced by each media condition. Points represent
each replicate and bars are standard deviation. Using pair t-test, difference between 5.56 and 6.72
is significant (** = p < 0.001).

(C) Scatter plot comparing media pH to percent quiescent. Linear regression analysis performed
using Prism.

(D) Spot test of quiescent cell thermotolerance at 51 °C.

Description
Quiescence is conserved exit from the mitotic cell cycle, essential for long term survival in

eukaryotes. Saccharomyces cerevisiae (hereafter yeast) have been leveraged as effective system
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to study quiescence, since large quantities of quiescent cells can be readily purified (Allen et al.,
2006). When quiescent cells are purified using the percoll gradient method, a quiescent and non-
quiescent fraction are separated, and the percent of cells which enter quiescence can be measured.

We have found that quiescence entry yield of for the same yeast strain is variable over time,
especially dependent upon the batch of YPD used. This was a frustrating logistical hurdle, as
strains with low quiescence entry efficiency had to be grown and purified at large scale to ensure
sufficient quiescent cell yield for genomic experiments. One aspect of the media that was
uncontrolled in our laboratory was the pH. Standard recipes for liquid YPD do not generally
mention media pH (“YPD Media,” 2010). However, acidic pH has been demonstrated to increase
glycerol production (Yalcin & Yesim Ozbas, 2008), and basic pH has been shown to inhibit
fermentation and respiration (Pena et al., 2015). pH 5.5 has been reported as the optimal pH for
ethanol production (Narendranath & Power, 2005). We wondered if media pH might influence
quiescence entry yield.

To test this possibility, I grew three strains in in five different pH-adjusted YPD media.
Four pH measurements were used; 4.0, 5.56, 6.72 (no adjustment) and 8.24. Since acetic acid is
toxic to yeast and promotes aging (Burtner et al., 2009; Murakami et al., 2011), I used an inorganic
acid (hydrochloric acid) and base (sodium hydroxide) to test the effect of media pH on quiescence
entry. As an additional control, I added low concentration sodium chloride to the 5% YPD, to
distinguish if the pH, or the chloride or sodium was responsible for changes to quiescence entry.

Yeast grown in all five batches of media saturated around 30 ODgso per mL, producing
approximately 400 total ODeeo (Figure 1A). Saturated density is essentially equivalent for all five
media, with a slight but insignificant dip for the basic pH media. In contrast, pH dramatically

changes the fraction of cells which are quiescent (Figure 1B). pH 4.0 results in in approximately
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90% quiescence entry efficiency, compared to approximately 25% efficiency at pH 8.24. The
additional of 25 mM NaCl did not significantly change quiescence entry efficiency compared to
unadjusted YPD, demonstrating that pH, not salt ions, are the most relevant variable. Quiescence
entry efficiency and pH are highly correlated between pH 4 and pH 8.24 (2 = .9057) (Figure 1C).
Using simple linear regression, the estimated slope in -16.44, and is significantly non-zero
(p<0.0001).

To test if the cells produced were truly quiescent, I performed a thermotolerance assay.
Quiescence yeast have improved thermotolerance, and can survive heat shock at 51 °C (Allen et
al., 2006; Klosinska et al., 2011). Thermotolerance is relatively similar regardless of media pH
(Figure 1D). Although the difference is very minor, pH 4.0 and 5.56 seem to survive slightly better
than pH 6.72 and 8.24 after 30 minutes 51 °C. This suggests that the increased quiescence entry
yields from the media with pH 4.0 and 5.56 are the result of additional bona fide quiescent cells.

In contrast to these results, previous reports demonstrated that acetic acid is toxic to yeast,
and low pH has been shown to reduce chronological lifespan (Burtner et al., 2009; Murakami et
al., 2011). These experiments were performed in auxotrophic strains, which have poor longevity
and are not appropriate for studying quiescence (Boer et al., 2008; Breeden & Tsukiyama, 2022).
Additionally, BY4741 was used for some experiments, which does not go through the diauxic shift
or enter quiescence (Miles et al., 2023). Thus, low pH reduces the lifespan of yeast unable to enter

quiescence, but increases quiescence entry in W303 prototrophic yeast.

Method:

A 2-liter batch YEP was made (1% yeast extract, 2% peptone) and split into five 375 mL

aliquots. pH was then adjusted with either HCI (pH 4, and 5.5) or NaOH (8.5). As an additional
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control, NaCl was added at 25 mM to an aliquot. This concentration was determined based on the
amount of HCI added to the pH 4 aliquot. The amount of acid, base or salt added was measured,
and a remaining volume of water was added to so that 10 mL of additional volume were added to
each aliquot. For the unadjusted control, 10 mL of water were added. All 5 media were autoclaved
1 hour at >120°C. Glucose was added to a final concentration of 2%, and the pH was re-measured.
10 pl of yeast overnight culture from unadjusted YPD was added to each flask and grown for 7
days to saturation.

All experiments were performed in biological triplicate with independently created stains.

The following strains were used:

Strain Number Source Complete Genotype
yTT5781 Tsukiyama Lab | MATa RAD5+ canl-100
yTT5782 Tsukiyama Lab | MATa RAD5+ canl-100
yTTS5779 Tsukiyama Lab | MAT(@ RADS5+ canl-100

Quiescent cell purification, quiescence entry efficiency, and thermotolerance were
performed in 3.5, 3.6 and 3.7. Of note, quiescence entry percent was calculated from the OD of
the saturated culture and the final volume and OD of the quiescent cells collected. The saturated
culture was in YPD and blanked against YPD, while final Q fraction was in water and blanked
against water. In one case this led to the total quiescent cell yield being calculated as greater than
100 percent.

Graphing and statistical analysis was performed in prism (version 10). Paired t-test was
used to compare between columns in figure 1A and B. Simple linear regression was used to

generate the trend line in figure 1C.
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