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Yeast 

Thesis Directed by Robin Dowell 

Cryptic unstable transcripts (CUTs) are a largely unexplored class of nuclear exosome 

degraded, non-coding RNAs in budding yeast. It is highly debated whether CUT transcription 

has a functional role in the cell or whether CUTs represent noise in the yeast transcriptome. 

I sought to ascertain the extent of conserved CUT expression across a variety of 

Saccharomyces yeast strains to further understand and characterize the nature of CUT 

expression.  To this end I designed a Hidden Markov Model (HMM) to analyze strand-specific 

RNA sequencing data from nuclear exosome rrp6Δ mutants to identify and compare CUTs in 

four different yeast strains: S288c, Σ1278b, JAY291 (S.cerevisiae) and N17 (S.paradoxus).  My 

RNA-seq based method has greatly expanded upon previous CUT annotations in S.cerevisiae, 

underscoring the extensive and pervasive nature of unstable transcription.  Utilizing a four-way 

genomic alignment I identified a large population of CUTs with conserved syntenic expression 

across all four strains. Furthermore I observed that certain configurations of gene-CUT pairs, 

where CUT expression originates from a gene 5’ or 3’ nucleosome free region, correlate with 

distinct expression trends for the associated gene.  Bidirectional gene-CUT pairs correlate with 

higher expression of genes, and antisense gene-CUT pairs correlate with reduced gene 

expression.  Interestingly these effects on gene expression are most prevalent in the presence 

of conserved CUT expression.  Additionally I have shown that CUTs lack a well-defined 3’ 

nucleosome free region that is commonly observed at protein-coding genes, and suggests that 

3’ NFRs are not characteristic of Sen1-dependent terminated transcripts.     
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 Introduction Chapter I -

Cryptic unstable transcripts, or CUTs, are one of a plethora of unstable non-coding 

RNAs (ncRNA) identified in yeast in the past decade.  At the time that CUTs were first globally 

identified in nuclear exosome rrp6Δ mutants (Wyers et al. 2005; Davis and Ares 2006), a 

complete understanding of the molecular components and pathways leading to CUT 

degradation were lacking.  However there were preliminary indications that CUTs engaged 

many of the same complexes involved in small nuclear and small nucleolar RNA production 

(Allmang et al. 1999; Kadaba, Wang, and Robinson 2006).  Yet how these components worked 

together or how and why they acted on CUTs and other RNAs remained unclear.  We now know 

that an alternative RNA polymerase (RNAP) II transcription termination and 3’ end processing 

pathway recognizes CUTs and other RNAPII transcripts, marking these RNAs for degradation 

or processing into mature transcripts by the nuclear exosome (Eric J. Steinmetz et al. 2001; 

Wyers et al. 2005; Arigo, Eyler, et al. 2006; LaCava et al. 2005; Kim et al. 2006; Thiebaut et al. 

2006).   

For what purpose are CUTs transcribed if only to be rapidly degraded by the nuclear 

exosome?  I, like other researchers in the field, have hypothesized that CUT transcription is able 

to regulate the expression of nearby and overlapping genes.  The central focus of the my thesis 

work has been to assess the extent of conserved syntenic CUT expression across a variety of 

yeast strains to elucidate potentially important, conserved functional roles for CUT transcription 

in yeast. To best appreciate and contextualize the findings discussed in this thesis I will first 

introduce the reader to the various ncRNAs thus far identified in the budding yeast 

Saccharomyces cerevisiae and the basics of RNAPII transcription, including transcription 

termination and 3’ end processing pathways.  Then I will discuss in detail the molecular 

complexes and pathways resulting in CUT degradation by the nuclear exosome and the 

implications of such pathways for the yeast transcriptome. 
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Yeast ncRNAs 

Numerous transcriptome studies have shown that the yeast genome is highly expressed, 

revealing pervasive transcription of intergenic and unannotated, non-protein coding regions 

(David et al. 2006; Nagalakshmi et al. 2008; Churchman and Weissman 2011).  RNAPII is 

responsible for this pervasive transcription, producing the various intergenic and intragenic 

ncRNAs observed in these studies.  Historically the term ‘non-coding RNA’ simply refers to any 

non-protein coding RNA, including the well characterized functional ncRNAs such as ribosomal 

RNAs (rRNAs), transfer RNAs (tRNAs), etc.  However in recent years ‘non-coding RNA’ has 

expanded to include non-protein coding RNAs, transcribed by RNAPII, whose functions are 

often unknown.  A great deal of effort has been put into determining the functions of RNAPII 

ncRNAs.  Well documented examples include ncRNAs that regulate IME4, SER3, and GAL10 

expression (Martens, Laprade, and Winston 2004; Hongay et al. 2006; Houseley et al. 2008; 

Gelfand et al. 2011; Thebault et al. 2011)   

In yeast recently discovered ncRNAs are commonly distinguished from one another by 

their stability or persistence in the cell after transcription termination.  One group of stable 

ncRNAs are the so-called stable unannotated transcripts (SUTs) (Xu et al. 2009), though many 

stable ncRNAs exist beyond those identified as SUTs.  Unstable RNAs are not readily 

detectable in the steady-state RNA population and are generally defined by the molecular 

complexes or enzymes involved in rapidly removing these RNAs from the cell.  Yeast unstable 

ncRNAs include cryptic unstable transcripts (CUTs; nuclear exosome, Rrp6p) (Xu et al. 2009; 

Wyers et al. 2005; Davis and Ares 2006), Xrn1-sensitive unstable transcripts (XUTs; Xrn1p) 

(van Dijk et al. 2011), Nrd1-dependent unterminated transcripts (NUTs; Nrd1p) (Schulz et al. 

2013), meiotic unstable transcripts (MUTs, essentially CUTs specifically found during meiosis) 

(Frenk, Oxley, and Houseley 2014), and dis3Δ transcripts (nuclear exosome, Dis3p) (Gudipati et 

al. 2012).  Similar to CUTs, unstable ncRNAs called promoter upstream transcripts (PROMPTs) 
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have been identified in human cells by transient knock down of nuclear exosome components 

(Preker et al. 2008; Preker et al. 2011).  This menagerie of unstable transcripts not only greatly 

contributes to the complexity of the yeast transcriptome, but also raises many questions 

regarding the nature of such extensive, but short lived, ncRNAs.   Research investigating CUTs, 

and other unstable ncRNAs, has raised many questions regarding the specificity and regulation 

of RNA polymerase activity and has also brought to light a complex network of RNA processing 

and degradation pathways in yeast.  

The Basics of Transcription 

 Nuclear transcription in yeast is carried out by three multi-subunit RNAP complexes: I, II, 

and III which catalyze the polymerization of ribonucleoside triphosphates from a DNA template; 

each RNAP is responsible for the production of a distinct population, or populations, of RNA in 

the cell.  RNAPI transcribes the 35S primary rRNA transcript that is processed into the 25S, 

18S, and 5.8S mature rRNAs.  In addition to the aforementioned ncRNAs described in the 

previous section (Yeast ncRNAs) RNAPII transcribes all nuclear, protein-coding RNAs 

(mRNAs), all small nucleolar RNAs (snoRNAs) except snR52, and the U1, U2, U4, and U5 

small nuclear RNAs (snRNAs). RNAPIII transcribes the 5S rRNA, all nuclear tRNAs, the U6 

snRNA, and the snR52 snoRNA.  The structure and function of yeast RNAPI, II, and III are 

highly conserved throughout eukaryotes (Sentenac 1985; reviewed in Werner and Grohmann 

2011; Huang 2001; Cramer et al. 2008) making yeast an excellent model to study eukaryotic 

transcription.   

RNAPII is the most widely studied polymerase complex of the three, no doubt due to its 

role in mRNA production and its unique C-terminal domain (CTD) structure.  Transcription by 

RNAPII can be broken into three phases: initiation, elongation and termination. These three 

steps of transcription are accompanied by several co-transcriptional RNA processing events 
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including capping, splicing, and 3’ end formation that are coordinated by post-translational 

modifications of RNAP II CTD (reviewed in Eick and Geyer 2013).  During initiation, RNAPII 

binds the promoter, located upstream of the gene, and begins transcription of a short RNA 

product.  Once transcription begins a guanosine triphosphate cap is added to the 5’ end of the 

nascent RNA, protecting it from 5’→3’ degradation and aiding in translation efficiency.  

Elongation marks the start of processive polymerase activity where RNAPII moves along the 

DNA adding nucleotides to the 3’ end of the growing nascent RNA.  During elongation introns 

are removed from the pre-mRNA.  Finally, in termination, RNAPII is either released or removed 

from the DNA thereby ending polymerization.  Termination coincides with 3’ end formation and 

can follow one of two distinct, though not mutually exclusive, pathways: poly(A)-dependent 

termination or Sen1-dependent termination1 (Kim et al. 2006).  These two pathways play a 

crucial role in determining the fate (i.e. stability) of RNAP II RNAs.  

Alternative RNAP II Transcription Termination Pathways 

In yeast, RNAPII-transcribed pre-mRNAs and stable ncRNAs undergo canonical poly(A)-

dependent termination utilizing the cleavage and polyadenylation factor (CPF) as well as the 

cleavage and polyadenylation factor IA (CFIA) complexes.  RNAPII-transcribed snRNAs, 

snoRNAs, and unstable ncRNAs, such as CUTs, undergo non-canonical, Sen1-dependent 

termination utilizing the Nrd1-Nab3-Sen1 (NNS) complex (Steinmetz et al. 2001; Kim et al. 

2006; Thiebaut et al. 2006; reviewed in Bernstein and Toth 2012).  Though each pathway 

utilizes a distinct set of termination and 3’ processing complexes, several key termination 

factors, such as Pcf11p, Ssu72, and Ess1, are important to both pathways (Steinmetz and Brow 

2003; Kim et al. 2006; Singh et al. 2009; Krishnamurthy et al. 2009).  Figure 1 highlights the key 

                                                

1
 Sometimes referred to as poly(A)-independent termination or non-poly(A) termination 
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components involved in each pathway discussed below.  I note that several mRNAs and stable 

ncRNAs show evidence of occasional Sen1-dependent termination (Schulz et al. 2013; Webb et 

al. 2014) demonstrating modest overlap or redundancy between these two pathways.  It is 

thought that both sets of termination complexes associate with elongating RNAPII, via 

phosphorylated CTD serine residues, awaiting transcription of appropriate sequences in the 

nascent RNA.  Both Pcf11p of the CFIA complex and Nrd1p of the NNS complex contain a CTD 

interacting domain that preferentially binds phosphorylated Serine2 (Ser2-P) and Serine5 (Ser5-

P), respectively (Licatalosi et al. 2002; Vasiljeva et al. 2008; Kubicek et al. 2012), while Ctf1 of 

the CPF complex has a general affinity for phosphorylated forms of the CTD (Dichtl et al. 2002).  

As shown in Figure 1 the prevalence of RNAPII CTD Ser5-P and Ser2-P are inversely 

correlated, with Ser5-P dominating early in transcription and Ser2-P dominating late in 

transcription (reviewed in Eick and Geyer 2013).  The difference in CTD binding between 

Pcf11p and Nrd1p may provide additional specificity in determining which termination pathway 

is used.  Additionally H3K4 trimethylation by Set1, which is enriched at promoter-proximal 

regions of highly transcribed genes, aids in Sen1-dependent termination (Terzi et al. 2011).  The 

combined preference for Ser5-P and H3K4 trimethylation may explain why most Sen1-

dependent terminated RNAs are relatively short2. 

Poly(A)-dependent termination occurs via recognition of an AU-rich polyadenylation 

signal3 by the CPF complex causing a slowing of RNAPII and Ysh1-dependent endonucleolytic 

cleavage of the nascent RNA.  Cleavage is followed by polyadenylation of the upstream 

cleavage product by Pap1p and degradation of the downstream cleavage product by the 5’→3’ 

                                                

2
 because Ser5-P occurs early in transcription and H3K4 is promoter proximal 

 
3
 with the consensus motif: AAUAAA 
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exonuclease Rat1p/Xrn2p.  RNAPII continues to transcribe the downstream cleavage product 

until it dissociates from the DNA template thereby ending transcription.  The mechanisms 

governing transcription termination remain unclear, but popular models suggest that 

Rat1p/Xrn2p degradation of the downstream RNA collides with RNAP II (the torpedo model) 

and/or conformational changes in RNAP II, resulting from the loss of CTD-associated proteins 

after transcription of the polyadenylation signal, disrupt polymerase activity (the allosteric model) 

(Kim et al. 2004; Luo, Johnson, and Bentely 2006; Park, Kang, and Kim 2015; reviewed in 

Rosonina, Kaneko, and Manley 2006).   

Non-canonical, Sen1-dependent termination occurs via recognition of short motifs 

(consensus GUAA|G and UCUU) in the nascent RNA by the RNA binding proteins Nrd1p and 

Nab3p (Steinmetz et al. 2001; Carroll et al. 2004; Hobor et al. 2011; Creamer et al. 2011).  

Interaction of the Nrd1-Nab3-Sen1 complex (NNS) with both the RNAPII CTD and the nascent 

RNA is thought to slow and possibly disrupt transcription.  Sen1 helicase activity may further 

induce transcription termination, possibly by unwinding the DNA:RNA hybrid in the RNAPII 

active site (Steinmetz et al. 2006; Porrua and Libri 2013; Martin-Tumasz and Brow 2015).  

Sen1-dependent termination is thought to occur without cleavage of the nascent RNA or 

Rat1p/Xrn2p degradation (torpedo model) (Kim et al. 2006).  Following 3’ end formation, 

association with the NNS complex marks the RNA for polyadenylation by the non-canonical 

poly(A) polymerase Trf4p/Pap2p of the TRAMP complex (Tudek et al. 2014).  It was recently 

shown that the Nrd1p CTD interacting domain, which binds RNAP II CTD Ser5-P, also binds a 

CTD mimic in Trf4p, there by facilitating substrate hand over to TRAMP (Tudek et al. 2014).    

RNAs that undergo Sen1-dependent termination are polyadenylated by TRAMP and 

rapidly degraded or processed into mature transcripts by the nuclear exosome.  The fact that 

many of the RNAs terminated by this pathway are rapidly degraded, i.e. CUTs, has led to the 

suggestion that this pathway acts as a surveillance or quality control mechanism, guarding the 
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yeast transcriptome from spurious transcription.  Indeed, the NNS complex is essential, likely 

due in part to its role in sn/snoRNA production.  Temperature sensitive nrd1 mutants and 

nuclear depletion of Nrd1p lead to defective NNS termination resulting in extended transcripts 

(NUTs) that often transcribe into neighboring genes (Schulz et al. 2013).  Genes affected by 

these extended transcripts often showed aberrant expression patterns, consistent with models 

where Sen1-dependent termination acts to protect the genome from uncheck/spurious 

transcription by early termination of ncRNAs. 

TRAMP (Trf4/Air2/Mtr4 polymerase complex) 

The TRAMP complex is an activating cofactor of the nuclear exosome (Callahan and 

Butler 2010) made up of three proteins: a poly(A) polymerase (Trf4/5p), a zinc knuckle domain 

protein (Air1/2p), and a DExD/H family RNA helicase (Mtr4).  Air1p and Air2p have largely 

redundant functions, acting to recognize and bind the RNA substrates of TRAMP (LaCava et al. 

2005; Wyers et al. 2005; Schmidt et al. 2012).  Although over expression of Trf5p can rescue 

defects in RNA 3’ processing in trf4Δ, Trf4p and Trf5p primarily have non-redundant functions 

(LaCava et al. 2005; Egecioglu, Henras, and Chanfreau 2006; Houseley and Tollervey 2006), 

often leading to the designations TRAMP4 and TRAMP5 to distinguish between these two forms 

of the complex.  Mtr4 RNA helicase is hypothesized to dissociate or remodel stable 

ribonucleoprotein structures both as a component of TRAMP and in TRAMP-independent 

processes (Holub et al. 2012). 

The nuclear exosome is thought to be relatively inactive in the absence of TRAMP 

activity (Mitchell et al. 1997), likely to protect the cell from inappropriate or nonspecific RNA 

degradation.  Both trf4Δ and rrp6Δ mutants show accumulation of CUTs and  3’ extended 

sn/snoRNAs and rRNAs, with trf4Δ/rrp6Δ double mutants showing that Trf4 is epistatic to Rrp6 

(Wyers et al. 2005; LaCava et al. 2005; Callahan and Butler 2010; Kadaba, Wang, and 
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Robinson 2006).  In addition to Sen1-dependent terminated transcripts, TRAMP polyadenylates 

introns, rRNAs, and aberrant tRNAs targeting them for 3’ end processing and maturation or 

complete degradation by the nuclear exosome (Wyers et al. 2005; Egecioglu, Henras, and 

Chanfreau 2006).   

Nuclear Exosome 

The exosome is a conserved, RNA-degrading complex composed of 3’→5’ 

exoribonucleases that functions in RNA surveillance, turnover, and processing.  Two forms of 

the exosome are present in yeast: cytoplasmic and nuclear.  The cytoplasmic exosome is 

involved in general mRNA turnover, no-go decay, and non-stop decay while the nuclear 

exosome is involved in RNA 3’ end processing, maturation, and degradation (Anderson and 

Parker 1998; Allmang et al. 1999; van Hoof, Lennertz, and Parker 2000; Kadaba, Wang, and 

Robinson 2006; reviewed in Butler and Mitchell 2010; Parker 2012).  The nuclear exosome is 

also responsible for degrading various populations of unstable ncRNAs such as CUTs (Wyers et 

al. 2005; Davis and Ares 2006; Xu et al. 2009).  Both exosome forms share a core of nine 

catalytically inactive subunits and one active subunit, Rrp44p/Dis3p4, which contains both endo 

and exoribonuclease domains (Mitchell et al. 1997; Lebreton et al. 2008).  The nuclear exosome 

additionally contains the active exonuclease Rrp6p, its binding partner Rrp47p, and the 

accessory protein Mpp6p.  Mtr4p also directly interacts with the nuclear exosome, via Rrp6p-

Rrp47p, in either a TRAMP dependent or independent manner (Schuch et al. 2014; Thoms et 

al. 2015).  Mtr4p helicase activity likely serves to unfold highly structured RNAs to aid in 

processing or degradation by the nuclear exosome.  A recent publication has also demonstrated 

                                                

4
 Henceforth simply referred to as Dis3 
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that Nab3p can directly recruit Rrp6p to ncRNAs for processing or degradation independent of 

Nrdp1, providing combinatorial flexibility in RNA processing (Fasken, Laribee, and Corbett 

2015). 

Structure studies of the nuclear exosome reveal a tunnel-like structure composed of the 

nine core subunits flanked by Dis3p and Rrp6p at opposite ends of the tunnel (Aloy et al. 2002; 

Aloy et al. 2004; Liu, Greimann, and Lima 2006; Bonneau et al. 2009; Makino et al. 2015).  A 

recent report demonstrates how Dis3p and Rrp6p active sites can be accessed by different 

paths depending on the nature of the RNA substrate (Makino et al. 2015).  As shown in Figure 

2, RNA substrates first bind Rrp6p-Rrp47p and stochastically reach the active site of Rrp6p 

depending on the conformation of Rrp6p Tyrosine361.  Alternatively, the RNA substrate can be 

funneled along the central channel to the Dis3p active site leaving Rrp6p to stabilize RNA 

binding.  It is hypothesized that in the absence of RNA binding by Rrp6p, Dis3p can be an open 

conformation, seen left in Figure 2, allowing for direct access to the Dis3p active site.  This 

observation that Dis3p can be accessed independently of Rrp6p may explain why partially 

redundant populations of ncRNAs are stabilized in rrp6Δ and dis3Δ cells (Gudipati et al. 2012).   

Rrp6 and its accessory factors Mpp6 and Rrp47 are the only viable exosome deletion 

mutants (Giaever et al. 2002).  However loss of Rrp6 greatly abrogates nuclear exosome 

function, resulting in a slow growth phenotype, increased sensitivity to a number of stresses, 

and RNA accumulation (Briggs, Burkard, and Butler 1998; Giaever et al. 2002; Hieronymus, Yu, 

and Silver 2004; Wyers et al. 2005; Davis and Ares 2006; Stead et al. 2007).  It’s important to 

note that rrp6Δ does not completely inhibit exosome function, as the exosome is an essential 
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complex, suggesting that Dis3p can to some extent compensate for Rrp65.  Conversely, 

complete loss of Dis3 is inviable (Giaever et al. 2002).  Point mutations, temperature sensitive 

mutants, and partial deletions have been used to characterize Dis3p functions (Dziembowski et 

al. 2007; Gudipati et al. 2012).  While structural and biochemical studies are helping to 

understand substrate specificity of Rrp6p and Dis3p, we can also gain important insights by 

studying nuclear exosome targeted RNAs themselves.     

Evolutionary Context of Sen1-dependent Termination 

 Sen1-dependent termination is an alternative transcription and 3’ end processing 

pathway in the budding yeast Saccharomyces cerevisiae.  Sen1-dependent termination may be 

ancestrally linked to an analogous termination pathway recently characterized in E.coli that 

utilizes the Rho, NusG, and H-NS proteins (Peters et al. 2012).  Intriguingly, Nrd1p has been 

shown to regulate NRD1 expression by means of transcriptional attenuation, a strategy that is 

commonly utilized in bacteria but rarely observed in eukaryotes (Arigo et al. 2006).  Though 

Sen1-dependent termination may represent an ancestral termination pathway, Nrd1, Nab3, and 

Sen1 are only moderately conserved in higher eukaryotes.  In humans SCAF8/4 are putative 

homologs of Nrd1, Sentaxin is the homolog of Sen1p, and only very recently was RALY 

identified as a possible homolog of Nab3 (Yuryev et al. 1996; Chen et al. 2006; Fasken, 

Laribee, and Corbett 2015).  However, these putative homologs have not been isolated in a 

complex, nor do SCAF8 or Sentaxin appear to have a role in termination or processing of 

snRNAs in humans (O’Reilly et al. 2014). It is likely that these putative Nrd1, Nab3, and Sen1 

homologs have evolved to carry out other functions in humans, though Sentaxin is likely 

                                                

5
 Compensation by Dis3 in rrp6Δ is largely dependent on the exonucleolytic activity of Dis3, while 

rrp6Δ/dis3endo- only show synergistic slow growth phenotype (Lebreton et al. 2008) 
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conserved for NNS-independent Sen1p functions such as coordinating transcription during DNA 

replication, aiding in transcription-coupled DNA repair, and resolving R loops to protect genome 

integrity (Ursic et al. 2004; Mischo et al. 2011; Chan et al. 2014).   

Likewise, the TRAMP complex has not yet been isolated in humans though the human 

genome does contain homologous sequences to all three TRAMP components (Walowsky et al. 

1999; Chen et al. 2001; Houseley and Tollervey 2008). In bacteria polyadenylation of RNAs 

stimulates exonuclease degradation much in the same way that polyadenylation by TRAMP 

stimulates nuclear exosome activity.  LaCava et al. 2005 speculate that the ancestral role of 

polyadenylation was to stimulate RNA degradation and that TRAMP has retained this function 

within the eukaryotic nucleus, leaving polyadenylation outside of the nucleus to evolve separate 

functions.  Given the seemingly strong functional conservation of Sen1-dependent termination 

and TRAMP activity to pathways in bacteria, I speculate that the NNS and TRAMP complexes 

have directly evolved from a common ancestor shared between bacteria and yeast.  As 

eukaryotes evolved, NNS and TRAMP functions became less important and took on different 

functions in the cell.  In this way, yeast may serve as an intermediary model for understanding 

the evolution of RNA biology in eukaryotes, thus making it particularly important to study those 

RNAs that are affiliated with the NNS and TRAMP complexes. 

Cryptic Unstable Transcripts (CUTs) 

 Historically CUTs are defined as unannotated, ncRNAs that are stabilized upon loss of 

Rrp6 (Wyers et al. 2005).  Current estimates put the total number of CUTs between 900 and 

1500 (Wyers et al. 2005; Neil et al. 2009), though my work outlined in Chapter II suggests that 

CUT expression is far more extensive than previously observed.  As Sen1-dependent 

transcripts, CUTs are relatively short, averaging 200-700bp in length (Wyers et al. 2005; Davis 

and Ares 2006; Xu et al. 2009). CUT expression is widely distributed throughout the genome, 
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with many being intergenic; however the vast majority of CUT expression is strongly associated 

with protein-coding genes (i.e. antisense, intragenic, and promoter proximal).  While many 

propose that CUTs are the result of spurious transcriptional activity, and therefore rapidly 

degraded as a quality control mechanism (Wyers et al. 2005; Thiebaut et al. 2006), others have 

argued for possible functional roles for CUTs or CUT transcription in regulating the expression 

of nearby or overlapping genes (Xu et al. 2009; Thiebaut et al. 2008).  It is increasingly clear 

that the act of transcription greatly influences the local chromatin environment through histone 

modifications, nucleosome repositioning, and transcriptional interference (Carrozza et al. 2005; 

Shearwin, Callen, and Egan 2005; Hainer et al. 2011; Thebault et al. 2011).  In this way CUT 

transcription may also be able to affect and regulate gene expression.  Regrettably, examples of 

CUT-based gene regulation are lacking and limited to but a few published studies6.   

Conclusion 

CUTs undergo Sen1-dependent termination, are polyadenylated by TRAMP, and rapidly 

degraded by the nuclear exosome.  This chapter has provided a broad understanding of these 

RNA processing complexes and pathways involved in CUT biogenesis and degradation.  

Additionally I have also discussed roles for Sen1-depedent termination, TRAMP 

polyadenylation, and nuclear exosome degradation beyond that of CUTs, touching on the 

broader implications for these complexes within yeast.  In Chapter II I will discuss my work to 

identify and compare CUTs in four different strains of yeast from both S.cerevisiae and its 

closest relative, S.paradoxus.  By assessing the extent of conserved syntenic CUT expression 

within these four strains of yeast I have gained several insights into possible functional roles for 

                                                

6
 Two of these studies are discussed in detail in Chapter IV 
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CUT expression.  In the course of this work I have also observed that CUTs lack a well-defined 

3’ nucleosome free region, in contrast to what is commonly seen at protein-coding genes, a 

distinction that has been largely overlooked within the field.   A discussion on the implications of 

distinct 3’ nucleosome occupancy profiles between CUTs and protein-coding is also included in 

Chapter II.  Chapter III will discuss how I have leveraged strain-unique CUT expression, as 

identified in Chapter II, to inform on the role that promoter nucleosome free regions and 

sequence variation may play in regulating CUT expression.  Lastly, in Chapter IV I will describe 

a method for direct quantitation of nascent CUT expression by qPCR which I adapted from 

NET-seq (Churchman and Weissman 2011) and have termed NET-qPCR.  This tool makes it 

possible to study CUTs without the use of stabilizing mutant backgrounds which could prove 

useful to future studies investigating examples of CUT-based gene regulation.      
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Figure 1 - Alternative Transcription Termination Pathways in Yeast (adapted from Eick and Geyer 

2013).  A schematic highlighting the key factors involved in Sen1-dependent termination (left) and poly(A)-
dependent termination (right).  The top of the figure shows hypothetical chromatin immunoprecipitation 
(ChIP) sequencing results for RNAPII Ser5-P (red), which peaks early in transcription, and Ser2-P (yellow), 
which peaks late in transcription.  This inverse CTD phosphorylation pattern correlates with the binding 
preferences of Nrd1p (part of the NNS complex) and Pcf11p (part of the CFIA complex) helping to confer 
termination pathway specificity. 
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Figure 2 - RNA Degradation Paths in the Yeast Nuclear Exosome modified from Makino et al. 2015; 

http://www.nature.com/nature/journal/v524/n7563/fig_tab/nature14865_SF4.html).  
Schematic drawing of the sequence of events leading to RNA degradation by the nuclear exosome (drawn in a 
longitudinal section, showing the inner central channel). RNA substrates bind at the top of Rrp6p–Rrp47p and 
stochastically reach the active site of Rrp6p (left panel).  Alternatively, the RNA can be funneled through the central 
channel to the active site of Dis3p (right panel) leaving Rrp6p to stabilize substrate binding.  The general location of 
all nuclear exosome subunits, except Mpp6, is labeled in the schematic.   
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Introduction 

Numerous transcriptome studies have shown the eukaryotic genome to be highly 

expressed, revealing pervasive transcription of intergenic and unannotated, non-protein coding 

regions (Nagalakshmi et al. 2008; Sultan et al. 2008; Core, Waterfall, and Lis 2008; Churchman 

and Weissman 2011). The discovery of unstable transcripts further adds to the complexity of the 

eukaryotic transcriptome.  Cryptic unstable transcripts (CUTs) comprise a fraction of the 

unstable RNA population in yeast.  These unstable, non-coding RNAs (ncRNAs) are RNA 

polymerase II transcribed and capped, but are terminated and polyadenylated by a non-

canonical pathway involving the RNA binding proteins Nrd1, Nab3, and the poly(A) polymerase 

Trf4 of the TRAMP complex (Wyers et al. 2005; Thiebaut et al. 2006; Arigo, Eyler, et al. 2006; 

Davis and Ares 2006).  Following transcription termination, CUTs are rapidly degraded by the 

nuclear exosome (Wyers et al. 2005) thereby rendering them virtually undetectable in wild type 

cells by traditional methodologies.  Disrupting any step in this pathway will lead to CUT 

stabilization.  However CUTs are customarily defined by dependency on Rrp6p nuclear 

exosome activity, and disrupting upstream steps, such as Nrd1p depletion or TRF4 deletion, 

result in extended or non-polyadenylated transcripts respectively (Davis and Ares 2006; Schulz 

et al. 2013; Wyers et al. 2005), that do not accurately reflect CUTs as they would be in wildtype 
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(WT) cells.  Similar unstable ncRNAs have been identified in human cells by transient knock 

down of nuclear exosome components (Preker et al. 2008).  While many propose that CUTs are 

the result of spurious transcriptional activity and therefore rapidly degraded as a quality control 

mechanism (Wyers et al. 2005; Thiebaut et al. 2006), others have argued for possible functional 

roles for CUTs or CUT expression in regulating gene expression (Xu et al. 2009; Thiebaut et al. 

2008).   

Historically regulation of gene expression has been attributed to sequence-specific DNA 

binding factors (transcription factors), transcription start site availability (via nucleosome 

positioning), and large co-activator complexes (mediator).  However it is increasingly clear that 

the act of transcription greatly influences the local chromatin environment through histone 

modifications and nucleosome repositioning (Carrozza et al. 2005; Hainer et al. 2011; Thebault 

et al. 2011). Given the pervasive nature of CUT transcription and prevalent association with 

protein-coding genes, this transcriptional activity holds great potential to regulate gene 

expression.  Although documented cases exist in which transcription of a CUT regulates the 

expression of a gene (Thiebaut et al. 2008; Arigo, Carroll, et al. 2006), the functional basis of 

CUT expression remains highly debated and largely unexplored. 

To date CUTs have only been identified in a single species of yeast, Saccharomyces 

cerevisiae, using the reference laboratory strain S288c (Wyers et al. 2005; Xu et al. 2009; Neil 

et al. 2009).  We have utilized a hidden Markov model (HMM) to annotate CUTs from RNA-seq 

data in a variety of strains from S.cerevisiae and S.paradoxus thereby allowing us to identify 

conserved syntenic expression of CUTs between these two species which are predicted to have 

diverged 2-5 million years ago (Tsankov et al. 2010; Tirosh et al. 2009).  It is well documented 

that important cellular functions are evolutionarily conserved, and we sought to identify the 

population of CUTs with conserved syntenic expression to gain insights into possible functional 
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roles for CUT expression in yeast.  Likewise, we can leverage CUT expression in other species 

of yeast to inform on the mechanisms underlying CUT expression. 

Results and Discussion 

Explicit duration HMM identifies CUTs de novo from RNA-seq data 

To assess the extent of conserved CUT expression we utilized three strains of 

S.cerevisiae: S288c, 1278b, and JAY291, and a single strain of S.paradoxus: N17.  In each 

strain background, strand-specific RNA-seq libraries were prepared for wildtype (WT) and 

nuclear exosome mutant rrp6Δ backgrounds using the Illumina RNA ligation library protocol 

(Levin et al. 2010).  Reads were mapped to each strain’s respective genome assembly 

(Argueso et al. 2009; Dowell et al. 2010; Engel et al. 2014)(see Methods) and CUTs were 

identified by an explicit duration HMM (Figure 3A) utilizing per nucleotide fold change values 

calculated from rrp6Δ and WT RNA-seq data (GEO accession GSE74028).  Following 

previously established methods (Neil et al. 2009; Xu et al. 2009) our HMM was parameterized to 

identify CUTs as regions of the transcriptome with elevated RNA-seq coverage in rrp6Δ 

approximately ≥ 2 fold over WT. Using the HMM we derived an initial set of raw CUT 

annotations that are subsequently filtered to remove specific nuclear exosome targeted 

transcripts such as snRNAs, snoRNAs, and rRNAs (Xu et al. 2009; Wyers et al. 2005), as well 

as expected hits resulting from genotypic differences in rrp6Δ strains relative to WT. Adjacent 

CUTs were merged based on an RT-PCR informed strategy (Figure 4).  Lastly we removed 

regions with low average rrp6Δ read coverage, to reduce potential false positives, as well as 

any remaining regions less than 100bp in length, in keeping with previously reported methods 

(Wyers et al. 2005; Xu et al. 2009).  

To benchmark and inform our HMM parameters we leveraged previous S288c rrp6Δ 

CUT annotations based on tiling arrays from Xu et al. 2009.  In S288c we have identified 687 of 
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885 possible Xu et al. 2009 CUTs (Figure 3B), where a positive hit requires that our CUT 

annotation overlaps ≥ 25% the length of the Xu et al. 2009 annotation or vice versa (example in 

Figure 3C), though overlap results were largely independent of extent of overlap between 

features (Figure 5A).  In each case the number of positive hits is far greater than would be 

expected by chance (Figure 5B).  Those Xu et al. 2009 CUTs missed by our HMM do not 

appear to be stabilized by disruption of nuclear exosome activity resulting by the loss of Rrp6p, 

though they do appear to be expressed in WT cells at levels equivalent to those CUTs we do 

identify and thus are not undetected due to low signal (Figure 3D, Figure 5C).  Furthermore, 

our results are in high agreement with the 622 Xu et al. 2009 CUTs found upregulated in rrp6Δ 

by Fox et al. 2015 (Fox et al. 2015). Additionally our HMM identified a large number of novel 

CUTs relative to previous Xu et al. 2009 annotations (Figure 3C). 

To further support our method of de novo CUT identification, we compared our CUTs to 

the dis3Δ transcripts from Gudipati et al. 2012 (Gudipati et al. 2012).  It was recently shown that 

the nuclear exosome subunit Dis3p/Rrp44p, which along with Rrp6p are the major catalytic 

components of the nuclear exosome, plays an active role in CUT degradation, showing a 

synergistic cooperation with Rrp6p (Gudipati et al. 2012).  While Gudipati et al. largely excluded 

the rrp6Δ Xu et al. 2009 CUTs from their dis3Δ annotations, producing little overlap between 

those two data sets (Figure 3B), we note that a large number, 640 of a possible 1972 dis3Δ 

transcripts (Figure 3B), are detected by our HMM in an rrp6Δ background, far more than we 

would expect by chance (Figure 5E).  This demonstrates greater cooperation between the 

Dis3p and Rrp6p nuclear exosome subunits in the degradation of CUTs than was previously 

appreciated.  Figure 3E and Figure 5F shows that the dis3Δ transcripts identified in our study 

have an overall lower rrp6Δ read coverage than the dis3Δ transcripts as a whole, suggesting 

that these transcripts are lowly expressed and may have been missed previously due to the 

sensitivity limitations of hybridization-based assays (Wyers et al. 2005; Xu et al. 2009).  In 
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contrast, the dis3Δ transcripts not identified by our study have an overall lower fold change in 

rrp6Δ relative to WT and are more likely to comprise a Dis3p-specific subset of nuclear 

exosome targets.  These results underscore the need for high sensitivity methods for the 

detection of low abundance transcripts. 

CUTs lack a defined 3’ nucleosome free region 

To further assess the accuracy of our annotations, we compared our CUT 5’ and 3’ 

ends, as called by our HMM, to transcription start site (TSS) and transcription termination site 

(TTS) annotations obtained by TSS sequencing and 3’ SAGE sequencing (Malabat et al. 2015; 

Neil et al. 2009) (Figure 6A,B) performed in assorted rrp6Δ mutants.  As many as 51% and 

23% of our S288c HMM CUT annotation start and stop sites were found within 50bp of these 

TSS and TTS annotations, respectively.  It has been previously established that CUTs, like 

other transcripts, have a 5’ nucleosome free region (NFR) upstream of the TSS (Xu et al. 2009).  

Figure 6C shows a metagene plot of 5’ nucleosome occupancy (Field et al. 2008) in S288c 

comparing genes with a 5’ UTR annotation (Nagalakshmi et al. 2008), CUTs identified in this 

study, and CUT TSS clusters (Malabat et al. 2015).  It is clear that our CUTs have the 

characteristic nucleosome depletion 5’ upstream of the TSS.  However, when we compare the 

3’ end of our CUT calls to both genes with a 3’ UTR annotation (Nagalakshmi et al. 2008) and 

CUT TTS annotations (Neil et al. 2009), it is clear there is no distinct nucleosome depletion at 

the 3’ end (Figure 6D) of CUTs.  We observe a similar lack of 3’ nucleosome depletion for 

CUTs in 1278b and S.paradoxus (N17) (Figure 8A).  The previously identified Xu et al. 2009 

CUTs, however, showed a mild 3’ NFR, but we found that this signal was dominated by the set 

of CUTS that we failed to detect in our study (Figure 8B).  

While it is clear that chromatin remodelers, DNA binding proteins, and A/T rich 

sequences are driving NFRs throughout the genome (Kaplan et al. 2009; Field et al. 2008; Yuan 
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et al. 2005; Whitehouse et al. 2007), and that 5’ NFRs are regulating transcription initiation, the 

role of 3’ NFRs is poorly understood.  In humans 3’ nucleosome depletion is hypothesized to 

regulate polyadenylation site selection and therefore subsequent 3’ end processing (Huang et 

al. 2013).  Transcription termination, 3’ end processing, and maturation of mRNAs is dependent 

on the cleavage and polyadenylation factor complex and comprises a pathway distinct from that 

of CUTs.  Along with snRNAs, snoRNAs, and to some degree rRNAs, CUT transcription 

termination and 3’ end processing is dependent on an alternative, non-canonical pathway that is 

dependent on the Nrd1-Nab3-Sen1 (NNS) complex (Arigo, Eyler, et al. 2006).  As they utilize 

distinct termination and 3’ end processing pathways it is therefore not surprising to see distinct 

3’ nucleosome structures between mRNAs and CUTs, though it has been largely overlooked 

within the field. 

 In humans a similar difference between coding and non-coding gene 3’ nucleosome 

structure has also been observed (Huang, Liu, and Sun 2013).  Though we see moderate 

nucleosome depletion for yeast stable ncRNAs (Figure 7), there is not a well-defined NFR.  

While it is presumed that stable ncRNAs predominately utilize the same pathways as protein-

coding genes for transcription termination and polyadenylation, it has been shown in several 

studies that these ncRNAs accumulate in NNS and nuclear exosome mutants (Xu et al. 2009; 

Yassour et al. 2010; Fox et al. 2015; Schulz et al. 2013) demonstrating that these transcripts 

utilize the NNS pathway to some extent.  That yeast stable ncRNAs lack of a well-defined 3’ 

NFR, as we have observed for CUTs, may indicate greater utilization of the NNS pathway than 

was previously appreciated.  These results hint at a possible role for mRNA-specific termination 

sequences and factors in 3’ NFR production and maintenance as we only see a 3’ NFR at 

protein-coding genes.  Admittedly the varied and  heterogeneous nature of CUT 3’ ends makes 

it difficult to precisely annotate CUT TTSs, however given that we see the same nucleosome 
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structure for CUT TTSs from Neil et al. 2009 (Neil et al. 2009) we believe this lack of a 3’ NFR 

(Figure 6D) is an inherent property of the NNS termination pathway.   

A large set of CUTs show conserved expression between S.cerevisiae and S.paradoxus 

Having demonstrated that our HMM successfully annotates CUTs in S288c we then 

applied it to the remaining three strains: 1278b, JAY291, and N17 (Figure 9A).  Median CUT 

length in all four samples is approximately 400nt, consistent with previous findings (Figure 

9A,B).  As it remains largely unknown, we first sought to assess the extent of conserved CUT 

expression, here defined as detectable CUT expression within a syntenic genomic location.  We 

used Pecan (Paten et al. 2008; Paten et al. 2009) to perform a whole genome, multiple 

sequence alignment of the S288c, 1278b, JAY291, and N17 (S.paradoxus) genomes.  The 

Pecan alignment generated a universal genomic coordinate system to which all CUT 

annotations were converted, allowing us to identify regions where detected CUTs overlapped 

across the strains.  In order to be confident in identification of conserved expression, CUTs with 

no or poor 4-way alignment (see methods) were excluded from subsequent analyses regarding 

CUT conservation, roughly excluding 20% of all CUT annotations.  In total 64% of S288c CUTs 

are conserved out to S.paradoxus (N17) (Figure 9C).  Alternatively we grouped all S.cerevisiae 

CUTs, 2663 in total, and found that just about half are conserved out to S.paradoxus which 

corresponds to 62% of all S.paradoxus CUTs (Figure 9C).  From our identified CUTs, 855 

showed conserved syntenic expression across all four strains (labeled 4x in Figure 9D).  Our 

set of 4x conserved CUTs include many well-known CUTs that are expressed at NRD1, IMD3, 

URA2, URA8, ADE12, and LEU4 (Thiebaut et al. 2008; Arigo, Carroll, et al. 2006; Davis and 

Ares 2006).  We selected three 4x conserved CUTs, occurring at the SIF2/YBR103W, 

YKU80/YMR106C, and YKL151C loci, for validation by strand-specific quantitative PCR (RT-

qPCR) (Figure 9E).  In each case strand-specificity was necessary for validation as the 
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candidate CUTs are antisense to an expressed mRNA. To confirm the strand-specificity of our 

RT reactions, we measured signal from both strands of the amplicon, (i.e. both the CUT and the 

mRNA) which also allowed us to measure any changes in mRNA expression.  In the case of 

both SIF2/YBR103W and YKU80/YMR106C the fold change from rrp6Δ to WT for the mRNA is 

relatively static (log2 fold ~ 0) while the CUT is elevated in rrp6Δ relative to WT.  In the case of 

YKL151C, while again we see that the CUT is elevated in rrp6Δ, the YKL151C mRNA shows a 

moderate decrease in expression in both the S288c and N17 strains, though it remains 

unchanged in 1278b and JAY291.   

 In addition to 4x conserved CUTs, we identified CUT expression unique to each strain 

(Figure 9D) and expression in intermediate patterns (in either 3 of 4 strains or 2 of 4 strains).  

We note that the N17 (S.paradoxus) unique CUTs contain a combination of both strain and 

species unique CUTs whereas for the S.cerevisiae strains unique CUTs are predominantly 

strain specific, hence the greater number of unique CUTs for N17.  We selected a small number 

of CUTs predicted in three of the four strains for validation by RT-qPCR in order to assess our 

false negative rate.  Doing so, we failed to confirm the absence of the CUT in the fourth strain, 

implying that our method may have an appreciable false negative rate (Figure 10).  We note 

that many of these candidates pushed the lower bounds of qPCR detection, and we suspect 

that the fourth, unannotated CUT was likely missed by the HMM for similarly low abundance in 

our RNA-seq libraries.  These results exemplify the difficulty in distinguishing between noise and 

true signal of low abundance RNAs even with the use of RNA-seq for their detection.  Given 

these results, we suspect our assessment of conserved CUT expression to be conservative 

however it is quite clear that a large, and potentially larger, subset of CUTs have conserved 

expression between these two species of yeast.   

 Using our 4-way genome alignment we sought to examine to what extent sequence 

conservation parallels conserved CUT expression patterns across the strains.  Figure 11A 
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shows the distribution of average percent identity for 4x conserved CUTs compared to a random 

set of regions demonstrating that the sequence conservation of 4x conserved CUTs is no more 

or less than what can be expected by chance.  CUT proximal promoters (300 or 50bp upstream) 

have higher sequence conservation than corresponding regions of our randomized annotations.  

We note that the CUT and CUT promoter sequence conservation distributions are statistically 

distinct (p-value by two-sided KS test) possibly demonstrating distinct pressures for sequence 

conservation of these regions.  Unique CUTs show a greater, but nonsignificant, variation in 

sequence conservation relative to 4x conserved CUTs, particularly in the promoter regions 

which may reflect sequence differences related to unique CUT expression (Figure 11B).  

Admittedly, given that our four strains are closely related, the differences we see in sequence 

conservation are modest.  Future studies at greater evolutionary depth are required to better 

elucidate the relationship between conserved CUT expression and sequence conservation.   

Distinct trends of gene expression correlate with CUT expression in specific architectures with 
genes   

It has been suggested that spurious transcription at open chromatin leads to CUT 

expression (Wyers et al. 2005), and indeed it has been shown that a large fraction of CUTs 

originate from the 5’ or 3’ NFR of protein-coding genes (Xu et al. 2009; Neil et al. 2009).  In total 

1060 S288c CUTs identified by our HMM (52%) originate within either the 5’ or 3’ NFR of a 

gene (Figure 12A).  These CUTs show greater average depletion in 5’ nucleosome occupancy 

than CUTs that do not originate from a gene NFR (Figure 12A).  Interestingly the 4x conserved 

set of CUTs are over-enriched for CUTs that originate from a gene NFR (p=8.13 x10-25 by 

hypergeometric test) (Figure 12B) and this enrichment is apparent as a moderate enrichment in 

5’ nucleosome depletion of 4x conserved CUTs relative to all CUTs in S288c (Figure 12B).  We 

see a similar trend for increased 5’ nucleosome depletion for 4x conserved CUTs over all CUTs 

in both 1278b and S.paradoxus (N17) (Figure 13).   
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We propose that CUTs that originate from or share a gene NFR are in a strong position 

to influence expression of the associated gene in cis.  CUTs originating from the 3’ NFR of a 

gene could reduce gene expression via transcriptional inference (Shearwin, Callen, and Egan 

2005) whereas CUTs originating from shared 5’ NFR regions may contribute to maintaining an 

open chromatin conformation (Xu et al. 2009) to aid gene expression.  To test for possible CUT-

based regulation of these genes genome-wide, we subdivided gene and CUT NFR sharing into 

two general configurations: convergent, overlapping gene-CUT pairs where the CUT 5’ NFR 

overlaps the gene 3’ NFR (subsequently referred to as antisense) and divergent, non-

overlapping gene-CUT pairs that share a 5’ NFR (subsequently referred to simply as divergent) 

(Figure 12C,D).  We note that the remaining configurations, in which CUT transcription is same 

sense and overlapping with a gene, not only occur less frequently but are also more difficult to 

analyze as we cannot distinguish read coverage between the two features (CUT and gene) and 

therefore cannot accurately assess transcript levels for either.     

Antisense CUT expression shows evidence of transcriptional interference on sense strand 

First we examined antisense gene-CUT pairs, identifying 483 such pairs in S288c 

(Figure 12C).  We compared expression of the genes in these gene-CUT pairs to all expressed 

genes, excluding those with a same sense overlapping CUT over ≥ 50% the length of the gene 

CDS.  Overall the genes associated with antisense CUTs showed generally decreased 

expression compared to all expressed genes, a trend that is more pronounced when 

considering only the 4x conserved CUTs (Figure 12C).  This trend is lost, however, when we 

examine nascent transcription by NET-seq (Churchman and Weissman 2011) (Figure 12C, 

bottom right).   This pattern is consistent with a model where CUTs impact the overlapping gene 

through transcriptional interference (Shearwin, Callen, and Egan 2005) as NET-seq would still 

be able to detect nascent pre-mRNA transcripts before transcription is terminated whereas 
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these aborted pre-mRNA transcripts would be missed by our RNA-seq protocol which selects 

for mature, polyadenylated RNAs.   

Several studies report anti-correlation between stable sense-antisense transcript 

expression (Xu et al. 2009; Neil et al. 2009; Xu et al. 2011) however we did not observe a 

(anti)correlation between CUT and gene RNA-seq or NET-seq expression levels, nor did 

observe a (anti)correlation between CUT expression and gene repression levels, where 

repression was measured as the difference in gene NET-seq signal and WT RNA-seq signal.  

Conversely, we observed an increased trend for reduced gene expression in rrp6Δ over WT 

similar to previous reports (Yassour et al. 2010; Xu et al. 2011) regarding stable sense-

antisense pairs. While mechanisms of transcriptional interference do not require a stable 

interfering transcript (Shearwin, Callen, and Egan 2005), we speculate that stabilization of the 

interfering transcript upon loss of Rrp6p may result in increased gene repression through 

increased DNA:RNA hybrid formation (Wahba et al. 2011; Chan et al. 2014). 

We leveraged our sequence alignment to examine all antisense pairs containing 4x 

conserved CUTs in our remaining strains. We observed the same general trend of reduced 

expression of the genes in these gene-CUT pairs, but this shift is not statistically significant by 

the two-sided KS test (Figure 14).   It is possible that this lack of statistical significance results 

from fewer total gene-CUT pairs in the remaining strains.  In some cases we simply lack an 

annotation for the corresponding gene; in other cases the gene is not expressed and was thus 

removed from the analysis.  

We have observed a trend for reduced expression of the genes found in antisense gene-

CUT pairs similar to what is observed for stable sense-antisense pairs (Xu et al. 2011).  

Antisense transcription is often found to elicit a negative effect on sense transcription via 

transcriptional interference, and has been widely studied in yeast (Xu et al. 2011; Houseley et 

al. 2008; Hongay et al. 2006; Yassour et al. 2010), but almost exclusively in the context of 
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stable ncRNAs. Our results demonstrate that antisense CUTs elicit a negative effect on sense 

gene transcription in a manner consistent with stable ncRNAs and thus establish CUTs as 

possible sources of transcriptional interference.   

Divergent CUT expression correlates with higher gene expression  

Next we examined divergent gene-CUT pairs, identifying 698 in S288c (Figure 12D).   

We find that genes in this configuration have increased expression relative to all expressed 

genes and that this trend is more pronounced when looking only at those gene-CUT pairs with 

4x conserved CUTs.  We observed moderate gene ontology enrichment for various metabolic 

processes for genes found in divergent gene-CUT pairs, but this enrichment is lost when we 

only look at 4x conserved CUT pairs (Table 1).  Notably this trend of higher gene expression 

appears to originate at the level of transcription as it is observed in both nascent (Churchman 

and Weissman 2011) and steady state RNA levels.  This trend is consistent across all strains 

(Figure 15).  Additionally we did not observe a correlation between CUT expression and gene 

expression levels in S288c in any sequencing data set (data not shown).  These results are 

consistent with a model where divergent expression of a CUT may help to maintain an open 

chromatin confirmation (Xu et al. 2009). 

Next we wondered if increased gene expression is a general phenomenon of divergent 

transcripts or if this effect is specific to gene-CUT pairs.  To address this we examined divergent 

gene-gene pairs, identifying 398 pairs, far fewer than gene-CUT divergent pairs despite a far 

greater number of protein coding genes overall suggesting a bias for CUTs in divergent 

transcript pairs with protein coding genes.  When we compared the expression of divergent 

gene pairs to all expressed genes (Figure 16) we did not find a significant difference in the 

expression distribution suggesting the effect seen in Figure 12D is specific to CUTs.    
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Many have characterized bidirectional transcription, looking at both CUTs and stable 

ncRNAs (Xu et al. 2009; Neil et al. 2009) but have failed to report on any observed effects on 

the expression of the associate genes.  We hypothesized that divergent CUT expression from a 

shared NFR may help maintain the NFR thereby allowing for rapid and efficient expression of 

the associated gene and most likely benefitting higher expressed genes.  Others have reported 

that long and deep NFRs commonly correlate to constitutive and highly expressed growth genes 

(Tsankov et al. 2010). That genes found in divergent gene-CUT pairs are enriched for various 

metabolic processes is consistent with these previous findings.  While we cannot rule out that 

CUT expression is an incidental result of higher expression at these genes, we note that we do 

not see divergent CUT expression at all highly expressed, or even the highest expressed genes.  

Additionally we see little correlation between CUT and gene expression levels further 

suggesting that CUT expression not a spurious result of leaky promoters of highly expressed 

genes.  Strikingly divergent gene-gene pairs did not elicit the same expression trends observed 

in gene-CUT pairs in the same configuration.  This further supports a role for divergent CUT 

expression in regulating the expression of associated genes and hints to the possibility of CUT-

specific factors in mediating this trend. 

Conclusion 

In this study, we used an explicit duration HMM to annotate CUTs from RNA-seq in an 

rrp6Δ background for a variety of yeast strains from the species S.cerevisiae and S.paradoxus.  

This allowed us make the first assessment of conserved intra- and interspecies CUT 

expression.  Though our estimates appear conservative, we find that CUT expression is highly 

conserved within and between these two species of yeast despite the presence of sequence 

variation within upstream promoter regions.  These finding warrant additional studies assessing 

CUT expression in other, more distantly related yeast species to better understand the 
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relationships between DNA sequence and CUT expression.  Our work has additionally 

demonstrated that CUTs lack 3’ nucleosome depletion as commonly observed for protein-

coding genes and that CUT expression is not only highly associated with protein-coding genes 

but may also be regulating these genes in a manner consistent with the orientation of CUT 

transcription relative to these genes. 

Methods 

Strain construction 

1278b WT and S288c (BY4741) WT were provided by the Fink lab.  1278b rrp6Δ and 

S288c rrp6Δ were provided by the Boone lab (Dowell et al. 2010).  JAY291 WT was provided by 

Lucas Argueso (Argueso et al. 2009).  We transformed JAY291 WT with the KanMX cassette 

from S288c rrp6Δ to delete RRP6 in JAY291.  N17 WT was provided by the Fay lab, and 

transformed with a NatMX cassette to delete RRP6 in N17. See Appendix A for complete strain 

genotypes. 

Genome sequences and annotations 

S288c genome and annotations are from the Saccharomyces Genome Database (SGD) 

S288c genome version 64 (Engel et al. 2014).  1278b genome and annotations are available 

from Dowell et al. 2010 (Dowell et al. 2010).  JAY291 genome and annotations are from the 

Duke 2009 (Argueso et al. 2009) release, downloaded from SGD.  We used a modified version 

of the JAY291 Duke 2009 assembly, where the reverse compliment of several contig sequences 

were used so as to match the orientation of homologous S288c sequences.  N17 genome and 

annotations were downloaded from the Sanger Welcome Trust FTP site as part of the 

Saccharomyces Genome Sequencing project (Kellis et al. 2003).  
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RNA-sequencing libraries 

Cells were grown in YPD to an OD of 0.6. Total RNA was isolated via hot acid phenol 

method and DNAse treated with Promega DNAse RQ1 to remove contaminating DNA.  Poly(A) 

RNA was isolated using either a single round of Qiagen oligotex mRNA isolation kit or two 

rounds of Dyna bead mRNA isolation kit. Strand specific RNA-seq libraries were constructed 

from 500ng of poly(A) RNA using the Illumina RNA ligation library protocol from (Levin et al. 

2010). We sequenced, by Illumina HiSeq, biological duplicates of each sample.  To remove 

rRNA reads, we first used Bowtie v0.12.7 (Langmead et al. 2009) to map reads to a single 

repeat of the rDNA locus allowing two mismatches.  The remaining reads were mapped 

uniquely to the genome sequence of each respective strain allowing up to two mismatches.  Per 

nucleotide read coverage was obtained using BEDTools (Quinlan and Hall 2010), corrected for 

read first nucleotide biases and read mappability, and then normalized by the tens of millions of 

mapped reads per sample.  Per nucleotide coverage was averaged across replicates.  Fold 

change from rrp6Δ to WT was calculated for every nucleotide in the genome using bias 

corrected coverage values.  A Laplace prior (+1) was added to all coverage values to avoid 

division by zero when calculating the per nucleotide fold change.   

Explicit duration hidden Markov model 

We developed an explicit duration hidden Markov model (HMM) to analyze per 

nucleotide rrp6Δ/WT RNA-seq fold change signal (Figure 3A) using the Matlab HMM toolkit 

(MATLAB 2012b, The MathWorks Inc., Natick, MA, 2012).  The HMM consists of two main 

states, one parameterized to non-elevated regions of the transcriptome (i.e. not CUTs) and one 

for elevated (approximately ≥ 2 fold ) regions of the transcriptome (i.e. CUTs).  Specifically we 

expanded the CUT state into nine identical sub-states with unidirectional movement through the 

model (Figure 18) thereby setting the minimum length of a CUT  to nine nucleotides and 
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producing a 10-State model that approximates a hidden semi-Markov model (Datta, Hu, and 

Ray 2008).  This allowed us to deviate from the exponential duration modelling of traditional 

HMMs and produce CUT annotations with a length distribution that better approximated 

previous studies (Wyers et al. 2005; Xu et al. 2009).  We note that when the model is used to 

generate representative sequences, the CUT state of the model produced sequences that are 

generally long (> 34,000bp) reflecting our bias to identify long regions of relatively consistent 

elevated coverage.  Per nucleotide fold change values were converted to discrete values for 

analysis by our HMM as necessitated by the Matlab toolkit (Table 2). Transition and emission 

probabilities are available in Table 3 and Table 4. 

CUT identification 

From the HMM we derived an initial set of raw CUT annotations.  These raw annotations 

were filtered to remove snRNAs, snoRNAs, and rRNAs as well as expected hits resulting from 

genotypic differences in rrp6Δ strains relative to WT. Any remaining regions within 450bp were 

merged together into a single annotation.  Regions with average rrp6Δ read coverage less than 

33% the coverage of all nonzero coverage bases for that sample and any regions less than 

100nt in length also were removed.   

Annotation overlap and significance test 

We used IntersectBed (Quinlan and Hall 2010) to quantify the extent of overlap between 

our HMM S288c CUT annotations and other data sets (Figure 3B) requiring overlap of ≥25% 

the length of either annotation.  Because we removed raw HMM CUT annotations that 

overlapped snRNAs, snoRNAs, and rRNAs, we likewise removed any annotations from Xu et al. 

2009 and Gudipati et al. 2012 that overlapped the removed raw HMM CUTs in S288c to 

properly reflect the extent of overlap between these data sets and our S288c CUTs.  Hence only 

885 of a total 925 Xu et al. 2009 CUTs and 1972 of a total 2032 Gudipati et al. 2012 dis3Δ 
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transcripts were used in subsequent overlap analyses.  To determine statistical significant we 

randomly sampled genomic regions with the same length distribution as S288c identified CUTs.  

After 200 iterations, overlap of these randomly sampled regions and previously annotated CUTs 

or dis3Δ transcripts approximate a normal distribution (Figure 5B,E).  We use two standard 

deviations from the mean to assess significance within our CUT annotations.  

Nucleosome occupancy and metagene analysis 

For S288c nucleosome occupancy we used summarized nucleosome occupancy from 

Field et al. 2008 (Field et al. 2008) data available from the SGD website.  For 1278b and N17 

we mapped the raw reads from Tsankov et al. 2010 (Tsankov et al. 2010) according to their 

methods with the exception that we used the N17 S.paradoxus genome instead of NRRLY-

17217 used in their study.  Metagene plots were constructed by averaging the nucleosome 

occupancy for each base pair in a 500bp window for all annotations in the analyzed data sets.   

CUT transcription start site comparisons 

The Malabat et al. 2015 study identified TSS clusters in various mutant backgrounds 

including rrp6Δ.  TSS clusters were sorted and grouped according to their relative positions to 

annotated features.  Since clusters assigned to CUTs required overlap with previous CUT 

annotations, we included all antisense, same sense, and intergenic (i.e. A, B, and I) clusters 

with an rrp6Δ/WT fold change ≥ 1.5 as calculated in their study.  

Pecan whole genome alignment 

We used Pecan version 0.9 (Paten et al. 2009; Paten et al. 2008) to generate a four-way 

whole genome multiple sequence alignment of the S288c, 1278b, JAY291, and N17 genomes.  

As the JAY291 genome is currently only available in a contig assembly (Argueso et al. 2009), 
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we first used BLAT to find the single best hit for each contig to the S288c genome in order to 

produce a pseudo-genome assembly as required by Pecan.   

Conserved CUT expression 

First we converted all CUT annotations from strain-specific coordinates to the 4-way 

alignment coordinate system.  Then we calculated a histogram of CUT annotations along the 4-

way alignment and all continuous regions ≥ 1 in the histogram were selected.  The total 

histogram signal over these selected regions was averaged and used to determine the total 

number of CUTs overlapping that region Regions with an average histogram signal > 4 denoted 

4x conserved CUT expression.  We identified 208 regions where the CUT annotations were 

incongruent across the four strains and applied hand edits to resolve these incongruences 

where possible.  Additionally, we examined those CUTs in 3 of the 4 strains and if the CUT is 

missed in the fourth strain by our filtering procedure (i.e. the fourth strain has a CUT in the raw 

HMM output) we brought back the filtered CUT annotation and considered these to be 4X 

conserved CUTs.  The resulting changes in CUT annotations are reflected in summaries 

reported in Figure 9A.  After removing those CUTs with indels (relative to the four-way 

alignment) for more than 25% the length of the CUT, we derived the conserved expression 

results reported in Figure 9C,D.  In the case of unique CUTs (Figure 9D) we only reported 

those CUTs that did not overlap a raw (but removed) annotation in either of other strains.  To 

determine the significance of our CUT conservation analysis we randomized CUT annotations in 

all four strains to assess the chance of CUT conservation simply by chance.  With 200 

iterations, little to no random 4x conserved CUTs were found (Figure 17).   

CUT expression validation by RT-qPCR 

Primer sequences can be found in Appendix B.  We selected candidate CUTs that were 

novel to our study relative to Xu et al. 2009 however in some cases candidates were also 
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identified by Gudipati et al. 2012 as dis3Δ transcripts.  To validate CUTs identified by the HMM 

we performed strand specific RT-qPCR using a 5’ tagged gene-specific RT primer (Plaskon, 

Adelman, and Myles 2009) for cDNA synthesis of DNAsed, total RNA.  In many cases strand 

specificity was necessary to distinguish CUT transcripts in the presence of overlapping, 

antisense mRNAs.  Tagged RT primer distinguishes primer-specific cDNA from false primed 

cDNA that frequently occurs between overlapping, antisense transcripts.  Subsequent PCR 

reactions used a universal forward primer complimentary to the RT tag and a gene specific 

reverse primer.  Primer sequences can be found in Additional File 15.  In some cases it was 

necessary to use the tagged RT primer as the forward primer during qPCR to avoid primer 

dimers between the universal forward primer and the gene-specific reverse primer.  ACT1 was 

used as a normalizing endogenous control and was also measured strand specifically.  A few 

candidates did not require strand-specific RT-qPCR (see Appendix B).  These samples instead 

used random hexamer RT primers and gene-specific qPCR primers.   Fermentas Maxima 

Reverse Transcriptase was used for all RT reactions.  Three biological replicates were grown to 

O.D. 0.6 in YDP and total RNA was isolated by hot acid phenol method and DNAse treated with 

Promega DNAse RQ1. 

NFR sharing between CUTs and protein-coding genes 

Metagene plots in Figure 2C,D show the general location of the 5’ NFR ranging from -

200 to 0bp from the transcription start site and the 3’ NFR ranging from +100 to -100 from the 

transcription termination site.   We annotated these regions for each gene where corresponding 

untranslated region annotations were available (Nagalakshmi et al. 2008).  We annotated CUT 

5’ NFRs in the same fashion.  We considered potential instances of NFR sharing when the CUT 

5’ NFR annotation overlapped ≥50% (minimum 100bp) the length of a gene 5’ or 3’ NFR.  
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Figures 

 

 

Figure 3 - 10-state HMM Identifies CUTs de novo from RNA-seq 
A) A state diagram of our explicit duration HMM.  State 1 describes regions which have little to no fold change, while 
state 2 captures CUT regions of elevated fold change in rrp6Δ relative to WT.  B) Venn diagram showing overlap 
between S288c CUTs annotations as determined by our HMM, rrp6Δ CUTs from Xu et al. 2009, and dis3Δ transcripts 

from Gudipati et al. 2012.  Minimum overlap of 25% the length of the annotations in one set or the other is required 
for positive matches.  C) IGV[47, 48] snapshots showing two examples of CUTs detected in S288c by our HMM.  Top 

example shows previously identified Xu et al. CUT002 which is also identified by our HMM.  Bottom example shows a 
novel CUT identified in this study.  For each example, tracks are S288c WT RNA-seq coverage, S288c rrp6Δ RNA-
seq coverage, annotated genes, Xu et al. 2009 annotated CUTs, CUTs called by our HMM, and rrp6Δ/WT fold 
change within the region.  Strand-specific data is color coded with Watson/plus strand in red and Crick/minus strand 
in blue.  D) Violin plots comparing the average S288c RNA-seq WT coverage and rrp6Δ/WT fold change for all 885 

possible Xu et al. 2009 CUTs, the 687 CUTs overlapped by CUTs detected by our HMM, and the 198 remaining 
CUTs not overlapped by CUTs detected by our HMM.  The Xu et al. 2009 CUTs not identified in this study are 
presumably missed due to lack of stabilization in rrp6Δ.  E) Violin plots comparing the average S288c RNA-seq rrp6Δ 
and rrp6Δ /WT fold change for all 1972 possible Gudipati et al. 2012, the 640 transcripts overlapped by CUTs 
detected by our HMM, and the 1332 remaining transcripts not overlapped by CUTs detected by our HMM.  The dis3Δ 
transcripts missed in previous rrp6Δ only, tiling array studies are presumably missed to limitations in tiling array 
sensitivity. 
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Figure 4 - RT-PCR validation of raw CUT annotations merging strategy 

Three candidate regions selected to determine whether adjacent CUT regions, supported by calls in multiple 
strains, should be merged in post processing.  Candidates tested are located at the A) YNL299W/TRF5 locus B) 
YBR117C/TKL2 locus and C) YNL117W/MLS1 locus. In each case strand-specific RT primers were used to 
generate cDNA and PCR was performed to produce an amplicon that spans the gap in the raw annotations.  Left: 
An IGV[47, 48] snapshot with tracks showing the gene, our raw CUT, and our final CUT annotations for the strains 

S288c, 1278b, and JAY291 after conversion to the 4-way Pecan alignment (see Methods).  Additionally we show 
the location of each primer used and the resultant amplicon of a positive merge result.  Strand-specific data is color 
coded with Watson/plus strand in red and Crick/minus strand in blue.  Right: 2% agarose gel showing RT-PCR 
results.  For each candidate we designed two primer pairs with each pair located on either side of the gap between 
raw CUT annotations as identified by our HMM.  We generated strand-specific cDNA from both WT and rrp6Δ total 

RNA samples with each reverse primer and performed PCR on these cDNA with F1/R2 primer pair.  F1/R2 primers 
should produce a merge amplicon product only if the candidate CUT is a single transcript spanning the gap in raw 
CUT annotations.  Amplification in R1 primed cDNA served as a negative control, as amplification should only occur 
in R1 primed cDNA; this also helped to confirm strand-specificity.  We included genomic positive control, a no 
primer control (NPC) RT sample to distinguish false-primed cDNAs (denoted with *), and a no template control 
(NTC) to distinguish primer dimers.  
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Figure 5 - S288c HMM CUT comparison to Xu et al. 2009 and Gudipati et al. 2012 annotations  
Comparisons of S288c CUTs identified by our HMM and Xu et al. 2009 CUTs or Gudipati et al. 2012 dis3Δ 

transcripts. Extent to which minimum overlap influences number of features concordant between HMM 
detected CUTs and A) Xu et al. 2009 CUTs.  B) Overlap is more than would be expected by chance.  S288c 

CUT annotations were randomized (see Methods) and the number of features overlapped in each data set 
was collected over 200 iterations and plotted as a histogram.  The average number of features overlapped 
after 200 iterations, with error bars denoting standard deviation, is plotted for comparison to actual S288c 
overlap results.  Actual S288c CUTs overlap is greater than 2 standard deviations from random trials.  C) 

Violin plots as seen in Fig1.D showing average RNA-seq fold change for all Xu et al. 2009 CUTs, Xu et al. 
2009 CUTs overlapped by CUT identified by our HMM, and Xu et al. 2009 CUTs missed by our study where 
we observe equivalent expression in WT and rrp6Δ backgrounds. (D-F) Similar comparison for Gudipati et al. 
2012 dis3Δ transcripts. 
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Figure 6  - CUT Start and Stop Sites Concurrent with Previous Data and Show 
Distinct 3’ Nucleosome Structure  
A) Histogram showing the distribution of the distance between S288c CUT TSSs relative to 

Malabat et al. 2015 CUT, intergenic, same sense, and antisense TSS clusters (see 
Methods).  Histogram is only reporting distances for S288c CUTs that are within 50bps of a 
TSS cluster. Bin widths are 5bp.  B) Histogram showing the distribution of the distance 

between S288c CUT TSSs relative to Neil et al. 2009 TTS clusters.  Histogram is only 
reporting distances for S288c CUTs that are within 50bps of a TTS cluster. Bin widths are 
5bp.  C) Metagene plot showing the average S288c nucleosome occupancy of a 500bp 

window around the TSS for all genes with a 5’ UTR annotation (black), our HMM identified 
CUTs (red), and Malabat et al. 2015 CUT TSS clusters (green).  D) Metagene plot showing 

the average S288c nucleosome occupancy of a 500bp window around the TTS of all 
genes with a 3’ UTR annotation (black), our HMM identified CUTs (blue), and Neil et al. 
2015 TTS clusters (grey). 
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Figure 7 - CUTs lack a 3’ NFR 
A) Metagene plot showing the average nucleosome occupancy of a 500bp window around the TTS of all S288c(blue), 

1278b(yellow), and S.paradoxusN17(teal) CUTs identified by our HMM.  For comparison across strains, nucleosome 

occupancy was normalized by the average nucleosome occupancy per base pair in each strain. Like S288c CUTs, we 
see do not see 3’ nucleosome depletion in our other strains for which nucleosome occupancy data is available.  B) 

Left: Metagene plot showing the average S288c nucleosome occupancy of a 500bp window around the TTS of all 
genes with a 3’ UTR annotation (black), our HMM identified CUTs (blue), Neil et al. 2015 TTS clusters (grey), and Xu 
et al. 2009 CUTs (pink).  Moderate 3’ nucleosome depletion can be seen for Xu et al. CUTs 2009.  Right: When we 
split the Xu et al. 2009 CUT annotations into two groups, those overlapped by an S288c CUT identified by our HMM 
(maroon), and those that are not (lilac), we see distinct nucleosome occupancy patterns for the two groups.  Those Xu 
et al. 2009 CUTs that overlap an S288c CUT identified by our HMM also appear to lack a 3’NFR and the moderate 
depletion previously seen in the left graph is largely restricted to those Xu et al. 2009 CUTS that we failed to detect 
and which also appear to be stable, albeit lowly expressed RNAs (see Figure 1D and Figure S2C). 
 

Figure 8- ncRNAs have moderate 3' nucleosome depletion 

Metagene plot showing the average S288c nucleosome occupancy of a 500bp window around 
the TTS of all genes with a 3’ UTR annotation (black), our HMM identified CUTs (blue), Neil et 
al. 2015 TTS clusters (grey), and ncRNAs (green) also known as stable unannotated transcripts 
(SUTs) from Xu et al. 2009.  ncRNAs show moderate 3’ nucleosome depletion within the same 
200bp region where genes have a strong 3’ NFR producing a nucleosome occupancy pattern 
that is distinct from both CUTs and genes. 
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Figure 9 - Assessment and Validation of Conserved CUT expression 
A) A summary of the HMM identified CUTs in each strain.  B) Box and whiskers plot showing CUT length 

distribution for each strain. We note that the y-axis range was limited to a maximum length of 2.5kb for better 
comparison of the distributions across the strains.  C) Venn diagrams showing conserved CUT expression 
between the S.cerevisiae strain S288c and S.paradoxus (N17) and the conserved CUT expression between all 

S.cerevisiae strains (S288c, 1278b, and JAY291) and S.paradoxus (N17).  D) Distribution of CUTs with 
conserved syntenic expression across all four strains (4x) profiled or present in only one strain (unique).  E) 

RT-qPCR validation of three 4x conserved CUTs.  In each case the candidate CUT is expressed antisense to 
an annotated gene and qPCR was performed strand-specifically with the same amplicon to distinguish 
between signal from the mRNA and the antisense CUT.  Log2 fold change of rrp6Δ/WT was calculated after 

normalization to ACT1 (also acquired strand-specifically).  In each case the CUT-specific strand shows a 
significant increase in transcript abundance in rrp6Δ relative to WT while the mRNA-specific strand shows little 
to no change, except with YKL151C mRNA.  All qPCR was performed with biological triplicates and error bars 
denote standard deviation of fold change by coefficient of variation calculations.  
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Figure 10 - Assessment of HMM false negative rate by RT-qPCR 

RT-qPCR of CUTs expressed in three out of four strains (3x CUTs).  For simplification candidates are 
named based on closest or overlapping protein-coding gene annotations (x-axis). Candidates are 
grouped and labeled (above the bar plot) according to the strain that lacks the corresponding CUT 
annotation.  RT-qPCR was performed either strand-specifically or non-strand specifically depending on 
the presence of overlapping antisense gene annotations (see Methods, Table S7).  Log2 fold change of 
rrp6Δ/WT was calculated after normalization to ACT1.  The red dashed line marks two-fold cutoff.  In all 
but one instance, JAY291 YNL146C-A, the “missing” CUT shows elevated expression, as seen in the 
remaining strains.  All qPCR was performed with biological triplicates and error bars denote standard 
deviation of fold change by coefficient of variation calculations. 
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Figure 11 - Sequence conservation of CUTs 
A) Violin plots showing the average sequence conservation, calculated from our 4-way genome alignment, of all 4x 

conserved CUTs, 300bp upstream and 50bp upstream promoters (red), and compared to the average percent identity 
of a randomized set of annotations (grey) that recapitulates the 4x conserved CUTs in length and frequency.  We 
used the S288c start coordinate and the longest stop coordinate as the start and stop coordinates for the 4x 
conserved CUTs when calculating average percent identity.  Included are all p-values < 0.1 obtained by the two-sided 
KS test.  B) Violin plots showing the average sequence conservation, calculated from our 4-way genome alignment, 

of the CUTs unique to each strain and the 300bp upstream and 50bp upstream promoters. Included are all p-values < 
0.1 obtained by the two-sided KS test. 
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Figure 12 - Distinct trends of gene expression correlate with CUT expression in specific architectures with 
genes 
A) Left: Schematic demonstrating the configurations in which a CUT can originate from a gene NFR.  Right: 

Metagene plot of S288c nucleosome occupancy for a 500bp window around the TSS of all S288c CUTs identified by 
our HMM, the subset of CUTs found to originate from a gene NFR (red), and the remaining CUTs that do not 
originate from a gene NFR (pink).  B) Left: Venn diagram of the overlap of CUTs that originate from a gene NFR and 

4x conserved CUTs. Right: Metagene plot of S288c nucleosome occupancy for a 500bp around the TSS of all S288c 
CUTs identified by our HMM (black), all of 4x conserved CUTs from S288c (blue), and the subset of 4x conserved 
CUTs that originate from a gene NFR (grey).   C) Examination of antisense gene-CUT pairs in S288c.  Box and 

whisker plots shows the distribution the average WT RNA-seq coverage (red), rrp6Δ RNA-seq coverage (green), log2 
rrp6Δ/WT RNA-seq fold change (yellow), and NET-seq coverage from Churchman and Weissman 2011 (blue) for all 
expressed genes with a 3’ UTR annotation, those genes in antisense gene-CUT pairs, and the genes from the subset 
of Antisense gene-CUT pairs with a 4x conserved CUT.  All points outside the whiskers (outliers) are not displayed.  
All p-values are derived from the two-sided KS test.  D) Examination of divergent gene-CUT pairs in S288c.  Box and 
whisker plots shows the distribution the average WT RNA-seq coverage (red), rrp6Δ RNA-seq coverage (green), log2 
rrp6Δ/WT RNA-seq fold change (orange), and NET-seq coverage from Churchman and Weissman 2011 (blue) for all 
expressed genes with a 5’ UTR annotation, those genes in divergent gene-CUT pairs, and the genes from the subset 
of divergent gene-CUT pairs with a 4x conserved CUT.  All points outside the whiskers (outliers) are not displayed.  
All p-values are derived from the two-sided KS test. 
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Figure 13 - 4x conserved CUTs show increased 5' nucleosome depletion relative to all CUTs 

Metagene plot showing the average nucleosome occupancy in A) S288c, B) 1278b, and C) N17 of a 500bp window 

around the TSS for all CUTs identified by our HMM in the respective strain (black) and all 4x conserved CUTs as 
annotated in each respective strain (grey). 
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Figure 14 - Conserved antisense gene-CUT pairs in 1278b, JAY291, and S.paradoxus 

Examination of antisense gene-CUT pairs containing a 4x conserved CUT.  Box and whisker plots shows the 
distribution the average WT RNA-seq coverage (red), rrp6Δ RNA-seq coverage (green), log2 rrp6Δ/WT RNA-seq fold 
change (orange) for all expressed genes with a 3’ UTR annotation and the subset of genes from antisense gene-CUT 

pairs with a 4x conserved CUT in A)1278b, B)JAY291, and C)S.paradoxus.  All points outside the whiskers (outliers) 
are not displayed.  All p-values are derived from the two-sided KS test.  Nonsignificant (ns) p-value ≥ 0.1. 
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Figure 15 - Conserved divergent gene-CUT pairs in 1278b, JAY291, and S.paradoxus 

Examination of divergent gene-CUT pairs containing a 4x conserved CUT.  Box and whisker plots shows the 
distribution the average WT RNA-seq coverage (red), rrp6Δ RNA-seq coverage (green), log2 rrp6Δ/WT RNA-seq fold 

change (orange) for all expressed genes with a 5’ UTR annotation and the subset of genes from antisense gene-CUT 

pairs with a 4x conserved CUT in A) 1278b, B) JAY291, and C) S.paradoxus (N17).  All points outside the whiskers 
(outliers) are not displayed.  All p-values are derived from the two-sided KS test. 
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Figure 16  - Divergent gene-gene pairs in S288c 

Examination of divergent gene-gene pairs in S288c.  Box and whisker plots shows the 
distribution the average WT RNA-seq coverage (red), rrp6Δ RNA-seq coverage (green), log2 
rrp6Δ/WT RNA-seq fold change (orange) for all expressed genes with a 5’ UTR annotation and 
the subset of genes from gene-gene pairs.  Gene set 1 and gene set 2 are derived from the two 
separate genes from each gene-gene pair where gene 1 is also on the crick strand as shown in 
the schematic.  All points outside the whiskers (outliers) are not displayed.  All p-values are 
derived from the two-sided KS test.  Nonsignificant (ns) p-value ≥ 0.1. 
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Figure 18 - 10-state explicit duration HMM 

A state diagram of our explicit duration HMM showing expansion of state 2 into nine equivalent sub-states.  
The first state is parameterized to non-elevated regions of the transcriptome (i.e. not CUTs) and the 
remaining states are parameterized for elevated (approximately ≥ 2 fold ) regions of the transcriptome (i.e. 
CUTs).  We expanded the CUT state into nine identical sub-states with unidirectional movement through 
the model thereby setting the minimum length of a CUT  to nine nucleotides and producing a 10-State 
model that approximates a hidden semi-Markov model (Datta et al. 2008). 

Figure 17 - Results of Randomized CUT Conservation Analysis 

To determine the significance of our CUT conservation analysis we randomized CUT annotations in all four strains 
to assess the chance of CUT conservation simply by chance. 
A.) Venn diagrams as seen in Figure 3C showing the average and standard deviation of conserved CUT expression 
between the S.cerevisiae strain S288c and S.paradoxus (N17) and the conserved CUT expression between all 

S.cerevisiae strains (S288c, 1278b, and JAY291) and S.paradoxus (N17) after 200 randomized trials.  B.) Bar 
graph showing the actual total number of 4x conserved CUTs as found by our study and the average and standard 
deviation of the total number of 4x conserved CUTs after 200 randomized trials.   
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Tables 

Table 1 - Divergent gene-CUT pairs enriched for metabolic process genes 
  

Gene Ontology (GO) p-value # Genes 

nucleobase-containing small molecule metabolic process [GO:0055086] 0.011139 81 

phosphorus metabolic process [GO:0006793] 0.011852 125 

phosphate-containing compound metabolic process [GO:0006796] 0.038567 120 

organophosphate metabolic process [GO:0019637] 0.045294 77 

carbohydrate derivative metabolic process [GO:1901135] 0.046665 70 

alcohol biosynthetic process [GO:0046165] 0.049517 24 

small molecule metabolic process [GO:0044281] 0.05444 133 

ribose phosphate metabolic process [GO:0019693] 0.060834 39 
 
A total of 698 divergent gene-CUT pairs were identified in S288c.  The subset of genes in these gene-CUT pairs are 
enriched for various metabolic processing gene ontologies (GO).  P values are based on the hypergeometric test 
after Holm-Bonferroni correction using the default background from YeastMine http://yeastmine.yeastgenome.org.  
The total number of genes in each GO category is listed far right.   
 

 

Table 2 - Fold Change Conversion to Discrete Values 
     Bin 1 2 3 4 5 6 7 8 9 

Fold 
Change 

≤ 0.5 (0.5,1] (1,1.25] (1.25,1.75] (1.75,3] (3,4.5] (4.5,6] (6,10] > 10 

 
The Matlab HMM Toolkit only accepts discrete emission values.  Per nucleotide rrp6Δ/WT fold change values were 
converted to a discrete value according to the table above. 
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 What Mechanisms Govern CUT Chapter III -
Expression? 

Introduction 

The work discussed in this chapter pertains to analyses related to the work in Chapter II, 

but which were excluded from the publication on account of being preliminary findings.  That 

CUTs are so rapidly degraded following transcription termination has led many to believe that 

CUTs are simply transcriptional noise, resulting from spurious, unchecked transcriptional activity 

at open chromatin (Wyers et al. 2005; Schulz et al. 2013).  Supporters of this hypothesis cite 

high coincidence of CUT transcription originating from gene 5’ and 3’ NFRs as further motivation 

for this hypothesis.  Likewise many attribute CUT transcription to a seemingly inherent 

bidirectional properties of yeast promoters (Xu et al. 2009; Neil et al. 2009). While it is clear that 

DNA must be accessible to RNA polymerase complexes for transcription to occur, there is 

inconclusive evidence of whether CUT expression is the indirect result of NFRs or is simply 

contributing the open chromatin formation.  It is nearly impossible to distinguish between these 

two scenarios, but if we are to understand the function or role of CUT transcription in yeast we 

must also understand the mechanisms governing CUT expression.  To this end I have 

leveraged strain unique CUTs, identified by my comparative analysis, to gain insights into these 

questions.  These instances of unique CUT expression provide excellent opportunities to inform 

on the role of nucleosome positioning and sequence variation in regulating CUT expression by 

making cross strain comparisons and looking for variations that do or do not correlate with 

unique CUT expression.   

As discussed previously (page 22) I have found that my RNA-seq/HMM method of CUT 

identification may have an appreciable false negative rate, and the work discussed in this 

chapter should be interpreted with this fact in mind.  To minimize potential effects from falsely 

categorized unique CUTs in the analyses of this chapter, I have only considered those unique 
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CUTs that do not have corresponding syntenic raw HMM CUT calls in any of the other 

remaining strains7.  In this way I have provided the best estimate of unique CUT expression in 

these four strains given the available data.   

Results 

I showed in Chapter II that CUTs have an NFR centered approximately 200bp upstream 

of the transcription start site (TSS) (Figure 6).  Using publically available nucleosome 

occupancy data for S288c, 1278b, and N17 I assessed the 5’ nucleosome occupancy profile of 

strain unique CUTs to determine if there are any inherent differences in 5’ nucleosome 

positioning specific to unique CUTs.  While unique CUTs also appear to have a 5’ NFR, they 

show overall less nucleosome depletion within the NFR relative to the population average 

(Figure 19).  This is in contrast to 4x conserved CUTs which show strong 5’ nucleosome 

depletion within the NFR relative to the population average (Figure 12, Figure 13).  Less 

nucleosome depletion in strain unique CUTs is consistent seen across S288c, 1278b, and N17 

with 1278b showing the least amount of nucleosome depletion and the most deviation from the 

population average (Figure 19).  While it is possible that strain unique CUTs have higher overall 

nucleosome occupancy within their promoters, I think we are instead seeing the effects of 

sampling error as the strain unique CUT populations within each strain are small in numbers.  

If open chromatin is a primary driver of CUT expression then one could expect to see 

changes in nucleosome positioning that corresponds with the gain or loss of CUT expression.  

To determine if changes in nucleosome positioning correlate with strain unique CUTs I used my 

                                                

7
 see CUT identification on page 30 for details regarding HMM post-processing steps 
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Pecan 4-way genome alignment8 to compare 5’ nucleosome occupancy in each strain 

background along the promoter region for a single set of strain unique CUTs.  Remarkably there 

is strong conservation in the nucleosome occupancy profiles across all three strains (Figure 20) 

despite the CUT being present in only one strain.  This is not surprising given that previous 

investigations comparing whole genome nucleosome profiles across 12 Hemiascomycota fungi 

(Tsankov et al. 2010) have also found nucleosome positioning to be conserved across deep 

evolutionary distances.  But it does suggest that open chromatin is not a major factor governing 

CUT expression as we cannot attribute obvious changes in nucleosome occupancy to the gain 

or loss of CUT expression. To confirm that this result is not sensitive to the TSS annotations, 

which may be less accurate in the non-S288c strains, I compared 5’ nucleosome occupancy of 

41 S288c unique CUTs with accurate TSSs9.  I again see conserved nucleosome depletion in 

both 1278b and N17 (Figure 21) further suggesting that open chromatin is not sufficient to 

initiate CUT transcription. 

 An important caveat to this comparison of nucleosome occupancy across strains is that 

the metagene plots used thus far are population averages, which may be obscuring more 

minute variations in CUT promoter nucleosome occupancy.  To gain a better resolution of 

promoter nucleosome occupancy patterns, I clustered strain unique nucleosome occupancy 

profiles based upon their similarity to one another. By clustering CUTs with similar nucleosome 

occupancy profiles, distinct patterns emerge that were obscured within the population average 

(Figure 22).  Some clusters, such as S288c cluster 1, 1278b cluster 7, and N17 cluster 1, 

                                                

8
 See Chapter II for details regard the 4-way sequence alignment of the S288c, 1278b, JAY291, and 

N17 genomes 

9
 Where the HMM 5’ end call is within 50bp of a Malabat et al. 2015 TSS 
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show far greater variation in nucleosome occupancy within unique CUT promoters across 

strains (Figure 23, Figure 24, Figure 25).  I would like to note that 1278b and N17 

nucleosome occupancy profiles often show better correlation to one another than to S288c; this 

is most likely artefactual, due to the fact that the 1278b and N17 nucleosome occupancy data 

were collected in the same study but separately from S288c.  Unfortunately differences in 

nucleosomal DNA isolation and data collection are likely introducing biases that are reflected in 

my correlation studies.  While it is possible that the observed variations in nucleosome 

occupancy across strains, subtle though they may appear, are effecting CUT expression at 

these loci across my strain, I think my results suggest that nucleosome positioning is not a 

primary factor dictating CUT expression. If nucleosome positioning alone cannot explain strain 

unique CUT expression, then it may be that promoter sequence variation is major contributor to 

unique CUT expression.   

As discussed in Chapter II, I assessed sequence conservation for 300bp and 50bp 

promoter regions for 4x conserved and unique CUTs.  Unique CUTs appear to have a greater, 

but statistically nonsignificant, variation in promoter sequence conservation relative to 4x 

conserved CUTs (Figure 11) implicating sequence variation as a probable route to varied CUT 

expression.  I used my unique CUT promoter nucleosome occupancy clusters to look for 

correlations in sequence variation relative to nucleosome positioning.  For each set of strain 

unique CUTs I collected a histogram of all single nucleotide polymorphisms (SNPs) and 

insertions and deletions (indels) unique to that particular strain relative to the three remaining 

strains. This histogram of SNPs and indels was plotted atop clustered nucleosome occupancy 

profiles revealing a subtle pattern of increased or localized strain-specific sequence variation 

within regions of low nucleosome occupancy (Figure 23, Figure 24, Figure 25).  That strain-

specific sequence variation is seen within regions of open chromatin hints to probable changes 

in transcription factor binding motif and suggests that the gain or loss of these motifs is a 
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contributing factor of unique CUT expression.  Because these findings lack statistical 

significance, to confirm this finding I would need to be experimentally validated.   

It may be possible to determine if any particular TF consensus motifs are disrupted by 

these strain-specific SNPs and indels, however the small number of sites will likely provide 

insufficient statistical power. 

Unfortunately I have yet to determine is any of these strain-specific SNPs or indels have 

actually caused changes in TF consensus motifs.  My preliminary findings suggest that CUT 

promoter sequence may be a primary factor dictating CUT expression and that small sequences 

changes such as SNPs and indels are driving the gain or loss of CUT expression across the 

four strains used in my study. 

Discussion 

What is the link between open chromatin and CUT expression?  Many attribute CUT 

transcription to inherently bidirectional promoters and adventitious transcription at open 

chromatin (NFRs) due to a high coincidence of CUT transcription originating from gene 5’ and 3’ 

NFRs.  I likewise observe that the majority of S288c CUTs identified by my HMM appear to 

originate from, or share their 5’ NFR with, a gene 5’ or 3’ NFR.  However many other S288c 

CUTs do not appear to originate from gene NFRs suggesting that CUTs can arise as 

independent transcriptional processes not linked to other transcriptional activity.  Furthermore I 

did not observe any obvious changes in nucleosome positioning that could explain the gain or 

loss of strain unique CUT expression. While it is clear that CUT expression is strongly 

associated with protein-coding genes, these findings suggest that CUT expression does not 

simply occur in the presence of open chromatin and highlight our lack of understanding and 

appreciation for the mechanisms governing CUT expression.   
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Methods 

Unique CUT Expression 

 See Pecan whole genome alignment on page 32 for details regarding the identification 

of unique and conserved syntenic CUT expression. 

Nucleosome Occupancy and Metagene Analysis  

 See page 32 for details regarding acquisition and analysis of nucleosome occupancy 

data sets and design of metagene plots.  For cross strain comparisons nucleosome occupancy 

data was normalized within each strain by dividing the occupancy at each nucleotide by the 

genomic occupancy mean.  Normalized occupancy data was then converted from strain-specific 

genomic coordinates to 4-way Pecan alignment genomic coordinates.   

Promoter Nucleosome Occupancy Profile Clustering 

 Using R and the DTW time series clustering package (Giorgino 2009) I performed 

hierarchical clustering of individual CUT 5’ nucleosome occupancy profiles.  The number of 

clusters produced for each set of strain unique CUTs was chosen subjectively based on cluster 

dendrograms.  To ensure that clustering was performed based on relative nucleosome 

positioning, and not overall occupancy values, I normalized nucleosome occupancy for each 

individual CUT before clustering by setting the highest single nucleotide occupancy value to 1 

scaling occupancy values the remaining occupancy values accordingly.    
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Figures 

 

 

 

 

Figure 19 – Strain Unique CUTs Show Increased 5’ Nucleosome Occupancy Relative to All CUTs 

Metagene plot showing the average nucleosome occupancy in A) S288c, B) 1278b, and C) N17 of a 500bp window 

around the TSS for all CUTs identified by my HMM in the respective strain (black) and all CUTs unique to that strain 
(pink). 

A.) B.) C.) 

Figure 20 – Cross Strain Nucleosome Occupancy is Highly Conserved Within the Promoters of Strain Unique 
CUTs 

Metagene plot showing the average, normalized S288c (grey), 1278b (teal), and N17 (yellow) nucleosome 

occupancy within a 500bp window around the TSS for A.) S288c unqiue CUTs, B.) 1278b unique CUTs, and C.) 

N17 unique CUTs.  Below each metagene plot are tables showing the pearson’s r correlation coefficient calculated 
for all cross strain comparisons of the average, normalized nucleosome occupancy data in each metagene plot. 

A.) B.) C.) 
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Figure 21 – Cross Strain Conservation of Unique CUT 5’ Nucleosome Occupancy Is Not an 
Artefact of Inaccurate TSS Annotations 

Metagene plot showing the average, normalized S288c (grey), 1278b (teal), and N17 (yellow) 
nucleosome occupancy within a 500bp window around the TSS only for S288c unique CUTs with an 
HMM TSS annotation that is within 50bp of a Malabat et al. 2015 TSS. Below the metagene plot is 
tables showing the pearson’s r correlation coefficient calculated for all cross strain comparisons of the 
average, normalized nucleosome occupancy data shown in the metagene plot.   
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Figure 22 –Unique CUT 5’ Nucleosome Occupancy Clusters 

The individual 5’ nucleosome occupancy profiles of A.) S288c, B.) 1278b, and C.) N17 unique CUTs were clustered 

based upon their similarity to one another revealing distinct patterns of promoter nucleosome occupancy that were 
obscured within the population average. 



61 

 

 

 

 

 

 

Figure 23 – S288c Unique CUT 5’ Nucleosome Occupancy Clusters Show Greater Cross Strain Nucleosome 
Occupancy Variation 

Middle Column: Metagene plots showing the average, normalized S288c (grey), 1278b (teal), and N17 (yellow) 

nucleosome occupancy within a 500bp window around the TSS for each S288c unique CUT 5’ nucleosome 
occupancy cluster.  Left Column: A table showing the pearson’s r correlation coefficient calculated for all cross strain 

comparisons of the average, normalized nucleosome occupancy data within each S288c unique CUT 5’ nucleosome 
occupancy cluster.  Right Column: Metagene plots showing S288c nucleosome occupancy (black) within a 500bp 

window around the TSS for each S288c unique CUT 5’ nucleosome occupancy cluster overlaid with a histogram of 
S288c-specific SNPs and indels. 
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Figure 24 – 1278b Unique CUT 5’ Nucleosome Occupancy Clusters Show Greater Cross Strain Nucleosome 
Occupancy Variation 

Middle Column: Metagene plots showing the average, normalized S288c (grey), 1278b (teal), and N17 (yellow) 
nucleosome occupancy within a 500bp window around the TSS for each S288c unique CUT 5’ nucleosome occupancy 
cluster.  Left Column: A table showing the Pearson’s r correlation coefficient calculated for all cross strain comparisons of 

the average, normalized nucleosome occupancy data within each 1278b unique CUT 5’ nucleosome occupancy cluster.  

Right Column: Metagene plots showing 1278b nucleosome occupancy (black) within a 500bp window around the TSS for 

each 1278b unique CUT 5’ nucleosome occupancy cluster overlaid with a histogram of 1278b-specific SNPs and indels. 
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Figure 25 – N17 Unique CUT 5’ Nucleosome Occupancy Clusters Show Greater Cross Strain Nucleosome 
Occupancy Variation 

Middle Column: Metagene plots showing the average, normalized S288c (grey), 1278b (teal), and N17 (yellow) 
nucleosome occupancy within a 500bp window around the TSS for each N17 unique CUT 5’ nucleosome occupancy 
cluster.  Left Column: A table showing the pearson’s r correlation coefficient calculated for all cross strain 
comparisons of the average, normalized nucleosome occupancy data within each N17 unique CUT 5’ nucleosome 
occupancy cluster.  Right Column: Metagene plots showing N17 nucleosome occupancy (black) within a 500bp 
window around the TSS for each N17 unique CUT 5’ nucleosome occupancy cluster overlaid with a moving average 
of N17-specific SNPs and indels histogram.  A moving average was used in place of a histogram to more clearly 
show changes in SNP/Indel frequency.  Only six of  the 12 N17 clusters are shown for simplification.   
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 Assessment of Nascent CUT Expression Chapter IV -
by NET-qPCR 

Introduction 

Global and evolutionary studies into CUTs, such as described in Chapter II, produce 

broad reaching general insights into CUT expression and its role within the yeast transcriptome.  

However more in-depth case studies focused on individual CUTs are needed if we are to 

confirm and exemplify CUT-based regulation of gene expression.  While there is growing 

support in the literature documenting regulatory functions for CUT expression, the functional 

basis of CUTs remains highly debated and largely unexplored.  Two examples of CUT-based 

gene regulation are well documented in the literature: NRD1 and URA2.  The NRD1 gene is 

self-regulating through a negative feedback loop that is dependent on the Nrd1-Nab3-Sen1 

(NNS) termination complex.  When Nrd1p level are high, NRD1 transcription terminates early, 

via Sen1-dependent termination, creating a CUT.  However when Nrd1p levels are low there is 

increased read through of Nrd1 and Nab3 terminator motifs and full length NRD1 mRNAs are 

produced (Arigo et al. 2006).  These full length mRNAs are translated into functional Nrd1p 

increasing the Nrd1p concentration in the cell and increasing early termination of NRD1 until 

Nrd1p levels drop again and full length NRD1 mRNAs are needed.  NRD1 autoregulation is not 

only a unique example of CUT-based gene regulation but also an example of transcriptional 

attenuation, which is a common regulatory strategy in bacteria but is not commonly observed in 

eukaryotes.  PCF11 and RPB10 were recently identified as possible targets of Nrd1p 

attenuation (Creamer et al. 2011) but follow-up studies are needed to verify these findings.  

URA2 is another example of CUT-based gene regulation.  URA2 encodes a pyrimidine 

biosynthesis enzyme and its expression is regulated by cellular concentrations of uracil, such 

that URA2 is lowly expressed in the presence of uracil and upregulated when uracil is low or 

absent.  URA2 expression is not dependent on the Ppr1p transcriptional activator, a factor that 
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controls other genes in the same pathway, nor have other transcription factors been implicated 

in URA2 expression.  However a CUT, usURA210, is transcribed upstream of and overlapping 

with the URA2 5’ UTR, initiating approximately 90bp upstream of the URA2 transcription start 

site (TSSURA2) (Figure 26) (Thiebaut et al. 2008).  Similar promoter architectures are also seen 

at URA8, IMD2, and ADE12 suggesting that these genes may be regulated by CUT-based 

mechanisms similar to URA2.  Mutating the usURA2 transcription start site (TSSusURA2) inhibits 

usURA2 transcription and results in constitutive upregulated expression of URA2, suggesting 

that usURA2 transcription represses URA2 expression in non-inducing, uracil-replete conditions 

(Thiebaut et al. 2008).  The authors hypothesized that usURA2 expression would decrease to 

allow for upregulation of URA2 when uracil is low, however surprisingly usURA2 transcription 

was not observed to decrease in during URA2 upregulation; Instead, the authors concluded that 

repression of URA2 by usURA2 depends on two factors: 1.) a “weaker” TSSusURA2 more 

proximal to a TATA-box shared by a “stronger” distal TSSURA2 and 2.) an AT-rich region 

between the TSSusURA2 and TSSURA2 dubbed the R-box (Figure 26) that contains Sen1-

dependent terminator sequences that ensure early termination and degradation of usURA 

transcripts.  Upregulation of URA2 is thought to occur via unidentified factors or mechanisms 

that promote read-through of TSSusURA2 allowing productive transcription starting at TSSURA2.  

Alternatively the R-box may act as an internal promoter to direct preinitiation complex assembly 

to selectively enhance transcription of URA2 in low uracil growth conditions.   

Work on URA2/usURA2 demonstrates how CUT transcription may be involved in 

regulating gene expression, and poignantly illustrates a lack in understanding of the various 

mechanisms involved in CUT-based gene regulation.  Likewise the work of Thiebaut et al. 2008 
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 upstream sense URA2 
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also highlights potential methodological flaws in the study of CUTs.  The observations of 

usURA2 expression in both uracil+ and uracil- conditions were made using northern blots of 

steady-state RNA in both WT and trf4Δ backgrounds.  When analyzing steady-state RNA, 

transcript quantification is dependent on both expression and degradation rates and it is not 

possible, without the appropriate controls, to attribute transcript changes specifically to one 

process over the other.  Assessing changes in CUT expression is particularly difficult given that 

mutant backgrounds used for their detection disrupt RNA steady-state dynamics and artificially 

cause CUTs to accumulate by inhibiting degradation.  It is not known how long stabilized CUTs 

persist in the cell thus potentially rendering any decreases in CUT transcription undetectable in 

the steady-state RNA pool.  I hypothesized that usURA2 transcript levels were not observed to 

change (decrease) in uracil- conditions relative to uracil+ conditions because the northern blot 

assay used by Thiebaut et al. 2008 only assess steady state RNA levels, which are disrupted by 

trf4Δ.  Instead the usURA2 signal observed in the northern blot may pertain to transcripts made 

in uracil+ conditions that failed to be degraded and persisted in uracil- conditions.  What the 

authors had actually hypothesized was a change in nascent usURA2 transcription, but did not 

assess nascent transcription with their northern blot assay.  To avoid complications arising from 

mutant, CUT stabilizing backgrounds and to direction assess changes in nascent expression of 

URA2 and usURA2 I propose to adapt a new method in yeast, called nascent elongating 

transcript sequencing (NET-seq) (Churchman and Weissman 2011), for downstream analysis 

by qPCR (NET-qPCR).  

Results 

First I established the growth conditions for low, basal URA2 expression and for 

upregulated URA2 expression. To ensure ample uracil availability synthetic complete (SC) 

medium with twice the standard amount of uracil (at 40ug/mL) was used as a control for low, 
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basal URA2 expression. SC without uracil (SC-ura) medium was used to activate URA2 

upregulation.  Once the cell begins to produce its own uracil URA2 expression is 

downregulated, but URA2 upregulation can be sustained with the addition of 6-azauracil (6AU).  

6AU is a competitive uracil antagonist that inhibits Ura3p, an enzyme that functions downstream 

of URA2 in the uracil biosynthesis pathway. Figure 28 shows URA2 expression by RT-qPCR 

under control and inducing growth conditions, where URA2 expression upregulated 1.8 fold in 

SC-ura over SC control and is upregulated 9.5 fold in SC-ura with the addition of 6AU at 

10mg/mL.  These expression trends are in keeping with published results under similar growth 

conditions (Potier et al. 1990).       

Using cryofixation, NET-seq isolates nascent RNA by immunoprecipitation elongating 

RNA Pol II, via 3x-Flag tagged Rpb3p, and the associated, nascent RNA.  I isolated both total 

RNA by hot acid phenol and nascent RNA in yJV001 (see Appendix A for strain table) grown in 

SC and SC-ura/6AU from biological duplicates.  I only selected SC and SC-ura/6AU because of 

the robust up regulation of URA2 in the later growth condition.  Nascent RNA preps showed an 

approximately 5-fold reduction in 18S rRNA compared to total RNA preps suggesting that my 

preps had good enrichment of nascent, RNAP II RNA (Figure 27).  Nascent URA2 and usURA2 

expression was assessed by qPCR (i.e. NET-qPCR) (Figure 29).  While I observed a 6.6 fold 

increase in nascent URA2 expression in SC-ura/6AU relative to control, I did not observe a 

change in usURA2 expression.  Though I did not directly compare nascent usURA2 expression 

to steady-state expression in WT or rrp6Δ backgrounds, I can say that usURA2 NET-qPCR 

consistently yielded cycle thresholds ~ 5 cycles earlier than usURA2 RT-qPCR in either steady-

state RNA sample, confirming an enrichment of CUTs in nascent RNA over steady-state RNA 

even in rrp6Δ.   
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Discussion 

NET-qPCR is able to directly quantitate nascent expression in yeast making it possible 

to assess nascent CUT expression without the use of mutant, CUT stabilizing backgrounds.  

With NET-qPCR I am able to detect upregulated nascent URA2 expression in SC-ura growth 

conditions however I did not observe a change in usURA2 nascent expression.  Though 

usURA2 expression appears to be inhibiting URA2 expression, in this instance, the simplest 

explanation for URA2 upregulation is not via downregulation of usURA2.  It is possible that 

mutating the TSSusURA2 disrupted motifs necessary for URA2 repression in SC+uracil conditions, 

independent of inhibiting usURA2 expression.  This would negate a role for the usURA2 CUT in 

regulating URA2 expression.  However given the thorough investigation of Thiebaut et al. 2008, 

it is more likely that URA2 regulation does indeed involve usURA2 and is more complex than a 

simple on-off switch.  Although I did not observed the expected expression trends in usURA2, 

NET-qPCR will be useful to future studies of CUT-based gene regulation, even if just to confirm 

results found in mutant backgrounds such as trf4Δ or rrp6Δ.  Alternatively, NET-qPCR may be 

advantageous in cases where the slow growth, temperature-sensitive, or nonviable11 

phenotypes of CUT stabilizing mutants make some experiments difficult to perform.     

Materials and Methods 

Strains 

 All work in this chapter used strain yJV001.  This strain is a derivative of the original 

NET-seq, RPB3-3xFLAG-NAT1 strain that was kindly provided by Dr. Stirling Churchman.  This 

                                                

11
 Ndr1 is essential requiring the use of temperature sensitive mutants or depletion techniques like 

anchor-way 
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strain was transformed with wildtype URA3 to allow for growth in SC-uracil medium.  See 

Appendix A for complete strain details. 

Total RNA Isolation 

Cells were grown in synthetic complete medium (SC) with 40mg/mL uracil, SC without 

uracil, or SC without uracil with 6-azauracil at 10mg/mL to an OD of 0.6. 6-azauracil was not 

added until cells reach OD 0.3 because inhibits growth in these condition.  Total RNA was 

isolated via hot acid phenol method and DNAse treated for two hours with Promega DNAse 

RQ1 to remove contaminating DNA. 

Nascent RNA Isolation via NET-seq Method 

The yeast NET-seq protocol was kindly provided by Dr. Stirling Churchman.  A 

complete, detailed version of the NET-seq protocol is available in the literature (Churchman and 

Weissman 2012).  Briefly, 1L of cells were grown in either synthetic complete medium (SC) with 

40mg/mL uracil or SC without uracil with 6-azauracil at 10mg/mL to an OD of 0.6. 6-azauracil 

was not added until cells reach OD 0.3 because inhibits growth in these condition.  Cells were 

pelleted and cryofixed in liquid nitrogen.  Frozen pellets were cryoground using a Retsch Mortar 

Grinder RM100.  One gram of ground cells was suspended in lysate buffer, clarified by 

centrifugation, and immunoprecipitated with Sigma Anti-Flag M2 Affinity Gel.  RNAP II 

complexes were eluted from the anti-flag beads with 2mg/mL 3×-Flag peptide.  Nascent RNA 

was isolated from the eluate using the Qiagen miRNeasy kit.  Before qPCR, RNA was DNAse 

treated for two hours with Promega DNAse RQ1 to remove contaminating DNA. 
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cDNA Synthesis and qPCR 

 For all cDNA samples, 1ug of RNA was reverse transcribed with Fermentas Maxima RT 

using random hexamers.  qPCR was performed with SYBR green fluorescence reporter dye. 

ACT1 served as an endogenous control.    

Primer Sequences 

 Primer sequences can be found in Appendix B.  Because usURA2 is transcribed into 

URA2, leaving only ~90bp of sequence (Rbox) unique to usURA2, extra care was taken to 

design primers that amply within this unique stretch of usURA2.   

Figures 

 

Figure 26 - URA2 Promoter Architecture 

usURA2 is transcribed from a TSS ~90bp upstream of TSSURA2 and terminates within the URA2 
5’UTR intron (~500bp).  Both transcripts depend on a TATA box ~90bp upstream of TSSusURA2.  
The T-rich DNA region between the two TSSs is the R box.  usURA2 expression in thought to 
inhibit URA2 expression.  A similar promoter architecture is observed at other nucleotide 
biosynthesis genes (URA8, ADE12, IMD2, and IMD3).  Image not drawn to scale. 
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Figure 28 – URA2 expression is upregulated in the absence of uracil 

yJV001 yeast were grown in synthetic complete (SC) with 40mg/mL uracil (SC+uracil), SC 
without uracil (SC-uracil), and SC-uracil with 10mg/mL 6AU (SC-uracil/6AU) in biological 
triplicates.  Total RNA was isolated and URA2 expression was assessed by RT-qPCR.  
URA2 expression was normalized to ACT1 and expression levels are set relative to URA2 
expression in SC+uracil.  Error bars denote standard deviation of URA2 expression by 
coefficient of variation calculations. 

Figure 27 – Nascent RNA Preps are depleted of rRNA 

Both total and nascent RNA were isolated from cells grown in synthetic complete (SC) with 
40mg/mL uracil and SC-uracil with 10mg/mL 6AU (SC-uracil/6AU) in biological duplicates.   
18S rRNA was assessed by RT-qPCR.  Results from total RNA and nascent RNA were 
grouped respectively and show a consistent ~5 fold depletion of 18S rRNA in nascent RNA 
relative to total RNA preps. 18S rRNA levels were normalized to ACT1 and set relative to 
total RNA signal.  Error bars denote standard deviation of URA2 expression by coefficient of 
variation calculations.  
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Figure 29 – NET-qPCR of the CUT usURA2 Upon Activation of URA2 Expression  

Nascent RNA was isolated from cells grown in synthetic complete (SC) with 40mg/mL uracil and 
SC-uracil with 10mg/mL 6AU (SC-uracil/6AU) in biological duplicates.   Nascent expression of 
URA2 (white bars) and the CUT usURA2 (grey bars) was assessed by NET-qPCR.  URA2 
expression is upregulated in SC-uracil/6AU relative to SC+uracil but usURA2 nascent expression 
remains unchanged.  Both URA2 and usURA2 expression levels were normalized to nascent 
ACT1 expression and set relative to expression in SC+uracil.  Error bars denote standard 
deviation by coefficient of variation calculations. 
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 Conclusion Chapter V -

Major Conclusions from This Work 

The work presented in this thesis has outlined two methods, NET-qPCR and HMM 

analysis of RNA-seq, for the detection and identification of cryptic unstable transcripts.  NET-

qPCR allows for direct assessment of nascent CUT expression and obviates the need for 

mutant, CUT stabilizing backgrounds that may otherwise confound some analyses. My HMM 

allows for global identification of CUTs with RNA-seq data from wild-type and rrp6Δ RNA 

samples.  With my HMM/RNA-seq method I have greatly expanded upon previous CUT 

annotations in the S.cerevisiae reference strain S288c, and though I suspect my HMM of 

generating a conservative estimate of CUT expression, my findings still show that CUT 

expression is far more extensive than previous estimates.  I have also generated the first set of 

CUT annotations outside of the strain S288c by applying my HMM method to other strains of 

yeast.  In doing so, I have provided the first evolutionary comparison of CUT expression in 

yeast.  Using conservative estimates of CUT expression I have shown that syntenic CUT 

expression is well conserved between the species S.cerevisiae and S.paradoxus.  

By identifying populations of both conserved and unique syntenic expression in my four 

strains I have had a unique opportunity to inform on the mechanisms underlying CUT 

expression.  Not surprisingly, it appears that CUT promoter sequence conservation may be a 

primary factor dictating CUT expression.  While 4x conserved CUTs do not show preferential 

sequence conservation within the body of the CUT transcript, I did observe preferential 

sequence conservation of 4x conserved CUT promoters (Figure 11).  One interpretation of this 

observation is that the CUT sequence itself is less important than the promoter sequence for 4x 

conserved CUTs, consistent with a model where CUT expression, not the CUT itself, is 

functionally important.  These observations coincide with increased sequence variation within 
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the promoters of strain unique CUTs (Figure 11).  Looking nucleosome occupancy within the 

promoters of strain unique CUTs I found that the gain or loss of CUT expression cannot be 

explained by obvious changes in nucleosome positioning.  Instead I observed a high frequency 

of SNPs and indels within regions of low nucleosome occupancy, suggesting that sequence 

changes in cis, possibly affecting TF binding, are a major factor influencing CUT expression. 

Using the CUTs identified by my HMM I have gained insights into possible functional 

roles for CUT expression in yeast.  My work has demonstrated that antisense CUT expression, 

originating from the 3’ NFR of the associated gene, can elicit a negative effect on sense gene 

transcription (Figure 12C) in a manner consistent with traditional antisense transcripts.  

Furthermore I have shown that bidirectional gene-CUT expression correlates with higher levels 

of gene expression (Figure 12D) demonstrating that bidirectional CUT expression may act to 

aid or promote gene expression, possibly by helping to maintain an open promoter 

conformation.  Remarkably this trend of higher gene expression is not observed for bidirectional 

gene-gene pairs, demonstrating that this effect of higher gene expression is specific to 

instances of bidirectional transcription involving CUTs (Figure 16).  These findings have 

implications for how unstable RNAs, not just necessarily CUTs, may contribute to regulating 

gene expression, further demonstrating that the plethora of unstable RNAs found in both yeast 

and humans should not be overlooked despite their unstable nature. 

Using publically available nucleosome occupancy data for S288c, 1278b, and N17 I 

have shown that Nrd1-Nab3-Sen1 terminated CUTs lack a 3’ nucleosome free region (NFR) 

that is commonly observed at the 3’ end of transcripts that undergo poly(A)-dependent 

termination (Figure 6, Figure 7).  As one might expect based on my findings, stable ncRNAs, 

which show evidence of occasional Sen1-dependent termination in addition to poly(A)-

dependent termination, only show moderate 3’ nucleosome depletion (Figure 8), producing a 3’ 

nucleosome occupancy profile that looks almost like a hybrid between CUTs and protein-coding 
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genes.  This distinct pattern of 3’ nucleosome occupancy is an additional distinguishing 

characteristic of Sen1-dependent termination.  Despite the extensive work on Sen1-dependent 

termination in recent years this distinct nucleosome occupancy pattern has surprisingly been 

overlooked in the field.  That we only see a 3’ NFR at protein-coding genes hints at a possible 

role for mRNA-specific termination sequences and factors in 3’ NFR production and 

maintenance. 

While the study of unstable transcripts remains a burgeoning field, overall I believe my 

work will prove instrumental to future studies into CUTs, providing a framework to better 

understand the role of unstable RNAs in the yeast transcriptome.   

Limitations of This Work 

Of the four strains used in my comparative analysis, both JAY291 and N17 have 

incomplete, low coverage genome assemblies.  Lacking complete genomic sequences for these 

strains reduced the amount of 4-way aligned sequence in the Pecan alignment, limiting my 

searchable space for syntenic CUT expression.  As my assessment of syntenic CUT expression 

was limited to only 4-way aligned regions my estimates of conserved CUT expression were 

made even more conservative.  While the reference strain S288c is thoroughly curated and has 

numerous publically available data sets and annotations, the same cannot be said of my 

remaining strains: 1278b, JAY291, and N17.  For instance there is no publically available 

JAY291 nucleosome occupancy data.  Therefore I had to exclude JAY291 from analyses 

involving nucleosome occupancy.  Likewise JAY291 and N17 have 500+ fewer protein coding 

gene annotations compared to S288c and 1278b.  These missing gene annotations limit my 

ability to detect all instances of antisense and bidirectional CUT expression and possibly limit 

the statistical power of the analyses shown in Figure 14, Figure 15.  Furthermore, a complete 

lack of transcription start site and transcription termination site annotations in 1278b, JAY291, 
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and N17 prevented me from independently identifying antisense and bidirectional gene-CUT 

pairs in these strains.  Instead my analysis was limited to antisense and bidirectional gene-CUT 

pairs identified in S288c which were extrapolated to the remaining strains via conserved CUT 

expression.        

At the onset of this project there was little indication regarding the evolutionary 

divergence of CUT expression in closely related species of yeast.  While I have shown that CUT 

expression is well conserved between S.cerevisiae and S.paradoxus, I have been unable to 

make assertions regarding the relationship between sequence conservation and CUT 

expression given the limited evolutionary depth of my comparative analysis.  Though it appears 

that CUT promoter sequence may be a primary factor dictating CUT expression, it is clear now 

that I cannot rule out the possibility that conserved CUT expression is an indirect consequence 

of sequence conservation due to the limited amount of sequence divergence between 

S.cerevisiae and S.paradoxus. 

How This Work Relates To the Work of Others 

 CUTs were first globally identified in 2005 by Wyers et al. who were seeking to identify 

new targets of the nuclear exosome.  At the time it was known that the nuclear exosome was 

responsible for processing and maturation of rRNA and sn/snoRNAs and turnover of introns and 

aberrant pre-mRNAs (Petfalski et al. 1998; Allmang et al. 1999).  With the advent of microarrays 

it was possible to take an unbiased approach to find new targets of the nuclear exosome upon 

deletion of RRP6.  While the work of Wyers et al. 2005 provided the first global assessment of 

CUT expression, but was just a snapshot of CUT expression, limited to the probes of the 

ORFeome microarray used in their experiment.  Xu et al. 2009 expanded upon the work of 

Wyers et al. 2005 by using a whole genome tiling array providing CUT annotations that are still 

commonly used today.  However as discussed in Chapter II, microarrays have a limited 
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detection range, often struggling to detect low abundance (Figure 3, Figure 5) and/or AT-rich 

transcripts.  By utilizing traditional RNA sequencing to detect CUT expression I have not only 

greatly expanded upon previous CUT annotations in S288c, but I have also shown CUT 

expression to be far more pervasive than previously imagined.  Furthermore I have applied my 

RNA-seq/HMM method to not one, but four strains of yeast, providing the most extensive CUTs 

annotations currently available.  My work is a natural progression in the study of CUTs, 

advancing the field by applying modern next-generation sequencing technology.  

     Early studies of CUT expression focused on characterizing the genomic organization 

of CUTs and the extensive association of CUTs with protein-coding genes.  When I began my 

project it was well known that CUTs largely originate from gene 5’ and 3’ NFRs (Xu et al. 2009; 

Neil et al. 2009).  My work corroborates the earlier findings of others but also makes it clear that 

not all CUTs originate from a gene 5’ or 3’ NFR nor is the presence of an NFRs sufficient for 

CUT expression. Little work has actually been done to understand why CUTs are transcribed, 

not in the sense of whether they are functional or not, but in the sense of what cryptic DNA 

elements lead to CUT expression.  What sequences are common among cryptic promoters?  

Why do some gene promoters generate bidirectional transcription involving CUTs?  What can 

CUTs tell us about the specificity and regulation of RNAP II?  My work has only begun to 

address some of these questions. In terms of understanding whether CUTs or CUT expression 

are functional, there are but a handful of examples demonstrating CUT-based regulation of 

gene expression12 (Arigo et al. 2006; Thiebaut et al. 2008) while previous global CUT studies 

have only speculated on possible modes of CUT-based gene expression.  My work has gone a 

step further to demonstrate possible activating and inhibiting functions for CUT expression.  My 

                                                

12
 See Chapter IV for details on these examples 
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work is the first global evidence of CUT-based regulation of gene expression.  While it is well 

documented that antisense transcription can reduce or inhibit sense transcription both globally 

(Xu et al. 2011) and in well studied instances (e.g. IME4 Hongay et al. 2006), CUTs have been 

largely ignored as possible sources of transcriptional interference.  While most instances of 

ncRNA-based gene regulation are believed to repress the corresponding gene, there is growing 

evidence in the literature for an activating role of ncRNAs.  A recent publication studying 

bidirectional transcription in mice observed a decrease in mRNA levels upon transient 

knockdown of corresponding promoter-associated divergent ncRNAs (Uesaka et al. 2014).  This 

result is consistent with the idea that bidirectional expression is promoting or activating gene 

expression.  Why this trend of activating bidirectional transcription appears specific to coding-

noncoding transcript pairs remains unclear.  Though most studies of ncRNA-based gene 

regulation have focused on stable ncRNAs, my work suggests that an RNA need not be stable 

to confer an effect on the expression of corresponding genes. 

Future Directions 

 These findings warrant further investigation of CUT expression at greater evolutionary 

depth to better determine at what rate CUT expression is gained and lost.  Likewise it would be 

important to know if the effects of antisense and bidirectional CUT expression on the expression 

of associated genes hold up at greater evolutionary distances.  Expanding this comparative 

analysis to include additional yeast strains and species would greatly improve our 

understanding of the relationship between sequence conservation and conserved CUT 

expression.  If CUT expression is found to be conserved even in the presence of significant 

promoter sequence variation that would suggest that CUT expression was actively maintained 

despite underlying sequence changes.  This would be an important example demonstrating that 

conserved CUT expression is not simply an unintentional consequence of sequence 
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conservation and would go a long way in supporting a functional role for CUT expression in 

yeast.   

As discussed in Chapter III, instances of unique CUT expression provide excellent 

opportunities for cross strain comparisons, helping to inform on the role of nucleosome 

positioning and sequence variation in regulating CUT expression.  Continued analyses utilizing 

examples of strain unique CUT expression should first set out to validate a number of strain 

unique CUTs by RT-qPCR.  Not only would validation of strain unique CUT expression better 

inform on the false negative rate of our RNA-seq/HMM method of CUT identification but it would 

also provide suitable candidates for more in depth case studies.  So far no one particular motif 

or transcription factor has been implicated in regulating gene expression.  I suspect that any 

activating TF could induce CUT expression, thus making it difficult to identify motifs with 

statistically significant enrichment within CUT promoters.  Instead, with validated examples of 

unique CUT expression one could conduct promoter bashing experiments to identify the 

sequences important for expression of the candidate CUTs.  Furthermore, it would be intriguing 

to swap out unique CUT promoters between strains to determine if these promoters are 

sufficient for inducing CUT expression in the other strains, or if strain-specific trans factors are 

also needed to elicit CUT expression. 

Although I have demonstrated potential regulatory functions for CUT expression, I have 

not determined if CUT expression is sufficient to induce the observed effects on gene 

expression.  It may be that CUT expression needs to surpass some threshold in order to elicit 

an effect (Xu et al. 2011).  To address these questions future analyses regarding the effects of 

antisense and bidirectional CUT expression should incorporate gene and CUT expression 

levels.  Future analyses should also include all instances of antisense CUT expression, not just 

where antisense CUT expression originates from gene 3’ NFRs, to determine if there is a 

minimum amount of sense-antisense overlap required for sense inhibition or if transcription 



80 

 

through the 3’ NFR is important for eliciting transcription interference.  Furthermore, instances of 

transcriptional interference by antisense CUT expression would make excellent candidates for 

in depth studies of CUT-based regulation of gene expression.  Unlike bidirectional gene-CUT 

pairs, antisense gene-CUT pairs do not share a promoter; therefore CUT expression can be 

attenuated with promoter sequence alterations while largely avoiding changes to the promoter 

sequence of the sense gene. 

A number of follow-up experiments are needed to further demonstrate the connection 

between Sen1-dependent termination and high 3’ nucleosome occupancy.  Yeast stable 

ncRNAs would be useful resources for future experiment as at least some of these ncRNAs 

already show evidence of both Sen1-dependent and poly(A)-dependent termination.  These 

stable ncRNAs should be grouped based on sensitivity to rrp6Δ 13 to identify the population that 

most utilizes Sen1-dependent termination in addition to poly(A)-dependent termination.  By 

comparing the 3’ nucleosome occupancy profiles of rrp6Δ-sensitive and rrp6Δ-insensitive 

populations of stable ncRNAs I would expect to see a correlation in 3’ nucleosome occupancy 

related to utilization of Sen1-dependent termination.  If the rrp6Δ-sensitive stable ncRNAs 

showed greater 3’ nucleosome occupancy than rrp6Δ-insensitive ncRNAs that would provide 

further evidence that 3’ nucleosome occupancy is largely dictated by termination pathways.  

Furthermore it would be interesting to add or remove Sen1-dependent terminator sequences 

(i.e. the Nrd1 and Nab3 motifs) within stable ncRNAs to see if it were possible to produce 

changes in 3’ nucleosome occupancy by driving increased or decreased usage of Sen1-

dependent termination.   

 

                                                

13
 i.e. increased RNA-seq coverage in rrp6Δ relative to WT 
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Appendix A – Strains Used in This Study 

 

Appendix A - Strains Used In This Study 

    
Name Strain Genotype 

Mating 
Type Species 

BY4742 S288c WT his3Δ1, lys2Δ0, leu2Δ0, ura3Δ0 MATα S.cere 

yRD004 S288c rrp6Δ 
rrp6::KanMX, his3Δ1,  leu2Δ0, ura3Δ0, 
met15Δ0 

MATa S.cere 

L6441 S1278b WT 
parent: 10512-3C, ura3-52, leu2::hisG, 
his3::hisG 

MATα S.cere 

yRD003 1278b rrp6Δ rrp6::KanMX, his3Δ1,  leu2Δ0, ura3Δ0 MATa S.cere 

JAY291 JAY291 WT WT MATa S.cere 

yJV003 JAY291 rrp6Δ rrp6::KanMX MATa S.cere 

N17 N17 WT HO::lox-Kan-lox MATα S.para 

yJV009 N17 rrp6Δ HO::lox-Kan-lox, rrp6::NatMX MATα S.para 

yJV001 S288c  
his3Δ1, leu2Δ0, met15Δ0, RPB3-3xFLAG-
NAT1 

MATa S.cere 
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Appendix B – Oligos/Primers 

RT-qPCR  and NET-qPCR primer names and sequences.  Primers are specific to either 

S.cerevisiae (S.cere) or S.paradoxus (S.para), but in some cases could be used in either 

species background.  All primers were named for the nearest or overlapping gene annotation.  

Those primers labeled “–T” denote the presence of the unique 5’ tagged used for strand-

specificity in RT reactions (for more details regarding strand-specific cDNA see CUT expression 

validation by RT-qPCR on page 33).  An asterisk in the final column denotes candidates not 

requiring strand-specific RT-qPCR; for these candidates qPCR was performed on random 

hexamer primed cDNA. 

Species Name Sequence 6mer cDNA 

N/A Universal Fwd GGC AGT ATC GTG AAT TCG ATG C 
 

S.cere SIF2 F1-T GGC AGT ATC GTG AAT TCG ATG CAG ACG TTT ACC TGC CCA TCC 
 

S.cere YKU80 F1-T GGC AGT ATC GTG AAT TCG ATG CGT GTC GGC GGT AAT GAA GGA 
 

S.cere YKL151C F2-T GGC AGT ATC GTG AAT TCG ATG CTT GGC CTC CTA CCC TCT TGT 
 

S.cere YKL151C F1-T GGC AGT ATC GTG AAT TCG ATG CAA TGA CCG TAC CAG CGT TGT 
 

S.cere YKL151C R1-T GGC AGT ATC GTG AAT TCG ATG CAC AGG GGC ACC GTA TTT CAG 
 

S.cere ACT1 R1-T GGC AGT ATC GTG AAT TCG ATG CAC CGG CAG ATT CCA AAC CCA 
 

S.cere ACT1 R1 ACG TGA GTA ACA CCA TCA CCG G 
 

S.cere ACT1 F1 ACG TCG CCT TGG ACT TCG AAC A 
 

S.cere SIF2 R1-T GGC AGT ATC GTG AAT TCG ATG CTC AAT CGT GGA TGG TGT CCC 
 

S.cere YKU80 R1-T GGC AGT ATC GTG AAT TCG ATG CGC TAC CGT CCG TTC TAG TCG 
 

S.cere YKL151C R2-T GGC AGT ATC GTG AAT TCG ATG CGC TTG ATC GCC CAG GAA TTG 
 

S.cere YKL151C F1 AAT GAC CGT ACC AGC GTT GT 
 

S.cere YKL151C R1 ACA GGG GCA CCG TAT TTC AG 
 

S.cere YKL151C F2 TTG GCC TCC TAC CCT CTT GT 
 

S.cere YKL151C R2 GCT TGA TCG CCC AGG AAT TG 
 

S.cere YKU80 F1 GTG TCG GCG GTA ATG AAG GA 
 

S.cere YKU80 R1 GCT ACC GTC CGT TCT AGT CG 
 

S.cere SIF2 F1 AGA CGT TTA CCT GCC CAT CC 
 

S.cere SIF2 R1 TCA ATC GTG GAT GGT GTC CC 
 

S.cere TKL2 F1 GGC AAT AGC GCA GGC CAA CTT T 
 

S.cere TKL2 R1 TGC TGC AGG AGC CGT TAG GTT A 
 

S.cere TKL2 R2 TTG GTG CGT TGG ACC ATC CTC A 
 

S.cere TRF5 R2 GGT TAA GCT GGT TCG TTT CAC TAG C 
 



94 

 

S.cere TRF5 R1 ACG AAC GGG TTA GAG GCT GCA A 
 

S.cere TRF5 F1 AAC CTC CCA ATC CTC CTG TGT GC 
 

S.cere MLS1 R2 AGA CTC GGG CTC CTA TCA TCT GG 
 

S.cere MLS1 F1 TTG CTC AAA TCA GTG GGC GTC G 
 

S.cere MLS1 R1 AAT TCG CGC TGG CCG CTA AGT A 
 

S.para YKL151C F3 TGG TCT GCA TTG CAC GTC CCT T 
 

S.para YKL151C R3 TGA GTT GTT ACG CAG GCT GCA C 
 

S.para YKL151C F3-T GGC AGT ATC GTG AAT TCG ATG CTG GTC TGC ATT GCA CGT CCC TT 
 

S.para YKL151C R3-T GGC AGT ATC GTG AAT TCG ATG CTG AGT TGT TAC GCA GGC TGC AC 
 

S.para YKL151C F4 TTG ACC GCC CAC TCT CTT GTT G 
 

S.para YKL151C R4 GGC AGC TTG ATC GCA CAA GAA C 
 

S.para YKL151C F4-T GGC AGT ATC GTG AAT TCG ATG CTT GAC CGC CCA CTC TCT TGT TG 
 

S.para YKL151C R4-T GGC AGT ATC GTG AAT TCG ATG CGG CAG CTT GAT CGC ACA AGA AC 
 

S.para YKU80 F4 ACA ACC AAG TCT TGT ATC TGC GGT 
 

S.para YKU80 R4 TGT GCT ACC GTC CAT TCT AGT CG 
 

S.para YKU80 F4-T GGC AGT ATC GTG AAT TCG ATG CAC AAC CAA GTC TTG TAT CTG CGG T 
 

S.para YKU80 R4-T GGC AGT ATC GTG AAT TCG ATG CTG TGC TAC CGT CCA TTC TAG TCG 
 

S.para SIF2 F2 AGC GAA CGG AGC CAT CCA TC 
 

S.para SIF2 R2 TGC CTC GGA CGA TGG TAC TCT 
 

S.para SIF2 F2-T GGC AGT ATC GTG AAT TCG ATG CAG CGA ACG GAG CCA TCC ATC 
 

S.para SIF2 R2-T GGC AGT ATC GTG AAT TCG ATG CTG CCT CGG ACG ATG GTA CTC T 
 

S.para ACT1 F2 TGA GAG TTG CCC CAG AAG AGC A 
 

S.para ACT1 R2 ACG TAG AAG GCT GGG ACG TTG A 
 

S.para ACT1 R2-T GGC AGT ATC GTG AAT TCG ATG CAC GTA GAA GGC TGG GAC GTT GA 
 

S.cere/S.para YBR230C_F1 CCG TCC AGC GTC AAA AGA CCC A 
 

S.para YBR230C_R1 ACC ACA ACG TGA GAT TCT TGA AGG G 
 

S.para YBR230C_R1-T GGC AGT ATC GTG AAT TCG ATG CAC CAC AAC GTG AGA TTC TTG AAG GG 
 

S.cere YBR230C_R1 CCA CAA CGC CAG ATT CTT GAA GGG G 
 

S.cere YBR230C_R1-T GGC AGT ATC GTG AAT TCG ATG CCC ACA ACG CCA GAT TCT TGA AGG GG 
 

S.cere YDL183C_F2 ACT GAA TCT CAA GCG CAC GCA GT * 

S.para YDL183C_F1 TGG ATC TCA AAT GTA CGC TGC ACA C * 

S.para YDL183C_R1 AGG ATG GTG CTC GTG GCT AAG T * 

S.cere YDL183C_R2 TTG ATC TCT CCA AGG TTA GCC GCC * 

S.cere YDR234W_F3 CCA GGC CCT AGA ACT GTG GAA CGA 
 

S.para YDR234W_F3 AGG TTC TGA CCC CTC AAC CAG GTC 
 

S.cere YDR234W_R3 AGC TAG TTT TGC GCT GCC TCT T 
 

S.para YDR234W_R3 GCT AGT TTC GCA CTA CCT CTT ACG G 
 

S.para YDR234W_R3-T GGC AGT ATC GTG AAT TCG ATG CGC TAG TTT CGC ACT ACC TCT TAC GG 
 

S.cere YDR234W_R3-T GGC AGT ATC GTG AAT TCG ATG CAG CTA GTT TTG CGC TGC CTC TT 
 

S.cere YDR518W_F1 GAC ACT TCA GAA TCC TTG GCC TGG T 
 

S.cere/(1278b) YDR518W_F1.2 GAC ACT TCA GAA TCC TTA GCC TGG T 
 

S.para YDR518W_F1 CAT GCA CGG TGT CCT CTG TAG AC 
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S.para YDR518W_R1 AGG TAC GCA TCA TAT TGA CGG CCA 
 

S.cere YDR518W_R1 GGT ACA CAT CAC ATT GAC GGC CAG 
 

S.para YDR518W_R1 GGC AGT ATC GTG AAT TCG ATG CAG GTA CGC ATC ATA TTG ACG GCC A 
 

S.cere YDR518W_R1-T GGC AGT ATC GTG AAT TCG ATG CGG TAC ACA TCA CAT TGA CGG CCA G 
 

S.cere YHL028W_F1 TGG GTC TAG CCT CTG ATC CAC CA 
 

S.para YHL028W_F1_N17 TCC ACC AGT ACC GTG TCT TCG C 
 

S.cere YHL028W_R1 ACG TTG GCA AGC CCA TTT CAC GA 
 

S.para YHL028W_R1 GCA AGC CCA TTT CAC GAC CCT 
 

S.para YHL028W_R1-T GGC AGT ATC GTG AAT TCG ATG CGC AAG CCC ATT TCA CGA CCC T 
 

S.cere YHL028W_R1-T GGC AGT ATC GTG AAT TCG ATG CAC GTT GGC AAG CCC ATT TCA CGA 
 

S.cere YLR039C_F1 AGA GCT TTG CTT TCC TCA GTC CCT 
 

S.para YLR039C_F1 GCC TTT TGG ACC AAT TGT GTG TTG T 
 

S.para YLR039C_R1 TGA CAA GTG CTG CGA ACG CT 
 

S.para YLR039C_R1-T GGC AGT ATC GTG AAT TCG ATG CTG ACA AGT GCT GCG AAC GCT 
 

S.cere YLR039C_R1 TGA GGC TAA AAT GCT TGG CGT ACT T 
 

S.cere YLR039C_R1-T GGC AGT ATC GTG AAT TCG ATG CTG AGG CTA AAA TGC TTG GCG TAC TT 
 

S.cere YLR449W_F1 GCA ATG GCT CGC TAG GAC AGC A 
 

S.para YLR449W_F1 ACC GCA AGT ATG CGA TTG CAG C 
 

S.para YLR449W_R1 AGG GTT CAG GAT TAG GCC GTC ACC 
 

S.para YLR449W_R1-T GGC AGT ATC GTG AAT TCG ATG CAG GGT TCA GGA TTA GGC CGT CAC C 
 

S.cere YLR449W_R1 ATC AGG TCA TCG CCG TTC TGG G 
 

S.cere YLR449W_R1-T GGC AGT ATC GTG AAT TCG ATG CAT CAG GTC ATC GCC GTT CTG GG 
 

S.cere YNL146C-A_F1 GGC TTT AGA CTT CAA ATC GCG GTG 
 

S.para YNL146C-A_F1 ACA TCA GAA CCT TCG GCG GAA CT 
 

S.para YNL146C-A_R1 CAC TGA ACT GAT CTC CAA AAA CGC A 
 

S.para YNL146C-A_R1-T GGC AGT ATC GTG AAT TCG ATG CCA CTG AAC TGA TCT CCA AAA ACG CA 
 

S.cere YNL146C-A_R1 AAG TTC CGC CGA AGG TTC TGA 
 

S.cere YNL146C-A_R1-T GGC AGT ATC GTG AAT TCG ATG CAA GTT CCG CCG AAG GTT CTG A 
 

S.cere YNL250W_F1 TTG CCT TGT CTC GTG CGC TAG T * 

S.para YNL250W_F1 ATA GCT TTT CCG CAC CCC GTG T * 

S.para YNL250W_R1 AAC CGC GAG ATG AAG CCA TTT CT * 

S.cere YNL250W_R1 AGG GAC AAG ATG AAA ACC GGA ACC T * 

S.cere YNR049C_F1 TCC TGG GAA CCC CTG GAA AGG A 
 

S.para YNR049C_F1 TCC CCT AAC CAA CCT GGG AAC C 
 

S.cere YNR049C_R1 TTC CCA AGA AGG ATC CGG GCG A 
 

S.para YNR049C_R1 TCA GGA AGG GTC TGG GCG ATT 
 

S.para YNR049C_R1-T GGC AGT ATC GTG AAT TCG ATG CTC AGG AAG GGT CTG GGC GAT T 
 

S.cere YNR049C_R1-T GGC AGT ATC GTG AAT TCG ATG CTT CCC AAG AAG GAT CCG GGC GA 
 

S.cere YOR336W_F2 GCT CAG CAC GCT CTG TCT TAC G 
 

S.para YOR336W_F1 ACC GAA GTG CTT GCT GTT ATC GT * 

S.para YOR336W_R1 ACG TAG CAC AGA AGG CGC TGA A * 

S.cere YOR336W_R2 ACA GAG GCA CTC ACA CTG ATA CGT C 
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S.cere YOR336W_R2-T GGC AGT ATC GTG AAT TCG ATG CAC AGA GGC ACT CAC ACT GAT ACG TC 
 

S.cere URA2_F1 ACC AGG CGC CAA AGG AAA ATG C * 

S.cere URA2_R1 TGC ATC CTC CGC GGC ATC TAA A * 

S.cere 18s_F1 TCA CTA CCT CCC TGA ATT AGG ATT G * 

S.cere 18s_R1 AGA AAC GGC TAC CAC ATC CAA * 

S.cere usURA2_F1 ATT CAC CAG CGA CGG ATT TCT CAG * 

S.cere usURA2_R1 TGC TTT CGT CAT CGT CAA CGC CA * 

 


