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Melanie J. Fox 

THE ROLE OF RTR1 AND RRP6 IN RNAPII TRANSCRIPTION TERMINATION 

RNA Polymerase II (RNAPII) is responsible for transcription of messenger 

RNA (mRNA) and many small non-coding RNAs. Progression through the 

RNAPII transcription cycle is orchestrated by combinatorial posttranslational 

modifications of the C-terminal domain (CTD) of the largest subunit of RNAPII, 

Rpb1, consisting of the repetitive sequence (Y1S2P3T4S5P6S7)n. Disruptions of 

proteins that control CTD phosphorylation, including the phosphatase Rtr1, 

cause defects in gene expression and transcription termination. There are two 

described RNAPII termination mechanisms. Most mRNAs are terminated by the 

polyadenylation-dependent cleavage and polyadenylation complex. Most short 

noncoding RNAs are terminated by the Nrd1 complex. Nrd1-dependent 

termination is coupled to RNA 3’ end processing and/or degradation by Rrp6, a 

nuclear specific subunit of the exosome. The Rrp6-containing form a 3’-5’ 

exonuclease complex that regulates diverse aspects of nuclear RNA biology 

including 3’ end processing and degradation of a variety of noncoding RNAs 

(ncRNAs). It remains unclear whether Rrp6 is directly involved in termination. We 

discovered that deletion of RRP6 promotes extension of multiple Nrd1-dependent 

transcripts resulting from improperly processed 3’ RNA ends and faulty transcript 

termination at specific target genes. Defects in RNAPII termination cause 

transcriptome-wide changes in mRNA expression through transcription 

interference and/or antisense repression, similar to previously reported effects of 

Nrd1 depletion from the nucleus. Our data indicate Rrp6 acts with Nrd1 globally 
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to promote transcription termination in addition to RNA processing and/or 

degradation. Furthermore, we found that deletion of the CTD phosphatase Rtr1 

shortens the distance of transcription before Nrd1-dependent termination of 

specific regulatory antisense transcripts (ASTs), increases Nrd1 occupancy at 

these sites, and increases the interaction between Nrd1 and RNAPII. The 

RTR1/RRP6 double deletion phenocopies an RRP6 deletion, indicating that the 

regulation of ASTs by Rtr1 requires Rrp6 activity and the Nrd1 termination 

pathway.	  

Amber L. Mosley, Ph.D., Chair	  
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INTRODUCTION 

 

1. Transcription by RNAPII and Regulation of the CTD   

RNA Polymerase II (RNAPII) is responsible for the transcription of 

messenger RNA (mRNA) from protein coding genes and several forms of small 

non-coding regulatory RNAs. RNAPII transcription is divided into three steps, 

initiation wherein RNAPII, aided by general and gene-specific transcription 

factors, is recruited to the promoter of genes, facilitating initial de novo synthesis 

of the nascent pre-mRNA.  Following initiation, RNAPII proceeds to elongation 

where the bulk of the RNA synthesis occurs, following by termination of 

transcription. A scheme of terms used to describe transcribed regions throughout 

this thesis is shown in Figure 1.  

This thesis focuses on key events regulating transcription elongation and 

termination, and how these events modulate the transcriptome. Recruitment of 

factors involved in transcription elongation and termination is orchestrated by the 

phosphorylation state of the C-terminal Domain (CTD) of the largest subunit of 

RNAPII, Rpb1, which has the repetitive sequence (Tyrosine1-Serine2-Proline3-

Threonine4-Serine5-Proline6-Serine7)n where n = 26 in yeast and n = 52 in 

humans (Reviewed in [1]). The phosphorylation pattern of the CTD sequence has 

been shown to be specific to the location of RNAPII along the transcribed region 

of the gene (Figure 2) [2]. For example, in the model eukaryotic organism 

Saccharomyces cerevisiae it has been shown that the RNAPII CTD is 

hypophosphorylated when the initiation complex forms at the promoter. Once  
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Figure 1: Schematic of terms. This thesis focuses on the transcribed region of 
genes, from transcription start site (TSS) to transcription termination site (TTS), 
and the resulting RNA transcripts. When referring to the 5’-end or 3’-end of a 
gene, this is regarding the orientation of the coding strand and the RNA, as 
shown here. An extended transcript, as discussed here, is assumed to start at 
the same TSS and have a longer 3’-end due to improper termination. Gene and 
transcript names are always written in italics. Protein names are capitalized and 
not italicized.  
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elongation begins, serine 5 phosphorylation (Ser5-P, in Figure 2) is highest at the 

beginning of the transcription. However, during the early phase of transcription 

elongation, levels of Ser5-P decrease as RNAPII travels towards the transcription 

termination site [3]. Coincident with lowered Ser5-P during transcription, Ser2 of 

the CTD of RNAPII becomes phosphorylated so that by the mid- to late- phase of 

transcription elongation there is a mixture of both Ser5- and Ser2- 

phosphorylation. Ultimately, Ser2-P RNAPII predominates at the end of 

transcription of long genes (generally over 1000bp) (Figure 2) [4]. Ser7 has also 

recently been shown to be phosphorylated, peaking at the beginning of the gene 

similarly to Ser5-P with a slight increase at the end of transcription with Ser2-P. 

Together these phosphorylation patterns in the CTD of RNAPII serve as a 

binding platform to recruit the protein complexes required for each stage of 

transcription, facilitating association between the transcription machinery and key 

protein complexes that carry out mRNA capping, pre-mRNA splicing, cleavage of 

the nascent RNA, and polyadenylation [2].  
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Figure 2: Schematic of RNAPII CTD phosphorylation patterns across an average 
gene in S. cerevisiae. The phosphorylation state of the CTD (each site is 
represented by a different color as indicated in the legend on the bottom right) as 
well as the major known kinases and phosphatases are shown. 
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Collectively, protein kinases and phosphatases that add and remove Ser2, 

Ser5, and Ser7 phosphorylation marks in the CTD of RNAPII determine the 

levels of CTD modification and efficiency of RNAPII transcription. As illustrated in 

Figure 2, Ser5-P and Ser7-P are added early in elongation by TFIIH, specifically 

its Kin28 subunit [5-7]. In the mid- to late phase of transcription elongation, some 

Ser5-P is removed by Rtr1, coordinate with Ser2-P addition by Ctk1, a subunit in 

the CTDK1 complex [8-10]. The protein kinase Bur1 adds new Ser7-P as RNAPII 

nears the end of gene transcription [11]. Subsequently, the protein phosphatase 

Ssu72 removes Ser5-P and Ser7-P, and Fcp1 eliminates Ser2-P [11] in a step 

that is proposed to be important for recycling RNAPII for initiation of another 

round of transcription. It is not clear why three separate protein phosphatases are 

required for regulation of RNAPII CTD when there is apparent overlap in their 

functions. There is also uncertainty about how the protein phosphatases interact 

physically and/or genetically to orchestrate their activities on transcription 

elongation. 

How do these changing compositions of CTD phosphorylation affect 

transcription elongation and termination? Are there CTD modifications yet to be 

discovered that affect these key transcription processes? Two post-translational 

modifications of proteins have recently been proposed to play important roles in 

termination of RNAPII transcription. As noted above, the regulation of the CTD 

phosphorylation state requires interplay between protein kinases and 

phosphatases, but has also been suggested to involve proline isomerases [2]. 

The Ser5 phosphatase Ssu72 binds the CTD of RNAPII when Pro6 of the CTD is 
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in cis conformation following recruitment of the proline isomerase Ess1 [12]. 

Second, in vivo studies have indicated that Tyr1-P of the CTD may modify the 

way that termination factors interact with Ser2-P and RNAPII [13]. Using ChIP-

chip, Ser2-P and Tyr1-P were seen to increase as RNAPII elongation proceeds 

across the length of genes based studies featuring on genome-wide averaging of 

997 genes classified by length. Tyr1-P signals were found to peak in vivo about 

180 nucleotides (nt) upstream of the poly(A) site and then were significantly 

lowered, whereas Ser2-P occurred at the same point during transcription 

elongation but were maintained throughout- 200 nt downstream of the poly(A) 

site [13]. Although Ser2-P levels were consistent across this region, CTD-

interacting proteins were not recruited until Tyr1-P signals dropped, leading the 

authors to hypothesize that Tyr1-P of RNAPII inhibits recruitment of the 

termination factors to “fine-tune” the timing of transcription termination [13].  

Phosphorylation at Tyr1 may be removed by the phosphatase Glc7 in 

yeast [14]. Glc7 is a type 1 serine/threonine protein phosphatase that is also a 

member of the cleavage and polyadenylation factor complex along with the 

RNAPII CTD phosphatase Ssu72 [15, 16]. Of interest, it has also been shown 

that Tyr1-P can be dephosphorylated in vitro by the atypical phosphatase Rtr1 

[17]. Additional studies are needed to determine the role of these protein 

phosphatases in the regulation of Tyr1-P levels and overall RNAPII transcription 

in vivo. In summary, multiple protein modifications of the CTD of RNAPII, 

including protein phosphorylation at serine and tyrosine and proline 
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isomerization, are suggested to modulate elongation and termination phases of 

transcription. 

 

2. RNAPII Transcription Termination 

In the model organism, Saccharomyces cerevisiae, two mechanisms are 

suggested to terminate RNAPII transcription. These mechanisms involve the 

Cleavage and Polyadenylation Factor (CPF) complex or Nrd1, along with specific 

sequences embedded within the nascent RNA (Figure 3) [4, 18-20]. Table 1 

highlights a list of protein complexes and their subunits involved in RNAPII 

transcription termination. Current ideas about the functions of these proteins and 

RNA sequences directing transcription termination will be discussed more fully 

below.  
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Yeast 
Complex 

Yeast 
Protein 

Human 
Homolog 

Protein Function Role in P(A) 
Dependent 
Termination 

Role in 
Alternate 
Termination 

Ref 

CPF Cft1 CPSF160 Binds RNAPII Ser5-
P and Ser2-P CTD, 
Binds Poly(A) site 
RNA 

Promotes 
RNAPII 
pausing and 
RNA cleavage 
for Rat1 entry 

N.D. 21 

  Cft2 CPSF100 Interacts with 
RNAPII CTD, Binds 
cleavage site RNA, 
Bridges CPF with 
Pcf11 

Promotes 
RNAPII 
pausing and 
RNA cleavage 
for Rat1 entry 

N.D. 22 

  Fip1 FIP1 Bridges Pap1 with 
rest of CPF 

Interacts 
directly with 
Pap1 to 
improve 
polyadenylation 

N.D. 23 

  Glc7 PP1 Ser-Thr 
phosphatase, 
Dephosphorylates 
Sen1 

N.D. Promotes 
Sen1 
Recruitment 
and/or 
helicase 
activity 

21 

  Mpe1 - RNA-binding protein Promotes link 
between CPF 
complex and 
pre-mRNA 

N.D. 24 

  Pap1 PAP1 RNA 
polyadenylation, 
implicated in RNA 
export 

Polymerase 
responsible for 
polyadenylation 
of mRNA 

N.D. 25 

  Pfs2 - Scaffolding protein Promotes 
formation of 
CPF 

N.D. 26 

  Pta1 Symplekin Scaffolding protein, 
Bridges CF1A and 
CPF 

N.D. Maintains 
integrity of 
CPF 

21 

  Pti1 - Scaffolding protein, 
Bridges Ref2 and 
Pta1 

N.D. Maintains 
integrity of 
CPF 

27 

  Ref2 - RNA-binding 
protein, Scaffolding 
Protein, Bridges Pti1 
and Glc7 

N.D. Maintains 
integrity of 
CPF 

21 
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Yeast 
Complex 

Yeast 
Protein 

Human 
Homolog 

Protein Function Role in P(A) 
Dependent 
Termination 

Role in 
Alternate 
Termination 

Ref 

CPF Ssu72 SSU72 RNAPII Ser5-P 
CTD Phosphatase 

Promotes 
recruitment 
of Pcf11 to 
RNAPII 

Promotes 
recruitment of 
Pcf11 to RNAPII 

21 

  Swd2 WDR82 Scaffolding protein, 
Subunit of histone 
methylation 
complex Set1 

N.D. Maintains 
integrity of CPF 

21 

  Syc1   Scaffolding protein Maintains 
integrity of 
CPF 

Maintains 
integrity of CPF 

21 

  Ysh1 CPSF73 Endoribonuclease, 
Cleaves poly(A) site 
RNA 

Provides 
entry point 
for Rat1 

Provides entry 
point for 
exoribonuclease 

21 

  Yth1 CPSF30 Binds poly(A) site 
RNA and RNAPII 

Promotes 
RNAPII 
pausing 

N.D. 21 

NNS Nrd1 SCAF8 
and 
SCAF4 

Binds RNAPII Ser5-
P CTD, RNA-
binding Protein 

No effect 
observed 

Bridges CTD 
and RNA to 
release RNAPII, 
Recruits Sen1 
to RNAPII 

21 

  Nab3 - RNA-binding 
protein 

N.D. Bridges Nrd1 
and Sen1 

21 

  Sen1 Senataxin Binds RNAPII CTD, 
5'-3' RNA:DNA 
helicase 

Promotes 
Rat1 activity 
by exposing 
RNA 

Unwinds 
RNA:DNA 
hybrid in 
RNAPII 

21 

  Sto1 
(aka 
Cbc1) 

CBP80 Member of Cap-
binding protein, 
binding partner of 
Cbc2 

Acts with 
Npl3p to 
export 
mRNA 

Binds AT to 
promote 
degradation of 
downstream 
RNA 

28 

  Cbc2 CBP20 Member of Cap-
binding protein, 
binding partner of 
Sto1 

Acts with 
Npl3p to 
export 
mRNA 

Binds AT to 
promote 
degradation of 
downstream 
RNA 

28 

CF1a Pcf11 PCF11 Binds RNAPII  
Ser2-P CTD, 
Scaffolding protein 

Promotes 
RNA 
cleavage 
and Rat1 
recruitment, 
Bridges CTD 
and RNA to 
release 
RNAPII 

Bridges CTD 
and RNA to 
release RNAPII 

21 
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Yeast 
Complex 

Yeast 
Protein 

Human 
Homolog 

Protein 
Function 

Role in P(A) 
Dependent 
Termination 

Role in 
Alternate 
Termination 

Ref 

CF1a Rna14 CSTF77 Scaffolding 
protein 

Promotes RNA 
cleavage 

Maintains 
integrity of 
CF1A 

21 

  Rna15 CSTF64 Binds Poly(A) 
site RNA 

Promotes RNA 
cleavage and 
Rat1 
recruitment 

Maintains 
integrity of 
CF1A 

21 

  Clp1 CLP1 Scaffolding 
protein, 
Bridges CF1A 
and CPF 

Contributes to 
CF1A formation 
and interaction 
with CPF 

N.D. 29 

  Hbs1 (?) HBS1L GTPase, 
implicated in 
mRNA no-go 
decay 

    29 

  Yra1 (?) - RNA binding 
protein, 
involved in 
RNA export 

Couples mRNA 
export to 
3'processing 
through 
interaction with 
Pcf11 

N.D. 29 

  Hrp1 (?) - RNA binding 
protein 

Binds poly(A) 
sequence 

Maintains 
integrity of 
CF1A 

29 

Exo-
nuclease 

Rtt103 - Binds RNAPII 
Ser2-P CTD, 
Bridges Rat1 
to RNAPII 
CTD 

Recruits Rat1 
and Pcf11 to 
RNAPII 

N.D. 21 

  Rat1 XRN2 5'-3' 
Exoribonuclea
se, Degrades 
Ysh1-
generated 
downstream 
cleavage 
product 

Promotes 
Pcf11 and 
Rna15 
recruitment, 
Collides with 
RNAPII near 
RNA exit 
channel 

No effect 
observed 

21 

  Rai1 DOM3Z De-capping 
endoribonucle
ase, 
Pyrophospho-
hydrolase 

Promotes Rat1 
stability and 
activity 

N.D. 21 

 
Table 1: Relevant proteins known to be involved in RNAPII transcription 
termination. Table adapted from [21] with updated information from 
Saccharomyces Genome Database (http://www.yeastgenome.org) and listed 
references.  
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Figure 3: Representation of the two current models of RNAPII transcription 
termination. Top panel: Polyadenylation-dependent model. Bottom panel: Nrd1-
Nab3-Sen1 (NNS)-dependent termination.  
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2.1. Cleavage and Polyadenylation Dependent Termination 

CPF in complex with Cleavage Factor Ia (CFIa) is thought to facilitate 

general termination of long (>1000 bp) polyadenylated mRNAs by a mechanism 

integrating the polyadenylation process [15, 22, 30-32] [33]. Current models of 

RNAPII transcription termination suggest a coupling of transcription of the 3’ end 

of the transcript to the recruitment of 3’ end processing proteins such as the CPF. 

RNAPII pausing due to transcription of the poly(A) site facilitates recruitment of 3’ 

end processing machinery [34, 35]. It has been proposed upon transcription of 

the 3’-portion of genes that Ser2-P on the CTD of RNAPII recruits Rtt103 through 

a CTD-Interacting Domain (CID). Recruitment of Rtt103 to the transcribing 

RNAPII is suggested to cooperate with the CID of the protein Pcf11, which then 

culminates to recruit the CFIa complex [32]. An additional feature of this model is 

that Tyr1-P of the RNAPII CTD may inhibit recruitment of the termination 

complexes. In this view, the possible dephosphorylation of Tyr1 by the Glc7 

phosphatase may help to fine-tune timing of transcription termination [14]. Such 

regulation could facilitate processes such as alternative polyadenylation site 

usage, a known regulator of mRNA transcript stability [36]. At the same time, 

CPF associates with paused RNAPII and recognizes the poly(A) signal sequence 

[37].  

Recruitment of Rtt103 is thought to also facilitate association of additional 

proteins, including the 5’ à 3’ exoribonuclease Rat1 and its activating partner 

Rai1. Rat1 has been proposed to degrade the nascent RNA downstream of the 

CPF cleavage site while the RNA is still attached to RNAPII, causing the 
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disassociation of RNAPII, an event termed the “torpedo termination model” [38, 

39].  

 

2.2. Alternative Termination through the NNS pathway 

One way to address the specific roles of Rtr1 and Ssu72 is to determine 

the effects of loss of Rtr1 activity on pathways dependent on proper regulation of 

Ser5-P. For example, we previously showed that deletion of RTR1 results in 

increased Ser5-P toward the transcription termination site, leading to disruption 

of termination at studied genes [8]. As highlighted above, transcription 

termination is carried out by two pathways orchestrated by the CTD code. 

Transcription of long, polyadenylated mRNAs are terminated in a cleavage and 

polyadenylation-dependent mechanism that occurred independent of Rtr1 and 

Ssu72 [15, 22, 30-32]. Shorter RNAPII transcripts (<1000 bp) including some 

small protein-coding genes, snRNAs, and many types of non-coding RNAs are 

terminated by an alternative Nrd1, Nab3, and Sen1 (NNS) -dependent 

mechanism [20, 40-44].  

In the current model of NNS-dependent termination, Nrd1 and Nab3 are 

recruited to the termination complex by the CID of Nrd1 that binds the Ser5-P 

CTD, and RNA Recognition Motifs (RRM Domains) present in Nrd1 and Nab3 

that recognize specific sequences in the nascent RNA [4, 19, 45-50]. The 

helicase Sen1 participates by unwinding RNA:DNA hybrids formed by the 

nascent RNA and template strand promoting RNAPII termination [51-54]. RNAPII 

transcribes beyond the 3’ end of the functional RNA into the “termination zone” of 
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the gene before transcription is actually terminated [51]. It has been shown in 

vitro that an interaction between Sen1 and RNAPII alone can lead to transcription 

termination by facilitating RNAPII release from the DNA template and 

synthesizing RNA, suggesting that Sen1 can trigger termination independently of 

Nrd1 and Nab3 [51, 55]. These data suggest that in vivo Nrd1 and Nab3 may aid 

in the recruitment of Sen1 to termination sites of genes or expedite the process, 

but Nrd1 and Nab3 are not required per se to carry out the termination reaction.  

The nascent terminated RNA is then polyadenylated by the TRAMP 

complex, and the nuclear exosome trims the ends of stable transcripts, such as 

snRNAs and SUTs (Stable Unannotated Transcripts) or completely degrades the 

transcript in the case of CUTs (Cryptic Unstable Transcripts) (Figure 3) [20, 42, 

43, 51, 56-60]. The Nrd1 CID has also been shown to mediate the interaction 

between the NNS complex and the TRAMP subunit Trf4, coordinating 

transcription termination with RNA degradation and processing [61]. The Nrd1-

Nab3 complex also requires the function of the CFIa subunit Pcf11.  Disruption of 

the Ser2 binding CID of Pcf11 leads to Nrd1 retention on chromatin suggesting 

that wild-type Pcf11 prevents the localization of Nrd1 to terminator distal (3’) 

regions [62]. Competition for CTD-binding between Nrd1 and Pcf11 may be 

regulated by the CTD prolyl isomerase Ess1 [63]. Ess1 isomerizes the S5-P-P6 

bond resulting in a conformational change favored by Ssu72. Subsequent 

removal of S5-P by Ssu72 releases Nrd1 from the CTD and may allow Pcf11 to 

bind adjacent S2-P. It has been suggested that this ordered Nrd1-binding, then 
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release, followed by Pcf11 recruitment is somehow required for NNS-dependent 

termination [63] 

 

3. The Nuclear RNA Exosome 

The RNA exosome is a 3’-5’ ribonuclease complex involved in termination 

of short RNAs, RNA quality control surveillance, and RNA degradation (first 

described in [64]). The core of the RNA exosome is a multi-subunit complex 

similar in structure to the proteasome that features a channel that leads the RNA 

substrate to the catalytic subunit Dis3 (also known as Rrp44), similar in structure 

to the proteasome [65-68]. In yeast, there are two forms of the RNA exosome: 

the cytoplasmic exosome consists of the core complex only, and the nuclear 

exosome contains of the core exosome with the addition of Rrp6. The human 

RNA exosome exists in three forms localized to the cytoplasm, nucleoplasm, and 

nucleolus, with the Rrp6-containing complex localized to the nucleolus (reviewed 

in [69]).  

Although Rrp6 is not essential for viability in yeast, it has been shown to 

be required for proper 3’ end trimming of primary sn/snoRNAs [45, 70], 

degradation of short-lived, non-coding CUTs [71-75] and improperly terminated 

RNAs [70, 76], as well as regulation of polyA tail length [77, 78] and termination 

of specific short transcripts. Recent studies using high-resolution tiling arrays 

found that Dis3 and Rrp6 have both shared and distinct roles in the degradation 

and processing of various RNAs [79, 80]. Rrp6 has also been implicated in the 

termination and 3’ end processing of a variety of noncoding RNAs, most that are 



 16 

not terminated by traditional polyA-dependent termination mechanisms [43, 74]. 

Furthermore, a number of studies have uncovered important mechanistic details 

regarding the cellular implications of transcriptome regulation by Rrp6 and the 

RNA exosome. Rrp6 and other exosome subunits are required for proper meiosis 

[81] and cellular differentiation [82]. Additionally, inhibition of exosomal proteins, 

either by mutation or production of autoantigens, can lead to a variety of human 

diseases [83-86]. Here we will discuss the latest research on the structure and 

function of the RNA exosome and key associating subunits, such as Rrp6 and 

Dis3. 

 

3.1. Nuclear Exosome Structure in Yeast 

Exo9, the Core Barrel 

The nine-subunit non-catalytic core is organized in to a central channel 

that directs the RNA to the Dis3 nuclease. As noted above, the RNA exosome 

has a barrel structure similar to the proteasome with a core that is composed of 

two stacked rings lacking nuclease activity [87]. The bottom ring includes six 

proteins with homology to RNase PH, a phosphorylitic  3’-5’ exonuclease, but 

amino acid changes in the active sites in eukaryotes render them inactive. These 

RNase PH-like proteins include Rrp41, Rrp42, Rrp43, Rrp45, Rrp46, and Mtr3. 

The top ring includes cap proteins containing S1 and KH domains that are often 

found in RNA binding proteins [88-90]. These ring proteins form a stable core 

that adjoin with cap proteins Rrp4, Rrp40, and Csl4. The RNase PH-like proteins 

form a stable core with the cap proteins Rrp4 and Rrp40, and a third cap protein, 
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Csl4, which is more loosely bound [91-93]. These proteins are well conserved 

among eukaryotes, and Table 2 lists the names of the homologous subunits from 

yeast and humans. 

 

Dis3, aka Rrp44 

In the cytoplasm of Saccharomyces cerevisiae, the core Exo9 barrel is 

associated with the Dis3 exonuclease (Exo10Dis3). All Exo10 subunits (barrel plus 

Dis3) are essential in yeast [64, 107-109]. Dis3 is the only catalytic subunit of the 

RNA exosome that is a part of the exosome complex in both the cytoplasm and 

nucleus. It binds with the RNase PH proteins in the Exo9 core structure on the 

opposite side of the barrel from the cap proteins [90, 92]. It has processive 

exoribonuclease activity through RNase II-like domains as well as 

endoribonuclease activity in its PIN domain [87, 94, 110-112]. An in vivo RNA 

crosslinking study using cleavable proteins (described below) has shown that 

Dis3 is capable of using both endonuclease and exonuclease activities on most 

substrates [80]. The authors used the CRAC (crosslinking and analysis of 

cDNAs) technique to purify protein-RNA complexes. By utilizing cleavage sites 

introduced in the target proteins, these “split-CRAC” studies identified specific 

domains in the exosome subunits that interact with the RNA substrates to 

determine their individual contributions to RNA decay. After crosslinking the full-

length protein to its RNA targets, Dis3 was cleaved into two fragments, 

separating the PIN and RNB domains. The transcriptome-wide profiles of RNA 

substrates bound to these fragments were compared to substrates bound to full- 
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length Dis3. All three profiles were found to be similar, indicating that the same  
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Complex S. cerevisiae Human Description Disease Association 

E
x
o
9 

E
x
o
1
0 

E
x 
o
1
1 

Rrp41 Rrp41 
(EXOSC4, 
Ski6) 

RNase PH-like 
protein in barrel 90 

- 

Rrp42 Rrp42 
(EXOSC7, 
EAP1) 

RNase PH-like 
protein in barrel 90 

- 

Rrp43 Rrp43 (OIP2, 
EXOSC8) 

RNase PH-like 
protein in barrel 90 

Pontocerebellar 
hypoplasia 85 

Rrp45 Rrp45 
(PM/Scl75, 
EXOSC9) 

RNase PH-like 
protein in barrel 90 

Autoantigen in 
polymyositis, 
scleroderma, and PM/Scl 
overlab disease 98-100 

Rrp46 Rrp46 
(EXOSC5) 

RNase PH-like 
protein in barrel 90 

Up-regulated in lung 
cancer, melanoma, and 
prostate cancer 101 

Mtr3 Mtr3 
(EXOSC6) 

RNase PH-like 
protein in barrel 90 

- 

Rrp4 Rrp4 
(EXOSC2) 

S1/KH cap proteins 90 - 

Rrp40 Rrp40 
(EXOSC3) 

S1/KH cap proteins 90 Mutations in 
pontocerebellar 
hypoplasia 84,102 

Csl4 Csl4 
(EXOSC1) 

S1/KH cap proteins 90 - 

 Dis3 (Rrp44) DIS3 
(EXOSC11) 

3'-5' 
Endo/Exonuclease, 
localized in the 
nucleus 80 

Mutations in multiple 
myeloma 43,44 

 DIS3L1 3'-5' 
Endo/Exonuclease, 
localized in the 
cytoplasm 94,95 

- 

 DIS3L2 3'-5' 
Endo/Exonuclease, 
localized in the 
cytoplasm 94,95 

Renal hamartomas 
nephroblastomatosis and 
fetal gigantism; Wilms 
tumor 105 

  Rrp6 hRRP6 
(PM/Scl100, 
EXOSC10) 

3'-5' Exonuclease 96 Autoantigen in 
polymyositis, 
scleroderma, and PM/Scl 
overlab disease 98-100 

   Rrp47 (Lrp1) C1D Rrp6-interacting 
partner 97 

Autoantigen in PM/Scl 
overlab disease 106 

 
Table 2: Subunit homology in the S. cerevisiae and human nuclear exosomes. 
Yeast protein names are given in the first column. Human protein names are 
given in the second. Names used throughout this review are listed first, and 
alternative names used in the literature are listed in parentheses. A brief 
description of the role of the protein within the exosome is listed as well as any 
known links to disease in humans. 
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RNA substrates can be targeted by both endonucleolytic and exonucleolytic 

activities. It is proposed that the exonuclease activity is the major function of 

Dis3, and the endonuclease activity may function primarily to release stalled 

exosome substrates [80]. 

In vitro analysis and structural studies has suggested that Dis3 is also 

capable of degrading RNAs independently of the core Exo9 complex [64, 87, 90, 

113]. Interestingly, isolated Dis3 has been shown to have increased exo-

nucleolytic activity on certain substrates when it is not in a complex with the core 

barrel [90]. It was speculated that the structure of the core proteins partially 

inhibited Dis3 access to RNA substrates. In this context, it has recently been 

shown that there may be a second route for RNA digestion by Dis3 that is 

independent of the core [114]. This has lead to two distinct models for Dis3 

degradation of RNA. The first model involves a substrate-specific degradation 

mechanisms in the RNA exosome with longer (>14 nt) single-stranded RNA 

substrates entering the exosome channel, inducing a conformational change in 

Dis3 so that the catalytic exonuclease site faces the base of the channel. When 

RNA substrates shorter than 12 nt were analyzed, the RNA is suggested to enter 

the Dis3 exonuclease site directly, without entering into the exosome channel 

and as a consequence did not induce a conformational change that was distinct 

from the isolated Dis3 structure.  
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Addition of Rrp6 in Yeast 

Rrp6 is an RNase D family member that is also involved in mRNA decay 

via the exosome [96]. In S. cerevisiae, the Rrp6 exonuclease is only present in 

the nucleus, and it is hypothesized to hydrolyze RNA via metal ion catalysis 

[115]. Rrp6 contains an exoribonuclease domain (EXO), and HRDC domain and 

a C-terminal domain that associates with the Exo9 core (labeled Rrp6-CTD in 

Figure 4) [67, 116]. The EXO and HRDC domains have been shown to be the 

catalytic module through structural studies [117, 118]). However, it is not clear if 

the channel is used to direct RNA to the Rrp6 exonuclease.   

Makino et al. solved a crystal structure of Exo10Dis3 plus the C-terminal 

region of Rrp6 and an RNA duplex with a 31 nt 3’ overhang [67]. To obtain this 

2.8 Å resolution structure, the authors used the Exo9 core complex and a 

catalytically inactive Dis3 (D171N/D551N) mutant lacking both endo- and 

exonucleolytic activity (blue in Figure 4). Addition of the C-terminal region of Rrp6 

was found to stabilize the interaction between the exosome and the RNA 

substrate. The structure of the Rrp6 C-terminal domain showed that it forms two 

regions that fold into the Exo9 core barrel: an α-helix that binds to Csl4 and an α-

helix and β-hairpin that bind Mtr3 and Rrp43. The authors suggest that although 

this region does not bind RNA directly, it may play a role in stabilizing Csl4 and 

the path taken by the long RNA substrate through the barrel. Furthermore, it was 

noted that the addition of Rrp6 results in a rotation of the structure of Dis3 to 

closed conformation with the endonucleolytic PIN domain exposed to solvent. 

The duplexed RNA with 3’ overhang allowed the capture of the exosome  
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Figure 4: Composite structure of the nuclear exosome including Rrp6 and Dis3 
exonucleases and RNA. This composite structure was modeled by overlaying 
figures containing the core barrel, a catalytically inactive Dis3 
(Dis3(D171N/D551N)), an RNA duplex with a 31 nt overhang, and the CTD of 
Rrp6 [67] and the core barrel, Rrp6, and a 24 nt single-stranded poly(A) RNA 
[119]. The core barrel subunits are in gray. Dis3 and the path of the RNA from 
the structure containing Dis3 are in blue. Rrp6 and the path of the RNA from the 
structure containing Rrp6 are in red. A hypothetical path for the RNA through the 
core barrel is shown as a dashed line. 
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structure with single stranded RNA threaded through the barrel core. In addition, 

this crystallography arrangement allowed for melting and visualization of the 

most 5’- nt on the complementary strand at the entry pore formed by the cap 

proteins. These results suggest that the cap proteins serve to unwind RNA 

duplexes for entry into the core, analogous to proteins entering the proteosome. 

However, these ideas have not yet been confirmed in vivo. The RNA unwinding 

activities have been shown to be carried out by the Ski and TRAMP complexes 

that regulate exosome (or Exo10) function [120-123]. 

To better understand the role of Rrp6 in RNA degradation, Wasmuth et al. 

recently reported a crystal structure of a complex consisting of the Exo9 core, 

Rrp6, and 24 nt-long single-stranded poly(A) RNA molecule (poly(A)24) [119]. The 

Makino et al. and Wasmuth et al. structures have been superimposed to make 

the composite structure shown in Figure 4. Wasmuth et al. previously proposed 

that Dis3 and Rrp6 use an overlapping channel within the core ring structure to 

interact with RNA substrates. Furthermore, it is also suggested that Rrp6 activity 

is modulated by its association with the Exo9 core complex, and Rrp6 stimulates 

Dis3-RNA binding and degradation [109].  

Wasmuth et al. were able to obtain a 3.3 Å structure of the Exo10Rrp6 

complex (Exo9 core barrel plus Rrp6), using an Rrp6 (128-685) mutant lacking 

the PMC2NT domain (1-127), the last C-terminal residues, and exoribonuclease 

activity (D238N). In their structure, Rrp6 sits atop the S1/KH cap proteins of the 

Exo9 core (red in Figure 4). The poly(A)24 RNA is positioned within the S1/KH 

ring with the active site of Rrp6 interacting with the 3’end of the RNA (pink in 
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Figure 4). This confirmation allows for the catalytic domain of Rrp6 to bind 

directly to the fourth-most 3’-nucleic acids in the poly(A)24 chain, while the 

interactions between Rrp6 and the remainder of the RNA chain are non-specific 

to accommodate the degradation of any RNA sequence. The RNA substrate then 

passes through the Exo9 core channel, similar to that proposed for the Dis3 RNA 

substrates. In fact, the paths used by substrates for Rrp6 and Dis3 overlap within 

the S1/KH channel, with the RNA oriented in opposite directions to accommodate 

the location of the targeting exonuclease. Figure 4 illustrates the theoretical path 

marked in the core barrel by a dashed line. It was also proposed that the 

overlapping paths commit the exosome targets to degradation by either Rrp6 or 

Dis [119]. In the nucleus, interactions with cofactors such as Mpp6, Rrp47, and 

TRAMP are proposed to guide the RNA substrate toward a particular path, 

depending on the substrate and the required exosome function: editing, 

processing, or degradation. 

 

Shared and Distinct Roles between Rrp6 and Dis3 

Rrp6 is a distributive 3’-5’ exonuclease (repetitive binding and release) 

and Dis3 is a processive 3’-5’ nuclease [109]. Rrp6 can stimulate Dis3 binding 

and decay activities [109]. This may be due to a conformational change in the 

core that results in an increase in channel width when Rrp6 is bound. This 

theoretical mechanism of exosome regulation through channel gating in the 

exosome has also been seen in protein degradation in the proteasome (reviewed 

in [68, 124]).  
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Both Rrp6 and Dis3 appear to have some non-nucleolytic activity. Full 

deletions of either protein have more severe phenotypes than inactive mutants 

[87, 125]. This is supported by the structural data that indicates a requirement for 

specific fragments of Rrp6 and Dis3 for proper RNA exosome structural integrity 

and stability of their binding partners. A more recent study confirmed the 

independent functions of Rrp6 and Dis3 in a comprehensive manner. Gudipati et 

al. used high-resolution tiling arrays to study the effects of Rrp6 and Dis3 

mutants on RNA degradation genome-wide [79]. The RRP6 gene was fully 

knocked out, but catalytic mutations in both the endo- and exonucleolytic 

domains of Dis3 are lethal in yeast. Therefore, mutants were expressed in a 

doxycycline-repressible (Tet-DIS3) background strain. Mutants studied contained 

an inactivating mutation in the exonucleolytic domain (D551N), endonucleolytic 

domain (D171N), or both. Rrp6 and Dis3 mutants have similar effects at CUTs 

and SUTs, but distinct roles at other transcripts. Rrp6 appears to be the 

predominant nuclease in the processing of snRNAs while Dis3 plays a larger role 

in degrading tRNAs and intron-containing (i.e. unspliced) pre-mRNAs. 

 

3.2. Other Cofactors in the Nucleus 

 As described above, Rrp6 and the nuclear exosome carry out a number of 

functions. The mechanisms underlying how a specific substrate is handle by the 

exosome remain unclear, but it is likely that proteins associated with the 

exosome aid in target/function specificity. Here, we discuss proteins associated 

with the nuclear exosome that aid in substrate recognition and Rrp6 activity. 
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Rrp47, aka Lrp1 

Rrp6 interacts with the cofactor Rrp47 [97] (Figure 5). Rrp6 activity has 

been found to be at least partially dependent on Rrp47, but the impact of this 

interaction on the catalytic activity of Rrp6 are unclear. Rrp6 contains an N-

terminal PMC2NT domain that interacts with Rrp47 [126]. Rrp47 can bind 

structured amino acids, and it is possible that Rrp47 facilitates Rrp6 activity by 

aiding in structured RNA recruitment [126]. It was suggested that this interaction 

is required to stabilize both Rrp6 and Rrp47 proteins [127-129]. Rrp6 expression 

is markedly decreased in yeast lacking Rrp47 when grown in minimal media, 

although this effect is not seen in rich media conditions [127]. Loss of Rrp47 has 

also been reported to decrease both transcription of RRP6 and the stability of the 

Rrp6 protein. Interestingly, over expression of Rrp6 was found to suppress many 

of the phenotypes reported for Rrp47 mutants [127]. These results suggest that a 

primary function of Rrp47 is to stabilize and maintain sufficient Rrp6 expression 

levels. However, it has also been reported that Rrp47 may play roles in RNA 

processing and surveillance independent of Rrp6 [128]. Garland et al. developed 

a technique they termed DECOID (decreased expression of complexes by 

overexpression of interacting domains) in which they overexpress the Rrp6 N-

terminal region shown to be the Rrp47-interacting domain to titrate Rrp47 out of 

Rrp6/Rrp47 complexes [128]. Once removed from Rrp6, the isolated Rrp47 was 

able to rescue synthetic lethal double mutants.  
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The N-terminal regions of Rrp6 and Rrp47 form a closely intertwined unit 

[130]. This structural unit was found to bind to the N-terminal region of the RNA 

helicase Mtr4, which can associate with the TRAMP complex to target RNA 

substrates to the exosome for degradation. Mutations in the N-terminal region of 

Rrp6, a portion that is important for Rrp47 binding, result in defects in 5.8S RNA 

processing in vivo suggesting that this intertwined structural unit is important for 

coordinating interactions with Mtr4 and proper substrate processing. 

 

Mpp6  

M-phase Phosphoprotein 6, or Mpp6, has also been shown to associate 

with the nuclear exosome [131] (Figure 5). Mpp6 was initially identified in a cDNA 

cloning screen performed in HeLa cells where it localized in the nucleus of 

interphase cells [132]. Schilders et al. found that human Mpp6 was important for 

the proper processing of the 3’ ends of 5.8S rRNAs [133]. In 2008, Milligan et al. 

identified the homolog in Saccharomyces cerevisiae [134]. The yeast homolog of 

Mpp6 was found to be an RNA-binding protein required for proper surveillance of 

pre-mRNAs, pre-rRNAs, and the degradation of cryptic non-coding RNAs 

transcribed from ribosomal DNA spacer heterochromatin [134]. It has been 

suggested that Mpp6, and probably other cofactors like it, play a role in 

specifying the function to be carried out by the exosome regarding specific 

substrates [59]. 
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Figure 5: Schematic representation of the S. cerevisiae nuclear exosome and its 
known cofactors. The core barrel structure (also known as Exo9), in green, 
consists of nine subunits: Rrp41, Rrp42, Rrp43, Rrp45, Rrp46, and Mtr4 (the six 
RNase PH-like proteins), and Rrp4, Rrp40, and Csl4 (the three S1/KH cap 
proteins). The nuclease Dis3 joins the core barrel in both the cytoplasm and the 
nucleus. This complex is also called the (Exo10). Rrp6 only joins the core 
exosome in the cytoplasm, in a complex also known as Exo11. The cofactor 
Rrp47 (dark red) binds to Rrp6 and structured RNA and improves the stability of 
Rrp6. Nrd1 and its binding partner Nab3 (gray) interact with Rrp6, both together 
and independently of one another to coordinate termination and processing of 
short (<1000 nt) RNAs. The Cap Binding Complex (purple) interacts with Rrp6 
during co-transcriptional processes. The Cap Binding Complex also interacts with 
Nrd1 and Nab3, which may lead to an alternative, indirect interaction with Rrp6. 
Mpp6 (dark green) is a general nuclear exosome cofactor involved in a number 
of exosome-dependent mechanisms such as processing and degradation of a 
RNA arising from rDNA arrays.  
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The TRAMP Complex 

In the nucleus, the RNA exosome interacts with an RNA helicase, Mtr4, 

and an associated complex known as TRAMP (the Trf4/5, Air1/2, Mtr4 

Polyadenylation Complex, reviewed in [66]) (Figure 5). Mtr4 can function alone to 

unwind RNA substrates or it can act as part of the TRAMP complex [135, 136]. 

Mtr4 contains a ‘ratchet helix’ and arch domain required for RNA processing, 

although the specific roles for each of these domains in Mtr4 function remain 

unclear [137-139]. The TRAMP complex aids in substrate specificity of the 

exosome [140], and prepares some target RNAs for processing by the nuclear 

exosome by adding a short (3 – 50 nt) poly(A) tail which is thought to provide an 

unstructured starting point for the exosome to thread the substrate RNA through 

the core barrel of the exosome [60, 71, 122, 141]. This poly(A) tail is added by 

one of two poly(A) polymerases in the TRAMP complex, Trf4 or Trf5. Trf4 and 

Trf5 exist in separate complexes, called TRAMP4 and TRAMP5, respectively. 

The TRAMP complex has been shown to be important for degradation of pre-

tRNAiMet [142, 143] as well as for the decay of rRNA and small 

nuclear/nucleolar RNAs [71, 122, 141]. 

 

3.4. Roles of the Nuclear Exosome in Transcription 

Rrp6 May Have Some Function Apart From the Core Exosome  

 The TRAMP complex and core exosome barrel help to target specific RNA 

degradation substrates to Rrp6 and Dis3, but there is evidence that Rrp6 may be 

capable of performing some of its functions apart from the core exosome. 
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Callahan et al. studied the effects of disrupting, individually or in combination, the 

exosome subunits Rrp6, Dis3, Rrp43 [116]. While the individual mutants each 

significantly altered the transcriptome, there were changes in distinct classes of 

transcripts. Disruption of Rrp6 and Dis3 in combination resulted in a synergistic 

increase of the Dis3- and Rrp43-specific transcripts. The expression of the Rrp6-

specific transcripts remains the same when RRP6 is deleted, whether or not Dis3 

or Rrp43 are present. These findings suggest that Rrp6 may have exosome-

independent functions that are therefore, not dependent on Dis3 and Rrp43. In 

support of this hypothesis, they also found that an Rrp6 mutant that disrupts the 

interaction between Rrp6 and the core exosome can carry out 3’ end processing 

of 5.8S rRNA and snRNAs. However, this mutant is no longer capable of 

degrading transcripts shown to require both Dis3 and Rrp6 function. This 

suggests that specific Rrp6-dependent activities require interaction with the 

exosome, and some activities do not. This may prove to be important in 

understanding the role of Rrp6 in RNAPII transcription termination. 

 

Interactions with Nrd1 

Rrp6 has been found to interact with the RNAPII transcription termination 

factor Nrd1 by immunoprecipitation [70] (Figure 5). Nrd1 interacts with Nab3 and 

Sen1 as well as the Cap Binding Complex (CBC) and is responsible for RNAPII 

termination of short RNA target genes (<1000bp) [4, 44, 144-146] including 

snRNAs and CUTs [41, 147]. As noted above, Nrd1 binds Ser5-P in the CTD of 

RNAPII through the Nrd1 CID, as well as consensus sequences in the nascent 
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RNA through an RNA Recognition Motif (RRM Domain) in the Nrd1 protein. 

Because Nrd1 is a sequence-specific RNA binding protein, it has been 

suggested that Nrd1 binding may block Rrp6-dependent degradation from 

proceeding past specific sequences [70]. This could be a mechanism to allow 

Rrp6 and the nuclear exosome to distinguish between RNA targets for 

degradation or those for 3’ end processing. Intriguingly, it has been shown that 

misprocessed transcripts in yeast caused by ectopic expression of the bacterial 

RNA Polymerase termination factor Rho are degraded by Rrp6 and the nuclear 

exosome [148], and the formation of these transcripts results in increased 

recruitment of Nrd1 to the transcription machinery by the Nrd1 CID and RRM 

domain [56]. Association of Rrp6 was also increased at these complexes. This, 

taken in context with the known interaction between Rrp6 and Nrd1, suggests 

that Nrd1-interaction with RNAPII and the nascent RNA may be an important 

step in recruitment of Rrp6 and the nuclear exosome to the RNA substrate. In 

support of this model, Heo et al. has shown that disrupting the normal Nrd1-

RNAPII CTD interaction by replacing the Nrd1 CID with the CID derived from 

Rtt103 that recognizes Ser2-P RNAPII CTD, reduces binding of the chimeric 

Nrd1 to Rrp6 [45]. 

The Nrd1 binding partner, Nab3, may also interact with Rrp6 

independently of Nrd1 [149]. Fasken et al. recently found that overexpression of 

Nab3 in strains carrying mutations in the TRAMP RNA-binding subunits Air1 and 

Air2 can suppress the slow growth phenotype and decrease the amount of 

extended transcripts. This effect was not observed for Nrd1 or Sen1 and does 
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not require the Nrd1-interacting domain of Nab3, but it does require the RNA-

binding domain of Nab3 and Rrp6. Deletion of the Nrd1 binding domain of Nab3 

revealed that Nab3 is capable of interacting with Rrp6 independently of Nrd1 

[149]. 

 

3.5. Transcription Termination 

Gene Regulation by Early Termination 

Studies in human cells suggest that Rrp6 and SetX (the human homolog 

of Sen1) may cooperate with Microprocessor to regulate RNAPII elongation via 

RNAi at some genes [150]. The Microprocessor complex is required for 

processing of functional microRNAs and includes the RNase II Drosha and the 

dsRNA-binding protein Dgcr8 [151]. Typically, RNA regulates protein expression 

post-transcriptionally by binding to the target mRNA and inducing RNA 

degradation or inhibition of mRNA translation. However, Wagschal et al. reported 

that cooperation between Microprocessor, Rrp6, and Setx regulate HIV-1 

transcription by inducing premature termination [150]. The authors propose a 

model in which Microprocessor is recruited to the nascent stem-loop TAR RNA 

located in the most 5’ portion of the HIV-1 gene, triggering RNAPII pausing and 

subsequent cleavage of the RNA by Rrp6. Studies in yeast suggest that this 

mechanism of promoter-proximal pausing followed by premature termination 

induced by cooperation between Microprocessor and Rrp6 and Setx and/or other 

NNS-dependent termination factors may function to regulate transcription 

elongation of a number of genes [44, 47, 152, 153]. 
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3.6. Nuclear RNA Processing and Surveillance 

With recent advances in deep sequencing technology, it has become 

obvious that the majority of the genome can be transcribed into RNA. Rrp6 and 

the nuclear exosome have been found to have multiple roles in regulating the 

fate of these transcripts. The exosome must identify and properly respond to 

signals that delineate which transcripts are to be completely degraded, which 

should have their 3’ ends partially degraded and precisely how far, and which 

should avoid the activities of the exosome altogether. A summary of some of 

known RNA processing and degradation activities of Rrp6 and the nuclear 

exosome is shown in Figure 6. 
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Figure 6: Multiple mechanisms by which Rrp6 processes or degrades its many 
RNA substrates. (A) The 18S, 5.8S, and 25S rRNAs are transcribed as one 
molecule and cleaved and processed by several nucleases in the sequence of 
events leading to the rRNA that are incorporated into ribosomes. Specifically, 
Rrp6 is required for proper processing of the 3’ end of the pre-5.8S product. (B) 
Improperly processed tRNAs in the nucleus are targeted by the TRAMP complex 
which adds a short polyA tail to the pre-tRNAs for targeting to the exosome for 
complete degradation by Rrp6. (C, left) Exo11 interact directly with the 
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spliceosome to degrade introns co-transcriptionally. (C, right) Rrp6 also degrades 
mRNAs that cannot be exported from the nucleus and accumulate at the 
transcription site as a consequence of improper processing 3’ ends or inhibition 
of nuclear export of the mRNA. (D, left) Rrp6 is required for proper transcription 
termination by Nrd1. The mechanism by which Nrd1 causes RNAPII termination 
is not known. It may require an Nrd1 interaction with Rrp6 to properly terminate 
transcription by a process involving release of DNA and RNA from RNAPII and 
the termination factors. (D, right) Rrp6 processing of the 3’ end of snRNAs 
terminated in a heterogeneous “zone.” The extended 3’ ends of the pre-snRNA 
are trimmed back by Rrp6. (E) Cryptic Unstable Transcripts (CUTs) and unstable 
nuclear lncRNAs are both targeted to the Exo11 by the TRAMP complex. 
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rRNA 

Rrp6 and the other 10 subunits of the RNA exosome are required for 

proper 3’ end processing of the 5.8S rRNA [96, 133, 135, 154, 155] (Figure 6A). 

In eukaryotes, rRNA precursors (all but the 5S precursor) are transcribed by RNA 

Polymerase I from an array of precursor units that contain the 18S, 5.8S, and 

25S products separated by transcribed spacer regions. Each unit is transcribed 

as one molecule, and hundreds of these units may exist in the genome. These 

large precursor transcripts are then processed by a series of cleavage and 

nucleolytic reactions. The 3’ end of the 5.8S precursor is heterogeneous after 

cleavage separating it from the 25S precursor. The exosome processes the 3’ 

end to a specific length resulting in a functional 5.8S rRNA [154]. Furthermore, 

depletion of individual subunits of the exosome each results in inhibition of early 

pre-rRNA cleavage [156]. None of the affected cleavage steps require 3’ – 5’ 

degradation, but the exosome degrades improperly processed rRNA precursors 

that form following the inhibition of rRNA processing factors [156]. 

The 5S rRNA is transcribed by RNAPIII, and has been shown to be 

targeted by the TRAMP complex when the 5S rRNA is improperly processed 

[157]. Using the CRAC technique to identify RNA-protein binding sites, Wlotzka 

et al. identified RNA transcripts bound to Rrp6, the Trf4 component of the 

TRAMP complex, and Nrd1 and Nab3 that were required for termination of short 

RNAPII transcripts [60]. This study found that Nrd1, Nab3 and Trf4 crosslinked to 

5S rRNA sequences that often contained a short poly(A) tail, suggesting that 

these transcripts were intermediate forms of exosome-degradation targets.  
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tRNA 

Rrp6 and other components of the exosome and TRAMP complexes have 

also been shown to play important roles in 3’ end processing and turnover of 

tRNAs transcribed by RNAPIII [141-143, 157-159] (Figure 6B). Pre-tRNAs 

contain 5’ and 3’ leader sequences, and a few tRNA genes have introns. During 

processing, these sequences are removed, a 3’ CCA tail is frequently added, and 

specific base modifications are made. The TRAMP complex is suggested to 

function in the recognition of improperly processed tRNAs (reviewed in [36]). The 

study initially identifying the TRAMP complex found that Trf4 preferentially 

targeted misfolded tRNAs while avoiding properly processed tRNAs [141]. As 

with other targets, TRAMP adds a short poly(A) tail to the RNA, targeting it for 

degradation by Rrp6 and the exosome.  

In the CRAC study by Wlotzka et al., Nrd1, Nab3, and Trf4 were found to 

bind to many pre-tRNA sequences containing 5’ and 3’ leaders and introns [60]. 

However, almost none of the bound pre-tRNAs contained the 3’ CCA tail but did 

have a short poly(A) tail. The authors suggest that pre-tRNA sequences are 

targeted by the TRAMP/exosome system after improper processing. An RNA-

binding protein called La binds to the 3’ end of all RNAPIII transcripts protecting 

them from degradation. It has been found that La-binding can protect mildly 

defective pre-tRNAs from degradation by Rrp6 [158], and it is perhaps the 

interplay between La and the TRAMP complex that allows for the specific 

targeting of improperly processed tRNAs.   
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sno/snRNAs 

Rrp6 activity and the Rrp47 cofactor are required for 3’ end processing of 

sn/snoRNAs. These snRNAs are highly transcribed and abundant non-coding 

RNAs that facilitate rRNA processing. Some snRNAs are transcribed as part of a 

larger transcript and subjected to processing, originating either from an intron of 

a protein-coding gene, or as a polycistronic transcript containing several 

snRNAs. The snRNAs originating from larger transcripts must be processed at 

the 5’ and 3’ ends by a number of different exonucleases [160-164]. For 

example, Rrp6 and its cofactor Rrp47 are required for proper 3’ end trimming of 

some of these snRNAs [165, 166]. 

Other snRNAs are transcribed individually, in genes with their own 

promoter and terminator. These individually transcribed snRNAs are terminated 

by the NNS pathway [70] (Figure 6D). As mentioned above, Nrd1 is thought to 

terminate within a non-discrete zone dependent on the kinetic interaction 

between Sen1 and RNAPII [51]. Termination within a zone results in 

heterogeneous 3’ transcript ends that are processed by Rrp6 [165, 166]. As with 

other exosome targets, the polyadenylation of pre-snRNAs by the TRAMP 

complex aids in targeting snRNAs to the exosome [58]. Interestingly, the poly(A) 

binding protein Pab2 may also play a role in processing snRNAs in yeast [167]. It 

has been suggested that Nrd1 binding at specific sites on the 3’ end of pre-

snRNA transcripts may signal termination of processing by the exosome, 

resulting in homogeneous 3’ends [45, 70].  
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CUTs 

Increased sensitivity of microarrays and sequencing technologies have 

uncovered that much of the eukaryotic genome can be transcribed into RNA. 

Many non-coding RNAs can be stabilized in the absence of Rrp6, suggesting that 

these RNAs are frequently synthesized and rapidly degraded in wild-type cells. 

Multiple reports have used tiling microarray technology to identify novel exosome 

targets by knocking out RRP6. [71, 72, 147, 153, 168, 169] (Figure 6E). Many 

CUTs originate from intergenic regions previously thought to be untranscribed 

[71], especially around promoter regions of protein coding genes [75]. Like other 

targets of Rrp6, these cryptic transcripts are targeted for degradation by subunits 

of the TRAMP complex. In 2009, it was found that many of these cryptic 

transcripts were initiated at bidirectional promoters in nucleosome free regions 

[72, 73]. Many of these bidirectional promoters correlate with promoters of 

protein-coding genes where the CUTs were transcribed in the divergent 

orientation from the opposite strand. Other CUTs found to begin upstream of the 

mRNA start site, antisense to the protein-coding gene and overlapping the 5’ 

end, have been implicated in regulation of mRNA expression [41, 152, 170, 171]. 

These studies and the discovery that the Nrd1 termination pathway is involved in 

CUT termination [147] have led to a transcription attenuation model in which 

transcription and rapid degradation of non-coding RNAs result in the differential 

expression of neighboring protein-coding genes. Interestingly, it was recently 

shown that Rrp6 plays a greater role in degrading these antisense CUTs present 
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within protein-coding genes than CUTs originating from bidirectional promoters 

[172].  

 

lncRNA 

Long noncoding RNAs (lncRNAs) are defined as RNAs longer than 200 nt 

with no detectable protein-coding potential [173]. Many transcripts that fall into 

this category have no known function as of yet, but others have been shown to 

play important roles in gene regulation, both transcriptionally and post-

transcriptionally [174, 175]. Many of these functional lncRNAs are capped and 

polyadenylated analogous to protein-coding mRNAs [176-178]. Expression of 

some lncRNAs is thought to be regulated by Rrp6-dependent degradation 

(Figure 6E). Deletion of RRP6 results in an increase in the half-life of specific 

lncRNAs [179]. However, most lncRNA transcripts escape nuclear degradation 

and are instead exported to the cytoplasm. There, they can be decapped and 

degraded to regulate their activity [180]. It has been suggested that lncRNAs are 

transcribed from 10- to 20-fold more genomic sequence than protein-coding 

RNAs [175], and Rrp6 surveillance may be an important quality control step in 

lncRNA function. 

 

4. Regulation of CTD Phosphorylation by Rtr1 

Our lab and others have shown that Rtr1 is a novel regulator of CTD 

phosphorylation that dephosphorylates Ser5 during early transcription elongation 

in S. cerevisiae [8, 181-184]. Deletion of RTR1 results in extension of Ser5-P 
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levels as RNAPII proceeds toward the transcription termination site. In some 

cases extended Ser5-P correlates with improper transcription termination, 

yielding RNA transcripts with 3’ ends that extend beyond the proper Transcription 

Termination Site (TTS). Such extended transcripts can include extended 3’ 

untranslated regions (UTR) as well as parts of the 5’ UTR and coding regions 

from downstream genes [8]. These findings support the hypothesis that after 

deletion of RTR1, the altered pattern of phosphorylation across the RNAPII CTD 

disrupts the function of the termination machinery. However the precise 

mechanisms by which Rtr1 regulates the RNAPII termination machinery are yet 

to be determined. 

 

4.1. The Yeast Serine 5 Phosphatases: Rtr1 and Ssu72 

As highlighted above, two known phosphatases in S. cerevisiae, Rtr1 and 

Ssu72, remove Ser5-P at different stages of the RNAPII RNA transcription cycle 

(Figure 2). Rtr1 is an atypical phosphatase required for proper removal of Ser5-P 

from RNAPII during early elongation and removes the anti-termination mark, 

tyrosine 1 phosphorylation [8, 17]. Rtr1 and its human homolog, RPAP2, are both 

capable of removing the Ser5-P mark, but not Ser2-P or Ser7-P [8, 181, 183]. 

RTR1 is nonessential in budding yeast. Deletion of Rtr1 in yeast, or knockdown 

of RPAP2 (via siRNA) in human cells results in the spread of Ser5-P RNAPII into 

the 3’-end of RNAPII target genes, including PMA1, ACT1, and PYK1 in yeast 

and β-actin and the U2 snRNA gene in humans [8, 183]. Rtr1 interacts primarily 

with RNAPII, and deletion of nonessential RNAPII subunits Rpb4 or Rpb9 display 
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negative synthetic genetic interactions with deletions of the RTR1 gene [9, 185]. 

In addition, RPB9, RPB7, and RPB5 can act as high-copy suppressors of RTR1 

knockout phenotypes [185].  

Affinity purification mass spectrometry data has revealed that recruitment 

of Rtr1 to RNAPII requires the Ser2 kinase Ctk1 in vivo, and Rtr1 recognizes a 

specific phosphorylated form of RNAPII not recognized by the other Ser5 

phosphatases Fcp1 and Ssu72 [9]. Of interest, RPAP2 has also been shown to 

require other CTD-binding proteins for its recruitment to dephosphorylate Ser5. 

The proteins RPRD1A, RPRD1B, and RPRD2 bind RPAP2 and Ser2- and Ser7-

phosphorylation marks [184, 186]. RPRD1A and RPRD1B act as a scaffold to 

position RPAP2 on the CTD and have been shown to facilitate RPAP2 activity 

[184]. There are no RPRD homologs in S. cerevisiae or Kluyveromyces lactis. 

The precise catalytic mechanism of Ser5 dephosphorylation by Rtr1 is yet to be 

determined. Structural studies on Rtr1-substrate complexes to date have been 

unsuccessful, and the K. lactis Rtr1 that have been crystalized were found to be 

inactive or showed low activity in vitro [17, 187].  

The phosphatase Ssu72 removes both Ser5 and Ser7 phosphorylation in 

budding yeast and appears to be involved in multiple stages of RNAPII 

transcription [182, 188-191]. Ssu72 is essential in budding yeast but is 

dispensable for viability in the fission yeast Schizosaccharomyces pombe [192]. 

Ssu72 has been shown to be a subunit of the CPF complex responsible for 

proper termination of polyadenylated RNAs and snRNAs [15, 193]. Within the 

CPF complex, Ssu72 interacts closely with Pta1 in yeast or its human homolog 
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Symplekin [12, 194]. Ssu72 activity is promoted by the CTD prolyl isomerase 

Ess1 that changes the conformation of the CTD to one more favorable to Ssu72 

[63]. Ssu72 activity is also affected by adjacent Thr4-P, the presence of which 

decreases Ser5-P dephosphorylation on a CTD peptide 4-fold [195]. It remains 

unclear why there are two Ser5 phosphatases with seemingly overlapping 

functions, but it is likely that the specific activities of the phosphatases are 

modulated by the complex variations of post-translational CTD modifications. 

Additionally, the RNAPII subunits Rpb4/7 may help recruit Ssu72 [196], while 

Rtr1 interacts with a 10-subunit form of RNAPII lacking Rpb4/7 as characterized 

by mass spectrometry [9, 197]. 

 

4.2. Effect of the Loss of Rtr1 

Deletion of RTR1 results in continued Ser5 phosphorylated RNAPII toward 

the 3’-end of target genes and in many cases into or past the 3’-UTR [Hunter, 

G.O. and Mosley A.L., unpublished data]. An example of these data is illustrated 

in Figure 7. To study genome-wide the extent to which Ser5-P persists in to the 

3’ end of transcripts, we performed Chromatin Immunoprecipitation (ChIP) using 

antibodies against Ser5-P RNAPII CTD peptides and identified the regions of the 

genome immunoprecipitated by high-density microarray analysis. The microarray 

allows for the identification of regions with Ser5-P RNAPII in the 5’- and 3’-ends 

of genes independent of the genes length using multiple probes per gene 

(resolution is 50 nt). In wild-type strains, Ser5-P RNAPII peaks shortly after 

transcription elongation begins and gradually decreases along the length of the 
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gene until it rapidly decreases at the TTS. However, when RTR1 is deleted, 

Ser5-P remains high throughout the length of the gene and past the TTS into the 

intergenic region. The change in Ser5-P distribution in the absence of RTR1 is 

shown in black (Figure 7).  

We previously observed that deletion of RTR1 results in improper RNAPII 

termination at NRD1 [8]. This defect in transcription results in a product with 3’-

ends that extend beyond the proper TTS and includes the 3’-UTR and part of the 

adjacent gene MRPL17 [8]. Read-through transcription was also observed in 

human cells at the U2 snRNA gene followed knock down of RPAP2 [183]. Taken 

together with the global persistence of Ser5-P into the 3’-ends of transcribed 

regions in downstream genes, these findings support the hypothesis that after 

deletion of RTR1 alters the pattern of phosphorylation across the RNAPII CTD, 

disrupting RNAPII function and/or recruitment of the termination machinery. The 

mechanisms through which the termination machinery is disrupted in the 

absence of Rtr1 are yet to be determined.  
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Figure 7: Ser5-P RNAPII increases across transcribed regions in strains with 
RTR1 deleted. Ser5-P pattern measured by Chromatin-immunoprecipitation 
followed by microarray. The Ser5-P CTD profile shown is for YTA7, a moderately 
transcribed RNAPII target gene. The figure is drawn to scale with the 
transcription region for YTA7 at the top. The transcription start site (TSS) and 
transcription termination site (TTS) are also labeled as determined by RNA-Seq 
by [35]. The distribution of Ser5-P RNAPII across YTA7 in wild-type cells is 
shown in blue. Ser5-P RNAPII is most abundant at the 5’-end of the transcribed 
gene and begins to drop off steadily across the gene as transcription proceeds. 
Levels of Ser5-P are the lowest just proximal to the TTS and then are sharply 
lower distal to the TTS. The altered distribution of Ser5-P RNAPII across YTA7 in 
rtr1Δ cells is shown in black. The abundance of Ser5-P in the 5’end is similar to 
that in wild-type cells, but it does not decrease as transcription of the gene 
proceeds. As illustrated in the diagram, Ser5-P continues into the 3’end of the 
gene, and even extends into the intergenic space that is 3’- to the transcribed 
gene. 
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METHODS 

 

1. Yeast Strains 

All yeast strains used are isogenic to BY4741. RRP6 deletion strain is 

from the yeast knockout collection (Open Biosystems) [198]. RTR1 was knocked 

out of wild type (WT) and the RRP6 deletion strain by homologous recombination 

with a kanamycin cassette to create the RTR1 deletion and RTR1/RRP6 double 

deletion strains. The Rpb3-FLAG WT strain was produced by yeast 

transformation and homologous recombination with a tagging cassette containing 

sequences for a 3X-FLAG tag upstream of the URA3 gene from the plasmid 

pBS1539 (all primer sequences available upon request) [199]. The Nrd1-TAP 

strain is from the yeast TAP-tag collection (Open Biosystems). The Rpb3-FLAG 

and Nrd1-TAP RTR1 deletion strains were made by amplification of the RTR1 

knockout cassette from the RTR1 deletion strain and transformation into the wild-

type Rpb3-FLAG and Nrd1-TAP strains respectively. All transformations were 

confirmed by PCR genotyping. FLAG-tagged strains were made by homologous 

recombination using plasmids obtained from Funakoshi and Hochstrasser [200] 

to insert the 3xFLAG tag DNA sequence from the pFA6a plasmid into the 

genome at the 3’-end of the SSU72 gene, just prior to the stop codon, in both WT 

(BY4741) and rtr1Δ strains (Open Biosystems). All TAP-tagged proteins were 

previously described and obtained from the Open Biosystems TAP-tagged library 

(http://www.openbiosystems.com).  
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2. Protein Purification and Proteomics Analysis 

2.1. Protein Complex Identification by Affinity Purification 

Cells were grown overnight in YPD to OD600 ! 1.5 and then collected by 

centrifugation for 10 minutes at 4000 x g,. Cell pellets were washed in H2O and 

resuspended in in 25mL TAP lysis buffer per 2.5 grams of pellet (40mM Hepes-

KOH, pH 7.5; 10% glycerol; 350mM NaCl; 0.1% Tween-20; fresh yeast protease 

inhibitors (diluted to 1X) and 0.5mM DTT). The cells were slowly transferred to 

liquid nitrogen using a syringe. The frozen cells were pulverized with a mortar 

and pestle and lysed further in a Waring Blender with dry ice. The frozen lysate 

was transferred to a new container and allowed to thaw at room temperature. 

The resulting extract was treated with 100units DNase I and 10μL of 30mg/mL 

heparin for 10 minutes at room temperature and clarified by centrifugation as 

previously described [201, 202].  

To purify Ssu72 and interacting proteins, the lysate was incubated with 

FLAG-agarose resin at 4oC overnight. The resin and bound proteins were 

removed from the lysate by gravity flow through a 30mL Bio-Rad Econoprep 

column and washed on the column with 60mL TAP lysis buffer. The resin was 

resuspended 300µL of 50mM ammonium bicarbonate pH 8.0 and transfer to a 

microcentrifuge tube for on bead digestion with 5µL of Trypsin Gold (0.1µg/µL) 

overnight with shaking at 37°C. The supernatant containing the digested proteins 

was removed and treated with 20µL of 90% formic acid to inactivate the trypsin. 

The samples were separated into 3 aliquots for technical replicate LC/LC-MS/MS 

analysis.  
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2.2. MudPIT-LC/MS Analysis 

  MudPIT (Multidimensional Protein Identification Technology) is an LC/LC-

MS/MS technique that uses two-dimensional chromatography to separate 

complex peptide mixtures by both charge and hydrophobicity. Each sample was 

loaded onto a two-phase column containing strong cation exchange resin, which 

binds positively charged ions, and reverse phase C18 resin, which will retain 

peptides based on their hydrophobicity. The samples were eluted off the column 

by the MudPIT protocol of 10 steps of increasing salt concentrations (50-350mM 

ammonium acetate) followed by an organic gradient (20-80% acetonitrile). All 

chromatography solutions also contained 1% formic acid.  

During each of the 10 MudPIT steps, peptides were eluted into a 

ThermoFisher LTQ Velos for mass spectrometry (MS) analysis. Raw spectrum 

data from the MS analysis were submitted for protein identification by Proteome 

Discoverer software (Thermo) version 1.3 using SEQUEST as the database 

search algorithm. Database searches were performed against a FASTA 

database from the National Center for Biotechnology Information (NCBI) 

containing Saccharomyces cerevisiae protein sequences and sequences for 

common contaminants. Reversed versions of all non-redundant proteins were 

also searched and used to calculate False Discovery Rates (FDR). Hierarchical 

clustering was performed as previously described [197, 201].  The most highly 

enriched proteins were clustered using the Normalized Spectral Abundance 

Factor (NSAF) values calculated as previously described. 
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3. Analysis of RNA 

3.1. RNA Isolation 

RNA was extracted using the hot acid phenol method. Strains were grown 

in 100ml YPD medium to an OD600 of 0.8. Cells were collected by centrifugation, 

washed, and resuspended in 10ml AE buffer (50mM sodium acetate at pH 5.2, 

10mM EDTA) in a Nalgene™ phenol-resistant 50ml tube. Eight hundred 

microliters of 20% SDS and 10ml cold acid phenol were added to each sample 

and mixed well by vortexing. Samples were incubated at 65oC for 10 minutes 

with vortexing every minute then cooled on ice for 5 minutes. Samples were 

centrifuged for 15 minutes at 10,000 rpm. The top phase was transferred to a 

pre-spun 50ml 5 PRIME ™ Phase Lock Gel tube (Ref # 2302870). A total of 13ml 

of chloroform was added and well mixed before centrifuging for 10 minutes at 

3000 rpm. The top phase was poured into a new phenol-resistant tube, and 1/10 

volume sodium acetate at pH 5.2 and equal volume room temperature 

isopropanol was added. The precipitated RNA was collected by centrifugation for 

45 minutes at 12,000 rpm. The pellet was washed with 70% ethanol, allowed to 

dry in a fume hood, and resuspended with molecular biology grade water. The 

Ambion DNase-turbo kit was used to degrade any contaminating DNA. The 

quality of the samples was determined with an Agilent Bioanalyzer before 

preparation of the sequencing libraries.  
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3.2. SOLiD5500xl sequencing methods 

Standard methods were used for RNA-Seq library construction, EZBead 

preparation and Next-Gen sequencing, based on Life Technologies SOLiD 

5500xl system. Briefly, RNA quality was assessed with on an Agilent 

Bioanalyzer. Each sample was loaded onto a lane on a Bioanalyzer chip and 

separated by size with electrophoresis. The separated fractions result in peaks 

detected by the analyzer, and these peaks were compared to the expected size 

and intensity of RNA peaks from S. cerevisiae. The Bioanalyzer software 

compared the experimental peaks to the reference peaks to calculate an RNA 

Integrity Number (RIN) to quantitatively represent the quality of the RNA on a 

scale of 1-10, in which a higher number represent higher quality RNA.  

Five microgram of total RNA per sample (RIN equal or higher than 6.0 by 

Agilent Bioanalyzer) was applied in library preparation. Large ribosomal RNAs 

(rRNAs) were first depleted using the standard protocol of RiboMinus™ 

Transcriptome Isolation Kit for yeast (Ambion, Cat# K1550-03), and rRNA-

depleted RNA was concentrated with the PureLink RNA Micro Kit (Invitrogen, 

Cat# 12183-016) using 1 volume of Lysis Buffer and 2.5 volumes of 100% 

ethanol. Following rRNA depletion, whole transcriptome library was prepared and 

barcoded per sample using the standard protocol of SOLiD Total RNA-Seq Kit 

(Life Technologies, Cat# 4445374). Each barcoded library was quantified by 

quantitative PCR using SOLiD Library Taqman qPCR Module (Life Technologies, 

Cat#A12127), and pooled in equal molarity. Fifty microliters of 500pM of pooled 

library was used in subsequent EZBead preparation, which involves bead 
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emulsion, bead library amplification, and bead enrichment using Life 

Technologies EZ Bead™ E120 System (Cat# 4465571). Useful beads were 

amplified from one fragment, resulting in the same sequence repeated across the 

entire bead. Approximately six hundred million enriched beads then were 

deposited onto each lane of a 6-lane SOLiD 5500xl flow chip. 

Finally sequencing by ligation was carried out using standard single-read, 

5’-3’ strand-specific sequencing procedure (75 bp-read) on SOLiD 5500xl 

Sequencer. Specifically, 8 nt probes with one of 1,024 possible sequences bound 

on the 5’-end to one of four possible dyes corresponding to the two 3’-most 

nucleotides are used to determine the sequence of each fragment. First, primers 

were hybridized to the P1 adaptor on every fragment. A probe complementary to 

the fragment sequence is ligated to the adaptor primer. The fluorescent dye 

corresponding to the first two nucleotides is read by the sequencer, then the 

three 5’-most nucleotides and the adaptor are cleaved and released. The 

sequencing reaction is reset and repeated. In this way, two nucleotides are 

detected, separated by three nucleotides of undetected sequence. By 

overlapping multiple fragments per bead (amplified from the same fragment), 

each nucleotide is sequenced twice per fragment.  

 

3.3. RNA Sequencing Alignment 

The resulting 75 bp solid reads were mapped to the Saccharomyces 

cerevisiae reference genome sacCer3 using in-house mapping pipelines that 

utilizes bfast-0.7.0a [203]. Briefly, using our RNA-Seq pipeline, poor quality and 

rRNA/tRNAs reads were first discarded. The remaining reads were mapped to 
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reference genome sacCer3 and a splice-junction library, respectively; the 

genomic and splice-junction library mapping were merged at the end. In a 

different pipeline, the rRNA/tRNAs were kept and the reads were mapped to the 

reference genome sacCer3 since in yeast there is some splicing but most protein 

coding genes do not have introns. Read counts were calculated using bamutils 

from NGSUtils [204].  

Differential gene expression was analyzed using edgeR [205]. Gene 

expression was quantified using the Reads Per Kilo-base per Million mappable 

reads (RPKM) equation R= (109C/NL), where R is the expression of the gene, C 

is the number of reads that fall within the gene annotation, N is the depth of 

sequencing, and L is the length of the gene. The edgeR statistical package 

assumes a negative binomial distribution of the data. All raw and processed files 

from the RNA sequencing performed for the RRP6 deletion study have been 

deposited to Gene Expression Omnibus [GEO] under the accession number 

GSE57155. Annotations for transcripts that showed significant changes in rrp6Δ 

cells were used for subsequent differential expression analysis to generate the 

final dataset. 

 

3.4. Manual annotation of novel transcripts 

Following data alignment, snRNA transcripts were manually inspected 

individually using the Integrative Genomics Viewer [206, 207]. For all snRNAs in 

a tail-to-tail orientation with a downstream gene, the snRNA-ET annotation 

started just after the end of the snRNA annotation until continuous reads on the 

same strand were no longer detected. For all snRNAs in a tail-to-head 
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orientation, the snRNA-ET annotation started just after the end of the snRNA 

annotation and was ended just prior to the 5’ end of the annotation for the 

downstream gene. Annotations for ET for snRNAs that were encoded within 

introns were ended just prior to the 5’ end of the exon for the parent transcript. To 

identify antisense transcripts with significant changes in differential expression, 

the strand was reversed for all sense annotations for the coding region of each 

ORF-Ts and the text “AS_” was added in front of the ORF-T name. The 

annotations for the 5’ and 3’ UTR were not included. We also included an 

annotation for the transcript upstream of IMD2, known to be terminated by the 

NNS pathway [146, 170, 208]. This annotation covers 325 nt at ChrVIII:554148-

554473 and was named IMD2 upstream CUT. 

 

3.5. GOStat analysis 

GOStat analysis [209] was performed for all significantly down-regulated 

ORF-T transcripts from our dataset. In brief, the list of 995 significantly up-

regulated ORF-Ts was entered into the GOStat web interface 

(http://gostat.wehi.edu.au/cgi-bin/goStat.pl) to search for the top 30 most over-

represented GO terms and to obtain p-values to indicate the significance of 

enrichment (Table S3). Specifically, the GOStat tool counts the ratio at which 

each GO term appears in the test group and compares the counts to the 

reference gene list. A p-value is calculated for each GO term representing the 

probability that the term is enriched in the test group. A Χ2-test is used to 

calculate the p-value unless the value for a count was below 5, in which case a 
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Fisher’s exact test is more accurate [209]. GO-term enrichment analysis was also 

performed using DAVID (Database for Annotation Visualization and Integrated 

Discovery) [210]. DAVID is an integrated genomics data mining database that 

cross-references information from a number of online resources such as Gene 

Ontology (GO), NCBI, and Uniprot to extract a list of enriched biological  

processes. Similar results were obtained through GOStat and DAVID. 

 

3.6. Northern Blot Analysis  

30µg of total RNA was loaded per lane on a 1.5% agarose TBE gel and 

separated by electrophoresis at 120 volts for 1 hour at 4oC. The gel was 

equilibrated in 10X SSC (Saline Sodium Citrate: 1.5M NaCl, 150mM Sodium 

Citrate) transfer buffer for 30 minutes. The RNA was transferred to Bio-Rad Zeta-

Probe® blotting membranes by capillary overnight in 10X SSC. Transfer 

efficiency was determined by Methylene Blue staining. DNA oligonucleotide 

probes listed in Table 3 were 5’ end-labeled with gamma ATP-32P by T4 

Polynucleotide Kinase. Probes were hybridized overnight to pre-blocked in 

Roche Life Science DIG Easy Hyb buffer at 37°C. Blots were washed in 6XSSC / 

0.1%SDS once at room temperature and twice for 10 minutes at 50°C. Blots 

were exposed to a phosphorscreen overnight for snRNAs or 7 days for FMP40 

and YPL22C-A followed by scanning using a phosphorimager (GE Healthcare). 
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Name Sequence Reference 
snR13 Probe GCC AAA CAG CAA CTC GAG CCA AAT GCA CTC This study 
snR3 Probe GCT CGA TCT TCG TAC TGT CTA ATG CGG TGG This study 

snR11 Probe CTA TCA ACC GCG AGC ACG ACA GTG  This study 
FMP40 Probe GTA CCC AAC TTC TGG GGA CAA ACA ACG GG This study 
YPL222C-A 

Probe CCC GTT GTT TGT CCC CAG AAG TTG GGT AC  This study 
 
 
Table 3: Sequences for DNA oligonucleotide probes used for northern blotting. 
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4. ChIP-exo analysis of Rpb3-FLAG and Nrd1-TAP localization 

4.1. Sample Preparation 

Lysate preparation 

Chromatin IP followed by exonuclease treatment was performed using the 

protocol described by Rhee and Pugh [211]. Rpb3-FLAG WT, rtr1Δ and rrp6Δ 

strains and Nrd1-TAP WT and rtr1Δ were grown to an OD600=0.8-1 at 30oC prior 

to crosslinking with formaldehyde (1% final concentration) for 15 minutes at 25oC 

with shaking (Sigma, catalog # F8775-25ML). Crosslinking was immediately 

quenched with glycine (0.15M final concentration) for 5 minutes at 25oC with 

shaking. Cells were pelleted by centrifugation for 3 minutes at 2,829 x g at 4oC. 

Pellets were washed in 1ml ice-cold ST buffer (10mM Tris-HCl (pH 7.5),100mM 

NaCl) containing protease inhibitors, transferred to a 2ml Natural Conical tube, 

and pelleted at 2,300 x g for 2 min at 4 oC. Cells were frozen in -80 overnight to 

facilitate efficient lysis. Cells were thawed on ice and resuspended in 1ml ice-cold 

FA-lysis buffer (50 mM HEPES, 150 mM NaCl, 2 mM EDTA (pH 8.0), 1% Triton 

X-100, 0.1% Na Deoxycholate) containing protease inhibitors. One milliliter of 

0.5-mm Zirconium Silicate beads were added to the suspension to facilitate yeast 

cell lysis. Cells were lysed in a bead-beater by mechanical lysis for 3 minutes, 

chilling on ice for 3 minutes, and repeating 3 times (9 minutes of lysis total). The 

conical tube was then punctured at the bottom with a red hot 22 gauge needle, 

placed inside a 1.7ml microfuge tube, and centrifuged at 200 x g briefly at room 

temperature to remove lysate from beads.   
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Chromatin Shearing by Sonication 

 Cells were centrifuged 2,300 x g for 3 minutes at 4oC. The supernatant was 

discarded, and the cells were washed twice in 1ml ice-cold FA-lysis buffer 

containing protease inhibitors, centrifuged at 2,300 x g for 2 minutes at 4oC each 

time. The pellet was then resuspended in 1 ml of ice-cold FA-lysis buffer 

containing 0.2% SDS and protease inhibitors and transferred to a TPX® 

Polymethylpentene (PMP) 15ml conical tube. Chromatin was sheared by 

sonication in a Diagenode Bioruptor in a 4oC water bath on high for 30 cycles (30 

seconds on / 30 seconds off). Lysate was transferred to a 1.7ml microfuge tube 

and centrifuged at 2,300 x g for 2 minutes at 4oC to pellet an insoluble cellular 

debris. Supernatant was transferred back to the PMP tube, and sonication was 

repeated. Lysate was transferred to a fresh 1.5-ml microfuge tube and 

centrifuged at 2,300 × g for 10 minutes at 4°C, to pellet any remaining debris. 

 

Chromatin Immunoprecipitation 

 The resulting supernatant from the sonication steps was transferred to a 

polypropylene 15ml conical tube, and 3ml FA-lysis buffer was added to dilute the 

SDS concentration to 0.05%. Immunoprecipitation was performed with 50uL of 

anti-FLAG agarose beads (for Rpb3-FLAG) or anti-TAP sepharose beads (for 

Nrd1-TAP) (Sigma). The volume of anti-FLAG agarose used for RNAPII 

immunoprecipitation was optimized by affinity purification followed by mass 

spectrometry. Chromatin and beads were incubated overnight with rotation at 

4°C. The samples were centrifuged at 94 × g for 1 minute at room temperature to 
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collect the beads. The supernatant was removed, and beads were resuspended 

in 0.5ml ice-cold FA-lysis buffer containing protease inhibitors and transferred to 

a fresh 1.7ml microfuge tube. Beads were centrifuged at 94 x g for 1 minute at 

room temperature, the supernatant was removed, and the beads were washed in 

1ml ice-cold FA-lysis buffer containing protease inhibitors by incubating 5 

minutes at room temperature on a rotating wheel. Beads were pelleted by 

centrifugation at 94 × g for 1 minute at room temperature, resuspended in fresh 

ice-cold FA-lysis buffer containing protease inhibitors, and pelleted again to 

wash. The beads were then washed in the same manner in the following wash 

sequence, each buffer ice-cold and containing protease inhibitors: 

1) 1ml FA-high salt wash buffer: 50mM HEPES, 1M NaCl, 2mM EDTA 

(pH 8.0), 1% Triton X-100, 0.1% NaDeoxycholate 

2) 1ml FA-wash 2 buffer: 50mM Hepes/KOH, 0.5M NaCl, 2mM EDTA (pH 

8.0), 1% TritonX-100, 0.1% NaDeoxycholate 

3) 1ml FA-wash 3 buffer: 25mM LiCl, 1% NP40-Nonidet (IPEGAL), 1% 

NaDeoxycholate, 2mM EDTA, 10mM Tris-Cl (pH 8.0) 

4) Tris-EDTA (TE) buffer: 10mM Tris-HCl (pH 8.0), 1mM EDTA (pH 8.0) 

5) Tris-HCl (pH 8.0) 

Each enzymatic reaction listed below was followed by the above wash sequence. 

  

On-Bead Enzymatic Reactions – First Adaptor Ligation and Exonulcease 

Digestion for ChIP-exo 

 A diagram of these enzymatic reactions is shown in Figure 8. 
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 1) The DNA bound to the immunoprecipitated protein was subjected to 

“polishing” by T4 DNA polymerase (New England Biolabs). This reaction served 

to fill in DNA sequences in the 5’ – 3’ direction at the end of DNA fragments left 

with a 5’ single stranded overhang after sonication, resulting in blunt ends.  

2) Next, T4 Polynucleotide Kinase (PNK) (New England Biolabs) was 

used to add a phosphate to the 5’ –hydroxyl ends of the blunt ends. This step 

increases the efficiency of the ligation reaction used to add barcoded adaptors to 

the DNA for sequencing.  

3) Klenow Fragment (New England Biolabs) and dATP were used to add a 

polyA tail to the DNA 3’ ends. This polyA tail is used for ligation of the P2-T 

adaptors. 

4) T4 DNA ligase (New England Biolabs) was used to join a P2-T 

barcoded sequencing adaptor to the blunt ends of the DNA fragments. Samples 

and their corresponding barcodes are listed in Table 5. 

5) Filling in reactions were then performed with Phi29 DNA polymerase 

(New England Biolabs)  – a replicative polymerase – to fill in the adaptor 

sequence. 

6) A second T4 PNK (New England Biolabs) reaction added a phosphate 

to the 5’ –hydroxyl ends to facilitate the exonuclease reaction. 

7) Lambda exonuclease (New England Biolabs) was used to digest the 5’ 

strand of the double stranded DNA back to the location of the bound 

immunoprecipitated protein. Lambda exonuclease is capable of degrading single 

stranded DNA and unphosphorylated ends but is much more efficient digesting 
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double stranded, 5’ –phosphorylated ends according to the manufacturer’s 

instructions. 

8) A second 5’ – 3’ exonuclease reaction was performed with RecJf 

exonuclease (New England Biolabs) to maximize the efficiency of the 

exonuclease digestion. 

 

Chromatin Elution 

 Chromatin was eluted from the beads and the cross-linking was reversed by 

incubating in 450µl ChIP Elution Buffer (25mM Trizma 2mM EDTA (pH 8.0), 

200mM NaCl, 0.5% SDS) with 1µl Protease K at 65°C overnight. The DNA was 

isolated with ice-cold phenol/chloroform/isoamyl alcohol (Ambion) and 

precipitated for 1 hour with 100% ethanol. The pellets were dried, resuspended in 

11µl TE, and immediately sent to the sequencing core for the addition of the 

second sequencing adaptor, DNA quality and size confirmation by BioAnalyzer, 

and SOLiD5500xl sequencing. BioAnalyzer runs were performed according to 

the manufacturer’s instructions on a high sensitivity DNA chip. 
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Figure 8: Schematic of enzymatic reactions for ChIP-exo sample preparation. 
Reactions include adaptor ligation and exonuclease digestion of 5’ ends.   
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4.2. ChIP-exo peak calling with MACS2 

 To identify the top peaks of Nrd1-RNAPII binding in the Nrd1 ChIP-exo data set, 

we used the MACS2 (Model-based Analysis of ChIP-Seq) algorithm [212]. While 

the original MACS protocol was developed for calling narrow transcription factor 

binding sites [213], MACS2 is capable of calling broad peaks similar to the 

footprint expected of Nrd1 binding. We executed MACS2 (Version 2-2.1.0) for 

Nrd1-TAP WT (Library 29) and Nrd1-TAP rtr1Δ cells (Library 30) independently. 

Default parameters were used with the fragment extension length set to 300 

bases. This length was determined by visual evaluation of the mapped DNA 

reads in IGV. The genomic locations of the top 100 peaks as determined by fold-

change were compared to the genomic locations of the top 100 Nrd1 

Photoactivatable-Ribonucleoside-Enhanced Crosslinking and 

Immunoprecipitation (PAR-CLIP) peaks reported by Creamer et al. [50].  
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RESULTS 

 

1. Confirmation of strains and sample quality 

1.1. Transformation of knockout strains 

All yeast strains used are isogenic to BY4741, which was used as our 

wild-type in all experiments. The RRP6 deletion strain was obtained from the 

yeast knockout collection (Open Biosystems) [198]. RTR1 was knocked out of 

BY4741 and the RRP6 deletion strain by homologous recombination by using a 

kanamycin cassette (containing the KANMX gene) to create the RTR1 deletion 

and RTR1/RRP6 double deletion strains (illustrated in Figure 9). The 

RTR1::KANMX strain was previously constructed in the lab, so to knock out 

RTR1 in the rrp6Δ cells, the RTR1::KANMX locus plus 200 base pairs upstream 

of the start codon and 200 base pairs downstream of the stop codon were 

amplified by polymerase chain reaction using primers P1 and P2 (Figure 9). The 

resulting PCR product was then transformed into the rrp6Δ cells to stably delete 

the RTR1 locus by homologous recombination and transformants were then 

selected for kanamycin resistance. RTR1 is 681 nt and KANMX is 1400 nt. 

Confirmation of successful transformation was performed by PCR using primers 

P3 and P4 (Figure 9). Successful recombination of the transformed DNA resulted 

in a PCR product of 2147 nt whereas an unsuccessful transformation would 

result in a PCR product of 1428 nt. Representative PCR results are shown in 

Figure 10.  
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Figure 9: Schematic of homologous recombination and PCR confirmation. The 
KNMX sequence and 396 nt homologous to the sequence upstream of RTR1 
and 359 nt homologous to the sequence downstream of RTR1 were amplified by 
PCR using primers P1 and P2 from the available RTR1::KNMX strain. The 
resulting PCR amplicon was used to transform the RRP6::HIS3 strain that was 
obtained from the Open Biosystems yeast knockout library by homologous 
recombination. Successful transformation was confirmed by PCR using primers 
P3 and P4. 
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Figure 10: Confirmation of RTR1 knockout by PCR. PCR products resulting from 
amplification of the RTR1 region using primers P4 and P5 (Figure 9). A positive 
knockout control where RTR1 has been replaced with KNMX is in lane 1 at 2468 
bp. A negative control where RTR1 is present is in lane 2 at 1749 bp. Results for 
14 transformants tested are in lanes 3-16. Transformants with the desired 
RTR1∷KNMX recombination can be seen in lanes 10, 12, and 16. All three 
positives were frozen for future use and tested with comparable results in early 
experiments. All three performed identically in all experiments. The strain 
represented in lane 10 was used for all analysis shown here.  
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1.2. Sample quality confirmation by Bioanalyzer 

 For RNA isolation, nine biological replicates were streaked from glycerol stocks 

for each of four strains: WT, rtr1Δ, rrp6Δ, and rtr1Δ rrp6Δ . Each sample set was 

confirmed by electrophoresis and PCR amplification to be of good quality before 

sent for analysis. For ChIP-exo preparation, four replicates were performed for 

Rpb3-FLAG WT and rtr1Δ, two replicates were performed for Rpb3-FLAG rrp6Δ, 

and three replicates were performed for Nrd1-TAP WT and rtr1Δ. RNA and DNA 

quality were ascertained by BioAnalyzer. The Agilent Bioanalyzer uses a glass 

chip with multiple microchannels. The samples and a known concentration of a 

ladder are loaded into each well with fluorescent dye. A voltage gradient is used 

to separate the RNAs and DNA fragments by size, similar to gel electrophoresis. 

Each RNA and DNA molecule is detected by laser-induced fluorescence, and the 

data is translated into gel-like images and peaks. The software compares the 

unknown peaks detected in the RNA and DNA samples to the known sizes and 

concentration of the bands detected in the ladder to calculate the concentration 

of the samples. In the case of the RNA, the expected sizes and concentrations of 

the yeast ribosomal RNA bands, as well as other highly abundant bands, are 

compared to the detected sizes and concentrations to calculate the RNA Integrity 

Number (RIN) representing the quality of the RNA sample (Table 4). RINs of 6 or 

greater are considered acceptable for RNA-Seq. The best four replicates as 

determined by Bioanalyzer were selected for sequencing: P5, P6, P8, and P9 

(Figure 11, Table 4). For ChIP-exo samples, the resulting peaks were compared 

to the known peaks of the ladder to calculate the average fragment size (Figure 
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12, Table 5). An average DNA fragment size of approximately 250 nt is optimal 

for ChIP-exo experiments [211]. 
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Figure 11: RNA Bioanalyzer results. The top and bottom panels represent the 
results from one chip. Each RNA preparation is listed as P# (i.e. P3) 
corresponding to the biological replicate purification and was used for further 
analysis. The RNA ladder is in the left-most lane of each chip. The green bar 
indicates a small RNA control marker added to each lane to serve as a loading 
control. 
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Sample Barcode ID RIN 
WT prep 8 1 6.50 
rtr1Δ prep 8 2 6.60 
rrp6Δ prep 8 3 6.40 
rtr1Δ rrp6Δ prep 8 4 6.50 
WT prep 5 5 6.50 
rtr1Δ prep 5 6 6.70 
rrp6Δ prep 5 7 6.50 
rtr1Δ rrp6Δ prep 5 8 8.80 
WT prep 6 9 6.40 
rtr1Δ prep 6 10 6.40 
rrp6Δ prep 6 11 6.40 
rtr1Δ rrp6Δ prep 6 12 6.30 
WT prep 9 13 6.50 
rtr1Δ prep 9 14 6.60 
rrp6Δ prep 9 15 6.70 
rtr1Δ rrp6Δ prep 9 16 6.60 

 
 
Table 4: Summary of Bioanalyzer data for RNA samples used in this study. RIN 
(RNA Integrity Number) values were calculated by the Bioanalyzer software 
which compares the peaks shown in Figure 11 to the known sizes of the S. 
cerevisiae rRNAs. RINs of 6 or greater are considered acceptable for RNA-Seq. 
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Figure 12: ChIP-exo Bioanalyzer results. The top panel represents the results 
from one chip. The bottom panel represents two partial chips combined for 
space. The DNA ladder is in the left-most lane of each chip. Sheared DNA 
samples are shown in the other lanes. The green and purple bars indicate 
loading control markers added to each lane. 
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Sample Barcode ID 
Ave Fragment 

Size, nt 
Rpb3-FLAG WT p1 21 243 
Rpb3-FLAG rtr1Δ p1 23 225 
Rpb3-FLAG rrp6Δ p1 25 229 
Rpb3-FLAG WT p2 28 264 
Rpb3-FLAG rtr1Δ p2 27 260 
Nrd1-TAP WT p1 29 285 
Nrd1-TAP rtr1Δ p1 30 259 

 
Table 5: Summary of ChIP-exo Bioanalyzer results for samples used in this 
study. Average DNA fragment sizes were calculated by using the Bioanalyzer 
software which compares the peaks for each sample in Figure 12 to the size and 
intensity of the DNA ladder. An average DNA fragment size of approximately 250 
nt is optimal for ChIP-exo experiments [211]. The p# designates the biological 
replicate number for the samples used for analysis. 
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2. Rrp6 Is Required for RNAPII Termination at Specific Targets of the Nrd1-

Nab3 Pathway 

2.1. Genome-wide analysis of RRP6 deletion strains by RNA-Seq 

To identify classes of transcripts affected by the loss of Rrp6, we utilized 

previously published annotations for yeast transcripts and performed differential 

expression analysis using normalized sequencing reads through EdgeR [72, 205, 

214]. This analysis represented the entire transcribed region for mRNAs by 

employing annotations that include both the 5’ and 3’ untranslated region (UTR) 

for the majority of the yeast transcriptome [215]. Overall, the annotations used for 

our study include 5792 open reading frames (ORF-Ts), 658 CUTs, 648 SUTs, 

1215 NUTs, 844 Rrp6-regulated antisense transcripts, 1078 Xrn1-sensitive 

unstable transcripts (XUTs), 80 snRNAs, and 78 snRNA extended transcripts 

(ETs, manually annotated in this study). In rrp6Δ cells, we identified 136 up-

regulated open reading frame transcripts and 734 that were down-regulated 

(ORF-Ts, fold change cut-off = +/- 1.5, p-value < 0.05, FDR ≤ 0.1, Figure 13A, B). 

We also identified 622 induced CUTs out of a total of 733, in agreement with 

previous reports that CUT expression and stability is increased in the absence of 

Rrp6 ([71, 73, 75], Figure 13A). Of importance, using deep sequencing 

technology many CUTs were detected that have not previously been identified in 

WT cells using microarrays [71-73, 75]. Analysis of the NUTs revealed that the 

majority of this class of transcripts, 887/1215, were also up-regulated in the rrp6Δ 

strain (Figure 14A). We also discovered that 223/648 SUTs were significantly up-

regulated in rrp6Δ cells, identifying the specific subset of SUT transcripts that are 
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likely terminated by the NNS pathway. In rrp6Δ cells, a total of 54 sn/snoRNAs 

showed significant transcript extension. There was not significant overlap 

between Rrp6-sensitive transcripts and previously described XUTs, in agreement 

with previous work that suggests that noncoding RNAs targeted by the 

cytoplasmic 5’-3’ exonuclease Xrn1 are degraded by a separate mechanism than 

noncoding RNAs sensitive to the nuclear specific 3’-5’ exonuclease Rrp6 [216].  

Considering that Rrp6 is an exonuclease, it is expected that the majority of 

RNA expression changes in rrp6Δ cells would be due to accumulation. However, 

we were surprised to see 734 mRNAs significantly decreased ≤ 1.5-fold in rrp6Δ 

cells (Figure 13B, ORF-Ts in yellow). To better understand the classes of 

mRNAs down-regulated in rrp6Δ cells, we performed GO-term enrichment 

analysis to determine if any cellular pathways showed significant enrichment 

within the set of decreased mRNAs. Surprisingly, the most enriched GOterm was 

GO:0005830 for the cytosolic ribosome with a p-value of 6.43E-82 (Table 6).  In 

total, nine of the 30 statistically significant enriched GO-terms related to 

ribosomal protein coding genes with p-values less than or equal to 7.85E-19 

(Table 6). Differential expression analysis determined that transcript levels of 113 

out of 137 ribosomal protein coding genes were decreased more than 1.5-fold 

(Figure 13C, Table 3). Interestingly, only three ribosomal protein-coding genes 

had more than 1.5-fold increase in expression (Figure 13C). It is also interesting 

to note that the average transcript length from the down-regulated ribosomal 

protein-coding mRNAs is 916 nt putting many of the transcripts within the 

approximate length limits for the NNS pathway.  
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Figure 13: Expression plots for normalized RNA-Seq data with specific classes of 
RNA transcripts highlighted. After sequencing reads were aligned to the yeast 
genome, reads mapped to annotated open reading frame transcripts (ORF-Ts), 
cryptic unstable transcripts (CUTs), stable unannotated transcripts (SUTs), and 
Nrd1 unterminated transcripts (NUTs) were used for differential expression 
analysis using edgeR. Log2 of the fold-change values are plotted versus the 
average number of normalized reads across all biological replicates for all RNA 
transcripts in cells lacking RRP6 compared to WT (black dots). (A) RNAs 
previously annotated as CUTs, a classification based on the dependence of 
rrp6Δ for detection are shown as gray dots while all other transcripts are shown 
as black dots. (B) RNAs annotated as ORF-Ts, most of which are protein coding 
messenger RNAs are shown in yellow.  All other transcripts are shown in black. 
(C) Messenger RNA expression values for ribosomal protein coding genes, 
shown as black dots. 
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Figure 14: Expression plots for normalized RNA-Seq data for Nrd1-unterminated 
transcripts (NUTs) and western blot analysis of Rpb3-FLAG strains. (A) After 
sequencing reads were aligned to the yeast genome, reads mapped to annotated 
open reading frame transcripts (ORF-Ts), cryptic unstable transcripts (CUTs), 
stable unannotated transcripts (SUTs), and Nrd1 unterminated transcripts 
(NUTs) were used for differential expression analysis in rrp6Δ versus WT using 
edgeR. Log2 of the fold-change values are plotted versus the average number of 
normalized reads across all biological replicates for all RNA transcripts in cells 
lacking RRP6 compared to WT (black dots). NUT annotations are shown as aqua 
dots. (B) Western blot analysis of whole cell extracts prepared from Rpb3-FLAG 
WT and rrp6Δ strains using anti-FLAG peroxidase coupled antibodies (Sigma).  
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Best GOs Count Total P-Value Ontology 
(Max: 30) 927 6476   

GO:0005830 115 175 6.43E-82 Cytosolic Ribosome 
GO:0044445 120 196 6.71E-77 Cytosolic Part (Cytosol Component) 
GO:0003735 122 230 9.32E-62 Structural Constituent of Ribosome 
GO:0033279 123 240 8.96E-59 Ribosome 
GO:0005842 68 97 1.37E-52 Cytosolic Large Ribosomal Subunit 
GO:0005840 139 353 2.12E-40 Ribosome 
GO:0015934 76 142 3.29E-38 Large Ribosomal Subunit 
GO:0005843 45 64 2.49E-34 Cytosolic Small Ribosomal Subunit 
GO:0043228 259 1032 1.65E-24 Non-Membrane-Bound Organelle 

GO:0043232 259 1032 1.65E-24 Intracellular Non-Membrane-Bound 
Organelle 

GO:0030529 177 622 1.38E-23 Ribonucleoprotein Complex 
GO:0015935 47 98 7.85E-19 Small Ribosomal Subunit 
GO:0009277 46 114 5.68E-13 Fungal-Type Cell Wall 
GO:0005618 46 114 5.68E-13 Cell Wall 
GO:0030312 46 114 5.68E-13 External Encapsulating Structure 
GO:0005829 145 623 4.07E-09 Cytosol 
GO:0044422 420 2309 5.66E-09 Organelle Part 
GO:0044446 420 2309 5.66E-09 Intracellular Organelle Part 
GO:0043229 666 4023 6.50E-09 Intracellular Organelle 
GO:0043226 666 4024 6.63E-09 Organelle 
GO:0044249 209 1009 3.93E-08 Cellular Biosynthetic Process 
GO:0032991 322 1705 4.54E-08 Macromolecular Complex 
GO:0044464 846 5490 3.67E-07 Cell Part 
GO:0006412 145 687 9.57E-06 Translation 
GO:0005737 602 3699 2.15E-05 Cytoplasm 
GO:0009058 236 1251 3.37E-05 Biosynthetic Process 
GO:0044444 458 2717 6.65E-05 Cytoplasmic Part 
GO:0009987 729 4653 6.65E-05 Cellular Process 
GO:0005199 12 19 0.000102 Structural Constituent of Cell Wall 
GO:0030150 13 22 0.000104 Protein Import into Mitochondrial Matrix 

 
Table 6: Top 30 GO-terms enriched in protein coding genes down-regulated in 
rrp6Δ compared to WT. Table includes GO identification number (“Best GOs”), 
number of hits from GOStat analysis of our list of protein coding genes down-
regulated in rrp6Δ matching the GO ID (“Count”), total number of genes assigned 
the GO ID (“Total”), p-value for the GO term, and the descriptor for the GO ID. 
Information calculated using GOstat, as described in the methods.  
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Transcript Standard RRP6 _KO RRP6 _KO RRP6 _KO 
name gene vs WT vs WT vs_WT 

  name log2_FC p-value FDR 
YLR367W RPS22B -1.992743 1.27E-06 1.34E-05 
YGL189C RPS26A -1.234646 4.08E-04 2.11E-03 
YDR012W RPL4B -1.224361 2.50E-05 1.80E-04 
YOL040C RPS15 -1.187806 1.48E-04 0.000871 
YOL039W RPP2A -1.18084 2.86E-04 1.54E-03 
YKL180W RPL17A -1.178588 2.47E-04 1.36E-03 
YLR185W RPL37A -1.138591 7.94E-05 0.000498 
YDR418W RPL12B -1.112196 1.63E-05 0.000123 
YBL092W RPL32 -1.103358 0.0002222 0.001236 
YHL033C RPL8A -1.096525 2.78E-05 0.000197 
YER131W RPS26B -1.075197 1.52E-04 0.00089 
YCR031C RPS14A -1.067605 0.0002575 0.001406 
YOL127W RPL25 -1.061722 0.0006462 0.00316 
YMR242C RPL20A -1.035553 0.0010762 0.005013 
YML073C RPL6A -1.032985 0.000519 0.002613 

YPL249C-A RPL36B -0.983926 0.0006543 0.003197 
YPL079W RPL21B -0.964466 0.0001339 0.000795 

YFL034C-A RPL22B -0.955394 0.0012336 0.005662 
YDR025W RPS11A -0.949811 0.0016071 0.007215 
YIL052C RPL34B -0.948519 0.0009384 0.004451 
YOL120C RPL18A -0.943612 0.0004191 0.002161 
YLL045C RPL8B -0.943453 0.000723 0.00351 
YNL096C RPS7B -0.938209 0.0005994 0.002957 
YNL302C RPS19B -0.93574 0.0013151 0.006009 

YER056C-A RPL34A -0.930519 0.0009908 0.004656 
YER102W RPS8B -0.928462 6.59E-04 3.22E-03 
YKL006W RPL14A -0.92515 1.58E-03 7.09E-03 
YNL178W RPS3 -0.901668 0.0025041 0.010605 
YBL087C RPL23A -0.892906 0.002011 0.008786 
YGL031C RPL24A -0.88995 0.0016174 0.007259 
YLR048W RPS0B -0.885436 0.0023533 0.010064 
YIL133C RPL16A -0.885136 0.0004631 0.002356 

YPR043W RPL43A -0.884017 0.002664 0.011217 
YOL121C RPS19A -0.883042 0.0010284 0.004808 
YER074W RPS24A -0.87574 0.0058453 0.022194 
YBR189W RPS9B -0.869864 0.0024119 0.010275 
YDR500C RPL37B -0.866716 0.0017226 0.007679 

YFR031C-A RPL2A -0.851989 0.005231 0.02018 
YPL131W RPL5 -0.843837 0.0045064 0.017737 
YOR182C RPS30B -0.835264 0.0078704 0.028345 
YDL083C RPS16B -0.834289 0.0044297 0.017518 
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Transcript Standard RRP6 _KO RRP6 _KO RRP6 _KO 
name Gene vs WT vs WT vs_WT 

  Name log2_FC p-value FDR 
YBL072C RPS8A -0.831343 0.0019911 0.008726 
YLR333C RPS25B -0.819168 0.0034659 0.014144 
YBR031W RPL4A -0.808244 0.0048695 0.018981 
YOR312C RPL20B -0.806282 0.006965 0.025671 
YLR061W RPL22A -0.803565 0.0086104 0.030498 
YDL061C RPS29B -0.798657 0.0044449 0.01755 
YLR448W RPL6B -0.798618 0.0047792 0.018658 
YDR064W RPS13 -0.791903 0.0052173 0.020134 
YNL069C RPL16B -0.789254 0.0137802 0.045367 
YIL069C RPS24B -0.787525 0.0060321 0.02279 
YJL177W RPL17B -0.786743 0.0076389 0.027709 
YBL027W RPL19B -0.786163 0.0135939 0.044915 
YER117W RPL23B -0.778262 0.0095956 0.03347 
YGR027C RPS25A -0.774556 0.0114579 0.039038 
YGL030W RPL30 -0.772552 0.0080671 0.028908 
YDL136W RPL35B -0.770191 0.0040663 0.016259 
YLR340W RPP0 -0.77013 0.0110787 0.037909 
YOR096W RPS7A -0.764428 0.0204919 0.062694 
YLR388W RPS29A -0.761878 0.0042301 0.016807 
YLR325C RPL38 -0.759297 0.0085087 0.030212 
YDL075W RPL31A -0.755111 0.0065852 0.024522 

YFR032C-A RPL29 -0.754373 0.0444649 0.11698 
YLR264W RPS28B -0.753698 0.0357407 0.098824 
YDL130W RPP1B -0.751444 0.0019945 0.00873 
YGR214W RPS0A -0.742393 0.010866 0.037321 
YOR293W RPS10A -0.74227 0.014457 0.04721 
YGR085C RPL11B -0.74147 0.0085608 0.030354 
YLR029C RPL15A -0.731306 0.0227316 0.068083 
YOR234C RPL33B -0.728371 0.0232336 0.069254 
YDR450W RPS18A -0.727014 0.0146413 0.047688 
YJR123W RPS5 -0.725396 0.0133131 0.044146 
YPL143W RPL33A -0.724666 0.0117044 0.0397 
YMR142C RPL13B -0.724028 0.0118811 0.040184 
YGL103W RPL28 -0.721152 0.0154361 0.049858 
YIL018W RPL2B -0.719007 0.0215832 0.065339 
YHR203C RPS4B -0.717286 0.009648 0.03363 
YKR094C RPL40B -0.713796 0.0177864 0.056102 
YOR063W RPL3 -0.711676 1.17E-02 3.96E-02 
YGL147C RPL9A -0.708731 1.98E-02 6.10E-02 
YNL162W RPL42A -0.701371 0.0140184 0.046031 
YGL123W RPS2 -0.699459 0.015224 0.049315 
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Transcript Standard RRP6 _KO RRP6 _KO RRP6 _KO 
name gene vs WT vs WT vs_WT 

  name log2_FC p-value FDR 
YIL148W RPL40A -0.69744 0.0256972 0.075447 
YDL081C RPP1A -0.692989 0.0138284 0.0455 
YPL090C RPS6A -0.692649 0.0128554 0.042953 
YLR167W RPS31 -0.692286 0.017123 0.054322 
YMR194W RPL36A -0.690894 0.0145699 0.047502 
YML024W RPS17A -0.685614 0.028975 0.083433 
YLR441C RPS1A -0.682298 0.01404 0.046087 
YHR141C RPL42B -0.675091 0.0171414 0.054357 
YEL054C RPL12A -0.672709 0.0089589 0.031566 
YML063W RPS1B -0.666632 0.0194106 0.060042 
YLR406C RPL31B -0.666172 0.0144954 0.047289 
YBR181C RPS6B -0.664573 0.0167511 0.053404 
YDL191W RPL35A -0.662184 0.0153436 0.049623 
YJL190C RPS22A -0.661559 0.0261498 0.076566 
YHL015W RPS20 -0.658424 0.019602 0.060523 

YLR287C-A RPS30A -0.657464 0.017669 0.055767 
YBR048W RPS11B -0.65009 0.0199817 0.061432 
YDR471W RPL27B -0.644312 0.0258483 0.075794 
YKR057W RPS21A -0.642271 0.0276957 0.080346 
YGR148C RPL24B -0.642236 0.0182273 0.057082 
YHL001W RPL14B -0.639806 0.0232776 0.069365 
YDL082W RPL13A -0.634606 0.0175214 0.055387 
YDR447C RPS17B -0.626113 0.029302 0.084242 
YOR369C RPS12 -0.624058 0.0206402 0.063052 
YBR191W RPL21A -0.622635 0.0416636 0.111294 
YGR034W RPL26B -0.61042 0.0178033 0.056138 
YPR102C RPL11A -0.608627 0.0229386 0.068598 
YLR344W RPL26A -0.603486 0.0192758 0.059735 
YHR010W RPL27A -0.601308 0.0493884 0.126694 
YMR143W RPS16A -0.599466 0.0346025 0.096177 
YDR382W RPP2B -0.589555 0.0261842 0.0766 
YPR132W RPS23B -0.583809 0.0406487 0.109395 
YOR167C RPS28A -0.576323 0.0495282 0.126891 
YHR021C RPS27B -0.560382 0.0628014 0.152233 
YGR118W RPS23A -0.559219 0.042936 0.113849 
YML026C RPS18B -0.557373 0.059988 0.146896 
YGL135W RPL1B -0.55551 0.0363786 0.100071 
YJL136C RPS21B -0.549716 0.0446804 0.117424 

YJR094W-A RPL43B -0.536115 0.0754008 0.17443 
YJR145C RPS4A -0.533175 0.0835771 0.188317 
YLR075W RPL10 -0.512194 0.0608524 0.148472 
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Transcript Standard RRP6 _KO RRP6 _KO RRP6 _KO 
name gene vs WT vs WT vs_WT 

  name log2_FC p-value FDR 
YJL189W RPL39 -0.505149 0.0831211 0.18768 
YMR230W RPS10B -0.503579 0.0968439 0.210189 
YPL220W RPL1A -0.468115 0.0691459 0.163534 
YKL156W RPS27A -0.41425 0.1248119 0.252818 
YGL076C RPL7A -0.39988 0.1361771 0.270211 
YHR062C RPP1 -0.376622 0.1612654 0.303452 
YNL067W RPL9B -0.371443 0.1648438 0.308062 

YDL133C-A RPL41B -0.319501 0.2893062 0.453218 
YBR084C-A RPL19A -0.317091 0.2983566 0.46308 

YDL184C RPL41A -0.307528 0.3224259 0.486798 
YPL198W RPL7B 0.1986869 0.5286336 0.665783 
YPL081W RPS9A 0.5890903 0.0698796 0.164873 
YNL301C RPL18B 1.060323 4.82E-05 0.000323 
YJL191W RPS14B 1.3124904 2.56E-06 2.49E-05 

 
Table 7: Differential expression information for the ribosomal protein coding 
transcripts. Table includes differential expression data expressed in log2 
rrp6Δ/WT ratio (i.e. fold change) as well as p-values and false discovery rate 
(FDR), all calculated from four replicates by the EdgeR algorithm as discussed in 
the methods. Table also includes standard gene names (or acronyms) for clarity. 
Significantly down-regulated transcripts are in red-shaded cells whereas up-
regulated sn/snoRNAs are in green-shaded cells. 
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Pearson correlation coefficients were calculated comparing the average 

log2 fold-change values in rrp6Δ versus WT obtained in our RNA-Seq dataset 

(n=4) and in a recent tiling array study by Castelnuovo et al. 2014 [217, 218]. The 

correlation coefficient when comparing these two datasets is 0.751 (Figure 15A), 

a value indicating that there is a strong positive correlation between the two 

datasets similar to the extent of correlation previously found when comparing 

RNA-Seq to the tiling array platform [219]. Interestingly, the highly abundant 

sn/snoRNA transcripts had poor correlation across the two platforms, 

represented as red dots in Figure 15A (values also given in Table 4). It has 

previously been shown that RNA-Seq has a capacity for much greater dynamic 

range than microarrays, which can be saturated by very abundant transcripts and 

may not be able to quantitatively detect transcripts expressed at low levels [56]. 

For this reason, we propose that the differences seen between our dataset and 

previously published tiling array data are due at least in part to the increased 

dynamic range obtained with deep transcriptome coverage obtained by our RNA-

Seq experiments. Considering that sn/snoRNAs are highly abundant and that 

they are one of the primary cellular targets of Rrp6 activity [14-16], the ability to 

accurately measure the abundance of snRNAs in this instance is a distinct 

advantage of using RNA-Seq.  

To compare the detection and quantification of extended 3’ ends of a 

selection of snRNAs in WT versus rrp6Δ cells, area-under-the-curve values were 

calculated for snR33 and snR37 using our RNA-Seq data compared to data from 

the previously published tiling array dataset (Figure 15B-D, [218]). The degree of 
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extended transcript accumulation in rrp6Δ cells involved the measured ET area 

which was normalized against the area under the curve for the entirety of each 

gene transcript resulting in a percent of extended transcript value (Figure 13B). 

For transcripts snR37 and snR33, which have extended 3’ ends, there are 

significantly more extended reads in the RRP6 mutant than in wild-type in both 

the sequencing and array data sets (Figure 15). This agrees with the known role 

of Rrp6 to trim 3’ ends of snRNAs after termination. However, the relative ratios 

of these extended transcripts to the sense transcript appear to be much higher in 

the tiling array data than in the sequencing data in RNA isolated from RRP6 

deletion strains. For instance, approximately 11% of snR37 transcripts appeared 

extended in the tiling arrays dataset as opposed to 0.3% when analyzed by RNA-

Seq (Figure 15B). RNA sequencing read count values in our study span 5 orders 

of magnitude while the tiling array data only covers 3-4 orders of magnitude, 

likely causing a loss of accurate detection of highly abundant fully processed 

sn/snoRNAs (compare Figure 15C, D). The highly abundant processed snR37 or 

snR33 peaks are clearly distinguished from extended products using RNA-Seq 

(Figure 15). Our data suggests that the relative effects of the loss of RRP6 on the 

steady state levels of these extended transcripts is much less dramatic than 

previously described and that quantitation of steady state levels of the processed 

snRNA upon loss of RRP6 was problematic due to limited dynamic range of the 

microarray approach.  
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Figure 15: Comparison of highly abundant sn/snoRNA transcripts from rrp6Δ and 
WT strains obtained through tiling array or RNA sequencing. (A) Comparison of a 
recent rrp6Δ tiling array dataset [51] and RNA-Seq data collected in this study by 
plotting the average log2 ratio values (rrp6Δ / WT) for all transcripts. All annotated 
transcripts included in both data sets are represented by gray circles. All 
sn/snoRNAs are highlighted in red circles. The Pearson correlation coefficient (r) 
between these datasets = 0.751, indicating a modest positive correlation 
between the two data sets. (B) Area under the curve calculation for snR37 
extended transcripts (labeled as “ET”) from WT and rrp6Δ strains. The area 
calculated for snR37-ET annotation was divided by the area calculated for the 
entire snR37 to snR37-ET annotation to calculate the percentage of the entire 
transcript area located in the snR37-ET region (see diagram under (C) and (D) 
for locations of annotations). Values are shown as averages ± standard 
deviations for sequencing data are in black, tiling array data is in red. (C) 
Previously published tiling array intensity values [59] at snR37 using probe mid-
position (8 nt apart), for comparison with (D) mapped reads from RNA-Seq data 
at snR37 (single nt resolution). Tiling array data represented in log2 scale. RNA-
Seq data represented in log10 scale. In both graphs, WT expression is in black, 
and rrp6Δ is in red. Locations of annotated transcripts and the direction of 
transcription are indicated below the charts. 
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Transcript Standard RRP6 _KO_ RRP6 _KO RRP6 _KO 
class gene vs WT vs WT vs_WT 

  name log2_FC p-value FDR 
sn/snoRNA SNR81 -2.860386521 4.85E-14 4.14E-12 
sn/snoRNA SNR44 -2.230899649 2.77E-07 3.50E-06 
sn/snoRNA SNR35 -1.928146267 2.05E-10 6.41E-09 
sn/snoRNA SNR56 -1.523807602 6.39E-05 0.000413774 
sn/snoRNA SNR86 -1.462375099 8.21E-07 9.17E-06 
sn/snoRNA SNR65 -1.430941739 9.68E-06 7.85E-05 
sn/snoRNA SNR78 -1.365952969 5.82E-04 0.002888894 
sn/snoRNA SNR64 -1.364898817 2.01E-05 0.000148358 
sn/snoRNA SNR84 -1.236072278 0.000125125 0.000748372 
sn/snoRNA SNR33 -1.215933047 9.83E-05 0.000603253 
sn/snoRNA SNR66 -1.195949546 9.14E-05 0.000563868 
sn/snoRNA SNR59 -1.107521289 0.014237604 0.046625789 
sn/snoRNA SNR189 -1.048743348 0.001930926 0.008499109 
sn/snoRNA SNR191 -0.896795436 0.020416846 0.062502573 
sn/snoRNA snR61 -0.849755476 0.013504106 0.044647673 
sn/snoRNA SNR34 -0.833187075 0.014336742 0.046878903 
sn/snoRNA SNR71 -0.765950611 0.015401095 0.04976118 
sn/snoRNA SNR87 -0.675373826 0.016687617 0.053235664 
sn/snoRNA SNR46 -0.661274027 0.02844551 0.082096313 
sn/snoRNA SNR50 -0.628210692 0.029626572 0.084924341 
sn/snoRNA SNR31 -0.713728032 0.037316016 0.102087548 
sn/snoRNA SNR14 0.711639383 0.035216361 0.09758774 
sn/snoRNA SNR6 0.82703613 0.022085331 0.066560823 
sn/snoRNA SNR57 0.881604448 0.006580374 0.024512926 
sn/snoRNA SNR75 1.069032702 0.004722081 0.01845638 
sn/snoRNA SNR42-A 1.878888595 2.73E-08 4.71E-07 
sn/snoRNA SNR87-A 2.31736285 1.76E-09 4.31E-08 
sn/snoRNA SNR39B -0.909027838 0.039039925 0.106084238 
sn/snoRNA SNR40 -0.591588028 0.052996397 0.133670752 
sn/snoRNA SNR36 -0.635111023 0.058982769 0.145245968 
sn/snoRNA SNR80 -0.693626771 0.0740974 0.17212582 
sn/snoRNA SNR128 -0.574195832 0.118859877 0.243317703 
sn/snoRNA SNR42 -0.549369317 0.06806735 0.161660948 
sn/snoRNA SNR52 -0.537526624 0.120245375 0.245605501 
sn/snoRNA SNR8 -0.532345301 0.142159353 0.278487816 
sn/snoRNA SNR79 -0.527744145 0.149737192 0.287773936 
sn/snoRNA SNR18 -0.519381528 0.085166497 0.190933516 
sn/snoRNA SNR47 -0.517254433 0.143937233 0.280475953 
sn/snoRNA SNR83 -0.505712913 0.095794227 0.208546845 
sn/snoRNA SNR60 -0.487155005 0.218627515 0.374429324 
sn/snoRNA SNR9 -0.452971932 0.198883562 0.349702151 
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Transcript Standard RRP6 _KO_ RRP6 _KO RRP6 _KO 
class gene vs WT vs WT vs_WT 

  name log2_FC p-value FDR 
sn/snoRNA SNR77 -0.444248953 0.149459373 0.287404332 
sn/snoRNA SNR161 -0.423553015 0.179671466 0.326981965 
sn/snoRNA SNR43 -0.416456202 0.226726278 0.383525692 
sn/snoRNA SNR32 -0.383845798 0.2510801 0.412302527 
sn/snoRNA SNR55 -0.374299562 0.296846966 0.461555507 
sn/snoRNA SNR38 -0.355406127 0.340398658 0.504939698 
sn/snoRNA SNR190 -0.324843091 0.361747053 0.525783972 
sn/snoRNA SNR49 -0.318735612 0.313881222 0.479209424 
sn/snoRNA SNR54 -0.29666824 0.338839999 0.50344225 
sn/snoRNA SNR3 -0.269967022 0.452510653 0.603581053 
sn/snoRNA SNR70 -0.26471889 0.394224359 0.555372791 
sn/snoRNA SNR63 -0.261437558 0.403192231 0.562039045 
sn/snoRNA SNR53 -0.258692147 0.477901804 0.624237615 
sn/snoRNA SNR30 -0.24430417 0.434322121 0.588828215 
sn/snoRNA SNR76 -0.229565876 0.418323974 0.574389084 
sn/snoRNA SNR24 -0.219193244 0.503883819 0.645965476 
sn/snoRNA SNR37 -0.198166563 0.533192777 0.669193761 
sn/snoRNA SNR4 -0.125202438 0.739787893 0.827326293 
sn/snoRNA SNR41 -0.122609039 0.665292218 0.771659389 
sn/snoRNA SNR48 -0.090758158 0.808692987 0.875736692 
sn/snoRNA SNR45 -0.083113552 0.795439103 0.867438943 
sn/snoRNA SNR69 -0.079138447 0.782649698 0.859253082 
sn/snoRNA SNR67 -0.056167085 0.856106882 0.907683924 
sn/snoRNA SNR72 -0.055840218 0.859360009 0.909698334 
sn/snoRNA SNR11 -0.051426797 0.89548336 0.933960656 
sn/snoRNA SNR7 -0.038192099 0.903347021 0.93988355 
sn/snoRNA SNR82 0.020484443 0.948940617 0.970148067 
sn/snoRNA SNR17A 0.055254753 0.862752868 0.911471967 
sn/snoRNA SNR17B 0.072352447 0.81444406 0.880168674 
sn/snoRNA SNR58 0.092225721 0.760947806 0.843045229 
sn/snoRNA SNR39 0.106069082 0.71306577 0.806839679 
sn/snoRNA SNR62 0.15611664 0.674808634 0.778214861 
sn/snoRNA SNR19 0.158597522 0.586520686 0.711472945 
sn/snoRNA SNR51 0.206204667 0.507219697 0.64875741 
sn/snoRNA SNR68 0.243528938 0.498762767 0.641357274 
sn/snoRNA SNR5 0.259200468 0.481388595 0.627416647 
sn/snoRNA SNR13 0.279318313 0.418252867 0.574389084 
sn/snoRNA SNR85 0.306657293 4.10E-01 5.68E-01 
sn/snoRNA SNR74 0.374300957 2.84E-01 4.47E-01 
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Table 8: Differential expression information for the sn/snoRNAs. Table includes 
differential expression data expressed in log2 rrp6Δ/WT ratio (i.e. fold change), 
as well as p-values and false discovery rate (FDR), all calculated from four 
replicates by the EdgeR algorithm as discussed in the methods. Significantly 
down-regulated sn/snoRNAs are in red-shaded cells whereas up-regulated 
sn/snoRNAs are in green-shaded cells. 
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2.2. Analysis of snRNA termination in RRP6 deletion mutants 

Loss of RRP6 results in improper 3’-end processing of multiple 

sn/snoRNAs. Such 3’-end processing defects could cause instability of snRNAs 

that leads to changes in their overall expression levels in cells [57,58]. Based on 

our differential expression analysis, 24 of the 78 sn/snoRNAs show decreased 

expression of at least 1.5-fold (log2 ≥ -0.6) in rrp6Δ cells versus WT cells with 

false discovery rates of ≤ 0.1 (Table 8). To better understand the role of Rrp6 in 

global snRNA 3’ end processing, the length and intensity of snRNA extended 

transcripts was analyzed in rrp6Δ cells through manual annotation of the 

extended transcripts (annotated as “ETs”) observed in our RNA-Seq dataset. The 

length of snRNA transcript extension was compared to the annotated length of 

Nrd1-unterminated transcripts (NUTs) and cryptic unstable transcripts (CUTs) 

[73, 214]. Additionally, we performed ChIP-exo according to established 

protocols to generate high-resolution maps of RNAPII localization throughout the 

yeast genomes in WT and RRP6 deletion cells with Rpb3-FLAG strains made for 

this study (Figure 15B) [211]. It was recently reported that NUT annotations were 

significantly longer than CUT annotations, suggesting that Rrp6 is required for 3’-

end processing of NNS terminated transcripts but is not directly involved in NNS 

termination [214]. Comparison of our datasets from RNA sequencing and ChIP-

exo to NUT annotations as well as direct comparison of specific transcripts in 

rrp6Δ cells to Nrd1 mutant cells via northern analysis allowed us to discover a 

regulatory role for Rrp6 on NNS-dependent RNAPII termination. 
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Kim et al previously reported [20] that some snRNAs are significantly 

longer in Nrd1-depleted cells than in rrp6Δ cells, and our dataset confirms these 

findings. It was found that there is a large extension for snR13 in SEN1 and 

NRD1 mutant strains, with the snR13 transcript extended across the transcribed 

region of TRS31 [20]. This extension at snR13 has also been reported in SSU72 

mutant strains [193, 218, 220]. NUT0167 was annotated as an Nrd1-dependent 

unterminated transcript at snR13 following Nrd1 nuclear depletion. Kim et al. also 

identified both normal length and an extended snR13 transcript in rrp6∆ cells, 

which corresponds to the pre-snRNA transcript that is not correctly processed in 

the absence of Rrp6 by northern blotting. For direct comparison of our dataset to 

previous work, we validated our RNA-Seq and ChIP-exo results by northern blot 

analysis using a strand specific probe against the processed version of snR13 

(Figure 16).  The extended transcript detected in Nrd1 nuclear depletion 

experiments was annotated as NUT0167 and is 1378 nt longer than the pre-

snR13 transcript observed in our rrp6∆ RNA-Seq samples (Figure 16A). In 

agreement, we observed a transcript approximately 1500 nt in length by northern 

blotting in the NRD1-temperature sensitive (ts) mutant (nrd1Δ151–214 that lacks 

the Nab3 interaction domain [19, 221, 222]) following 30 or 60 minute heat shock 

to inactivate the NRD1 mutant. Long extended transcripts were also observed in 

ssu72 TOV, a “terminator override” mutant previously described as deficient in 

NNS-dependent termination (kindly provided from the Reines lab) [223]. 

However, no such read-through transcripts were observed in the rrp6∆ cells by 

RNA-Seq or by northern blotting, only the unprocessed pre-snR13 (Figure 16A, 
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D). Supporting the RNA transcript data, we see no shift in RNAPII localization in 

this region as detected by Rpb3-FLAG ChIP-exo sequencing (Figure 16B). 

Previous studies to identify Nrd1 binding sites in target RNAs using PAR-CLIP 

sequencing revealed a strong Nrd1 signal just downstream of the annotation for 

the mature snR13 transcript, supporting the role of the NNS pathway in 

termination in this region ([50], Figure 16B). No significant changes were 

observed in the expression levels of snR13 or TRS31, which also suggests that 

snR13 RNA is correctly terminated in rrp6∆ cells (Figure 15C). Taken together, 

these data clearly show that Rrp6 is not required for termination of snR13 

transcription by the NNS pathway, which is in agreement with previous findings 

[20].       
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Figure 16: Transcription termination of the C/D box small nucleolar RNA snR13 
does not require Rrp6. (A) Graphical representation of strand-specific RNA-Seq 
reads mapped to snR13-YDR473C region. Reads mapped to the positive strand 
are on top in red, whereas reads mapped to the negative strand are on the 
bottom in blue. The location and direction of transcription for all analyzed 
annotations are diagrammed below the graphs to scale. Processed length of 
snRNAs and mRNAs are in black, snRNA-extended transcripts, including pre-
snRNAs and termination read-through products, are in green (labeled “ETs”), 
NUTs are in aqua, and arrows indicate annotated transcription start site. The 
dotted black line marks the transcription start site (TSS) of TRS31. (B) Rpb3-
FLAG localization as determined by ChIP-exo sequencing reads mapped to the 
same region and aligned to (A). WT reads are in black, and rrp6Δ are in orange. 
Nrd1 binding sites as determined by PAR-CLIP from [50] are shown for 
comparison in aqua. (C) Average normalized read counts ± standard deviations 
for significantly altered transcripts in rrp6Δ cells versus WT cells (n=4). Two stars 
indicate a p-value of <0.01 as determined by an unpaired, two-tailed student’s t-
test. The colors of the bars in each graph correspond to the color representing 
the related annotation. (D) Strand-specific northern blot analysis using a 5’ end 
labeled DNA oligonucleotide probe specific to the processed region of snR13 
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directly comparing rrp6Δ to mutants known to be defective in NNS-dependent 
termination. The temperature sensitive nrd1Δ151-214 strain was grown at 30C 
overnight, diluted to an OD600 of 0.5, and grown at 37C for 30 minutes or 60 
minutes. The ssu72 TOV strain has been previously shown by [223] to bypass 
NNS-dependent termination at the IMD2 locus. 
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In contrast to previous conclusions that Rrp6 is dispensable for snRNA 

termination, our data indicates that a subset of snRNA transcripts require Rrp6 

for proper RNAPII termination in vivo [20, 214]. As shown in Figure 17A, the 

apparent length of snR3 in rrp6Δ cells as revealed by RNA-Seq is 1396 nt 

whereas the annotation for NUT0426 is 3363 nt long (Figure 17A). However, the 

Rrp6-dependent snR3 extension is 246 nt longer than the three tandem CUTs 

(CUT221, 222, and 223) previously annotated from tiling array data [218]. All 

three CUTs were significantly up-regulated in rrp6Δ cells as expected (Figures 

17B, 18).  

Of interest, a comparison of the 4tU-Seq data used to annotated the NUTs 

with our RNA-Seq data clearly shows a difference in the length of the Nrd1-

unterminated transcript NUT0426 resulting from snR3 read-through than that 

observed upon deletion of RRP6 (Figure 18). It is interesting to note that the 

overall read count for the snR3 read-through product in the 4tU-Seq dataset 

decreases dramatically just 3’- to the read-through observed in rrp6Δ cells, 

suggesting that the majority of transcripts are terminated at the location indicated 

in the rrp6Δ RNA-Seq (Figures 17, 18). ChIP-exo analysis of RNAPII localization 

in this region revealed an increase in RNAPII density just downstream of snR3 in 

the rrp6Δ cells when compared to WT (Figure 17B, arrow 1). This increase in 

downstream RNAPII corresponds to the increased level of RNA detected 

downstream of snR3 in Figure 17A past the pre-snRNA transcript and previously 

mapped Nrd1 and Nab3 binding sites located ~400bp from the start of the snR3 

transcript [50, 60]. Although the RNAPII density decreases just before the 3’-end 
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of the snR3-ETs annotation, it remains slightly elevated in rrp6Δ cells compared 

to WT throughout the NUT0426 annotation region, indicated by arrow #2 (Figure 

17B).  

Differential expression analysis also revealed highly significant down-

regulation of the snR3 convergent, “tail-to-tail,” gene YJR129C likely as a result 

of extended snR3 transcripts in rrp6Δ cells (Figure 16C). These data suggest that 

extension of snR3 causes transcription interference at YJR129C as was also 

reported in Nrd1 nuclear depletion experiments [46]. To definitively determine the 

length of the snR3 transcripts and compare rrp6∆ cells directly to an NRD1 

mutant, we also performed northern blot analysis with a probe that recognizes 

the short, processed snR3. A transcript that is approximately 4000 nt long was 

detected in rrp6Δ, nrd1-ts, and the ssu72 TOV mutants (Figure 17D). This 

transcript is approximately the length expected for NUT0426. We also detected 

two shorter transcripts approximately 500 and 1000 nt long in the nrd1-ts and 

rrp6Δ cells. Together, these data clearly show that Rrp6 is required for proper 

RNAPII termination at snR3. 
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Figure 17: The H/ACA box small nucleolar RNA snR3 requires Rrp6 for efficient 
termination. (A) Graphical representation of strand-specific RNA-Seq reads 
mapped to snR3-STR2 region. Reads mapped to the positive strand are on top in 
red, while reads mapped to the negative strand are on the bottom in blue. The 
location and direction of transcription for all analyzed annotations are 
diagrammed below the graphs to scale. Processed length of snRNAs and 
mRNAs are in black, snRNA-extended transcripts, including pre-snRNAs and 
termination read-through products, are in green (labeled “ETs”), NUTs are in 
aqua, CUTs are in gray, and arrows indicate annotated transcription start site. 
The dotted black line marks the transcription start site (TSS) of YJR129C. (B) 
Rpb3-FLAG localization as determined by ChIP-exo sequencing reads mapped 
to the same region and aligned to (A). WT reads are in black, and rrp6Δ are in 
orange. (C) Average normalized read counts ± standard deviations for 
significantly altered transcripts in rrp6Δ cells versus WT cells (n=4). Two stars 
indicate a p-value of <0.01, and three stars indicate a p-value of <0.001 as 
determined by an unpaired, two-tailed student’s t-test. The colors of the bars in 
each graph correspond to the color representing the related annotation. (D) 
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Strand-specific northern blot analysis using a 5’ end labeled DNA oligonucleotide 
probe specific to the processed region of snR3 directly comparing rrp6Δ to 
mutants known to be defective in NNS-dependent termination.  
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Figure 18: Comparison of rrp6Δ RNA-Seq reads at snR3 to published 4tU-Seq 
data for NUTs. (A) Mapped reads obtained from our in-house alignment (see 
methods section) of 4tU-Seq data from [214] (top two panels) and our RNA-Seq 
data (bottom two panels) at snR3-STR2 region, forward strand reads only. The 
location and transcription direction of all annotations within this region are 
diagrammed below. Processed length of snRNAs and mRNAs are in black, 
snRNA-extended regions are in green (labeled “ET”), NUTs are in blue, CUTs 
are in gray, and arrows indicate annotated transcript state site and direction of 
transcription. The dotted green line marks the 3’ end of the extended snR3 
annotation in rrp6Δ cells. (B) Average normalized read counts ± standard 
deviations for transcripts in this region that are not significantly changed in rrp6Δ 
cells versus WT (n=4). The colors of the bars correspond to the color 
representing the annotation.   
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2.3. RRP6 deletion results in extension of snRNA transcripts leading to 

down-regulation of neighboring genes 

Several genes downstream of snRNAs transcribed from the opposite DNA 

strand were found to be significantly down-regulated when transcript extension 

was high in rrp6Δ cells. We focused on snRNAs with “tail-to-tail” or convergent 

genes because the strand specific sequencing data allows us to distinguish 

between reads mapped to the two different transcripts. As mentioned in the 

example of snR3, the expression of neighboring downstream gene YJR129C is 

down almost three-fold (Figure 17C). The detectable snR3 transcript maps 

beyond the transcription start site (TSS) for YJR129C suggesting that 

transcription interference is the likely mode of YJR129C repression as 

diagrammed in Figure 19A. Additional examples of snRNA termination defects 

causing transcription interference at downstream genes are shown in Figures 15 

and 16. As shown in Figure 15, snR11 has a downstream gene transcribed on 

the opposite strand, CMC4 (Figure 19C). snR11 has a long region of RNA-Seq 

reads in rrp6Δ cells that extends beyond the CMC4 TSS, and CMC4 expression 

is decreased by more than half (Figure 19C). However, northern blot analysis 

with a single-stranded oligonucleotide probe detecting the short, processed 

snR11 does not show read-through transcripts >1000 bp in any of the samples, 

including the mutants known to have defective Nrd1 termination (Figure 19B). 

Since there is no detectable read-through snR11 transcript in the nrd1-ts mutant, 

the transcript encoded in the region annotated “snR11-ETs” and “NUT0607” is 

likely initiated at start site downstream of the snR11 sequence recognized by our 
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probe. The lack of highly extended transcripts, readily distinguishable by northern 

blot, shows the limitation of using short sequencing reads for transcript 

annotation (Figure 19). Interestingly, Rpb3-FLAG ChIP-exo data shows that the 

peak of RNAPII localization at snR11 is extended farther 3’ in rrp6Δ cells that in 

WT cells indicated by arrow #1, and this extension does indeed overlap the TSS 

of CMC4 (Figure 19D). RNAPII occupancy quickly decreases just beyond the 

CMC4 TSS but remains higher than in WT cells. The increase in RNAPII 

localization in rrp6Δ cells downstream of the native termination site for snR11 

suggests that loss of rrp6Δ decreases the efficiency of snR11 termination leading 

to a small degree of read-through that is sufficient to cause transcription 

interference at CMC4. 
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Figure 19: Transcription termination of the H/ACA box small nucleolar RNA 
snR11 shifts toward the 3’-end in rrp6Δ cells. (A) Diagram showing proposed 
mechanism where down-regulation of GeneX results from faulting termination of 
snRNA in rrp6Δ cells. Decreased NNS-termination at select snRNAs results in 
longer transcribed region, extending over transcription start site of downstream 
convergent gene, GeneX. The hypothesized resulting increased localization of 
the transcription machinery interferes with initiation at the TSS of GeneX 
(indicated with a red ‘X’). (B) Strand-specific northern blot analysis using a 5’-end 
labeled DNA oligo probe specific to the processed region of snR11 directly 
comparing rrp6Δ to mutants known to be defective in NNS-dependent 
termination. (C) Graphical representation of strand-specific RNA-Seq reads 
mapped to snR11-ICY1 region. Reads mapped to the positive strand are on top 
in red, while reads mapped to the negative strand are on the bottom in blue. The 
location and direction of transcription for all analyzed annotations are 
diagrammed below the graphs to scale. Processed length of snRNAs and 
mRNAs are in black, snRNA-extended transcripts, including pre-snRNAs and 
termination read-through products, are in green (labeled “ETs”), NUTs are in 
aqua, CUTs are in gray, SUTs are in dark blue, SRTs are in purple, and bent 
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arrows indicate direction of the TSS. The dotted black lines mark the transcription 
start sites (TSS) of CMC4. (D) Rpb3-FLAG localization as determined by ChIP-
exo sequencing reads mapped to the same region and aligned to (C). WT reads 
are in black, and rrp6Δ are in orange.  
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A substantial read-through transcript (1442 nt) was detected at snR71, a 

C/D box small nucleolar RNA gene, in rrp6Δ cells that extends well beyond the 

TSS of downstream gene LIN1, which is significantly down-regulated (Figure 

20A, C) [224, 225]. There is a 2281 nt long NUT annotated at this locus 

(NUT0349) that overlaps with a second downstream gene, REC104, which is on 

the same strand as snR71 (Figure 20A). With strand-specific sequencing, it 

cannot be absolutely determined if reads mapped to the REC104 locus are from 

REC104 transcripts, from a much longer snR71 read-through transcript, or from a 

combination of both. To answer this question and compare the effects of RRP6 

deletion to mutants with defective NNS-dependent termination directly, we 

performed northern blot analysis with a short probe specific to the processed 

snR71 transcript (Figure 20D). We see a striking band at approximately 1700 nt 

in rrp6Δ, nrd1-ts, and Ssu72 TOV cells. This suggests that a percentage of 

RNAPIIs transcribing snR71 in all of these mutant strands can escape the NNS-

dependent termination pathway and are hence terminated much farther 

downstream (Figure 20). This is supported by the Rpb3-FLAG ChIP-exo data 

that shows an increase in RNAPII localization downstream of snR71 in rrp6Δ 

cells compared to WT cells along the full length of the NUT0349 annotation 

(Figure 20B). Interestingly, the expression level of the annotated mature snR71 

region is also significantly decreased (Figure 20C), suggesting there may be 

some instability or other defects caused by improper 3’-processing and/or 

termination caused by loss of Rrp6.  
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Figure 20: Rrp6 is required for NNS-dependent termination and RNA processing 
of the snR71 transcript. (A) Graphical representation of strand-specific RNA-Seq 
reads mapped to snR71-extended region. Reads mapped to the positive strand 
are on top in red, while reads mapped to the negative strand are on the bottom in 
blue. The location and direction of transcription for all analyzed annotations are 
diagrammed below the graphs to scale. Processed length of snRNAs and 
mRNAs are in black, snRNA-extended transcripts, including pre-snRNAs and 
termination read-through products, are in green (labeled “ETs”), NUTs are in 
aqua, CUTs are in gray, and bent arrows indicate direction of the TSS. The 
dotted black line marks the transcription start site (TSS) of LIN1. (B) Rpb3-FLAG 
localization as determined by ChIP-exo sequencing reads mapped to the same 
region and aligned to (A). WT reads are in black, and rrp6Δ are in orange. (C) 
Average normalized read counts ± standard deviations for significantly altered 
transcripts in rrp6Δ cells versus WT cells (n=4). One star indicates a p-value of 
<0.05, two stars indicate a p-value of <0.01, and three stars indicate a p-value of 
<0.001 as determined by an unpaired, two-tailed student’s t-test. The colors of 
the bars in each graph correspond to the color representing the related 
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annotation. (D) Strand-specific northern blot analysis using a 5’ end labeled 
probe specific to the processed region of snR71 directly comparing rrp6Δ to NNS 
termination mutants.  
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Overall these data show that multiple transcripts downstream of snRNAs 

have significant changes in expression following deletion of RRP6. ChIP-exo 

analysis of RNAPII (Rpb3-FLAG) clearly show that RNAPII terminates 

downstream of its normal stopping point in WT cells at specific snRNAs leading 

to mislocalization and causing transcription interference at downstream genes 

(Figures 17, 19, 20). In this model, ineffective termination of the snRNAs results 

in transcription interference at the downstream gene as previously described 

following inactivation of Nrd1 (Figure 19A [46]). These findings, taken together 

with the similar lengths of Rrp6-dependent snRNA transcripts and Nrd1-

dependent transcript annotations (NUTs), support the hypothesis that Rrp6 

serves as important regulator of NNS-dependent termination at specific 

sn/snoRNAs.  

 

2.4. RRP6 is required for proper RNAPII termination of NNS-dependent 

regulatory non-coding RNAs 

In addition to extension of snRNA transcripts, changes in expression 

and/or apparent length of other previously described noncoding RNAs, such as 

CUTs, SUTs, and NUTs, were also detected with corresponding down-regulation 

of neighboring genes in cells lacking Rrp6 suggesting transcription interference. 

A number of these transcripts have been well-characterized as being extended 

following depletion or genetic inactivation of NNS components but not the 

exonuclease RRP6.  
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An early and well-characterized example of a gene that is regulated by 

NNS-dependent termination is the NRD1 gene [43, 145, 171]. There are a cluster 

of multiple Nrd1 and Nab3 binding sites in the 5’-UTR of the NRD1 mRNA 

leading to early termination of the transcript and autoregulation of NRD1 

expression levels through a mechanism that also requires Sen1 [43, 49, 50, 171]. 

In expression analysis of the RNA-Seq data, we see nearly a 2-fold increase in 

the expression of the NRD1 transcript in rrp6Δ cells, as well as an increase in 

CUT320, a noncoding transcript near the NRD1 promoter on the opposite strand 

(Figure 21A). Since Rrp6 is responsible for the degradation of the short NRD1 

transcript, this increase in expression could be attributed to stabilization of 

terminated transcript. Alternatively, increased expression of NRD1 in rrp6Δ cells 

could suggest that the early termination sites are not being utilized by the NNS 

pathway as often in the rrp6Δ cells, leading to transcription of the full-length 

mRNA. Analysis of RNAPII occupancy at the NRD1 gene in the ChIP-exo 

dataset can distinguish these two possibilities (Figure 21B). In WT cells, there 

are several peaks of RNAPII at the 5’-end of the NRD1 gene that quickly 

decreases to low levels along the NRD1 transcribed region in agreement with 

previous findings in an NRD1 mutant [171]. In fact, comparison of the ChIP-exo 

data with Nrd1 RNA binding sites mapped by PAR-CLIP reveal that the majority 

of RNAPII terminates just downstream of the final Nrd1 binding site in WT cells 

(Figure 21B). In rrp6Δ cells, the intense peaks of RNAPII localization at the 5’-

UTR are shifted 3’ and RNAPII localization is higher along the entire length of the 

gene, including a higher peak at the poly-A dependent termination site of the full-
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length transcript (Figure 21B). This supports the hypothesis that the NNS-

termination pathway is not terminating the short 5’-UTR transcript efficiently in 

rrp6Δ cells and that RNAPII continues down the length of the gene producing the 

full transcript and increasing overall NRD1 expression levels (Figure 21). The 

requirement for multiple Nrd1-Nab3 RNA binding sites at NRD1 when compared 

to RNAPII ChIP-exo data suggest that NNS-dependent termination requires 

multiple Nrd1 and/or Nab3 binding sites to effectively terminate RNAPII as has 

been previously proposed (Figure 21B) [40, 50]. The 3’ shift in RNAPII 

localization observed at NRD1 supports this hypothesis.  
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Figure 21: Early termination of NRD1 transcription requires Rrp6 for efficient 
RNAPII termination. (A) Average normalized read counts ± standard deviations 
for NRD1 and CUT320 transcripts in rrp6Δ cells versus WT (n=3). One star 
indicates a p-value of <0.05 and two stars indicate a p-value of <0.01. (B) Rpb3-
FLAG localization as determined by ChIP-exo sequencing reads mapped to the 
NRD1 region. WT reads are in black, and rrp6Δ are in orange. The location and 
direction of transcription for all analyzed annotations are diagrammed below the 
graphs to scale. Length of mRNAs including untranslated regions are in black, 
CUTs are in gray, and NUTs are in aqua. Nrd1 binding sites as determined by 
PAR-CLIP from [50] are shown in aqua for comparison. The scale for Nrd1 PAR-
CLIP data is shown to the right.  
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Changes in RNAPII occupancy downstream of known NNS-dependent 

early termination (also known as attenuated) targets was also observed at HRP1 

and SRG1-SER3 (Figures 22, 23). The RNAPII occupancy at HRP1 shows 

similar changes as seen at NRD1 with the majority of RNAPII terminating early in 

WT cells while showing a 3’- shift (arrow #1) and persistence through the gene 

(arrow #2) in rrp6Δ cells (Figure 22A).  RNA-Seq analysis also revealed an 

increase in downstream HRP1 RNA levels relative to WT (Figure 22B). Another 

well-characterized example of upstream noncoding RNA regulation occurs at the 

SRG1-SER3 region. SRG1 (SER3 regulatory gene 1) is a known non-coding 

RNA whose transcription down-regulates expression of SER3 [168]. SRG1 RNA 

is bound by both Nrd1 and Nab3 just prior to the SER3 transcribed region, which 

could then terminate SRG1 transcription to prevent interference with SER3 [60, 

147]. SRG1 can also be terminated through a polyA-dependent pathway at a site 

downstream of the NNS termination site(s) [147]. ChIP-exo revealed that RNAPII 

occupancy also shifts 3’- in rrp6Δ cells with increased RNAPII occupancy in the 

SER3 gene (Figure 23A). An increase in specific SRG1 transcripts including a 

SRG1:SER3 chimeric transcript has previously been observed in Nrd1-depletion 

rrp6Δ cells [147]. Our data suggests that defective termination of SRG1 can 

occur in rrp6Δ cells even in the absence of Nrd1 disruption (Figure 23). These 

data clearly show that Rrp6 is required for NNS-dependent termination of 

regulatory non-coding RNAs that participate in gene expression attenuation.  
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Figure 22: Efficient termination of RNAPII at the HRP1 5’-UTR requires Rrp6. (A) 
Rpb3-FLAG localization as determined by ChIP-exo sequencing reads mapped 
to the HRP1 region. WT reads are in black, and rrp6Δ are in orange. The location 
and direction of transcription for all analyzed annotations are diagrammed below 
the graphs to scale. Length of mRNAs including untranslated regions are in 
black, CUTs are in gray, and NUTs are in aqua. (B) Graphical representation of 
strand-specific RNA-Seq reads mapped to HRP1 transcribed region. Reads 
mapped to the positive strand are shown in red. No reads were mapped to the 
reverse strand at HRP1. 
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Figure 23: Rrp6 regulates RNAPII localization at SRG1-SER3 independent of 
other NNS-pathway disruptions. (A) Rpb3-FLAG localization as determined by 
ChIP-exo sequencing reads mapped to the SRG1-SER3 region. WT reads are in 
black, and rrp6Δ are in orange. The location and direction of transcription for all 
analyzed annotations are diagrammed below the graphs to scale. Length of 
mRNAs including untranslated regions are in black, CUTs are in gray, and NUTs 
are in aqua. Note that SRG1 and SER3 annotations are overlapping. (B) 
Graphical representation of strand-specific RNA-Seq reads mapped to SRG1-
SER3 transcribed region. Reads mapped to the positive-strand are shown in red 
while reverse reads are shown in blue.  
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There are multiple published examples of transcription interference by 

CUTs in which an antisense CUT regulates the expression of the sense gene in 

cis through transcript extension across the sense gene promoter [217, 226-229]. 

These lncRNA-type transcripts have also been shown to be required for efficient 

gene activation [230]. Expression of the FMP40 transcript has been previously 

shown by several groups to be regulated by an NNS-terminated antisense 

transcript initiating at the 3’ end of FMP40 [41, 50, 231]. The FMP40 antisense 

transcript (also known as CUT882 and YPL222C-A) is readily detectable in our 

RNA-Seq data from WT cells and it is significantly up-regulated in rrp6Δ cells as 

has been previously reported (Figure 24A, C) [72, 73, 232, 233]. Mapped 

sequencing reads suggest that the antisense transcript was significantly longer in 

rrp6Δ cells than in WT (specifically in the region of CUT882), supporting the 

hypothesis that NNS-dependent termination is not as efficient in rrp6Δ mutants. 

To determine the length of the antisense transcript in rrp6Δ cells and compare to 

an nrd1-ts mutant, we performed northern blot analysis with strand specific 

oligonucleotide probes to FMP40 and its antisense transcript YPL222C-A (Figure 

24D). YPL222C-A transcripts were detected as smears extending into the region 

of the CUT882 annotation suggesting that these transcripts terminate at multiple 

3’-end locations as has previously been shown for other specific CUTs including 

NEL025c [71]. The YPL222C-A antisense transcripts were not detected in WT 

cells by northern blot even after an extended exposure time (Figure 24D). In the 

nrd1-ts mutant, there is an accumulation of a strong band ~4500 nt long in the 

YPL222C-A blot, and the FMP40 transcript is undetectable as a consequence of 
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transcription interference. There is a band of the same size in the rrp6Δ, although 

it is not as abundant as that observed in the Nrd1 mutant. There are also shorter 

transcripts present in YPL222C-A blots derived from the nrd1-ts mutant that are 

also present in the rrp6Δ cells (Figure 24D). RNAPII localization in the FMP40 

region was determined by ChIP-exo and clearly shows that the majority of 

RNAPII was localized at the 5’-end of the antisense YPL222C-A transcript, even 

in WT cells (Figure 24B). The highest peaks of RNAPII localization at YPL222C-

A are of similar intensity in WT and rrp6Δ cells, but RNAPII spreads 3’- in rrp6Δ 

cells and continues to be higher through the CUT882 annotation and past the 

FMP40 promoter. These data indicate that the antisense transcript is terminated 

less efficiently in rrp6Δ cells leading to increased RNAPII occupancy downstream 

of the normal YPL222C-A/CUT882 termination site. The RNAPII occupancy data 

also suggest that CUT882 is an extended transcript of YPL222C-A that occurs as 

a consequence of inefficient RNAPII termination in rrp6Δ cells (Figure 24B, red 

arrows). In nrd1Δ151-214 temperature sensitive mutants, YPL222C-A 

termination rarely occurs, resulting in a 4500 nt antisense transcript that is also 

seen at low levels in rrp6Δ strains (Figure 24D). 

 

3. Rtr1 is a negative regulator of the NNS transcription termination pathway 

3.1. RNA expression Data – Global analysis 

To determine if a specific class of RNAPII transcripts were altered upon 

loss of the RNAPII CTD phosphatase RTR1, we performed RNA-Seq analysis of 

rtr1Δ cell total RNA and performed a Fisher’s Exact Test on the  
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Figure 24: The FMP40 antisense transcript YPL222C-A is extended in rrp6Δ cells 
as a result of inefficient RNAPII termination. (A) Graphical representation of 
strand-specific RNA-Seq reads mapped to FMP40 region. Reads mapped to the 
positive-strand are on the top portion of the panel in red, whereas reads mapped 
to the negative-strand are on the bottom in blue. The location and direction of 
transcription for all analyzed annotations are diagrammed below the graphs to 
scale. Length of mRNAs including untranslated regions are in black, CUTs are in 
gray, dubious ORFs (an antisense transcript named YPL222C-A) are in tan, and 
bent arrows indicate direction of the TSS. The dotted black lines mark the 3’ end 
of the annotations for CUT882 and YPL222C-A. (B) Rpb3-FLAG localization as 
determined by ChIP-exo sequencing reads mapped to the same region and 
aligned to (A). WT reads are in black, and rrp6Δ are in orange. Red arrows note 
areas of interest. (C) Average normalized read counts ± standard deviations for 
significantly altered transcripts in rrp6Δ cells versus WT (n=4). Three stars 
indicate a p-value of <0.001 as determined by an unpaired, two-tailed student’s t-
test. The colors of the bars in each graph correspond to the color representing 
the related annotation. (D) Strand-specific northern blot analysis using a 5’ end 
labeled probes specific to either FMP40 or YPL222C-A directly comparing rrp6Δ 
to mutants known to be defective in NNS termination.  
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differentially expressed transcripts identified by EdgeR analysis (Table 9, Figure 

25). We analyzed transcripts that were both significantly increased and 

decreased in rtr1Δ cells compared to levels the total number of transcripts in 

each class in WT. A highly significant (p<0.001) number of snRNAs and open 

reading frame transcripts (ORF-Ts) are increased in rtr1Δ cells, and a significant 

number of antisense transcripts (ASTs) (p<0.01) and cryptic unannotated 

transcripts (CUTs) (p<0.05) were also up-regulated. More strikingly, multiple 

classes had a significant number of transcripts with decreased expression. ASTs, 

Nrd1 unterminated transcripts (NUTs), Ssu72-restricted transcripts (SRTs), and 

ORF-Ts all have a p-values of <0.001, and snRNAs are down-regulated with a 

significance of p<0.01. Many antisense annotations overlap with NUT 

annotations (example in Figures 29), indicating that they require Nrd1 for proper 

termination. Likewise, RNAPII-transcribed snRNAs are terminated by the NNS 

pathway, and many of the down-regulated ORF-Ts overlap with a NUT to some 

extent. This suggests that Rtr1 may have an important role in proper regulation of 

the Nrd1 termination pathway. SRTs are transcripts that were accumulated after 

loss of Ssu72 activity. Surprisingly, our data clearly show that those transcripts 

that are increased after loss of one Ser5 phosphatase (Ssu72) are often inhibited 

after the loss of the other Ser5 phosphatase (Rtr1), suggesting that the two 

enzymes have unique effects on the transcription cycle. 
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3.2. Immunoprecipitation of DNA sequences by Nrd1-bound RNAPII 

complexes 

To determine the localization of TAP-tagged Nrd1 across an actively 

transcribed gene, we performed chromatin immunoprecipitation followed by 

exonuclease digestion and genome-wide sequencing (ChIP-exo) as described 

previously [211]. As noted earlier, Nrd1 does not bind DNA directly, rather it 

binds nascent RNA in a sequence-specific manner via its RNA RRM domain, and 

it binds RNAPII CTD repeats at Ser5-P via its CID. Therefore, this method 

detects regions of DNA bound by RNAPII that is also in complex with Nrd1 (See 

Figure 26A).  

To confirm that the binding pattern was specific to Nrd1, we compared the 

Nrd1-TAP ChIP-exo reads to that of Rpb3-FLAG (Figure 26B, C). At the well-

characterized protein-coding gene PMA1, RNAPII occupancy is relatively 

consistent across the entire length of the gene (Figure 26B). Nrd1-binding, in 

contrast, peaks in the 5’-end of the gene, approximately 500 nt past the 

transcription start site. Nrd1 has been reported to only function within <1000 nt 

from the transcription start site [44] and these data are consistent with those 

findings. Although there is a peak in the Rpb3-FLAG signal at the 5’-end, levels 

of bound RNAPII stay high across the entire length of the gene, while the amount 

of Nrd1 drops off quickly after the peak associated with the 5’end of the gene. 

Therefore, Nrd1 may play a role in RNAPII promoter-proximal pausing in yeast. 

Nrd1 has previously been reported to interact with the cap-binding complex [70]. 

Perhaps these interactions are required during a capping checkpoint that   
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Figure 25: Characterization of differentially expressed transcripts in rtr1Δ cells. A) 
Expression plot for normalized RNA-Seq data for all transcripts differentially 
expressed in rtr1Δ cells. After sequencing reads were aligned to the yeast 
genome, reads mapped to annotated open reading frame transcripts (ORF-Ts), 
cryptic unstable transcripts (CUTs), stable unannotated transcripts (SUTs), and 
Nrd1 unterminated transcripts (NUTs) were used for differential expression 
analysis using edgeR. Log2 of the fold-change values in rrp6Δ cells are plotted 
versus the log2 of the fold-change values in rtr1Δ cells compared to WT across all 
biological replicates. B) Distribution of transcripts differentially expressed in rtr1Δ 
cells compared to WT across annotation categories. Colors correspond to colors 
used for these categories throughout this manuscript. For both (A) and (B) 
transcripts were included if p ≤ 0.005 and FDR ≤ 0.32. A relaxed FDR was used 
with a stringent p-value cut-off because many of the cryptic transcripts are 
expressed at low levels and therefore have a large variance. The total number of 
transcripts at this cut-off is 194.  
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Category Total 
Increased 

in rtr1Δ 

p-value 
(Fisher's 
Exact) 

Decreased 
in rtr1Δ 

p-value 
(Fisher's 
Exact) 

AST 2576 32 0.0031 267 <0.0001 
CUT 699 11 0.0231 39 0.458 
MANUnit 346 0 0.1755 20 0.5315 
NUT 1271 12 0.5687 104 <0.0001 
snR 159 7 <0.0001 0 0.0069 
SRT 180 3 0.3413 20 0.0002 
SUT 675 3 0.4372 45 0.0384 
ORFs 5742 22 <0.0001 78 <0.0001 
Total 11648 90   573   

 
 
Table 9: Fisher’s Exact Test to determine significance of dis-regulated transcript 
classes in rtr1Δ cells. The first column contains the names of the categories of 
RNAPII transcripts investigated. The total number of annotations included in our 
database for each category is in the second column. The number of transcripts 
significantly increased or decreased in rtr1Δ cells differential expression analysis 
is listed in the third and fifth columns, respectively. Transcripts were included if p 
≤ 0.005 and FDR ≤ 0.32. A relaxed FDR was used with a stringent p-value cut-off 
because many of the cryptic transcripts are expressed at low levels and therefore 
have a large variance. The total number of transcripts at this cut-off is 194. P-
values calculated using the Fisher’s Exact Test indicate the probability that the 
respective category of transcripts is significantly altered by the loss of RTR1.  
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ensures that mRNA is properly capped prior to RNAPII elongation. In the 

absence of proper capping, mRNA transcripts could be terminated during early 

transcription by the NNS pathway. 

The URA8/SOD1 locus illustrates the differences seen in the binding 

patterns of the Rpb3-FLAG and Nrd1-TAP strains when comparing transcripts 

with high (URA8) and low (SOD1) levels of consensus Nrd1-Nab3 RNA binding 

sites (Figure 26C). URA8 encodes a CTP synthetase that carries out the ATP-

dependent conversion of UTP to CTP. URA8 is known to be regulated by 

alternative start site selection that is dependent on nucleotide availability [234]. 

There is a consensus Nrd1 binding site of TTTGTAAAGTT 40 nt upstream of the 

URA8 ATG. The upstream, alternative start site is terminated by the NNS 

pathway in nutrient-rich conditions such as growth in YPD, resulting in low levels 

of full-length URA8 transcription [152]. Our strains were grown in nutrient rich 

YPD media resulting in repression of URA8 expression. Our ChIP-exo analysis of 

Rpb3-FLAG showed that the majority of RNAPII is localized at the 5’-end of the 

URA8 gene (Figure 26C). This corresponds with the peak of Nrd1 binding at 

URA8, indicating that most of its transcription is being terminated by the NNS 

pathway, resulting in low-level transcription of full-length URA8. The SOD1 gene 

is situated at the 3’-end of URA8 and is transcribed in a convergent orientation. 

SOD1 is not known to be regulated by NNS-dependent termination and does not 

contain Nrd1 RNA binding sites. Therefore, levels of Nrd1 association at the 

SOD1 gene are much lower than at URA8 even though total Rpb3-FLAG 

occupancy is higher at SOD1 than at URA8.  
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Figure 26: ChIP-exo analysis of the RNAPII- and RNA-binding protein Nrd1. A) 
Simplified schematic of immunoprecipitation of Nrd1-TAP by IgG-sepharose 
beads. Nrd1 binds to sequences in the RNA (red rectangle) via its RNA 
Recognition Motif (RRM domain). The RNA consensus sequences for Nrd1 
binding are UGUAG and UGUAA. Nrd1 binds RNAPII at Ser5-P of the CTD of 
RNAPII via the Nrd1 CID. Therefore, DNA sequences detected by Nrd1-TAP 
ChIP represent regions of DNA bound by RNAPII bound to Nrd1. B and C) 
Graphical representation of Rpb3-FLAG (black) and Nrd1-TAP (green) 
occupancy in the WT strain as determined by ChIP-exo sequencing reads 
mapped to PMA1 (B) and URA8-SOD1 (C). The location and direction of 
transcription for all analyzed annotations are diagrammed below the graphs to 
scale. Protein-coding mRNAs are in black, NUTs are in aqua, SUTs are in blue, 
and bent arrows indicate direction of the TSS. 
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 To determine the locations of highest Nrd1-binding as measured by ChIP-Exo, 

we performed peak-calling analysis using the MACS2 algorithm [212]. 

Unsurprisingly, the top 100 ranking peaks were generally located at snRNAs and 

highly abundant, known Nrd1-regulated transcripts (Table 10). As described 

above, our ChIP-exo data identifies regions in the DNA where Nrd1-bound 

RNAPII complexes are localized. Nrd1 does not bind the DNA directly, but 

instead binds the nascent RNA. Transcriptome-wide binding sites of Nrd1 to RNA 

have previously been described using PAR-CLIP [50]. Again, the majority of the 

Nrd1 RNA binding sites are located near snRNAs and highly abundant, known 

Nrd1-regulated transcripts. We compared our top 100 Nrd1 DNA binding sites as 

measured by ChIP-exo to the published top 100 Nrd1 RNA binding sites as 

measured by PAR-CLIP.  

From these two data sets, 44 binding sites occur in both lists. Of these 44 

transcripts, 31 of them are located near snRNAs. This is not surprising because 

snRNAs are some of the most highly transcribed NNS-targeted transcripts and 

would therefore be expected to have the highest occupancy of RNAPII and Nrd1. 

Other peak locations occurring in both lists include genes with strong NNS 

terminators previously discussed such as NRD1, URA2, URA8, and IMD2. 

Interestingly, the ribosomal protein-coding genes RPS14B and RPS9A occur in 

both lists, as does the non-coding region of the rDNA repeat, NTS2-1 (Table 10). 

NTS2-1 is particularly surprising because the rRNA repeat region is transcribed 

by RNAPI and NTS2-1 contains a known RNAPI termination site [235]. What 

function Nrd1 may be serving in this location is yet to be determined.  



 123 

Of the top 100 Nrd1 DNA binding sites and top 100 RNA binding sites, 66 

sites are reported independently in each list (Table 10). Creamer et al. also 

reported that Nrd1 PAR-CLIP and ChIP sites do not always overlap [50]. 

Specifically, the authors reported that 10 ribosomal protein coding genes were 

detected in their top 100 Nrd1 ChIP binding sites while they were not detected in 

their top 100 PAR-CLIP sites [50]. It is of note that a lower number of genomic 

locations that are present in ChIP-exo peak calling but not in the PAR-CLIP data 

are near snRNAs. Of these sites detected by one technique but not the other, 

27/66 are near snRNAs in the ChIP data, but only 2/66 are near snRNAs in the 

PAR-CLIP data (Table 10).  

One explanation for the relative abundance of snRNAs in the ChIP data 

compared to the PAR-CLIP data is that the ChIP data is dependent on the 

localization of RNAPII, whereas the PAR-CLIP localization is independent of 

RNAPII. It is likely that the Nrd1-binding peaks adjacent to snRNAs are more 

readily detectable, and therefore ranked higher in our list, due to the abundance 

of RNAPII localization and subsequent increased proximity of Nrd1 to the DNA. 

Additionally, Creamer et al. hypothesized that Nrd1 is able to bind to elongating 

RNAPII independent of RNA binding, allowing Nrd1 to bind Nrd1-binding sites in 

the nascent RNA as soon as it is available [50]. Finally, it is possible that these 

additional regions contain Nab3 RNA binding sites and that Nrd1 is recruited 

through its interaction with Nab3 not through direct RNA binding that would be 

detected by PAR-CLIP.  
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Gene Chr. 
Start 

position 
End 

position 

Summit 
relative 
to start 

Fold-
change 

 -log10 p-
value 

In both 
ChIP & 
CLIP? 

snR8 XV 832350 832866 236 62.62 13301.30 yes 
RPL9B XIV 499664 500794 985 60.05 18900.26 

 snR39B VII 366209 366605 64 56.44 13540.35 yes 
snR81 XV 234197 234845 384 48.76 6331.58 

 NTS2-1 XII 459732 460624 786 45.02 20224.90 yes 
snr72 XIII 297092 298824 1613 43.36 11983.66 

 snr85 XIII 67343 67960 366 37.46 3005.84 yes 
snr66 XIV 585650 586686 631 36.62 6909.90 

 snR13 IV 1402990 1403459 144 34.53 10683.54 yes 
snr64 XI 38711 39350 316 34.34 5147.62 

 snr45 XVI 821693 822342 391 33.06 4957.72 yes 
snr51 XVI 718291 719378 229 32.96 4743.62 

 snr47 IV 541132 541864 328 32.78 6507.77 
 snr48 VII 609443 610016 427 32.73 5303.05 
 snr30 XII 198799 199759 729 32.24 7947.24 
 IMD2 VIII 554099 554661 291 31.94 1843.78 
 snR56 II 87983 88565 405 31.15 6096.91 yes 

snR37 X 227697 228563 309 30.53 5580.30 
 snR10 VII 345917 346778 451 30.08 6994.02 yes 

PPS1 II 759668 759898 180 29.24 1609.37 
 snr128 X 139119 140160 370 28.98 9025.75 yes 

snr34 XII 899157 899858 348 28.75 3447.50 yes 
URA2 X 172329 173132 555 28.21 3042.65 yes 
snR83 XIII 626277 627042 523 28.00 3442.29 yes 
IMD3 XII 1002267 1002952 276 27.63 3583.40 yes 
snR161 II 306464 307340 643 27.58 2335.93 

 snR40 XIV 89016 89715 405 27.44 8476.20 yes 
snR71 VIII 411093 411911 350 27.42 3994.06 

 snR11-
CMC4 XIII 652175 653046 581 27.26 5004.97 yes 
snR5 XV 842397 842984 366 26.33 4124.14 yes 
snr17A XV 780014 781013 731 26.18 4738.10 

 snR80 V 51681 52409 399 25.95 3662.38 
 snR79 XII 347918 348681 301 25.81 2773.99 
 snR61 XII 794034 795148 366 24.45 4285.89 
 snr4 V 424637 425457 479 24.19 3513.68 yes 

RPS9A XVI 404935 406116 556 24.15 3734.95 yes 
snr50 XV 259321 260024 477 24.01 2181.64 yes 
snr86 XIII 761640 762471 358 23.76 3336.11 yes 
TYE7 XV 977246 978350 809 23.71 2422.06 

 snR60 X 348662 349402 410 23.67 3159.60 yes 
snR37 X 227697 228563 255 23.51 3857.54 
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Gene Chr. 
Start 

position 
End 

position 

Summit 
relative 
to start 

Fold-
change 

 -log10 p-
value 

In both 
ChIP 
and 

CLIP? 
snR10 VII 345917 346778 451 30.08 6994.02 yes 
PPS1 II 759668 759898 180 29.24 1609.37 

 snr128 X 139119 140160 370 28.98 9025.75 yes 
snr34 XII 899157 899858 348 28.75 3447.50 yes 
URA2 X 172329 173132 555 28.21 3042.65 yes 
snR83 XIII 626277 627042 523 28.00 3442.29 yes 
IMD3 XII 1002267 1002952 276 27.63 3583.40 yes 

snR161 II 306464 307340 643 27.58 2335.93 
 snR40 XIV 89016 89715 405 27.44 8476.20 yes 

snR71 VIII 411093 411911 350 27.42 3994.06 
 snR11-

CMC4 XIII 652175 653046 581 27.26 5004.97 yes 
snR5 XV 842397 842984 366 26.33 4124.14 yes 

snr17A XV 780014 781013 731 26.18 4738.10 
 snR80 V 51681 52409 399 25.95 3662.38 
 snR79 XII 347918 348681 301 25.81 2773.99 
 snR61 XII 794034 795148 366 24.45 4285.89 
 snr4 V 424637 425457 479 24.19 3513.68 yes 

RPS9A XVI 404935 406116 556 24.15 3734.95 yes 
snr50 XV 259321 260024 477 24.01 2181.64 yes 
snr86 XIII 761640 762471 358 23.76 3336.11 yes 
TYE7 XV 977246 978350 809 23.71 2422.06 

 snR60 X 348662 349402 410 23.67 3159.60 yes 
snR37 X 227697 228563 255 23.51 3857.54 

 snR63 IV 322188 323650 904 23.49 2597.43 
 snR32 VIII 381569 382093 269 23.38 4229.31 
 snR35 XV 758851 759507 423 23.29 3688.46 yes 

snr189-
snR65 III 177052 178757 1463 23.25 2731.82 yes 

RPL41A IV 129961 130561 164 23.24 2444.40 
 snR79 XII 347918 348681 386 23.06 2362.00 
 RPL7B-

snR59 XVI 173073 174138 559 22.89 3429.21 yes 
TDH3 VII 882423 883959 195 22.41 3921.99 yes 
snR58 XV 135689 136324 265 21.61 1588.59 

 RPL25 XV 80363 82938 1027 21.59 2961.70 
 snr37 X 227697 228563 195 21.50 3393.44 
 snr4 V 424637 425457 320 21.48 2959.42 yes 

GIT1 III 297067 297226 99 21.40 1032.56 
 MCM21 IV 1103799 1104154 282 20.99 1004.52 
 NRD1 XIV 173699 174663 656 20.89 2507.13 yes 
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Gene Chr. 
Start 

position 
End 

position 

Summit 
relative 
to start 

Fold-
change 

 -log10 p-
value 

In both 
ChIP 
and 

CLIP? 
snR49 XIV 716069 716708 404 20.84 1833.15 yes 
snr3 X 663669 664742 354 20.48 2166.19 yes 

NUP133 XI 594093 594258 108 19.60 1337.37 
 HTZ1 XV 303315 303586 145 19.20 1200.63 
 MTO1 VII 55514 56171 418 18.85 1532.38 yes 

SRG1 V 322136 323577 535 18.84 2429.55 
 URA8 X 620608 621119 181 18.66 1219.66 yes 

snr35 XV 758851 759507 330 18.60 2659.08 yes 
snR18 I 142115 143699 1347 17.85 1268.30 

 snr82 VII 316816 317485 411 17.83 1176.22 yes 
tG(UCC)O XV 110105 111113 757 17.41 1132.50 

 snR7-L VII 938983 939738 331 17.40 781.23 
 snr9 XV 407564 408218 285 17.37 2511.44 
 HOS4 IX 153875 154124 117 17.21 750.58 
 snr43 III 107016 107743 363 17.21 1329.34 
 ydl241w IV 20959 21223 56 17.19 749.34 
 ylr257w XII 657300 658083 479 17.14 745.61 
 YBR074w II 387692 387851 96 17.00 736.92 
 GNP1 IV 1467714 1468578 633 16.76 1039.31 
 snr33 III 142027 142513 170 16.54 1685.55 
 ADE12 XIV 234249 234828 104 16.52 1740.35 
 ADH1 XV 159176 160268 227 16.28 1220.50 
 snr46 VII 545150 546099 459 16.19 1299.50 yes 

snR72-78 XIII 297092 298824 1530 16.17 2957.56 
 SHM2 XII 258774 259511 85 16.12 1713.66 
 tS(CGA)C III 227847 228577 249 15.98 770.66 
 snr42 XI 558566 559361 319 15.98 1560.63 yes 

RPS2 VII 277461 278758 1112 15.92 1440.35 yes 
tA(UGC)A I 166122 166363 119 15.75 657.44 

 RPS14B X 73755 74982 469 15.71 2055.64 yes 
SWI3 X 92270 92421 55 15.52 786.49 

 snr53 V 61061 62026 771 15.14 1414.02 
 intergenic_2 XIV 784009 784333 251 15.01 610.81 
 TOD6 II 117864 118544 477 14.87 602.53 
 GRS1 XVI 701917 702486 207 14.76 614.67 
 intergenic_4 II 9429 9905 48 14.66 589.57 
 intergenic_5 VIII 562435 562643 94 14.55 582.53 
 snr69 XI 364727 365507 267 14.52 804.83 
 IRC2 IV 679625 679962 159 14.39 573.18 
 OGG1 XIII 152850 153067 52 14.31 568.51 
 BG_YJR107 X 628105 628688 86 14.12 556.90 
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Gene Chr. 
Start 

position 
End 

position 

Summit 
relative 
to start 

Fold-
change 

 -log10 p-
value 

In both 
ChIP 
and 

CLIP? 
CCW12 XII 369295 370228 646 14.01 1684.52 yes 
PCF11 IV 923095 923923 94 14.01 549.96 

  
 
Table 10: Top 100 peaks in Nrd1 ChIP-Exo data. Chromosomal location of Nrd1 
ChIP-exo peaks are listed with the name of the closest annotation gene, in order 
of descending fold-change values. The highest point in the peak is listed as 
“Summit relative to start.” Peaks were considered included in both ChIP and 
PAR-CLIP top 100 site lists if the chromosomal location overlapped. ChIP peaks 
are much broader than PAR-CLIP peaks, and in some instances, two PAR-CLIP 
peaks were included in one ChIP peak. These double peaks were counted as 
two locations detected in both data sets for Figure 27.  
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Figure 27: Comparison of top Nrd1-binding sites as detected by ChIP-exo versus 
PAR-CLIP. The DNA footprint of Nrd1-bound RNAPII was measured by Nrd1-
TAP ChIP-exo. The direct RNA-binding sites of Nrd1 were measured by Creamer 
et al. [50] by Nrd1-His PAR-CLIP. The top 100 sites identified in each data set 
were compared. A total of 44 binding sites were identified in both lists. 
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3.3. RTR1 deletion increases the recruitment of Nrd1 to the Ser5-P CTD. 

 To understand the effects on NNS-dependent termination in the RTR1 deletion 

strain, we wanted to determine if the ratio of bound Nrd1 to RNAPII was 

increased at genes with known Nrd1 binding sites. Using the normalized number 

of reads mapped per base pair for each ChIP-exo dataset, we divided the reads 

from Nrd1-TAP by Rpb3-FLAG in the corresponding genetic backgrounds. This 

resulted in a ratio of Nrd1-bound RNAPII to Rpb3 per base that is shown at two 

well-characterized Nrd1-regulated transcripts URA2 (Figure 28A) and NEL025C 

(overlapping with the NUT0952 annotation, Figure 28B). Expression of URA2 is 

repressed in the presence of uracil, and previous ChIP experiments have shown 

that RNAPII occupancy correlates with expression in the URA2 ORF, but not at 

the promoter where it is always present [236]. The promoter region contains an 

upstream CUT that is transcribed in the presence of uracil and terminated by the 

NNS pathway [152]. Our data from yeast grown in YPD medium indicate that 

there is a high occupancy of Nrd1 at this upstream CUT in WT cells, in 

agreement with previous findings (CUT680, Figure 28A). Additionally, the ratio of 

Nrd1 to RNAPII bound to genes increases nearly two-fold in the absence of 

RTR1 (Figure 28A, orange), suggesting that Rtr1 activity in WT cells may limit 

the co-occupancy of Nrd1 and RNAPII at this location.  

NEL025C, the first characterized CUT, originates from a divergent 

promoter at the DLD3 gene [71]. NEL025C is expressed as either a long form 

(about 620 nt, corresponding to the annotations for SUT503, CUT541, and 

CUT542 combined) or a series of heterogeneous shorter transcripts, all of which 
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were shown to be terminated by the NNS-dependent termination machinery and 

degraded by Rrp6 [71, 147]. Using ChIP-exo, we identified a large peak in the 

ratio of Nrd1 to RNAPII associated along the length of the NUT0952 annotation 

(Figure 28B). This peak appears to be primarily due to an absence of Rpb3 

localization at this region in WT cells, which could indicate that RNAPII 

termination is more efficient in the absence of Rtr1. This peak also overlaps with 

the NEL025C gene, with the highest peak localized at the 3’-end of the CUT542 

annotation. There is also a high ratio of Nrd1 to RNAPII observed in the WT 

strain in the middle of the TSSs for DLD3 and NUT0952. In the rtr1Δ strain, the 

Nrd1/RNAPII ratio is increased from 4-6 fold in WT to up to 18 in rtr1Δ cells at the 

peak of mapped DNA reads, indicating that deletion of RTR1 increases Nrd1 co-

occupancy with RNAPII. 

 

3.4. Altered Composition of Affinity Purified Transcription Elongation and 

Termination Complexes 

Because we detected an increased ratio of Nrd1:RNAPII co-localization at 

specific NNS-target gene transcripts in rtr1Δ cells as judged by our ChIP-exo 

studies, we used affinity purification mass spectrometry analysis to determine if 

the Nrd1:RNAPII interaction was increased upon deletion of RTR1. Furthermore, 

because it has previously been shown that loss of RTR1 results in 3’-end 

processing defects at some mRNAs [8], we wanted to determine how the 

deletion of RTR1 affected the composition of proteins associated with RNAPII 

termination complexes. We performed affinity purification mass spectrometry  



 131 

 

 
Figure 28: Co-occupancy of Nrd1/RNAPII is increased genome-wide with 
deletion of RTR1 as judged by Rpb3-FLAG and Nrd1-TAP ChIP-exo analysis. 
Graphical representation of the ratio of Nrd1 to Rbp3 read counts per base 
mapped to URA2 (A) and DLD3 region (B). Data derived from WT cells is in 
black, and those from the rtr1Δ strain is in orange. The location and direction of 
transcription for all analyzed annotations are diagrammed below the graphs, 
each to scale. Protein-coding mRNAs are in black, NUTs are in aqua, SUTs are 
in blue, CUTs are in gray, and bent arrows indicate direction of the TSS. The 
transcript approximated by the NUT0952 annotation has also been referred to as 
NEL025C in the literature [71]. 
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analysis of subunits of CPF, Rtt103/Rat1/Rai1, CF1a, and Nrd1 from WT and 

rtr1Δ strains as shown in Figure 29. The data was then analyzed by hierarchical 

clustering as previously described [237]. The resulting cluster separates the 

proteins identified by mass spectrometry into their respective termination 

complexes (Figure 29). Subunits that associate more transiently with the 

complexes are also detected but have a lower NSAF value than the core 

complex components.  

Rpb3-TAP isolation from WT cells followed by mass spectrometry 

successfully identified all subunits of RNAPII. Regulators of RNAPII termination 

were not detected in the Rpb3-TAP isolation, likely because of the dynamic 

nature of recruitment of termination factors during the transcription cycle. Cdc73 

is a member of the Paf complex (PAF-C), which is involved in RNAPII 

transcription elongation and has been implicated in transcription termination 

[238-242]. All subunits of PAF-C and RNAPII were detected in Cdc73-TAP 

purifications. Rtr1, an elongation specific interaction partner of RNAPII, was 

found to primarily interact with all of the subunits of RNAPII and PAF-C in WT 

cells. We also looked at the interactions of Ssu72, the other Ser5 phosphatase, 

in WT and rtr1Δ cells. Ssu72 is a member of the CPF complex, and all CPF 

subunits were detectable in WT and rtr1Δ cells with the exception of Yth1. Yth1 

has previously been shown to interact with Ssu72-purified complexes at low 

levels [188]. Subunits of PAF-C were also detected in Ssu72-FLAG samples. Of 

interest, Ssu72-FLAG and presumably the CPF complex interact with Yra2, a 

protein involved in RNA export in WT, but this interaction in lost in the rtr1Δ 
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strain. We did not detect any increased protein-protein interactions in the Ssu72-

FLAG rtr1Δ purification that would suggest a clear compensatory function of 

Ssu72 in the absence of RTR1.  

Our data indicate that loss of RTR1 disrupts the association of a number 

of subunits in the RNAPII transcription termination machinery. Many proteins that 

normally interact with Rpb1 via the CTD were disrupted upon loss of RTR1 

(green box). Rtt103 normally binds RNAPII through the Ser2-P mark on the CTD. 

In WT cells, we detect Rtt103 interaction with many of the RNAPII subunits and 

interactions with known binding partners Rat1 and Rai1. However, we did not 

detect Rat1 or Rai1 (red box) or any subunits of RNAPII in the Rtt103 purification 

in rtr1Δ cells. Likewise, Pcf11 also binds to Ser2-P modified RNAPII. In this 

cluster, we show two replicates of the Pcf11 purifications in both WT and rtr1Δ to 

illustrate the reproducibility of this method. Similar to the data from the Rtt103 

purifications, Pcf11 interacts with Rpb1 (green box) and other subunits of RNAPII 

in the WT cells, but these interactions are not detectable in rtr1Δ cells. In 

addition, we observed decreases in the association of the CFIa subunit Clp1 in 

Pcf11-TAP RTR1 deletion purifications. These findings are consistent with 

previous in vitro studies that found that Pcf11 and Rtt103 binding to Ser2-P 

modified CTD peptides was much stronger than to Ser5-P [32]. 

Interestingly, Nrd1-TAP appears to have increased interactions with both 

Rpb1 and the Cap Binding Complex (Sto1 and Cbc2) in purifications from RTR1 

deletion strains relative to WT (boxed in aqua in Figure 29). These data support 

our ChIP-exo data shown in Figure 28 that show an increased ratio of 
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Nrd1:RNAPII association at specific genes in the rtr1Δ strain. Nrd1 has been well 

documented to interact with the Cap Binding Complex [70], and, although it is not 

detectable in the WT dataset presented here. The interaction is likely to occur 

below the detectable threshold due to the low abundance of Nrd1 in WT cells. Of 

importance, Nrd1 and its interacting partner Nab3 are detected at similar levels in 

both WT and rtr1Δ strains, and the ratio of Sto1 and Cbc2 compared to Nrd1 

bound to Nab3 is dramatically increased in the RTR1 mutant. Interestingly, this 

increase of Sto1/Cbc2 interaction with Nrd1 is even greater than the increase of 

interaction between Rpb1 and Nrd1. The increased interaction between Nrd1 and 

the cap binding proteins may play a role in promoting the Nrd1/Nab3 interaction 

with the nascent RNA. These findings suggest that the loss of RTR1 increases 

the affinity of the Nrd1-Nab3 complex for RNAPII in vivo, likely through increasing 

the number of Ser5-P modified CTD repeats. This suggests that regulation of 

Rtr1 activity and or expression level could be a key regulatory step for 

transcription termination through the NNS pathway. 

 

3.5. Functional consequences of increased Nrd1 interaction with RNAPII in 

RTR1 deletion cells. 

Rtr1 appears to have a role in regulating antisense transcription at poorly 

expressed genes such as YKL151C, a known target of the NNS pathway [50]. 

RNA-Seq analysis revealed that the antisense transcript in the 3’-end of 

YKL151C appears shorter in rtr1Δ cells relative to WT. Annotated as 

“AS_Unit4881” (indicated by the red bar, Figures 30, 31), this antisense transcript   
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Figure 29: Quantitative proteomic analysis of complexes involved in RNAPII 
transcription termination in WT or rtr1Δ strains. The protein used for purification, 
type of C-terminal tag, and genotype are shown at the top of the figure. Two 
independent biological replicates are shown for Pcf11 purifications to show the 
reproducibility of protein identifications. Proteins identified and their respective 
complexes are shown to the right, and their NSAF values are indicated according 
to the scale on the bottom left. The dendogram to the left of the cluster 
represents the abundance relationship between the purified proteins as 
determined by clustering analysis performed as previously described [201, 202]. 
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is detectable at low levels in WT and much more abundant in both strains lacking 

Rrp6. We created an rtr1Δ rrp6Δ double deletion strain to uncover transcripts 

affected by the loss of RTR1 that would be degraded by Rrp6. However, we 

discovered that there is a requirement for Rrp6 for termination of specific NNS-

target transcripts, as mentioned above [243]. Therefore, we were interested to 

determine what effects the interplay between Rrp6 and Rtr1 in the NNS-

dependent termination pathway would have. In the rtr1Δ rrp6Δ double deletion 

strain, reads aligning to the AS_Unit4881 region to the left of the dashed line, 

where the transcript was detectable in the rtr1Δ deletion strain, are much more 

abundant than reads downstream of this site. This region was previously 

annotated as NUT0447, a transcript that requires Nrd1 for termination. Rpb3-

FLAG occupancy is decreased in this region in rtr1Δ cells compared to WT cells, 

but Nrd1-TAP is increased as measured by ChIP-Exo (Figure 31). Therefore, the 

ratio of Nrd1 bound to RNAPII is higher in rtr1Δ cells as we have previously 

observed at other NNS target genes (Figure 30). Interestingly, the highest 

amount of change was observed in the 5’-end of the antisense transcript that 

could facilitate early termination in the absence of RTR1, in agreement with the 

RNA-Seq results (Figure 30).  
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Figure 30: RTR1 deletion shortens the NNS-terminated antisense transcript at 
YKL151C. (A) Graphical representation of strand-specific RNA-Seq reads 
mapped to YKL151C region. Reads mapped to the positive strand are on top in 
red, while reads mapped to the negative strand are on the bottom in blue. The 
location and direction of transcription for all analyzed annotations are 
diagrammed below the graphs to scale. Processed lengths of mRNAs are in 
black, NUTs are in aqua, antisense transcripts are in red, and bent arrows 
indicate direction of the TSS. (B) Graphical representation of the ratio of Nrd1 to 
Rbp3 read counts per base mapped to the same region as in (A) Data from WT 
is in back, rtr1Δ is in orange.  
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Figure 31: RTR1 deletion alters Rpb3 and Nrd1 occupancy at YKL151C. Rpb3-
FLAG (A) and Nrd1-TAP (B) localization as determined by ChIP-exo sequencing 
reads mapped to YKL151C. The location and direction of transcription for all 
analyzed annotations are diagrammed below the graphs to scale. Protein-coding 
mRNAs are in black, antisense transcripts are in red, and bent arrows indicate 
direction of the TSS. The dotted black line marks the estimated TTS of the 
antisense transcript in rtr1Δ cells. WT Rpb3 reads are in black, WT Nrd1 reads 
are in green and rtr1Δ reads from both strains are in orange.  
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It has been well-documented that FMP40 is regulated by an NNS-

terminated antisense transcript also known as CUT882 and YPL222C-A [41, 50, 

231], and we have previously reported that termination of this RNA is Rrp6-

dependent [243]. As determined by RNA sequencing and Rpb3-FLAG ChIP-exo, 

YPL222C-A is both more abundantly expressed and longer in rrp6Δ cells [243]. 

By the same methods, rtr1Δ appears to have the opposite effect (Figure 32). 

RNA expression of YPL222C-A is down regulated, and RNAPII localization is 

shifted 5’- relative to the antisense transcript compared to WT. Not only does 

RNAPII appear to travel a shorter distance during YPL222C-A transcription in 

rtr1Δ cells, but there is also an increased occupancy of RNAPII at the 5’-end of 

YPL222C-A that may be paused. Nrd1 localization is also increased in the rtr1Δ 

strain, and the first peak of Nrd1 binding aligns well with the RNAPII peak (Figure 

32A). This suggests that loss of RTR1 is promoting Nrd1 localization at this gene 

location, resulting in an increase of RNAPII that is paused in this region. In the 

rtr1Δ rrp6Δ strain, YPL222C-A expression is markedly higher than in WT cells 

and is similar to that observed in the rrp6Δ strain, which suggests that Rrp6 is 

required for the decrease in YPL22C-A expression in RTR1 deleted cells. These 

findings support a model in which transcription elongation of YPL222C-A is 

positively regulated by the removal of Ser5-P by Rtr1. In the absence of Rtr1, 

Ser5-P levels remain high facilitating RNAPII termination via the NNS pathway. 

In WT cells, the removal of Ser5-P by Rtr1 decreases Nrd1-Nab3 binding and 

subsequent NNS pathway action at the earliest termination sites, resulting in 

synthesis of transcripts that are able to escape early termination.   
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Figure 32: RTR1 deletion shortens the NNS-terminated antisense transcript at 
FMP40.  (A) Graphical representation of strand-specific RNA-Seq reads mapped 
to FMP40 region. Reads mapped to the positive strand are on top in red, while 
reads mapped to the negative strand are on the bottom in blue. The dotted black 
line indicates the estimated TSS of the YPL222C-A transcript. The location and 
direction of transcription for all analyzed annotations are diagrammed below the 
graphs to scale. Protein-coding mRNAs are in black, dubious ORFs are in tan, 
CUTs are in gray, and bent arrows indicate direction of the TSS. (B) Rpb3-FLAG 
(top) and Nrd1-TAP (bottom) occupancy in WT and rtr1Δ as determined by ChIP-
exo sequencing reads mapped to the same region and aligned to (A). Reads 
from WT are in black, and those from rtr1Δ are in orange. 
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3.6. Disruption of NNS-pathway termination through RRP6 deletion 

prevents AST regulation by RTR1 deletion 

 As discussed earlier (Figure 25), the majority of transcripts differentially 

expressed in rtr1Δ cells are down-regulated compared to WT. To compare the 

effect of RTR1 in the NNS-dependent termination pathway to the effect of RRP6, 

we looked at the most significantly (p-value < 0.005, FDR < 0.25) down-regulated 

transcripts in rtr1Δ cells. In contrast, many of the antisense transcripts that are 

differentially expressed in rtr1Δ cells are up-regulated in rrp6Δ cells. As shown in 

Figure 33A, the majority of these ASTs have nearly identical expression in the 

rtr1Δ rrp6Δ double deletion as they do in rrp6Δ cells, although some transcripts 

appear similar to the WT strain (Figure 33A). These findings support the 

hypothesis that Rtr1 and Rrp6 are acting through the same pathway with 

opposing actions and that deletion of RRP6 masks the effects of the loss of 

RTR1. This model is illustrated in the specific examples of CUT882, which is 

transcribed antisense to FMP40 (Figure 33B), as well as the antisense transcript 

at GAP1 (Figure 33C, D). We have previously reported using northern blot 

analysis that CUT882 is an extended YPL222C-A transcript transcribed near the 

3’-end of FMP40 (see Figure 32 for diagram). As mentioned, the CUT882 

transcript is shorter in rtr1Δ cells and longer in rrp6Δ cells as detected by RNA-

Seq and Rpb3 ChIP-exo. The annotation for CUT882 is similarly increased in the 

rtr1Δ rrp6Δ double mutant as quantified by RNA-Seq suggesting that YPL222C-A 

is also longer in the double mutant. GAP1, encoding a general amino acid 

permease, also appears to be an antisense-responsive gene [214]. Upon the 
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loss of RTR1, expression of GAP1 is increased 2-fold and the levels of the AS 

GAP1 transcript are decreased by 50% (Figure 33C, D). Conversely when RRP6 

is lost, GAP1 is decreased by 50% and the AS transcript is increased 1.5-fold. In 

the rtr1Δ rrp6Δ double deletion strain, expression of both transcripts is 

unchanged from WT cells. These data show that the AS GAP1 non-coding 

transcript is differentially regulated by Rtr1 and Rrp6, such that the double mutant 

effectively rescues the expression of the sense and antisense GAP1 transcripts. 

It has been well documented that IMD2 is regulated by alternative 

selection of transcription start sites and NNS-dependent early termination [146, 

170, 208, 223]. RNA-Seq data indicates that Rtr1 alters the expression of IMD2 

and its upstream regulatory transcript, a known target of the NNS pathway 

(Figures 34, 35). We previously showed that Rrp6 is required for proper NNS-

dependent termination at specific target gene transcripts [243]. In WT cells, RNA-

Seq reads map across IMD2 and the upstream transcript at similar levels during 

growth in YPD (Figure 34A). When RTR1 is knocked out, the expression of both 

transcripts is significantly decreased (p-value ≤ 5.0 x 10-07, Figures 34, 35). This 

is consistent with previous reports that RTR1 deletion mutants are sensitive to 

the IMD2 inhibitor mycophenolic acid [185, 244].  The decrease in IMD2 RNA is 

confirmed by quantitative PCR (Figure 34B). The ratio of upstream transcript to 

IMD2 transcript is similar between WT and rtr1Δ strains (Figure 34C). When 

RRP6 is knocked out, IMD2 expression is similar to WT levels, but the upstream 

transcript is significantly increased (p-value ≤ 1.09 x 10-10, Figure 35A). This is  
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Figure 33: RTR1/RRP6 double deletion strain phenocopies rrp6Δ cells. A) Heat 
map of transcripts differentially expressed in rtr1Δ cells sorted from most 
decreased in rtr1Δ cells compared to WT cells, according to the scale at the right. 
B-D) Average normalized read counts ± standard deviations for CUT882 (B), 
GAP1 (C), and AS GAP1 (D) in indicated strain versus WT (n=4). Two stars 
indicate a p-value of <0.01, one star indicates a p-value of <0.05 as determined 
by an unpaired, two-tailed student’s t-test. The colors of the bars in each graph 
correspond to the color representing the relative annotation. 
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previously been described. Interestingly, in the rtr1Δ rrp6Δ double mutant, the 

IMD2 transcript levels are reduced to the low levels seen in the rtr1Δ single 

mutant, but the upstream transcript now appears at levels similar to WT. The 

amount of upstream transcript is significantly increased in rtr1Δ rrp6Δ double 

mutant strains relative to rtr1Δ cells (p-value = 0.003). These data suggest that 

the upstream transcript is transcribed and then efficiently degraded by the 

nuclear exosome in the presence of Rrp6.  However, the high efficiency of NNS 

termination in the absence of Rtr1 appears to prevent normal levels of 

transcription of the protein coding IMD2 transcript.  

To distinguish between effects of RNA degradation versus transcription 

termination, we also looked at the RNAPII and Nrd1-bound RNAPII by ChIP-exo 

(Figure 35B, C). In all strains, we see the majority of RNAPII at the upstream 

transcript. In Rpb3-FLAG strains, RNAPII occupancy at IMD2 is decreased by 

approximately 75% in rtr1Δ cells. However, in Nrd1-TAP strains, occupancy is 

only decreased by 50% in rtr1Δ cells, indicating that the ratio of Nrd1 to RNAPII 

is relatively increased in rtr1Δ strains as previously shown for other NNS target 

genes in this study. Overall these data suggest that loss of Rtr1 activity increases 

Nrd1 binding to RNAPII, most likely due to the increased Ser5-P on the CTD. 

The increase in Nrd1 recruitment improves the efficiency of termination at the 

upstream transcript and effectively inhibits transcription initiation at the 

downstream IMD2 TSS. When Rrp6 is present, this upstream transcript is 

degraded, but it is stabilized when RRP6 is deleted without a change in the  
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Figure 34: Deletion of RTR1 disrupts expression of IMD2 mRNA through RRP6. 
A) Graphical representation of strand-specific RNA-Seq reads mapped to IMD2 
region. Reads mapped to the positive strand are on top in red, while reads 
mapped to the negative strand are on the bottom in blue. The location and 
direction of transcription for all analyzed annotations are diagrammed below the 
graphs to scale. Protein-coding mRNAs are in black, dubious ORFs are in tan, 
NUTs are in aqua, and bent arrows indicate direction of the TSS. B) Confirmation 
of expression of IMD2 by QPCR are indicated as the average fold-change from 
WT in rtr1Δ, rrp6Δ, and rtr1Δ rrp6Δ strains (n=3). C) The average ratio of RNA-
Seq reads mapped to the IMD2 upstream CUT annotation compared to the 
number of reads mapped to the IMD2 gene annotation in rtr1Δ, rrp6Δ, and rtr1Δ 
rrp6Δ strains relative to WT (n=4). 
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Figure 35: Deletion of RTR1 disrupts the NNS-dependent transcription 
termination at the IMD2 gene through RRP6. (A) Average differential expression 
± standard deviations for IMD2 (left) and the IMD2 upstream CUT in rtr1Δ, rrp6Δ, 
and rtr1Δ rrp6Δ strains relative to the WT strain (n=4). One star indicates a p-
value of <0.05, and two stars indicate a p-value of <0.01 as determined by an 
unpaired, two-tailed student’s t-test. The colors of the bars in each graph 
correspond to the color representing the related annotation. (B and C) Rpb3-
FLAG (B) and Nrd1-TAP (C)) occupancy in WT and rtr1Δ as determined by 
ChIP-exo sequencing reads. The location and direction of transcription for all 
analyzed annotations are diagrammed above the graphs to scale. Protein-coding 
mRNAs are in black, NUTs are aqua, the upstream CUT is tan, and bent arrows 
indicate direction of the TSS. WT reads are in black, and rtr1Δ are in orange. The 
dotted red line indicates the transcription termination site of the IMD2 upstream 
CUT. 
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downstream abundance of RNAPII, suggesting that Rrp6 is not required for 

termination at the IMD2 upstream CUT. 

 

3.7. Deletion of RTR1 increases the efficiency of the NNS pathway  

Our data indicate that Rtr1 plays a role in the NNS-dependent termination 

pathway at gene transcripts expressed at low-levels. As mentioned previously, 

Nrd1 is required for termination of the highly expressed and stabilized snRNAs. 

Although we do not detect any snRNAs that are altered in length when RTR1 is 

deleted, a few snRNAs are expressed at higher levels in rtr1Δ cells such as 

snR65 and snR56 (Figure 36A). Both of these snRNAs are expressed 2-fold 

higher in rtr1Δ cells than in WT cells and decreased by 50% in rrp6Δ and rtr1Δ 

rrp6Δ strains. As discussed previously, deletion of RRP6 may result in improperly 

processed 3’-ends at these snRNAs, causing destabilization and decreased 

expression [243]. We hypothesize that deletion of RTR1 increases the efficiency 

of NNS-dependent termination at these genes, but Rrp6 is required for proper 3’-

end processing and stability in agreement with previous findings. We also see an 

interesting effect in both our RNA and ChIP data at the RNAPIII transcribed gene 

snR52. There is a CUT upstream of snR52 previously annotated as CUT567 

[72]. Although there is not much difference in the expression of RNA from this 

CUT in rrp6Δ cells, CUT567 and snR52 are both increased 2-fold or more in the 

rtr1Δ strain (Figure 36B). Rpb3-FLAG ChIP-exo data indicates that RNAPII 

localizes to CUT567 with low, but detectable levels at snR52 in WT, but RNAPII 

occupancy is increased at snR52 in rtr1Δ cells (Figure 36C). This is a rare 
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example where we see an increase in Rpb3 localization in the rtr1Δ strain. Nrd1-

TAP also localized to both CUT567 and snR52 in WT and is increased in rtr1Δ 

cells (Figure 36D). One possible explanation is that the loss of Rtr1 leads to 

increased Nrd1 interaction with RNAPII, and in some instances, this association 

inhibits release of RNAPII from the DNA. Alternatively, this could indicate that 

deletion of RTR1 could alter transcription initiation of RNAPII allowing it to initiate 

at RNAPIII target genes. 
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Figure 36: Deletion of RTR1 increases the efficiency of the NNS-dependent 
termination pathway at some snRNAs. (A and B) Average differential expression 
± standard deviations for snR65, snR56, snR52, and CUT567 in rtr1Δ, rrp6Δ, and 
rtr1Δ rrp6Δ cells relative to WT (n=4). One star indicates a p-value of <0.05, and 
two stars indicate a p-value of <0.01 as determined by an unpaired, two-tailed 
student’s t-test. The colors of the bars in each graph correspond to the color 
representing the related annotation. (C and D) Rpb3-FLAG (C) and Nrd1-TAP 
(D) occupancy in WT and rtr1Δ as determined by ChIP-exo sequencing reads. 
The location and direction of transcription for all analyzed annotations are 
diagrammed above the graphs to scale. Protein-coding mRNAs are in black, 
CUTs are gray, and bent arrows indicate direction of the TSS. WT reads are in 
black, and rtr1Δ reads are in orange.  
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DISCUSSION 

 

1. Homologous mechanisms in mammals 

1.1. Structure of the Human Exosome 

Although the structure of the human exosome has not been solved, the 

organization of the core complexes are well conserved with its yeast counterpart 

(reviewed in [245]). The human RNA exosome is more complex regarding the 

catalytic subunits and associated cofactors. While there is only one form of the 

Dis3 nuclease in yeast, there are three in humans, DIS3, DIS3L1, and DIS3L2, 

each with distinct subcellular localization patterns [94, 95]. By contrast, Rrp6 only 

has one human ortholog, hRRP6 (also known as PM/Scl100). In the yeast 

exosome, most of the highly structured RNA substrates are degraded by Dis3 

and cannot be processed by Rrp6. In humans, hRRP6 is able to processed more 

structured RNAs, probably do to the more open conformation assumed by 

hRRP6 [118]. hRRP6 also differs from its yeast counterpart in that it is most 

highly concentrated in the nucleolus, but is also present in the nucleoplasm and 

cytoplasm [69]. Human homologs of subunits of the TRAMP complex have also 

been identified, including Mtr4 and the Trf and Air proteins [155, 246, 247]. 

Interestingly, a second distinct complex has been identified to have TRAMP-like 

functionality but is restricted to the nucleolus. This complex, called the Nuclear 

Exosome Targeting Complex (NEXT), is made up of hMTR4 and two other 

proteins, ZCCHC8 and RBM7 [247]. NEXT has been found to play an important 

role in targeting pre-snRNA transcripts to the exosome for processing [248]. 
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1.2. Human Exosome Interacts with Capping Complex 

A number of studies report links between the nuclear exosome and the 

Cap Binding Complex (CBC) (Figure 5). The 5’ mRNA cap is involved in 

coordinating a number of mRNA processing events such as splicing [249], 3’ end 

formation [250], and RNA turnover [251], but specifically how cap formation 

fulfills these roles is unclear. Regarding RNA turnover by the nuclear exosome, it 

appears that proteins associated with the exosome may form a physical link 

between the exosome and CBC. In yeast, it has been shown that Rrp6 directly 

interacts with Nrd1, which in turn interacts with CBC proteins [70]. In humans, the 

exosome cofactor the Nuclear Exosome Targeting complex (NEXT) has been 

shown to interact with the CBC [252, 253]. Furthermore, it has been shown in 

yeast that aberrant mRNAs that cannot be exported from the nucleus are 

subjected to degradation by a process requiring both Cbc1, a nuclear cap-

binding protein, and Rrp6 [254, 255]. The fact that the nuclear exosome and 

Nrd1 may both interact with the CBC [70] is interesting. It is possible that the 

CBC plays an important, unknown role in NNS-dependent termination at specific 

genes, and this role may require Rrp6 leading to the effects detected in our 

studies. 

 

2. Implications of Transcription Events in Human Health and Disease 

2.1. Transcription Regulation by Termination 

 Altered termination of RNAPII transcription termination can affect gene regulation 

and protein expression in at least four ways, described at length below: 1) 
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alternative polyadenylation site usage, 3) defective 3’ end processing, 3) early 

transcription termination of protein-coding mRNAs,and 4) regulation of cryptic 

and antisense transcription. 

 

Alternative Polyadenylation Site Usage 

It has been reported that upwards of 70% of human pre-mRNAs and 

lncRNAs have more than one polyadenylation signal sequence [256]. 

Orchestration of specific cleavage and polyadenylation factors at cis-elements 

play major roles in the subsequent choice for the site of polyadenylation of the 

mRNA [257]. Alternative polyadenylation (APA) changes the length of the 3’-UTR 

and can quantitatively effect the expression of the gene by altering the availability 

of protein-binding sites and/or the composition of regulatory sequences [258, 

259]. To illustrate this idea, it was reported that alternate 3’-ends of RNA may 

regulate localization of the membrane proteins CD44, CD47, ITGA1, and 

TNFRSF13C [260]. In the case of CD47, the extended 3’ UTR serves as a co-

translational scaffold for RNA-binding proteins that facilitate recruitment of 

proteins required for translocation to the plasma membrane. CD47 proteins 

translated from an mRNA with a short 3’ UTR localized instead to the 

endoplasmic reticulum.  

APA can also play a role in cell differentiation, and APA patterns may be 

tissue specific [261]. During development of the central nervous system, the 

expression of two isoforms of GFAP (glial fibrillary acidic protein) is time-

dependent and regulated by APA. The exact mechanism of regulation is not 
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known, but splicing factors may be involved [262]. In another example, one 

aspect of maturation of B cells may be regulated by APA in a related mechanism. 

Young B cells express immunoglobulins bound to the cell surface, while mature 

cells secrete them. This isoform shift is regulated by splicing-dependent APA in 

which the splicing and 3’ end processing machinery compete [263-265]. APA 

may regulate developmental processes on a more global scale in a tissue-

specific fashion during spermatogenesis and brain development [266-270]. 

Generally, more distal polyadenylation sites are used increasingly as 

differentiation progresses, resulting in the inclusion of more miRNA and protein 

binding sites [271-273]. Additionally, proliferating cells, including gastric cancer 

cells [274], tend to use earlier polyadenylation sites and, therefore, have shorter 

3’-UTRs [275, 276]. 

 

Processing of 3’ ends of RNA 

Proper 3’-end processing is important for regulation of gene expression 

and function. As highlighted above, it has become clear that sequences in 3’-

UTRs and their recognition by polyA binding proteins play an important role in the 

majority of cellular processes studied [277]. Improper mRNA 3’-end processing 

has been associated with a number of diseases (reviewed in [278]. Proper 

protein expression may be dependent on sequences in the 3’-UTR of the 

mRNAs, such as sequences containing recognition sites of microRNAs [279]. A 

few human mRNAs have non-canonical 3’-end processing signals called 

upstream sequence elements (USE sites) [280-283]. Regulated utilization of 
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these sites enhance 3’-end processing at otherwise weak signals [284]. One 

such protein, the serine protease thrombin, is an important regulator of blood 

coagulation and clotting. Its expression is regulated in response to inflammation 

and stress by recognition of specific sequences in the 3’-UTR of mRNAs [285, 

286]. Improper utilization of the USE site leads to abnormal coagulation and 

blood clots [285, 287]. Additionally, a mutation in the polyadenylation signal of 

the tumor suppressor gene TP53 present in 0.5-2% of European populations has 

been linked to a predisposition to a number of cancers [288, 289]. Mutations in 

the FOXP3 (forkhead box P3) polyadenylation signal can cause IPEX syndrome, 

a complex syndrome characterized by immune dysfunction, polyendocrinopathy 

and enteropathy [290]. FOXP3 is a transcription factor in T cells, and the 3’-UTR 

resulting from the mutation is very long making the protein unstable and 

decreasing its expression. 

 

Early Termination of Protein Coding RNA and Regulation of Cryptic Transcription 

 The NNS-dependent termination pathway is an important regulator of gene 

transcription. In examples such as NRD1, HRP1, and URA2, transcription can be 

terminated prematurely by the Nrd1 termination pathway [43, 145, 152, 170, 

223]. Only transcripts that escape this early termination can produce functional 

mRNAs, and alterations that increase the effectiveness of the NNS pathway lead 

to a decrease in mRNA expression. At some genes, noncoding RNAs terminated 

by Nrd1 overlap with the promoter of, or are antisense to, an adjacent protein-

coding gene [153, 170, 214]. For instance, IMD2 gene expression is regulated by 
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upstream transcription start sites used when guanine levels are high. These start 

sites encode short, unstable transcripts that are terminated by the NNS pathway 

[146, 170, 208]. In other instances, protein-coding genes are regulated by NNS-

dependent termination of an antisense non-coding RNA, such as FMP40 and 

PHO84 [41, 50, 217, 231]. At these noncoding genes, antisense transcription is 

initiated at the 3’-end of the protein-coding gene and terminated by the NNS 

pathway after a short distance. If NNS-dependent termination does not occur, 

transcription of the antisense strand will continue through the entire gene and 

over the transcription start site of the protein-coding gene, inhibiting proper 

initiation at the mRNA [217, 243]. 

 

2.2. Transcription Addiction in Tumor Cells 

 Many human cancers depend on deregulated transcription of oncogenes and 

tumor suppressors. In some cases, cancer cells may be “addicted” to the 

overexpression of a single oncogene [291]. For instance, it has been well 

documented that the Bcr-Abl fusion protein drives proliferation in chronic 

myelogenous leukemia (CML). Flavopiridol, a drug that inhibits transcription by 

targeting the RNAPII CTD kinase P-TEFb (CTK9) [292] may be used in 

conjunction with the Bcr-Abl inhibitors to decrease imatinib resistance in CML 

[293]. In other cases, the cancer cells may contain a mutation in an oncogene 

that activates a number of downstream targets. Over- expression of the MYC 

gene family aids in aggressive proliferation and poor patient outcomes [294, 295] 

by causing a cascade of global transcription amplification and up-regulation of 
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genes involved in multiple processes [296-299]. It has recently been reported 

that the proliferative effect of up-regulation of the MYCN oncogene can be 

suppressed in neuroblastoma cells by inhibition of the cyclin-dependent kinase 

and general transcription factor CDK7 with limited toxicity to normal cells [300]. 

CDK7 is the human homolog of Kin28, the catalytic subunit of TFIIH that adds 

the Ser5-P mark later removed by Rtr1, and is the major protein kinase that 

modifies Ser5 and Ser7 in the RNAPII CTD in human cells [301]. These findings 

support a working model in which some cancer cells become “addicted” to the 

amplified transcription of proliferative genes. A better understanding of general 

transcription factors and mechanisms is needed to determine if it is possible to 

target transcription addiction in cancer cells with limited effects in normal cells.  

 

2.3. Senataxin, the Human Homolog of Sen1 

 The RNA:DNA helicase Sen1 and its homolog in humans Senataxin contain a 

conserved helicase domain [302, 303]. Mutations in Senataxin are associated 

with the juvenile neuromuscular disorders ataxia oculomotor apraxia type 2 

(AOA2) and amyotrophic lateral sclerosis type 4 (ALS4) [304-306]. The function 

of Senataxin mutations in these disorders is unknown, but many are located 

within the helicase domain [302]. This suggests that the helicase function may 

play a role in neurogenerative diseases.  

Studies of Sen1 have revealed that its helicase function is important for 

protecting against genomic instability and damage [307-309]. As RNAPII 

transcribes a gene, the nascent RNA can bind to the complementary template 
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DNA strand forming an RNA:DNA hybrid with the single stranded non-template 

DNA strand left exposed in a structure called an R-loop. Without removal of the 

R-loop by Sen1, the single stranded DNA is more susceptible to mutation and 

recombination [310-315]. The R-loop structure can lead to RNAPII stalling which 

inhibits transcription elongation and can lead to transcription fork collapse when a 

replicating DNA Polymerase encounters a stalled RNA Polymerase [316-320]. 

Furthermore, Sen1 may play a role in regulating the expression of the DNA repair 

gene RNR1 [309] and an inactivating mutation in the Sen1 helicase domain has 

been shown to alter RNAPII localization genome-wide [53]. Sen1 has also been 

shown to play a direct role in DNA damage response [86, 307, 308, 321, 322], 

and Senataxin forms stress-induced foci that may localize at chromosome fragile 

sites or repetitive sequences, either of which may be susceptible to R-loop 

formation [321, 323, 324]. It is also possible that brain-specific Senataxin protein-

protein interactions are disrupted by the disease-associated mutations. Richard 

and Manley have reported that Senataxin is normally sumoylated and interacts 

with the core exosome subunit Rrp45 via the sumoylation [325]. AOA2-linked 

mutations inhibit Senataxin sumoylation, but ALS4-linked mutations do not [86, 

325]. 

 

2.4. Rrp6 and the Nuclear RNA Exosome 

Autoimmune Disease 

Antibodies against many of the subunits of the human exosome have 

been characterized in autoimmune disorders affecting the connective tissue, 
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specifically: PM (polymyositis), Scl (scleroderma) and PM/Scl overlap syndrome 

[83, 326-328]. Patients’ sera were found to contain antibodies against hRrp6 

(called PM/Scl-100 at the time), and some patients also had antibodies against 

hRrp45, one of the RNase PH-like core proteins (called PM/Scl75) [98-100]. The 

role of the exosome in these disorders remains unclear. 

 

Neurological Disorders 

Two of the core subunits of the human exosome, EXOSC3 (homolog to 

the yeast cap protein Rrp40) and EXOSC8 (homolog to the yeast barrel protein 

Rrp43), have been implicated in pontocerebellar hypoplasia type 1 (PCH1) and 

spinal motor neuron degeneration in several families [84, 102]. PCH is a group of 

autosomal recessive disorders characterized by progressive deteriorations of 

various parts of the brain. Patients with PCH1 also have diffuse muscle wasting. 

Mutations in EXOSC8 have also been linked to cerebellar hypoplasia and spinal 

muscular atrophy [85]. The reporting study determined that down-regulation of 

EXOSC8 in human cells and zebrafish resulted in down-regulation of myelin 

encoding genes and an imbalance of myelin protein. These and other studies 

involving mRNA processing factors indicate that proper regulation of mRNA 

processing is critical in neuromuscular development and maintenance [86, 321, 

329-331]. Furthermore, non-coding RNAs appear to play important roles in 

neurological development, and disregulation of non-coding RNAs has been found 

to lead to neurodegeneration [331-333]. Proper processing, quality control, and 
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degradation by Rrp6 and the nuclear exosome may serve important functions 

keeping non-coding RNAs in check in neuromuscular tissue. 

 

Cancer 

It is not clear if Rrp6, the nuclear exosome, and their cofactors play a 

direct role in cancer formation and progression, but they have been linked to 

DNA repair and chromatin restructuring mechanisms that are important for 

maintaining genomic integrity. The TRAMP complex may play a role in chromatin 

remodeling and DNA repair, important for maintaining properly regulated gene 

expression and inhibiting cancer growth [227]. TRAMP may be functionally linked 

to RNAi machinery in S. pombe and aid in post-transcriptional gene silencing and 

RNA induced transcriptional silencing which result in heterochromatin formation 

over the target gene [334]. One early study suggested that the core exosome 

subunit Rrp46 may be up-regulated in 10–33% of patients with lung cancer, 

melanoma, and prostate cancer [101]. Furthermore, in a genome-wide drug-

target screen, Rrp6 was found to be a potential target of the cell growth inhibitor 

5-fluorouracil used in chemotherapy for the treatment of solid tumors. The role of 

Rrp6 in rRNA processing is proposed as a pathway by which 5-fluorouracil 

inhibits growth [335]. Rrp6 may play a role in repair of DNA double strand breaks 

through the homologous recombination pathway in Drosophila and humans 

[336]. Marin-Vicente et al. recently reported that Rrp6 is recruited to double 

strand breaks in Drosophila S2 cells and human HeLa cells and co-

immunoprecipates with Rad51, a protein involved in recombination. Both deletion 
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of RRP6 and overexpression of a catalytically inactive Rrp6 mutant disrupt 

recruitment of RAD51 to the damage sites but does not decrease Rad51 protein 

levels. Furthermore, depletion of Rrp6 makes both cell lines sensitive to 

radiation, indicating Rrp6 may be involved in DNA damage repair [336]. 

 

3. Transcription termination effects gene regulation 

3.1. Exosome aids in backtracking RNAPII 

 Although most studies have implied that Rrp6 and the exosome targets RNA 

substrates after they are released from RNAPII, the core exosome can associate 

with RNAPII on the DNA. It is known that the exosome associates with RNAPII 

on target genes in Drosophilia [337]. As mentioned above, both catalytic subunits 

of the nuclear exosome are 3’ – 5’ exonucleases. As such, the nascent RNA 

being actively elongated by RNAPII would not be accessible to the exosome. 

However, recent work has shown that the core exosome can aid in terminating 

backtracked RNAPII at protein coding genes in S. pombe [338]. RNAPII has 

been shown to backtrack, or reverse directions while still on the transcribed DNA 

sequence to aid in RNAPII release from the DNA when stalled [339]. By 

backtracking, RNAPII could expose the 3’ end of the RNA, allowing access and 

degradation by the exosome (model shown in Figure 37) [340]. It was determined 

that termination of backtracked RNAPII was carried out by Dis3, with no 

detectable effect from an RRP6 knockout. However, this study focused on 

protein coding mRNAs. Rrp6 may play a greater role in rescuing backtracked 
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RNAPII transcribing noncoding RNAs, as Rrp6 has been shown to play a greater 

role in termination of cryptic transcripts originating from within genes [172]. 

 

3.2. Regulation of PolyA Tail Length 

The length of the polyA tail added to pre-mRNAs after transcription affects 

the stability and translation efficiency of the mRNA (Reviewed in [341]). The 

normal polyA tail length (about 70 – 80 nt in S. cerevisiae) is carefully regulated 

by interactions between PolyA Binding Proteins (PABPs) and polyA 

polymerases. Two PABPs have been identified in yeast: Pab1 which is primarily 

in the cytoplasm but can be shuttled into the nucleus [342-344], and Nab2 which 

is primarily in the nucleus but is exported with the mRNP into the cytoplasm 

where it is thought to be exchanged for Pab1 [345-348]. Expression of Nab2 is 

subject to post-transcriptional auto-regulation in a model in which Nab2 binding 

to the 3’ UTR of a NAB2 mRNA results in recruitment of Rrp6 and subsequent 

mRNA degradation [349]. It has been reported that Rrp6 can physically interact 

with Nab2, displacing Nab2 from polyA tails, leaving the unprotected 3’-ends 

available for subsequent degradation [77]. 
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Figure 37: Model for how the nuclear exosome may facilitate rescue of 
backtracked RNAPII. Dis3 and the core exosome have been found to facilitate 
termination of backtracked RNA, but Rrp6 is suggested not to play a significant 
role in terminating backtracked mRNA transcripts in S. pombe. Rrp6 is suggested 
to function in termination of cryptic antisense transcripts originating within genes 
[172] and certain snRNAs [243], so it is possible that Rrp6 assists backtracking 
RNAPII for these gene transcripts by a model similar to that suggested for Dis3. 
When RNAPII is transcribing, the 3’ end of the RNA is in the active site, protected 
by RNAPII, and inaccessible to Rrp6. When RNAPII backtracks in response to an 
obstacle in the DNA or improperly incorporated nucleotide, the 3’ end of the RNA 
emerges through a ‘backtrack site’ in RNAPII and can be accessed by Rrp6 
[340].  
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4. Additional Roles of the RNA Exosome in Nuclear RNA processing and 

Surveillance  

4.1. RNA Turnover 

With transcription occurring across so much of the genome, the cell must 

recover ribonucleotides tied up in these transcripts. Although many transcripts 

must be stabilized to perform their functions, such as mRNAs, rRNAs, and 

tRNAs, errors in transcription and processing may result in aberrant transcripts 

that need to be recycled. Furthermore, certain transcripts appear to be 

transcribed with no known purpose, other than possibly to regulate the 

transcription of nearby regions in cis. The nuclear exosome appears to recognize 

these unstable transcripts and targets them for degradation, recycling the 

ribonucleotides contained within [141-143, 156, 157, 159, 350, 351]. 

 

4.2. pre-mRNA 

Rrp6 and the exosome are involved in quality control and turnover of 

mRNAs at several steps including splicing and 3’-end processing. The splicing 

machinery recognizes intron-containing mRNAs co-transcriptionally. Once these 

transcripts are bound by the spliceosome, they are restricted to the nucleus until 

they are released [352, 353] (Figure 6C, left panel). This finding suggests that 

any pre-mRNAs bound to the spliceosome that cannot be properly spliced must 

be degraded in the nucleus. Bousquet-Antonelli et al. discovered that these pre-

mRNAs are degraded primarily by Rrp6 and the exosome, and to a lesser extent 

by the 5’ – 3’ exonuclease Rat1 [354]. Interestingly, they also found that inhibition 
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of the degradation pathways could increase the levels of certain spliced mRNAs, 

indicating that pre-mRNAs may compete for splicing and degrading machineries, 

with some transcripts being favored. This competition and resulting pre-mRNA 

preference appears to be regulated by metabolic events such as available 

carbon source and therefore may be an important step in controlling gene 

expression levels [354]. 

The exosome appears to play a role in a type of checkpoint for proper 3’ 

end formation (Figure 6C, right panel). Cells with defective Pap1, the poly(A) 

polymerase that adds the poly(A) tail to stabilize mRNAs, accumulate nascent 

unpolyadenylated pre-mRNA transcripts at the site of transcription [355]. Of 

interest, defects in nuclear export machinery also leads to accumulation of 

nascent RNAs in proximity to the site of gene transcription. In this case, nascent 

RNAs become hyperadenylated with poly(A) tails approximately 30 nt longer than 

expected [356, 357]. Surprisingly, Rrp6 was found to be important in the retention 

of both the hypo- and hyperadenylated transcripts at the site of transcription 

resulting from these polyadenylation and export defects [355]. Furthermore, it 

has been shown that mRNAs with 3’ extensions due to improper termination can 

be processed by Rrp6 to a functional length [358]. Deletion of RRP6 is sufficient 

to see accumulation of aberrant transcripts caused by a variety of transcription 

elongation and termination defects [76, 221]. Because of this accumulation of 

defective transcripts, RRP6 knockouts have become an important tool in the 

study of RNAPII transcription elongation and termination. 
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4.3. Exosome activities in the cytoplasm 

 As mentioned above, the RNA exosome is also present in the cytoplasm, minus 

Rrp6. In the cytoplasm, Dis3 is the only exonuclease in the complex. The 

cytoplasmic exosome interacts with the SKI complex of helicases that targets 

RNA substrates to the exosome in a manor similar to the TRAMP complex in the 

nucleus [359]. The SKI complex is only in the cytoplasm in yeast and is required 

for mRNA turnover and mRNA surveillance by the exosome [360-363]. The 

cytoplasmic exosome and SKI complex are required for proper mRNA 

surveillance via the non-stop decay (NSD) pathway [362, 364, 365]. NSD targets 

mRNAs that do not contain a translation stop codon [364, 366]. Generally, the 

nuclear exosome specializes in RNA 3’-end processing, rapid degradation of 

cryptic transcripts, and surveillance of improper RNA processing, while the 

cytoplasmic exosome specializes in surveillance of mRNAs and RNA turnover. It 

has been reported that a yeast cell can transcribe upwards of 2,000 rRNA 

molecules a minute [367] in addition to other noncoding RNAs and mRNAs. 

Therefore, dual localization of exonucleases such as the exosome is important 

for efficient surveillance and degradation in the nucleus to conserve energy 

required for the nuclear export and potential translation of RNAs in the 

cytoplasm.  

 

4.4. Exosome activity is important for cellular differentiation 

Regulation of transcription termination and degradation of transcription 

products have been shown repeatedly to be required for proper expression at 
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specific genes. Importantly, studies are beginning to emerge that reveal the 

importance of RNA exosome processing at the cellular level. In yeast, the 

nuclear exosome is involved in facilitating meiosis. Budding yeast have been 

shown to degrade Rrp6 as they enter meiosis, leading to the accumulation of 

noncoding transcripts termed meiotic unstable transcripts (MUTs) [81]. 

Degradation of Rrp6 occurs in the first hours of meiosis and corresponds to the 

timing of RNA replication and induced double strand breaks [81]. However, cells 

lacking Rrp6 rarely entire meiosis. In what may be a related process, fission 

yeast express meiotic genes that are degraded by the exosome to inhibit meiosis 

[368]. Furthermore, it has recently been found that Rrp6 and the nuclear 

exosome facilitate proper meiotic recombination [82]. The mechanisms regulating 

the expression of Rrp6 during early meiosis is not clear. 

The exosome is also involved in regulating blood cell maturation [369]. 

Expression of EXOSC8, the human homolog of the exosome core protein Rrp43, 

is repressed by erythropoiesis regulator proteins GATA-1 and Foxo3. Loss of 

EXOSC8 or other exosome components can induce erythroid cell maturation. 

Alternatively, increased exosome activity can repress the expression of genes 

activated by GATA-1 and Foxo3 [369]. The mechanisms by which the exosome 

represses expression of GATA-1/Foxo3-regulated genes has not yet been 

addressed, and it is unclear what specific roles Rrp6 may play. It is possible that 

the RNA exosome plays an important negative regulatory role in many 

maturation and developmental processes. 
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5. Rrp6 is required for proper NNS-dependent termination at specific 

transcripts  

Through comparison of RNA-Seq and RNAPII ChIP-exo datasets, these 

data show that NNS-terminator read-through occurs at a significant number of 

NNS-target genes in the absence of the 3-5’ exonuclease Rrp6. These findings 

support the hypothesis that the NNS pathway requires Rrp6 function for both 3’-

end processing and regulation of NNS-dependent termination of specific 

transcripts. Overall, there is a striking similarity between the annotations for Nrd1 

unterminated transcripts (NUTs) at many locations and the transcripts observed 

following deletion of the nuclear specific 3’-5’ exonuclease subunit Rrp6 genome-

wide. The tight coupling of the NNS pathway with exosome function has been 

previously characterized [4, 47, 56, 58, 70], however our findings are the first to 

demonstrate that Rrp6 function is required to regulate termination through the 

NNS pathway at specific gene transcripts and to show changes in RNAPII 

localization that are caused by rrp6Δ. This finding is in contrast to recent studies 

that determined that NUT transcripts were significantly longer than Rrp6-

dependent transcripts (previously named as CUTs) [214]. However, there are 

specific instances in which NUTs have been shown to be longer than Rrp6-

dependent transcripts including our findings at FMP40 / YPL22C-A [214]. 

Previous studies have found other extended CUT transcripts (eCUTs; 

specifically CUT060 and CUT095) to be significantly longer in Nrd1 mutants than 

in rrp6Δ cells as well [221]. This was also true for snR13 in agreement with 

previous results obtained by northern blotting and other approaches [20, 43, 193, 
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218, 220]. The mechanisms that underlie the specific requirement for Rrp6 at 

some transcripts for Nrd1 termination are unknown, but we speculate that Rrp6 

regulates NNS-termination efficiency through its interaction with Nrd1 [45, 70]. 

Our analysis also suggests that the increased dynamic range and resolution 

provided by RNA-Seq and ChIP-exo gives a distinct advantage in precise 

mapping of the transcripts that accumulate following deletion of RRP6. We 

propose that it is this difference that led to the findings that NUTs were 

significantly longer than CUTs, since all previous CUT studies were performed 

using tiling array based platforms, whereas the NUT studies were performed by 

deep sequencing [72, 73, 214]. Additionally, comparison of the changes in RNA 

transcript signals to actual changes in RNAPII occupancy allowed us to 

distinguish between effects of RNAPII termination events versus exonuclease-

dependent RNA processing, which was of particular importance for this study. 

In this study, we performed multiple biological replicates (n=4) to provide 

highly accurate differential expression analysis for all classes of annotated 

transcripts. In addition, we included differential expression analysis of 1215 

antisense transcripts that were significantly changed in rrp6Δ cells, the majority 

of which (76%) were up-regulated. These data will serve as a valuable resource 

to determine the diverse roles of the NNS pathway and Rrp6 in transcriptome-

wide gene expression regulation. Using RNA-Seq, we have determined that loss 

of Rrp6 leads to decreased expression of the majority of sn/snoRNA transcripts. 

Additionally, we have found that the mRNA transcripts from ribosomal protein 

coding genes show a strong dependence on Rrp6 for control of their steady state 
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transcript levels. Previous ChIP studies on Nrd1 have shown that although Nrd1 

localizes to many ribosomal protein-coding genes, it does not directly bind to the 

mRNA transcripts from those genes [50]. This class of mRNA transcripts may be 

regulated by Nrd1 and Rrp6 due to their short length and hence high levels of 

Ser5-phosphorylated RNAPII at their 3’-ends, which could facilitate interaction 

with Nrd1 and regulation of termination [3, 4, 6, 45]. By comparing our data to 

recent 4tU-Seq datasets involving Nrd1-depletion from the nucleus, we found 

that multiple ribosomal subunit mRNAs display transcript extension following loss 

of Nrd1 activity. These data strongly suggest that ribosomal protein coding 

mRNAs may require Rrp6 and the NNS pathway for proper 3’ processing and 

transcript stability.  

High-resolution RNAPII occupancy maps generated by ChIP-exo provide 

unique insights into the mechanisms of NNS-dependent termination. At NRD1, 

HRP1, and YPL222C-A, deletion of RRP6 lead to a 3’ shift in RNAPII localization 

indicating that NNS-dependent termination was delayed or less efficient (Figures 

21, 22, 23). This phenomenon was also observed to a lesser extent at SRG1-

SER3 (Figure 23). Interestingly, we observed distinct accumulation of RNAPII at 

these regions that occurred just 3’ to Nrd1 and/or Nab3 binding sites that have 

previously been mapped by RNA-protein crosslinking approaches (Figure 21) 

[50, 60]. These findings suggest that termination through the NNS-pathway may 

be an inefficient process requiring clusters of Nrd1/Nab3 binding sites to for 

facilitate higher order recruitment of multiple Nrd1-Nab3 heterodimers to carry 

out transcription termination, an idea that is also supported by other studies [40, 
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222]. This hypothesis is further supported by a report that showed that NNS-

termination occurs in a ‘termination zone’ rather than a specific termination site 

as proposed for polyA-dependent termination pathways [51]. Through this 

mechanism, gene expression attenuation at genes such as NRD1 and SRG1-

SER3 would remain leaky, allowing for transcription of a small percentage of full-

length transcripts even in the presence of high Nrd1-Nab3 protein levels, which is 

what we observe in WT cells at these genes (Figures 21, 22, 23). The 

requirement for the nuclear exosome and Rrp6 for efficient NNS-regulated 

attenuation adds a layer of complexity to this process and another path for 

regulation for these tightly controlled genes. 

It is unclear at this time what role Rrp6 has in regulating RNA expression 

at this specific class of protein-coding genes. Rrp6 may play a greater role in 

rescuing backtracked RNAPII at noncoding RNAs, as Rrp6 has been shown to 

play a role in termination of specific snRNAs [43] and cryptic transcripts 

originating from within gene bodies [147]. The evidence presented here and by 

others points toward a mechanism in which Rrp6 is directly involved in NNS-

dependent termination, but it is possible that there is another explanation for 

these findings. For instance, there could be some as-of-yet unknown lncRNA that 

is normally degraded by Rrp6 but, when stabilized, acts to interfere with the 

activity of one or more proteins required for proper NNS-dependent termination 

(Figure 38, bottom panel). This mechanism could be similar to that of NEAT1, a 

long non-coding RNA that is thought to sequester RNA-binding proteins in 

subnuclear bodies called paraspeckles (reviewed in [370]). In this theoretical 
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indirect model for Rrp6 function in RNAPII termination, the lncRNA could bind to 

the RNA Recognition Motifs (RRM domains) of Nrd1 or Nab3, or an unidentified 

protein. This would not result in decreased transcription, but would nonetheless 

inhibit termination activity through the NNS pathway. 

 

6. Insights from transcriptome-wide sequencing 

6.1. Annotation boundaries vs. transcription boundaries 

 Transcriptome-wide RNA analysis such as RNA-Seq has recently revealed that 

most of the eukaryotic genome is transcribed. Previous attempts to annotate the 

yeast genome have relied on determining the sequences of stable, easily 

detectable proteins and therefore only report coding regions in the genome. Even 

updated sequencing-based approaches to annotating the entire yeast genome 

have difficulty determining the exact TSS and TTS of every transcript [219]. Our 

findings support the notion that transcriptional boundaries may not be precise for 

every gene. As mentioned above, many genes like IMD2 are regulated by 

alternative TSSs [208]. Additionally, regulation of transcription elongation and 

termination may alter the location of the TTS, such as we have shown here. It is 

important to keep in mind that many groups report new annotations that have 

been estimated by methods that do not accurately and specifically measure the 

5’- and 3’- ends of RNAs [72, 214]. Genomic annotations are necessary and 

important tools that provide points of reference and methods of expression 

analysis, but they are difficult if not impossible to perfect.  
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Figure 38: Two models describing how Rrp6-activity possibly modulates NNS-
dependent transcription termination. Rrp6 may have a direct role in NNS-
dependent termination through protein-protein interactions or an indirect role 
through an unidentified RNA intermediary. (Top) Nrd1 binds Ser5-P on the 
RNAPII CTD, and Nrd1 and Nab3 bind the nascent RNA. The mechanism by 
which Nrd1 causes termination is not known, but may involve an interaction with 
Rrp6. Sen1 unwinds RNA:DNA hybrids in a 3’-5’ direction relative to the nascent 
RNA facilitating RNAPII termination. The TRAMP subunit Trf4 binds Nrd1, 
releasing it from the CTD (indicated as a red ‘X’). TRAMP adds a short polyA tail 
to the RNA, targeting it for degradation by the exosome. Rrp6 interacts with 
Nrd1, likely still bound to the RNA to inhibit complete degradation of stable 
transcripts such as snRNA. RNAPII must then be removed from the DNA and 
proteins bound to both the RNA and RNA must be released through unresolved 
mechanisms. (Bottom) In the RNA-dependent model, a theoretical cryptic 
lncRNA that is usually degraded by Rrp6 may be stabilized in its absence. This 
trans-acting RNA may then sequester one or more proteins required for NNS-
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dependent termination. This subnuclear trapping may be similar to the 
mechanism by which NEAT1 sequesters RNA-binding proteins in paraspeckles, 
effectively inhibiting their activity without decreasing their overall abundance. 
Nrd1 and Nab3 would be reasonable candidates for such a mechanism 
considering their RRM domains, or another currently unidentified protein could 
also be affected. 
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6.2. Pros and cons of a compact genome 

 As we have illustrated in our RNA-Seq results, it is critical that RNAPII 

transcription termination occurs in a limited region. We clearly show that 

extended transcription resulting from improper termination can effect the 

expression of neighboring genes (Figures 16, 17, 20). Proper regulation of 

termination is therefore not only required for the expression of the specific target 

gene but also has implications for global RNA expression levels. As discussed 

above, the genome of S. cerevisiae is extremely compact. Almost all of the 

genome is transcribed in some capacity, and even highly transcribed regions 

including snRNA genes and mRNA genes converge and overlap (examples in 

Figures 16-20, 22, 23, and 26). A compact genome has less room for error when 

regulating the location of transcription termination, but it also required less 

energy to replicate during cell division. It is our current understanding that genes 

are not as tightly packed in the more complex mammalian genomes. These 

genomes are much larger and require more energy to duplicate, but they also 

contain various cis and trans regulatory elements in non-coding genomic regions 

that fine tune gene expression. Altered RNAPII transcription caused by events 

like termination defects could potentially have a more detrimental effect on 

genomic expression in such a complicated system. Therefore, the additional 

energy required to replicate and maintain a larger, less compact genome may be 

a required cost of maintaining a complex, multicellular organism. However, this 

does not negate the requirement for proper regulation of transcription termination 

in mammalian genomes. Data from S. cerevisiae has shown that transcription 
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can be extended several kilobases when termination is disrupted, such as at the 

antisense transcript of FMP40 when Nrd1 is depleted from the nucleus [214]. 

Transcription extending to such lengths would still interfere with protein coding 

genes in a mammalian system. 

 

7. Role of Rtr1 in the NNS-dependent termination pathway 

7.1. Rtr1 limits the co-occupancy of Nrd1/RNAPII 

 By comparison of RNA-Seq, ChIP-exo, and affinity purification mass 

spectrometry, our data clearly show that Nrd1/RNAPII co-localization is 

increased and NNS-dependent termination is enhanced in the absence of the 

atypical phosphatase Rtr1. Additionally, loss of RTR1 is shown to have the 

opposite phenotype as the RRP6 deletion at many NNS-target transcripts, and 

the rtr1Δ rrp6Δ phenocopies the rrp6Δ strain. These findings support the 

hypothesis that Rtr1 helps to fine-tune NNS-dependent termination of 

transcription, particularly of non-coding gene transcripts that can regulate 

adjacent or overlapping protein-coding genes. Furthermore, our data indicate that 

this role of Rtr1 is carried out directly through the NNS-dependent termination 

pathway and is epistatic to the effects of the rrp6Δ.  

Our group and others have previously shown that Rtr1 is capable of 

removing both Tyr1-P and Ser5-P on the RNAPII CTD [8, 17], but the 

mechanism of Rtr1 phosphatase activity and the scope of the effects of Rtr1 on 

transcription are not well understood. Our findings are the first to indicate that 

Rtr1 plays a role in the termination of short, noncoding RNAs and to show 
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changes in Nrd1 occupancy that are caused by rtr1Δ. We note that loss of RTR1 

results in a 5’-shift of Nrd1 occupancy. Conversely, disruption of Ssu72, another 

Ser5 phosphatase, results in NNS-dependent terminator read-through and longer 

Ssu72-responsive transcripts [218, 223]. These data suggest that Rtr1 and 

Ssu72 play opposite roles in the regulation of NNS termination perhaps through 

regulation of context specific Ser5 CTD phosphorylation.  

 Our data further supports the hypothesis that the NNS-dependent terminator 

mechanism is an inefficient process requiring multiple Nrd1/Nab3-binding sites at 

some target genes such as NRD1 [40, 222], and that Rtr1 plays a role in 

regulating its efficiency. As mentioned previously, leaky transcription attenuation 

at genes such as NRD1, IMD2, and SRG1-SER3 adds a layer of regulation at 

these tightly controlled genes. It could be presumed that such attenuation 

mechanisms, which could have the ability to completely abolish gene expression 

by an abundance of Nrd1/Nab3, would have multiple avenues for regulation. Our 

findings suggest that Rrp6 and Rtr1 play opposing, yet complementary roles in 

fine-tuning NNS-dependent termination. These data support a model (illustrated 

in Figure 39) in which Rtr1 activity in WT cells limits the interaction of Nrd1 and 

RNAPII, likely by decreasing the number of potential Nrd1-docking sites (Ser5-P) 

along the CTD (Figure 39A). More Rtr1 activity therefore decreases the efficiency 

of NNS-dependent termination resulting in a leakier system. Without Rtr1, or in 

conditions in which Rtr1 protein levels are decreased, Nrd1 can bind more 

efficiently to RNAPII (Figure 39B). Once Nrd1 is bound to RNAPII in the ratio 

determined, at least in part, by Rtr1 and Kin28 (the Ser5 kinase) activity, the 
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interaction between Nrd1 and Rrp6 is required for proper termination (Figure 

39C). Without Rrp6, the 3’-end of the transcript may be improperly processed, 

destabilizing the RNA, which may then be degraded by other RNases such as 

Dis3, resulting in decreased expression regardless of the upstream affects of 

Rtr1 (Figure 39D). Therefore, these two proteins, and likely others, work in 

concert to regulate NNS-dependent gene expression attenuation. 
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Figure 39: Representation of the effects of Rtr1 and Rrp6 on NNS-dependent 
transcription termination. A) Rtr1 activity in WT cells limits the interaction of Nrd1 
and RNAPII, likely by decreasing the number of potential Nrd1-docking sites. B) 
Without Rtr1 Nrd1 can bind more efficiently to RNAPII. C) The interaction 
between Nrd1 and Rrp6 is required for proper termination. D) NNS-dependent 
termination is inefficient at certain transcripts without Rrp6, resulting in terminator 
read-through and improperly processed RNAs. 
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7.2. Comparison of Rtr1 and Ssu72 in NNS-dependent termination 

 These studies are the first to uncover the differences in the molecular roles of the 

two Ser5 phosphates Rtr1 and Ssu72. An earlier transcriptome-wide study 

measured the global effects on RNA of inactivation of Ssu72 using tiling 

microarrays [218]. The loss of Ssu72 activity in the temperature sensitive strain 

SSU72-2 resulted in increased detection of noncoding RNAs transcribed from 

bidirectional promoters, a class of transcripts the authors termed Ssu72-

restricted transcripts (SRTs).  The promoters associated with these SRTs were 

also found to have a more relaxed chromatin structure in the absence of Ssu72 

activity. Ssu72 has also been implicated in gene-looping, a model in which 

promoter and terminator regions of a gene are brought together through protein-

protein interactions in a termination-dependent mechanism. This loop formation 

facilitates RNAPII transcription re-initiation and requires CTD dephosphorylation 

by Ssu72 and TFIIB binding of RNAPII at the terminator that then associates with 

the promoter [371, 372]. These findings fit well with data showing that Ssu72 

occupancy at mRNA genes peaks primarily at the transcription termination site 

but also associates to a lesser extent at the transcription start site, independent 

on transcription rate and gene length [188]. Conversely, Rtr1 occupancy peaks 

during mid-to-late elongation during the Ser5-P to Ser2-P transition [8]. Taken 

together, these data support a working model in which Ssu72-mediated gene-

looping promotes RNAPII transcription directionality [218].  

 Conversely, our data shows that loss of Rtr1 has a much larger effect on 

antisense noncoding transcripts that occur within the gene body of a protein-
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coding gene. It is evident that noncoding transcripts originating from within a 

gene body or from a bidirectional promoter are regulated by different 

mechanisms. As mentioned previously, degradation of many noncoding 

transcripts from within a gene require Rrp6 activity whereas transcripts 

originating from a bidirectional promoter can be degraded by the core exosome 

and do not require Rrp6 [243]. The work described here does not address 

whether or not regulation of antisense transcripts is dependent on the 

phosphatase activity of Rtr1, but the discovery that the loss of Rtr1 enhances 

Nrd1 and RNAPII interaction suggests that it may be.  

 Furthermore, we showed that loss of RTR1 has the opposite effect of Ssu72-

inactivation at previously studied transcripts such as IMD2 ([223] and Figure 34, 

35) and FMP40 [218]. As mentioned, IMD2 is regulated in part by an upstream 

noncoding RNA that is terminated by the NNS pathway. Our data indicate that 

NNS-dependent termination is more efficient at this non-coding transcript in the 

absence of RTR1 resulting in decreased expression of this upstream transcript 

and the IMD2 gene. However, Loya et al. found that an SSU72 mutant they 

termed Ssu72 TOV (Terminator Override) inhibited proper NNS-dependent 

termination at the IMD2 upstream transcript upon loss of Ssu72 activity [223]. 

Likewise, our data clearly show that NNS-dependent termination of the non-

coding transcript YPL222C-A is more efficient upon loss of RTR1, but tiling 

microarray data interrogating the effects of the Ssu72 temperature sensitive 

mutant ssu72-2 shows that this transcript is extended without proper Ssu72 

activity, indicating that RNAPII termination is inhibited [218]. At both of these 
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transcripts, NNS-dependent termination is found to require Ssu72 activity but be 

limited by the presence of Rtr1. 

A central question remains: how do these two Ser5 phosphatases confer 

their distinct effects on RNAPII CTD phosphorylation and gene transcription? 

There are at least three possibilities. First, Rtr1- and Ssu72-specific protein-

protein interactions may cause these distinct downstream effects. Second, Rtr1 

and Ssu72 may not target the exact same substrate. The combinatorial nature of 

post-translational modifications along the CTD may result in populations of Ser5 

repeats that are preferentially dephosphorylated by one or the other. For 

instance, it is known that Ssu72 prefers to dephosphorylate Ser5 that is in a cis-

Ser5-P-Pro6 confirmation, isomerized by the CTD factor Ess1 [63, 373, 374]. It is 

still unclear what form Rtr1 prefers. The third possibility is that both Rtr1 and 

Ssu72 have been found to have other targets along the CTD. Rtr1 can 

dephosphorylate Tyr1 [17], and Ssu72 can dephosphorylate Ser7 [188, 190]. 

Future structural and phosphatase activity studies focused on Rtr1 may elucidate 

how the targeting mechanisms of these enzymes differ and what, if any, effect 

they may have on the regulation of RNAPII transcription. 

 

8. Potential significance of Rbp3 ChIP-exo and Nrd1 PAR-CLIP overlap 

8.1. Implications for RNA binding proteins in transcription. 

 This study is the first to perform high-resolution ChIP-exo analysis on RNAPII. 

One benefit of the ChIP-exo technique is that we can detect peaks of RNAPII 

occupancy adjacent to Nrd1 RNA-binding sites previously reported using PAR-
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CLIP [50] (examples in Figures 16 and 21). We hypothesize that the RNAPII 

peaks are the result of paused polymerase in the undergoing NNS-dependent 

termination. The NRD1 gene is a particularly striking example (Figure 21). At 

NRD1, there are three distinguishable Nrd1 RNA-binding sites, and each RNA-

binding site is accompanied by a slightly offset peak of RNAPII. As discussed 

above, Nrd1 binds both the nascent RNA (via its RRM) and the RNAPII CTD (via 

its CID) [19, 45, 375]. Furthermore, Sen1 has been proposed to follow RNAPII 

along the transcribed region until Sen1 reached RNAPII triggering termination 

[51]. We propose that Nrd1 functions in NNS-dependent termination to anchor 

RNAPII to the nascent RNA near the termination site. The binding of Nrd1 to both 

the RNA and RNAPII may act to slow the transcribing polymerase at the required 

point of termination, allowing Sen1 to reach RNAPII, resulting in termination. 

 

8.2. Future Directions  

 Many questions remain regarding the mechanism of NNS-dependent termination. 

The model proposed above in which Nrd1 slows the transcribing polymerase to 

allow for transcription termination would be a major step forward in our 

understanding of NNS-dependent termination if shown to be true. In this model, 

we propose that S5-P and Nrd1-binding sites within the nascent RNA are 

sufficient to recruit Nrd1 and slow RNAPII. This hypothesis could be tested in 

vivo by adding Nrd1-binding sites to the yeast genome in a location where 

transcribing RNAPII would be phosphorylated at S5. We propose that embedding 

Nrd1-binding sites within a 5’-UTR of a highly transcribed gene would result in 
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recruitment of Nrd1 and pausing of RNAPII. These outcomes could be detected 

using ChIP-exo to measure the localization of Nrd1-TAP and Rpb3-FLAG as 

described in this thesis. 

 

8.3. Implications for strict NNS regulation by changing the expression 

level/nuclear localization of Rtr1 and the exosome 

 Many NNS-target transcripts, such as NRD1 contain multiple Nrd1-binding sites. 

Our data indicate that varying the abundance of proteins such as Rtr1 and Rrp6 

alters the efficiency with which NNS-dependent termination occurs. We could 

speculate that, by varying the rate at which Nrd1 slows RNAPII transcription at 

these redundant Nrd1-binding sites, the NNS-dependent termination pathway 

provides, not an on/off switch, but a rheostat serving to dial the efficiency of 

transcription termination up or down. This model may also help to describe some 

of the gene-specific effects we see regarding the role of Rtr1 and Rrp6 in NNS-

dependent termination. Perhaps, the NNS-dependent “rheostat” is more sensitive 

to perturbation at some genes than others, allowing for a wider range of genome-

wide effects from the regulation of NNS-dependent termination. 
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