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Abstract 

RNA polymerase II (Pol II) catalyses the transcription of many RNA 

classes including protein-coding, small nuclear RNA (snRNAs) and some non-

coding RNA classes within eukaryotes.  Its journey is ended by the cessation of 

transcription and the dissolution of the DNA-bound complex in a process known 

as transcriptional termination.  Given the diverse array of transcript classes, 

several termination mechanisms can induce Pol II termination.  One of the most 

studied is polyadenylation signal (PAS)-dependent termination and occurs at 

the ends of most protein-coding as well as some other transcript classes.  Two 

long-standing models have been used to explain the role of the PAS in 

termination and their relevance has been a topic of much debate.  The allosteric 

model suggests Pol II undergoes conformational changes after the PAS to 

instigate termination, while the torpedo model suggests degradation of the 

downstream RNA product of PAS-cleavage is important to instigate termination.  

Here, rapid depletion cell lines are employed to describe the widespread 

dependence of protein-coding transcript termination on the XRN2 torpedo and 

the CPSF73 PAS-cleaving endonuclease.  CPSF73 depletion leads to profound 

“run-away” transcription, whereas XRN2 depletion results in a more limited 

read-through.  XRN2 targets Pol II complexes that have undergone slowing or 

pausing in a protein phosphatase 1 (PP1)-mediated process occurring 

downstream of the PAS.  Additionally, XRN2 can degrade RNA and cause 

torpedo termination from some other PAS-independent cleavage events.  

However, this is not a universal process with XRN2 dispensable at snRNA and 

histone transcripts.  Together these results suggest a unified allosteric/torpedo 

mechanism at protein-coding transcripts, where PAS cleavage precedes a PP1-

dependent slowing of Pol II.  This facilitates the degradation of downstream 

RNA by XRN2 and thereby instigates transcriptional termination.  
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Chapter 1  

1. Introduction 

Our understanding of eukaryotic gene expression has developed greatly 

over the past three decades, from the discovery that polyadenylation signal 

(PAS) sequences at the end of genes couple RNA 3’-end processing and 

transcriptional termination, to the crystal structures revealing initiating RNA 

Polymerase II (Pol II) and the subsequent explosion of transcriptomic 

sequencing methods that have given unparalleled genome-wide insights such 

as bidirectional transcription from promoters (Proudfoot and Brownlee, 1976; 

Connelly and Manley, 1988;  Cramer et al., 2000; Preker et al., 2008; Seila et 

al., 2008).  However, many salient questions persist especially surrounding the 

final stage of the transcription cycle, termination, where the conformational 

details of polymerase dissolution from the DNA template remain one of the most 

enigmatic aspects of transcription.  This is largely due to the non-trivial and 

fundamental challenges of isolating RNA polymerase complexes immediately 

before and after dissociation from the DNA template.  Such a process will likely 

require detailed mechanistic understanding before isolation of the Pol II 

complexes containing the components with posttranscriptional modifications 

that immediately precede template dissolution can occur for structural studies.  

This thesis focuses on the understanding of this last stage of transcription, 

specifically the transcriptional termination mechanisms of Pol II within humans.   

Pol II is one of three DNA-dependent RNA polymerases within the 

human cell nuclei and it catalyses the transcription of a diverse array of 

transcript classes including protein-coding messenger RNAs (mRNAs), small 

nuclear RNAs (snRNAs) and long non-coding RNAs (lncRNAs).  There are 

thought to be several Pol II termination mechanisms for these transcripts with 

termination able to occur at almost any position whether that be prematurely or 

for the generation of mature transcripts (Kamieniarz-Gdula and Proudfoot, 

2019; Mendoza-Figueroa et al., 2020; Proudfoot, 2016).  The most studied of 

these is PAS-dependent termination at the 3’-end of protein-coding transcripts.  

This is critical for the completion of a functional protein-coding mRNA by 
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ensuring PAS cleavage is coupled to polyadenylation and timely termination 

without transcriptional interference of downstream transcripts in cis (Greger et 

al., 2000; Shearwin et al., 2005).  The aims, set out at the end of this chapter, 

are to examine the contributions that PAS cleavage, 5’→3’ exonuclease 

degradation of the downstream PAS cleavage product and allosteric 

phosphatase-mediated remodelling have on Pol II termination genome-wide.  

The data presented here argue for PAS-dependent termination being a 

ubiquitous termination pathway for protein-coding transcripts.  This process 

depends on the cleavage endonuclease CPSF73 and likely its RNA 

endonuclease activity without which termination readily fails to occur.  

Additionally, RNA degradation of the cleaved 5’-end at the PAS by the 

exonuclease XRN2 accelerates termination but upon XRN2 depletion 

termination still occurs and Pol II accumulates.  The Pol II peak after the PAS, 

which is enriched by XRN2 depletion, is because of a reduced elongation rate 

which is mediated by PP1 phosphatase activity.  However, before a more 

detailed discussion of the questions this thesis seeks to address and the 

rationale, first comes an introduction into DNA-dependent transcription.  

1.1 An Overview of Transcription 

Transcription is the synthesis of single-stranded RNA (ssRNA) 

complementary to a starting nucleic acid template.  In all domains of life, from 

prokaryotes to higher eukaryotes, DNA-dependent RNA polymerases catalyse 

the synthesis of RNA using an organism’s double-stranded DNA (dsDNA) 

genome as template.  This nascent RNA is always synthesised in a 5’→3’ 

direction by the assembly of complementary ribonucleotides triphosphates upon 

one of the DNA strands, termed template strand, within the polymerase active 

site (Fig 1.1a).  The remaining displaced DNA strand is referred to as the 

coding (or non-template) strand because the deoxyribonucleotides within it are 

analogous to the newly created RNA with only thymine within DNA substituted 

for uracil.  The genomic region where a transcription event occurs is termed a 

transcription unit (TU), starting at the site of RNA polymerase initiation until the 

position of termination.  Transcription is the core mechanism underpinning gene 

expression, where genes are described as a functional and heritable unit within 

DNA required to produce an RNA and protein.  In bacteria, some genes are 

found clustered within one TU, called an operon, and this leads to the  
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1.1 | Transcription by DNA-dependent RNA polymerases. 

 

  

Figure 1.1 | Transcription by DNA-dependent RNA polymerases.  a)  
Schematic of transcription by DNA-dependent RNA polymerase (shown in 
purple).  RNA transcription occurs in a 5’→3’ direction.   b)  A comparison of 
transcription unit (TU) organisation between bacteria and humans for protein-
coding transcripts.  In bacteria, multiple genes can be expressed using the 
same polycistronic mRNA.  Whereas, in humans each protein-coding TU 
expresses a monocistronic mRNA (containing one protein-coding gene), 
however, this can generate multiple transcript/protein isoforms by processes 
which include alternative splicing leading to differential exon inclusion and 
alternative PAS selection leading to different 3’ untranslated regions (UTR). 
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production of polycistronic RNA that encodes multiple polypeptides (Fig 1.1b).  

This differs in eukaryotes were protein-coding transcripts are monocistronic, 

which means each transcript only encodes one polypeptide.  However, this 

does not mean all the RNAs produced within higher eukaryotes at any one time 

(transcriptome) can be ascribed a function, even though, it certainly remains a 

cell’s aim to transcribe functional RNAs whether they be protein-coding for the 

production of polypeptides or non-coding for other uses such as in splicing and 

translation (Graur et al., 2013; Palazzo and Koonin, 2020).  Additionally, 

transcription can occur from RNA templates during host infection with certain 

types of RNA viruses.  Consequently, these enzymes are classed as RNA-

dependent RNA polymerases.  Some RNA viruses also possess the ability to 

synthesis DNA from RNA during viral replication, but this is a different process 

known as reverse transcription.  The replication of RNA viruses is not discussed 

further. 

The transcription cycle has three phases: initiation, elongation, and 

termination (Shandilya and Roberts, 2012).  Transcription initiation is the 

assembly of RNA polymerase and cofactors at DNA sequences referred to as 

promoter regions.  First transcription factors bind at promoters which in turn 

recruit cofactors that trigger chromatin opening and facilitate RNA polymerase 

complex assembly.  This allows transcription bubble formation where the DNA 

template strand is unhybridized and free to bind complementary ribonucleotides 

for assembly of the growing RNA within the polymerase active site.  After 

initiation, the RNA polymerase is released into processive elongation where 

ribonucleotide triphosphates complementary to the template strand are readily 

incorporated into the growing RNA strand in a 5’→3’ direction.  This is followed 

by transcriptional termination, which is the cessation of incorporating 

ribonucleotides and dissolution of the ternary complex of bound RNA, DNA, and 

protein.  Although these three phases of transcription occur in all domains of 

life, bacteria (and prokaryotes enlarge) generally have fewer protein complex 

components and lack some regulatory complexity compared to archaea and 

eukaryotes i.e. lacking RNA splicing and introns, having shorter length genes 

and the core RNA polymerase enzyme consisting of 5 protein subunits in 

Escherichia coli (E. coli) compared with 12 or more for human isoforms (Fig 1.2; 

Werner, 2007).  Despite the bacterial and eukaryote differences, common  



 

  5 
 

 

1.2 | Comparison of RNA polymerase domain architecture across the three domains of life.  

 

  

Figure 1.2 | Comparison of RNA polymerase domain architecture 
across the three domains of life.  The subunit comparison of the 
architectures of the RNA polymerases present in E. coli, Archaea and 
humans.  The polymerases are shown in order of increasing subunit 
complexity (left to right) and coloured to show related subunits.  The 
disordered c-terminal domain (CTD) of the largest Pol II subunit, RPB1, is 
shown as a tail.  [Figure adapted from Werner (2007)]. 
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parallels can be drawn between the mechanisms of initiation, elongation, and 

termination (Porrua et al., 2016). 

1.1.1 Bacterial Transcription Initiation 

In bacteria, tight control of gene expression is required to respond to 

external stimuli and environmental changes.  One mechanism for responding to 

such changes is by modulating transcription initiation of collected groups of 

related genes with similar promoters.  The 5-subunit core (α, α, β, β’, ω) of 

bacterial RNA polymerase (RNAP – not to be confused with the eukaryotic Pol 

II abbreviation) requires binding of a sigma (σ) factor, forming a holoenzyme, to 

be recruited to DNA promoters.  Therefore σ-factors act as transcription 

initiation factors.  Different σ-factors recognise different promoter sequence 

motifs.  A major σ-factor responsible for transcription of many E. coli 

housekeeping genes and genes involved in exponential growth is σ70 (also 

known as RpoD), which binds the TTGACA and TATAAT consensus sequences 

-35 bp and -10 bp upstream of the transcription start site (TSS) respectively 

(Campbell et al., 2002; Murakami and Durst, 2003).  Other contacts are made 

with DNA by σ70 at the extended -10 element and discriminator region and by 

RNAP α-subunits C-terminal domain at the UP element (Fig 1.3a; Murakami et 

al., 2002; Sanderson et al., 2003).   

Whilst changes in specific σ-factor availability directly regulates initiation 

by controlling RNAP holoenzyme formation for target promoters, other methods 

for regulation of transcription initiation include activator or repressor proteins 

binding operators.  Operator sequences are regions of DNA, usually in proximity 

to promoters, recognised and bound by transcription regulators.  One example 

is IclR which represses expression of the aceBAK operon, which encodes 

genes used in acetate metabolism, and its own gene iclR (Gui et al., 1996).  On 

its own gene, IclR simply uses steric hindrance to compete with RNAP for 

binding at the promoter region because the operator sequence overlaps the 

promoter at -29 and +9 bp relative to the TSS (Fig 1.3b).  This leads to 

autogenous regulation of IclR repressor expression.  However, transcriptional 

repression of the aceBAK operon not only use steric hindrance but has a dual 

mechanism involving two operator binding sites located between -125 to -99 

and -52 to -19 bp relative to the TSS (Yamamoto and Ishihama, 2003).  The 

promoter-proximal IclR binding site, at -52 to -19 bp, overlaps the promoter and  
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1.3 | Overview of bacterial RNA polymerase (RNAP) transcriptional initiation. 

 

  

Figure 1.3 | Overview of bacterial RNA polymerase (RNAP) 
transcriptional initiation.  a)  Schematic of a bacterial σ70 promoter 
highlighting consensus sequences and the domains of σ70-RNAP important 
for their recognition.  The domains of σ70 are labelled (σ1-σ4). [N=A/T/C/G; 
W=A/T]  b)  Repression of transcription initiation often occurs by steric 
hinderance with a repressor (shown in pink) binding at or near promoter 
sequences and occluding RNAP binding.  c)  Regulation of transcriptional 
initiation can also be mediated by DNA looping.  A schematic of DNA looping 
mediated activation is shown for the glnA gene with a pair of phosphorylated 
NtrC protein dimers binding to an upstream enhancer sequence (between -
140 to -108).  This leads to gene looping with σ54-RNAP stimulating promoter 
DNA opening and initiation.  Yellow dots represent phosphorylation on NtrC. 
[Figure parts a,b are adapted from Browning and Busby (2016)] 
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thus competes with RNAP for promoter binding in a classical steric hindrance 

method.  Additionally, IclR binding at the distal site (-125 to -99 bp) interacts 

with RNAP and shifts the α-subunit binding site upstream of the UP element 

further repressing transcription. 

Other mechanisms for regulation of bacterial transcription initiation 

include DNA looping of sequences upstream of the promoter.  One of the best-

studied examples of gene activation by DNA looping of an upstream enhancer 

sequence in E. coli is at σ54 promoters (Danson et al., 2019).  Genes under the 

expression of σ54-promoters are associated with nitrogen metabolism and 

RNAP-σ54 binding occurs at consensus sequences CTGGNA and TTGCA that 

are -24 bp and -12 bp upstream of the TSS respectively (Fig 1.3c) (Burrows et 

al., 2003; Doucleff et al., 2007; Sasse-Dwight and Gralla, 1988).  Unlike for 

other σ-factors, RNAP-σ54 binding to promoters is incapable of initiating 

transcription alone.  Transcription initiation requires activation by DNA looping 

with an enhancer-binding activator protein, which is bound approximately -100 

to -150 bp upstream of the TSS, in an ATPase-dependent manner (Popham et 

al., 1989; Buck et al., 1986; Bush and Dixon, 2012).  Structures of the RNAP-

σ54, DNA and an ATP analogue reveal that σ54 occupies the β and β’ DNA-

binding cleft of RNAP and upon activation on interaction with an upstream 

enhancer-binding protein leads to a conformational change that opens RNAP 

DNA cleft for DNA binding, promotes DNA strand separation and formation of a 

transcription bubble (Bose et al., 2008; Yang et al., 2015; Glyde et al., 2017).  In 

addition to activation, DNA looping can also cause transcriptional repression 

and one such example of this is at the gal operon.  The gal operon contains 

genes involved in galactose metabolism and under higher concentrations of D-

galactose the sugar binds allosterically to GalR repressor and decreases GalR 

affinity for operator sites.  There are two operator binding sites for the GalR 

repressor protein, which are situated upstream and downstream of the 

promoter, and once each operator is bound by a GalR dimer both tetramerise to 

form a DNA loop that prevents initiation (Semsey et al., 2004; Swint-Kruse and 

Matthews, 2009).  In all, bacteria use a variety of mechanism to regulate 

transcription initiation and whilst eukaryotes have more components and 

complexity many similarities can be draw through its mechanisms.  
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1.1.2 Bacterial Transitions Into and Out of Processive Transcription Elongation 

The regulation of transcription initiation (described above) plays an 

important role in allowing a bacterium to modulate RNAP recruitment to different 

promoters.  As each promoter can only assemble the transcription bubble of a 

single polymerase at any given moment the question arises as to whether it is 

the recruitment of the RNAP holoenzyme to promoters or the transition of RNAP 

from initiation into productive elongation which is the rate-limiting step.  In 

support of the latter, analysis by single-molecule Förster resonance energy 

transfer (smFRET) reveals RNAP+σ70 stalls after synthesis of a 6 nt RNA for 

approximately 20s before productive transcription elongation ensues, abortive 

termination and RNA release, or a long-lived RNA bound RNAP complex 

remains (Duchi et al., 2016; Dulin et al., 2018).  Structural studies of the 

initiating RNAP+σ70 suggest the reason for such a stall is due to σ70 occupying 

the RNA exit channel such that only 6 nt can be synthesised until σ70 undergoes 

a conformational change or dissociates to vacate the exit channel (Zhang et al., 

2012; Zuo and Steitz, 2015).   

Additionally, RNAP elongation speed and pausing can be modulated by 

one of the only evolutionary conserved general transcription factors present in 

all domains of life, NusG in bacteria or Spt5 in archaea and eukaryotes (Tomar 

and Artsimovitch, 2013).  NusG consists of two domains, an NGN domain that 

binds the β’ clamp helices near the central cleft of RNAP and the KOW domain 

that interacts with other transcription factors.  Interestingly, NusG plays 

converse roles in different bacterial species being responsible for promoting 

transcription elongation and suppressing pausing within E. coli, whereas NusG 

can stimulate sequence-specific pausing of RNAP in Bacillus subtilis 

(Sevostyanova et al., 2011; Turtola and Belogurov, 2016; Yakhnin et al., 2019).   

1.1.3 Bacterial Transcription Termination 

In bacteria several termination mechanisms exist to cease RNAP 

transcription including Rho-dependent, intrinsic, Mfd-dependent and RNaseJ1 

(Bacillus subtilis) termination.  The Rho protein is an ATP-dependent hexameric 

helicase responsible for transcriptional termination of ~20 % mRNA transcription 

events (Peters et al., 2009).  Rho-dependent termination occurs after RNAP 

transcription past a pyrimidine-rich Rho utilisation (rut) RNA sequence is 

recognised by a Rho hexamer (Bogden et al., 1999).  Rho surveys for rut 
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sequences in an open-ring conformation and on binding changes to a closed-

ring conformation in an ATP-dependent process trapping the RNA (Thomsen 

and Berger, 2009; Thomsen et al., 2016).  The Rho helicase then translocates 

along the RNA in a 5’→3’ direction, which utilizes ATP in the process, and upon 

capture of RNAP transcription termination ensues (Brennan et al., 1987; 

Schwartz et al., 2007).  Interestingly, NusG can promote Rho-dependent 

termination by stimulating ring closure on weaker rut sequences and binding of 

antitermination factors to NusG can inhibit Rho interactions with NusG and 

thereby regulate Rho-dependent termination (Lawson et al., 2018).  Upon 

capture of RNAP by Rho the disassembly mechanism is thought to involve Rho 

invasion into the main channel leading to RNA:DNA hybrid melting within the 

active centre that is followed by complex dissociation (Epshtein et al., 2010).  

In a similar ‘chasing’ mechanism to Rho, the Mfd DNA translocase is 

responsible for displacement of stalled RNAP at DNA lesions targeted by 

transcription couple repair (TCR) (Adebali et al., 2017; Selby and Sancar, 

1993).  Mfd termination plays an important role in minimising collisions between 

stalled RNAP and replisomes, which can be a major cause of genome instability 

(Dutta et al., 2011; Pomerantz and O'Donnell, 2010).  The DNA translocase 

activity is ATP-dependent, traversing DNA slowly (7 bp/s) over short ~200 bp 

distances, and upon Mfd capture of RNAP can either rescue transcription or 

induces termination depending on the severity of pause (Le et al., 2018).   

Another termination mechanism initially observed in Bascillus subtilis 

involves RNaseJ1 cleaving nascent RNA, degrading RNA with 5’→3’ 

exonuclease activity and promoting termination of stalled RNAP complexes 

(Šiková et al., 2020).  This torpedo mechanism displays strong parallels to 

termination of protein-coding genes in eukaryotes where RNA is cleaved before 

being degraded by the torpedo exonucleases Rat1/XRN2 in yeast and humans 

respectively (see section 1.1.7).  Instead, RNaseJ1 is a member of the metallo-

β-lactamase family and possesses endoribonuclease activity in vitro in addition 

to exonuclease activity (Even et al., 2005).  Thus, RNase J1 possesses a dual 

endo-/exo-ribonuclease role and is closely related to the human CPSF73 

endoribonuclease responsible for generating the exonuclease entry site for 

torpedo termination at the 3’-ends of transcripts.  Recently, related metallo-β-

lactamases have been identified in Archaea that promote transcriptional 
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termination and they also appear to possess dual endo-/exo-ribonuclease 

activities (Sanders et al., 2020; Yue et al., 2019).  Thus, it appears that torpedo 

termination is universally conserved throughout all domains of life.  

Mechanistically (at least) RNaseJ1 and Rho-dependent termination share 

similarities with both using RNA as a guide to catch RNAP and instigate 

termination. 

In a very different mechanism, RNAP can undergo intrinsic (also referred 

to as rho-independent) termination upon transcription past a termination signal.  

An intrinsic termination signal consisting of a GC-rich inverted repeat sequence 

followed by at least four thymidine residues (Brendel et al., 1986).  Once 

transcribed this leads to RNAP pausing over a stretch of rU:dA hybrids and 

RNA hairpin formation.  The rU:dA hybrids have an extremely low 

thermodynamic stability compared with other hybrids and a stretch of four or 

more induces RNAP pausing (Martin and Tinoco, 1980; Gusarov and Nudler, 

1999; Nudler and Gottesman, 2002).  This pause allows hairpin formation of 

upstream inverted repeat sequences, which invades the RNA exit channel, 

inducing RNA:DNA hybrid melting and dissociation of the complex through 

allostery (Epshtein et al., 2007).  Intrinsic termination can occur prematurely to 

regulate the expression of a transcript by a process called transcription 

attenuation.  Within E. coli, the trp operon is one well studied example of this 

where concentrations of tryptophan (or tRNAtrp specifically) change the co-

transcriptional translation efficiency of the early trp leader mRNA that in turn 

influences mRNA stem loop formation and RNAP termination (Yanofsky et al., 

1981).  When the concentrations of tRNAtrp are sufficiently high, translation 

occurs unimpeded into a region that prevents an early stem loop from forming 

and means a downstream stem loop forms near a U-rich pause attenuator site 

(at ~140 nt) inducing RNAP termination (Fig 1.4).  During low concentrations of 

tRNAtrp, translation stalls and allows the early stem loop to form preventing stem 

loop formation within the attenuator sequence meaning RNAP can continue to 

transcribe the long trp operon.  The process of intrinsic termination is conserved 

within eukaryotes, with RNA polymerase III (Pol III) terminating at stretches of 

four or more thymidine residues. 
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1.4 | Intrinsic termination and transcriptional control at the trp operon by attenuation. 

  

Figure 1.4 | Intrinsic termination and transcriptional control at the trp 
operon by attenuation.  Top)  Schematic of the first 140 nt of the trp operon 
or the trp leader RNA.  Bottom-Left)  Under higher cellular levels of tRNAtrp, 
co-transcriptional translation occurs unimpeded through region 1 and into 
region 2.  This causes stem-loop formation between regions 3 and 4 (orange 
and green) upstream of a run of five uridines.  This forms an attenuation 
signal that terminates RNAP transcription prematurely.  Bottom-Right)  
Under insufficient cellular levels of tRNAtrp, co-transcriptional translation stalls 
during the Trp-rich region1.  This allows stem-loop formation between 
regions 2 and 3 (red and orange), thus preventing the latter stem loop and 
transcription continues into the trp operon. Ribosomes are shown in white 
with a peptide (light-blue) extruding. 
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1.1.4 Eukaryotic Transcription Initiation 

In humans there are three RNA polymerase enzymes within the nucleus, 

Pol I, Pol II and Pol III, and each have promoters containing different conserved 

DNA sequence elements.  As with bacteria, these polymerases cannot 

recognise or initiate transcription at promoter sequences themselves and 

require transcription initiation factors to recognise promoter sequences, recruit 

the polymerase and promote DNA unwinding and template strand loading into 

the active site.  This complex of RNA polymerase and transcription factors 

bound at a promoter and ready to initiate is called the pre-initiation complex 

(PIC).  

PIC formation for the three polymerases differs slightly but all involve 

binding of transcription factors upstream of the TSS (Cramer, 2019).  For Pol II, 

the enzyme of focus in this thesis, this involves TFIID, whose largest subunit is 

TATA box-binding protein (TBP), binding -25 bp upstream of the TSS at the 

TATA element with the consensus sequence TATAa/tAa/t (Nikolov and Burley, 

1997).  The binding of TBP with the minor groove in DNA causes bending of the 

helix (Fig 1.5).  Then TFIIB binds TFIID through interactions with its c-terminus 

and recruits a preformed Pol II-TFIIF complex to the promoter (Sainsbury et al., 

2013).  Next TFIIE and TFIIH bind the complex forming the PIC.  One TFIIH 

subunit is XPB, a DNA helicase that binds DNA downstream of the promoter 

and hydrolyses ATP to unwind DNA and thread it into the Pol II active site 

catalysing promoter opening (Kim et al., 2000; Grünberg et al., 2012).  XPB 

helicase activity can be inhibited by the compound triptolide, which is 

irreversible as it binds covalently (Titov et al., 2011).  Inhibition of initiation by 

triptolide reveals different promoter susceptibility with most showing clearance 

of Pol II at promoters and others maintaining a promoter Pol II peak by 

chromatin immunoprecipitation (ChIP)-seq (Chen et al., 2015b).  However, 

unlike triptolide inhibition, depletion of XPB reveals it can be dispensable for 

initiation and not always required for promoter melting (Alekseev et al., 2017; 

Dienemann et al., 2019).  The transition from PIC into promoter escape is also 

regulated by the Mediator complex.  The Mediator complex comprises of 

approximately 35 subunits that form modules including ‘head’, ‘middle’ and ‘tail’ 

(Plaschka et al., 2015; Nozawa et al., 2017a; Tsai et al., 2017).  The conserved 

‘head’ and ‘middle’ modules make contacts with Pol II, TFIIB and TFIIH of the 

PIC.  Additionally, Mediator can stimulate the kinase activity of a different TFIIH   



Chapter 1 | Introduction 

14 

 

 

1.5 | Assembly of the Pol II Pre-initiation Complex (PIC) 

 

  

Figure 1.5 | Assembly of the Pol II Pre-initiation Complex (PIC).    
Schematic of stepwise Pol II PIC assembly showing general class II 
transcription factors.  Initially promoters are recognised by TFIID (contains 
TATA box-binding protein) inducing a bend in the DNA on minor grove 
binding (1).  Then TFIIB binds making contains with the DNA and TFIID (2).  
Next the preformed complex of TFIIF and Pol II core complex binds to the 
promoter (3).  Following this TFIIE and then TFIIH also bind to the complex 
forming the PIC (4).  Then (XPB subunit) helicase and (CDK7 subunit) kinase 
activities of TFIIH use ATP hydrolysis to melt the DNA and thread the 
template strand into Pol II active site and phosphorylate Ser5 and Ser7 of the 
Pol II CTD (purple tail) allowing promoter escape and transcription factor 
disassembly (5). 



 

  15 
 

subunit, CDK7 (or Kin28 in yeast), which phosphorylates the Pol II C-terminal 

domain (CTD) of the largest subunit Rpb1 (Kim et al., 1994; Feaver et al., 

1994).  CDK7 is a dual-specificity CTD kinase that phosphorylates Serine 5 

(Ser5), which in turn leads to Mediator dissociation from the PIC promoting 

promoter escape, and Serine 7 (Ser7), which is important for snRNA processing 

and Integrator complex recruitment (Akhtar et al., 2009; Egloff et al., 2007; 

Glover-Cutter et al., 2009; Jeronimo and Robert, 2014; Kim et al., 2009; Wong 

et al., 2014). 

The Pol II CTD, which is part of the largest subunit Rpb1, is a tail-like low 

complexity extension consisting of repeats of the seven consensus amino acids 

residues Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 (YSPTSPS) (Eick and Geyer, 

2013).  The CTD and consensus heptad is conserved in yeast and humans but 

the former consists of only 26 repeats compared with 52 in humans.  Another 

difference is that the yeast repeats show very little variation and mostly follow 

the consensus sequence, whereas humans have several deviations from the 

consensus heptad among the repeats.  The CTD heptad repeats are unique to 

Pol II and not present within Pol I and Pol III homologues.  The CTD residues 

Tyr/Ser/Thr are substrates for kinases and phosphatases that lead to distinct 

patterns or constellations of phosphorylation which change throughout the 

transcription cycle and how these patterns dictate the association of factors is 

termed ‘the CTD code’ (Komarnitsky et al., 2000; Buratowski et al., 2003; 

Corden et al., 2016). As mentioned above, Ser5-P and Ser7-P are found 

enriched at promoters and Ser7-P within the gene bodies of snRNAs also.  

Another residue, Ser2 is phosphorylated by CDK9, a subunit of the positive 

transcription elongation factor b (P-TEFb) complex and CDK12 (which also 

targets Ser5) (Ahn et al., 2004; Boehm et al., 2003; Bowman et al., 2013; Ni et 

al., 2004; Shim et al., 2002; Tellier et al., 2020).  The distribution of Ser2-P 

increases after the promoter and increases as a function of time rather than Pol 

II elongation distance (Komarnitsky et al., 2000; Joo et al., 2019).  CDK9 has 

also be shown to phosphorylate Ser5 in vitro (Bösken et al., 2014, 

Czudnochowski et al., 2012).  Furthermore, Tyr1 is found phosphorylated at 

promoters (preferentially in the antisense/ PROMPT direction) and enhancers 

within metazoans (Descostes et al., 2014; Hsin et al., 2014).  However, this 

differs to yeast where Tyr1-P increases after the TSS and found across gene 

bodies (Mayer et al., 2012).  The phosphorylation of Tyr1 is catalysed by c-Abl1 
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and c-Abl2 kinases and in vitro yeast CTD treatment by c-Abl1/2 enriches Ser2 

phosphorylation by P-TEFb (Baskaran et al., 1997; Mayfield et al., 2019).  

Finally, Thr4-P is found localised at the 3’-ends of protein-coding and histone 

transcripts and two kinases have been implicated in its phosphorylation, Plk3 

and CDK9 (Hintermair et al., 2012; Hsin et al., 2011).  Mass spectrometry 

analysis of neighbouring residues within individual heptads revealed most 

repeats are only phosphorylated at a single position (Ser2 and Ser5 being the 

most common), but double-phosphorylated repeats were detected albeit at ~30 

fold lower abundances compared to mono-phosphorylated repeats (Schüller et 

al., 2016).  Additionally, given the multiple CTD residues implicated with CDK9 

kinase activity (Ser2, Ser5 and Thr4) mass spec was performed on cells treated 

with CDK9 inhibitor flavopiridol.  Interestingly, this led to a reduction of Ser2-P 

levels in heptads throughout the CTD with little change in Ser5-P and Thr4-P 

abundances.  This does not necessarily rule-out CDK9 involvement at these 

residues in some capacity, just that their phosphorylated forms are not highly 

dependent on CDK9 activity alone.  Whilst much of the focus has been on CTD 

phosphorylation (partly due to the availability of specific antibodies) other CTD 

modifications including Ser/Thr glycosylation, Lys acetylation/methylation (of 

non-consensus repeat residues) and Pro isomerisation also occur but their 

implications for transcription (and CTD phosphorylation of neighbouring 

residues) are less well established (Ali et al., 2019; Dias et al., 2015; Eick and 

Geyer, 2013; Kelly et al., 1993; Voss et al., 2015).  

1.1.5 Pol II Transcription Elongation 

After initial transcription, general transcription factor disassociation and 

promoter escape, Pol II often pauses ~50 bp downstream of the TSS (Nechaev 

et al., 2010; Nojima et al., 2015; Core and Adelman, 2019).  Before this Pol II 

promoter-proximal pausing, elongation factors associate with Pol II as the 

nascent RNA emerges from the polymerase.  One of these is dichloro-1-β-D-

ribofuranosylbenzimidazole (DRB)-sensitive inducing factor (DSIF) formed of a 

heterodimer of Spt5 and Spt4 which bind Pol II near the RNA exit channel 

(Bernecky et al., 2017; Vos et al., 2018a).  Upon Spt5 binding, it stimulates co-

transcriptional capping of the emerging nascent RNA and its deletion in yeast 

severally reduces global transcription (Wen and Shatkin, 1999; Pei and 

Shuman, 2002; Shetty et al., 2017).  Recruitment of Spt5 to Pol II may be 
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regulated by MYC which can promote Spt5 binding in a CDK7-dependent 

manner (Baluapuri et al., 2019).  Another factor, negative elongation factor 

(NELF) binds to the Pol II-Spt5 complex and both DSIF and NELF promote 

promoter-proximal pausing and restraining Pol II elongation (Lee et al., 2008; 

Vos et al., 2018a; Wu et al., 2003).  These promoter-proximally paused 

complexes are released by recruitment of P-TEFb whose subunit CDK9 

phosphorylates the Pol II CTD, Spt5 and NELF (Fujinaga et al., 2004; Marshall 

et al., 1996; Yamada et al., 2006).  This induces NELF dissociation and binding 

of Spt6 and the PAF complex forming the activated elongation complex (Vos et 

al., 2018b).  The phosphorylation of Spt5 in humans and yeast is regulated by 

competing kinase, CDK9 and phosphatase, PP1 activities that form a regulatory 

circuit that controls the elongation rate of transcribing Pol II (Booth et al., 2018; 

Parua et al., 2018; Parua et al., 2020). 

1.1.6 Pol II Termination Occurs at the Beginning, Middle and End of Genes 

A growing view of Pol II transcriptional termination is that it is more than 

simply a means to an end of the transcription cycle because the process it is not 

solely restricted to the end of TUs.  Indeed, premature termination can occur at 

almost any position throughout a TU and may have important roles in regulating 

transcription of full-length transcripts (Fig 1.6) (Kamieniarz-Gudla and 

Proudfoot, 2019; Mendoza-Figueroa et al., 2020).  The most studied of the Pol 

II termination mechanisms is at the 3’-ends of PAS-dependent transcripts.  

However, other mechanism by the Integrator complex (at the 3’-end of snRNAs 

and prematurely at a subset of protein-coding transcripts) and processing of 

early PAS (which is called premature cleavage and polyadenylation or PCPA) 

are also discussed.  It is possible premature termination may quell a significant 

proportion of Pol II transcription on some transcripts.  
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1.6 | Pol II termination can occur throughout the transcription cycle. 

 

  

Figure 1.6 | Pol II termination can occur throughout the transcription 
cycle.  Overview of different Pol II transcript classes with positions of 
transcription termination marked with stop signs.  Polymerase occupancies 
are shown as coloured areas for different transcription classes above and 
below the lines for sense and antisense transcription, respectively.  PAS, 
polyadenylation signal; PCPA, premature cleavage and polyadenylation; 
PROMPTs, promoter upstream transcripts; snRNAs, small nuclear RNAs. 
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1.1.7 Pol II PAS-dependent Termination 

Most protein-coding genes contain a PAS at the 3’-end that serves to 

define the end of the mature transcript and instigate Pol II termination.  A PAS is 

an RNA sequence that includes the canonical hexamer AAUAAA or a close 

variant flanked by an upstream U-rich and downstream U/GU-rich sequences 

(Proudfoot, 2011).  These sequences are recognised by the cleavage and 

polyadenylation (CPA) complex, which is a multi-subunit complex formed of the 

following subcomplexes of cleavage and polyadenylation specificity factor 

(CPSF), cleavage stimulatory factor (CstF) and cleavage factors I and IIm 

(Kumar et al., 2019).  Upon assembly of the CPA complex, pre-mRNA cleavage 

occurs between the AAUAAA hexamer and downstream elements at a cleavage 

site that lacks a known sequence motif but most commonly occurs between the 

dinucleotides UA or CA in humans (Li and Du, 2013).  PAS-recognition by the 

CPA complex is mediated through components of the CPSF subcomplex, 

CPSF30 and WDR33, which bind the AAUAAA RNA hexamer (Clerici et al., 

2017; Sun et al., 2018; Schönemann et al., 2014; Chan et al., 2014).  Whereas 

RNA cleavage is fulfilled by the CPSF73 endoribonuclease (Mandel et al., 

2006).  Mutations of a PAS abolish Pol II termination and cause failure in 3’-end 

cleavage and polyadenylation, thus highlighting both processes are coupled to 

correct PAS-processing (Logan et al., 1987).  This can be the molecular basis 

for diseases such as α-thalassaemia, where PAS mutation in one or more of the 

α-globin gene copies reduces the amount of α-globin produced (Whitelaw and 

Proudfoot, 1986; Proudfoot, 2011).  This finding lead to the proposal of two 

different models explaining PAS-dependent termination, allosteric/anti-

terminator and torpedo models (Logan et al., 1987; Connelly and Manley, 1988; 

Proudfoot, 1989). 

The allosteric/anti-terminator model posits that transcription across a 

PAS causes a conformational change within and/or disassembly of factors from 

Pol II that promotes its termination (Fig 1.7).  One key difference compared to 

torpedo termination is that there is no obligation for RNA cleavage to occur co-

transcriptionally before termination, whereas it is a required prerequisite for the 

torpedo model.  Antitermination factors are described as being able to suppress 

Pol II termination until transcription of a particular PAS sequence.  Recently two 

antitermination factors, SCAF4 and SCAF8, were described that bind Pol II 

mutually exclusively.  Gene knock-out (KO) of both factors leads to premature 
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CPA (PCPA) at previously silenced PAS sequences within the gene body (GB) 

(Gregersen et al., 2019).  Premature PAS usage and PCPA can be exacerbated 

under a number of conditions including depletion of U1 small nuclear RNA (U1 

snRNA) by morpholino, cyclin-dependent kinase (CDK)12 or nuclear poly(A) 

binding protein (PABPN1) (Kaida et al., 2019; Dubbury et al., 2018; Jenal et al., 

2012).  In addition, the levels of the CPA factor PCF11 also influences early 

PAS usage (Kamieniarz-Gdula et al., 2019).  The allosteric model also suggests 

conformational changes within Pol II can aid termination.  Pol II transcription of 

PAS containing templates in vitro, which used purified extracts, was able to 

undergo some termination in the absence of transcript cleavage (Zhang et a., 

2015).  Moreover, observations of transcription complexes by electron 

microscopy, known as Miller spreads, rarely capture co-transcriptional cleavage 

at PAS (Osheim et al., 2002).  However, as all observations are carried out 

under unperturbed conditions rapid 5’→3’ exonuclease degradation of the 

downstream degradation product could explain this.  Likewise, allosteric 

termination before the PAS seems to be a rare event because PAS mutation 

causes accumulation of transcripts at the locus (Custodio et al., 1999).  Notably, 

eukaryotic Pol III, Nrd1-Nab3-Sen1 (NRD) complex with Pol II in yeast, and 

intrinsic termination of bacterial RNAP (see above) establish a conserved 

president for RNA polymerase termination via cleavage independent 

mechanisms in all domains of life (Zenkin, 2014; Nielsen et al., 2013; Porrua 

and Libri, 2015).  
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1.7 | Allosteric/Anti-Terminator Model for Transcriptional Termination. 

 

 

 

 

  

Figure 1.7 | Allosteric/Anti-Terminator Model for Transcriptional 
Termination.  Pol II core enzyme is shown (in purple) with the disordered 
RPB1 CTD drawn as a tail.  DNA and RNA are drawn in black and red 
respectively.  The recognition of the PAS and communication to the 
transcribing polymerase is shown by a down headed arrow (point 1).  The 
recruitment or dissociation of factors after the PAS are shown by brown ovals 
with the conformational change within the Pol II active centre denoted as a 
yellow asterisk (point 2).  This then leads to dissolution of the ternary 
complex (of DNA, RNA and protein) and ultimately transcriptional termination 
(point 3). 
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Alternatively, the torpedo model proposes a 5’→3’ exonuclease 

degrades the downstream RNA product of co-transcriptional cleavage and 

facilitates termination on reaching Pol II (Fig 1.8).  The generation of an XRN2 

substrate (5’-phosphorylated RNA end) can occur via cleavage of a PAS, by 

another co-transcriptional cleavage (CoTC) processes, or through 5’-end 

decapping (Brannan et al., 2012; Davidson et al., 2012; Dhir et al., 2015; West 

et al., 2008).  Observations that CPA factors are needed for Pol II termination at 

3’-ends of genes supports the torpedo model (Birse et al., 1998; Nojima et al., 

2015).  The nuclear 5’→3’ exonuclease was identified as XRN2 in humans and 

Rat1 in yeast with read-through transcription occurring on their depletion (Kim et 

al., 2004; West et al., 2004).  Subsequent experiments further widened the 

requirement of Rat1 in termination of most yeast protein-coding genes, whereas 

XRN2 RNA interference (RNAi) had little effects on protein-coding genes 

beyond those from plasmid reporters (Baejen et al., 2017; Brannan et al., 2012; 

Nojima et al., 2015).  Likewise, little effect was observed by Pol II ChIP upon 

overexpression of a catalytically inactive XRN2 mutant (XRN2-MT) alone (Fong 

et al., 2015).  This XRN2-MT contains a single amino acid substitution (D235A) 

within its active site at a position that when mutated in the homologous 

exonuclease Xrn1 abolishes nuclease activity while preserving RNA binding 

through a conserved PO4 binding pocket (Jinek et al., 2011).  Therefore, the 

prediction is overexpressing XRN2-MT would create a dominant-negative 

scenario where the mutant competes with endogenous XRN2 by sequestering 

5’ RNA substrates.  Interestingly, when cells were jointly treated with RNAi of 

endogenous XRN2 and XRN2-MT overexpression, Pol II ChIP reveals a 

widespread accumulation of polymerase after the PAS genes (Fong et al., 

2015).  The pursuit of Pol II by XRN2 predicts that increasing or decreasing the 

speed of either will affect the position of termination.  Indeed, changes in Pol II 

elongation speed impact termination with faster Pol II mutants evading 

termination for longer than slower versions.  In yeast, Rat1 mutation does not 

prevent degradation of the co-transcriptional RNA products of PAS cleavage 

even though Pol II termination is delayed because of the redundant activity from 

the related Xrn1 5’→3’ exonuclease (Luo et al., 2006).  One of the questions 

examined later within this thesis is whether redundant exonuclease activity 

within humans may explain the disparity between the results by Pol II ChIP 

(Fong et al., 2015) and Pol II-associated RNA (Nojima et al., 2015) as the latter  
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1.8 | Torpedo Model for Transcriptional Termination. 

 

  

Figure 1.8 | Torpedo Model for Transcriptional Termination.  The torpedo 
model posits that after recognition of a PAS, RNA cleavage occurs (point 1).  
The downstream product of RNA cleavage then provides a 5’-end entry site 
for a 5’→3’ exonuclease that degrades the nascent transcript as a “molecular 
torpedo” chasing towards Pol II (point 2).  Once the exonuclease catches Pol 
II, it induces complex dissolution and transcriptional termination (point 3). 
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method requires an RNA substrate to capture Pol II position. 

As PAS-dependent termination of Pol II transcription is important to 

ensure correct processing of a complete and cogent mRNA, timely Pol II 

dissolution to prevent transcriptional interference and prevent disorganisation of 

3D genome structure which can impact genome stability, termination might not 

solely depend on one mechanism (Proudfoot, 2016; Heinz et al., 2018; Nozawa 

et al., 2017b).  In budding yeast, a failsafe termination pathway occurs after 

PAS cleavage in the absence of Rat1 where Nrd1 of the NRD complex 

facilitates Pol II termination (Rondón et al., 2009).  A similar XRN2-independent 

termination mechanism may occur in humans and could explain why Pol II 

accumulation does not propagate further downstream upon dominant-negative 

XRN2-MT express and Pol II ChIP (investigated in chapter 4).  Such a 

mechanism may mirror the termination mechanism of promoter upstream 

transcripts (PROMPTs) that accumulate upon depletion of the 3’→5’ exosome 

complex suggesting a lack of XRN2 involvement (Preker et al., 2008). 

1.1.8 Pol II Termination on Other Transcript Classes 

Replication-dependent histone transcripts differ from the broader class of 

protein-coding transcripts as they do not employ a PAS.  However, histone 3’-

ends still undergo RNA cleavage by the same endoribonuclease, CPSF73, 

which is present in both the histone cleavage complex (HCC) and the CPA 

complex in addition to CPSF100 and Symplekin (Sun et al., 2020; Marzluff and 

Koreski, 2017).  The HCC is recruited to histone pre-mRNA by U7 snRNA and 

manipulation of the histone processing signal sequence causes a transcription 

termination defect in an analogous result as for PAS-containing transcripts 

(Chodchoy et al., 1991).  Under dominant-negative XRN2-MT conditions, Pol II 

termination is mildly affected at histone transcripts indicating a similar torpedo 

mechanism (Fong et al., 2015).  However, the dominant-negative approach of 

overexpressing XRN2-MT could also inhibit other 5’→3’ exonucleases from 

accessing the downstream 5’-end of histone cleavage.  The endonuclease, 

CPSF73, is proposed as both an endonuclease and exonuclease that has dual 

roles for histone pre-mRNA processing (Yang et al., 2009; Yang et al., 2020).  

CPSF73 is a member of the metallo-β-lactamase family of enzymes and a 

homologous protein in bacteria, RNaseJ, has dual endo- and exonuclease 

activities (Richards and Belasco, 2011).  Interestingly, degradation of the 
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downstream histone cleavage product in vitro can occur from both a 5’-hydroxyl 

and 5’-phosphate with activity unaffected by divalent cation chelators, which is 

in agreement with CPSF73 structures showing a high affinity for a coordinated 

Zn2+ metal ion (Yang et al., 2009; Kolev et al., 2008; Mandel et al., 2006).  

Whereas, the exonuclease XRN2 only degrades 5’-phosphate RNAs and 

contains Mg2+ or Mn2+ cations within its active centre (Stevens and Maupin, 

1987; Xiang et al., 2009).  Moreover, evolutionary president exists for a dual 

functioning enzyme with archaeal RNA polymerase terminated by FttA, a 

CPSF73 homologue, that possesses both endo- and exonuclease activities 

(Sanders et al., 2020).  Recently, another metallo-β-lactamase endonuclease in 

humans, MBLAC1, has been shown to process histone pre-mRNA in vitro and 

in vivo creating the possibility that different histone transcripts and isoforms may 

be processed by multiple pathways (Pettinati et al.,2018). 

Another transcript class is uridine-rich snRNAs whose 3’-ends are 

processed by the Integrator complex (containing core subunits IntS1-14) with 

the IntS9 and IntS11 subunits sharing sequence homology with CPSF100 and 

CPSF73 respectively and IntS11 possessing endonuclease activity (Baillat et 

al., 2005; Dominski et al., 2005).  snRNA transcripts contain a 3’ box element 

which is the site of Integrator processing and depletion of Integrator subunits 

causes Pol II termination defects (O’Reilly et al., 2014; Egloff et al., 2010).  

These Integrator-dependent Pol II termination functions are linked to IntS11 

catalytic activity (Tatomer et al., 2019; Elrod et al., 2019).  The XRN2 effects at 

snRNAs are extremely minimal which could mean RNA cleavage can promote 

transcription termination independent of a 5’→3’ activity (Fong et al., 2015).  

Another possibility is that snRNAs termination occurs allosterically in which 

case the RNA products of this would be predicted to generate an exposed 3’-

end that would be degraded by 3’→5’ exonuclease activity of the exosome.  In 

support of such possibility, a protein-RNA binding site study using cross-linking 

and immunoprecipitation (CLIP) with an expressed catalytic mutant subunit of 

the exosome, DIS3, found some snRNA read-through products are bound by 

the exosome (Szczepińska et al., 2015).  It remains unclear if intrinsic 

termination at snRNAs operates as an alternative or together alongside 

Integrator cleavage but observations on U2 snRNA reveal transcription carries 

on beyond the 3’ box element so the latter is a distinct possibility at least for 

some transcripts (Cuello et al., 1999).  Other factors connected with snRNA 



Chapter 1 | Introduction 

26 

 

termination include NELF and ARS2 (Yamamoto et al., 2014; Hallais et al., 

2013).  Additionally, the CPA components PCF11 and SSU72 are also 

implicated with PCF11 and are able to terminate Pol II in the absence 

exonuclease activity in fruit flies (O’Reilly et al., 2014; Zhang and Gilmour, 

2006). 

1.1.9 Pol II Premature Termination 

After loading of initiating Pol II at human promoters, complexes transition 

from the PIC into transcription but pause soon after (Core and Adelman, 2019).  

If signalled these stalled Pol II can undergo pause-release by dissociation of 

NELF, PAF1 binding and phosphorylation several components by CDK9 (a 

subunit of P-TEFb), whose targets include Pol II CTD, Spt6 and Spt5 (Vos et 

al., 2018b; Booth et al., 2018; Parua et al., 2020).  However, recent studies 

have highlighted an alternative fate at promoter-proximal locations via rapid Pol 

II turnover (Krebs et al., 2017; Steurer et al., 2018; Erickson et al., 2018; Nilson 

et al., 2017).  Whilst these termination mechanisms have not yet been fully 

established, the Integrator complex is thought to play a role in attenuating some 

of these transcripts because its depletion leads to increased transcription into 

the gene bodies of a large subset of protein-coding transcripts (Tatomer et al., 

2019; Elrod et al., 2019; Stadelmayer et al., 2014; Gardini et al., 2014).  The 

endonuclease activity of IntS11 is required for this activity with overexpression 

of a catalytic inactive point mutant (E203Q) unable to restore transcription 

attenuation at promoters (Tatomer et al., 2019; Elrod et al., 2019).  It remains 

unlikely but overexpression of a related metallo-β-lactamase point mutant, 

CPSF73 H73A, does not fully reconstitute complex formation to endogenous 

levels so it should be considered a possibility for IntS11 also (Kolev et al., 

2008).  The liberated 5’ RNA of IntS11 endonuclease cleavage may be an entry 

site for a 5’→3’ exonuclease but XRN2 involvement is yet to be demonstrated, 

akin to snRNAs (Davidson et al., 2019; Elrod et al., 2019).  A recent study has 

revealed Integrator recruits protein phosphatase 2A (PP2a) to promoter-

proximal Integrator target transcripts through interactions by the IntS8 subunit 

and that this association is required for transcriptional attenuation at these sites 

(Huang et al., 2020).  Interestingly, the PP2a phosphatase targets include Pol II 

CTD and Spt5 that are known substrates of the CDK9 kinase whose activity 

promotes promoter-release.  This suggests a kinase-phosphatase switch could 
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play an important role in regulating Pol II elongation speed and thus the fate of 

early paused transcripts through triggering termination or elongation release 

pathways.  Integrator is also involved in enhancer RNA, PROMPT and lncRNA 

transcription with Integrator depletion leading increased GB transcription (Elrod 

et al., 2019; Lai et al., 2015; Nojima et al., 2018a).  Recruitment of Integrator to 

these transcripts depends on Spt6 and depletion of Spt6, likewise, increases 

transcription of these transcripts (Nojima et al., 2018a).   

Why some Pol II short transcripts are targets for Integrator and others not 

can depend on promoter identity with Integrators role at locations close to 

promoters reinforced by observations that repositioning the Integrator 3’ box to 

downstream locations on snRNAs decreases cleavage efficiency (Hernandez 

and Weiner, 1986; Ramamurthy et al., 1996; Tatomer et al., 2019).  A possible 

reason that XRN2 has not yet be implicated in degrading Integrator RNA 3’ 

cleavage products is that it is excluded (or not recruited) to these promoter-

proximal locations.  In agreement with this, phosphorylation sites on XRN2 are 

known substrates for CDK9 and one, Thr439-P, is thought to promote XRN2 

activity (Sanso et al., 2016).  Likewise, in C. elegans Pol II promoters determine 

a transcripts susceptibility to XRN2 termination, which may indicate an 

evolutionary precedent for the differing XRN2 sensitivities to RNA endonuclease 

cleavage events by Integrator and CPA complexes in humans (Miki et al., 

2017).  After promoter-proximal pausing, Pol II must also overcome a strong 

barrier at the first (+1) nucleosome with its relative positioning effecting 

transcription elongation and pausing (Jimeno-González et al., 2015; Mayer et 

al., 2015; Weber et al., 2014).  The +1 nucleosome pause coincides with site of 

premature termination by PCPA at premature PAS and these products are 

substrates of the exosome (Chiu et al., 2018).  In the sense direction, U1 small 

nuclear ribonucleoprotein (snRNP) suppresses PCPA sites but has little effect 

on PASs within upstream PROMPTs (Almada et al., 2013; Ntini et al., 2013).  

This is likely because U1 snRNP, which binds 5’ splice sites, is known to 

suppress processing of “nearby” premature PAS signals in a mechanism called 

telescripting (Ashe et al., 2000; Kaida et al., 2010).   

Another factor implicated in premature termination at promoters and 

enhancers is WDR82, which associates in complexes with SET1A/B and 

PNUTs/PP1 recruiting them to initiating Pol II (Austenaa et al., 2015).  Depletion 
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of any three of these factors (WDR82, SET1A/B or PNUTs) leads to a 

transcriptional termination defect.  SET1A/B is a H3K4 trimethyltransferase and 

its recruitment to early Pol II suggest the involvement of histone methylation in 

promoting early termination.  In yeast, deletion of the homologue, SET1, 

worsens the termination defects of NRD complex substrates (Terzi et al., 2011).  

Additionally, a WDR82 and protein phosphatase 1 (PP1) containing complex is 

guided by the PP1 regulatory subunit PP1 nuclear targeting subunit (PNUTs) 

(Lee et al., 2010; Nuland et al., 2013).  Also, PP1 and PNUTs are found to 

copurify with the CPA complexes with other CPA complex components not 

restricted to 3’-ends but also found at promoters (Shi et al., 2009; Nojima et al., 

2015).  Likewise, homologues of PP1, Glc7 in budding yeast and Dis2 in fission 

yeast, have also been shown to be important for PROMPT transcription 

termination (Kecman et al., 2018; Nedea et al., 2008; Parua et al., 2018; 

Schreieck et al., 2014).  Substrates of PP1 phosphatase activity are known to 

include Spt5 whose dephosphorylation induces slowing of Pol II elongation 

(Cortazar et al., 2019; Kecman et al., 2018; Parua et al., 2018; Parua et al., 

2020). 

1.2 Investigating Termination of Transcription by Pol II Utilising Rapid 

Depletion Cell Lines 

As stated in section 1.1, transcriptional termination is a fundamental 

cellular process that has conserved components and mechanistic similarities 

throughout the three domains of life.  Where termination occurs within a TU and 

its efficiency has profound implications for gene expression, disease and 

responding to cellular stimuli.  For example, a failure in timely termination is a 

common cellular consequence of viral and osmotic stress (Erickson et al., 2018; 

Rutkowski et al., 2015; Vilborg et al., 2015).  Furthermore, variations of 

termination efficiency by changes to PAS sequences can be the molecular 

basis of diseases, such as in thalassaemia and hereditary thrombophilia.  

Therefore, transcriptional termination warrants study to develop our 

understanding of the fundamental process and to expose new perspectives that 

might have translational potential.  Here the focus is on PAS-dependent 

transcriptional termination of Pol II within humans which occurs at the 3’-ends of 

most protein-coding transcripts.  There have been two competing models 

proposed, the allosteric/anti-terminator model and the torpedo model (see 
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section 1.1.7).  Evidence in support of each has continued to grow over the last 

three decades and led to an ongoing debate (Libri, 2015). 

At the outset of this work, salient questions remained over the 

involvement of an exonuclease at the end of PAS-dependent transcripts which 

is a requirement of the torpedo model.  The nuclear exonuclease proposed, 

Rat1 in yeast and XRN2 in humans, were identified using single gene reporter 

assays (Kim et al., 2004; West et al., 2004).  The susceptibility of the 

downstream product of PAS cleavage to exonuclease degradation includes 

most protein-coding genes in yeast (Kim et al., 2004; Baejen et al., 2017).  

However, generalising the effects of XRN2 degradation of the downstream 

product of PAS cleavage has been less clear in humans.  The knock-down (KD) 

of XRN2 does not lead to an accumulation of read-through RNAs at the 3’-ends 

(Brannan et al., 2012; Nojima et al., 2015).  Similarly, the overexpression of 

catalytically inactive XRN2-MT alone has little effect at 3’-ends (Fong et al., 

2015).  Interestingly, joint overexpression of inactive XRN2-MT and KD of 

endogenous XRN2 does yield accumulation of Pol II at the 3’ -ends of protein-

coding transcripts (Fong et al., 2015).  The question then arrives is this disparity 

due to sufficiently remaining endogenous XRN2 present after RNAi treatment or 

XRN2-MT overexpression alone that masks the expected accumulation of RNA 

and Pol II as envisaged by the torpedo model.  This is the focus of chapter 3.   

Another possible explanation is that a second exonuclease may have 

some redundant activity for the downstream product of co-transcriptional PAS 

cleavage.  This is not unexpected because in yeast mutation of Rat1 and 

overexpression of NLS tagged XRN1 suppressed accumulation of downstream 

RNA but did not rescue Pol II termination (Luo et al., 2006).  The possibility of 

redundant exonucleases is explored within chapter 4.   

Thirdly a key point of contention is whether Pol II termination can occur 

independently of co-transcriptional RNA cleavage and if so at what frequency 

does it occur downstream of a PAS because such a process is only compatible 

with the allosteric model.  Some limited termination has been observed in the 

absence of RNA cleavage on DNA templates in vitro using purified nuclear 

extracts (Zhang et al., 2015).  Conversely, KD treatment of the CPA complex 

components in cells including the endonuclease CPSF73 or other components 

of the CSTF leads to read-through transcription downstream of PAS-dependent 
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transcripts and this accumulation is specific for Pol II-associated RNA where the 

CTD is phosphorylated at the Ser2 position (Nojima et al., 2015).  However, this 

termination defect does eventually return to background levels downstream of 

these transcripts, which may indicate a secondary cleavage-independent 

termination pathway.  Such a failsafe termination pathway occurs in yeast with 

the NRD complex but no equivalent homologues for Nrd1 and Nab3 component 

have been identified in humans (Rondón et al., 2009).  Alternatively, incomplete 

KD of CPA components could mean termination occurring at more distal sites 

occurs because of delayed cleavage rather than under conditions were 

cleavage has been abolished.  Investigations with the CPA complex 

endonuclease CPSF73 are detailed in chapter 5. 
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Chapter 2 

2. Materials and Methods 

2.1 Antibodies 

Table 2.1 | Antibodies.  
2.1 | Antibodies. 

*This product has since been discontinued.  †8WG16 is no longer available 

from Abcam but is available from other suppliers.  

2.2 Plasmids 

Table 2.2 | Plasmids. 

Antibody [clone] Host species Clonality Manufacturer Identifier 

XRN2 Rabbit Polyclonal Bethyl 

Laboratories 

A301-101A 

SF3B155 Rabbit Polyclonal Abcam ab39578 

Rabbit IgG – 

conjugated HRP 

Goat Polyclonal Cell Signalling 

Technology 

7074 

Flag [M2] Mouse Monoclonal Sigma F3165 

MYC [9E10] Mouse Monoclonal Sigma M4439 

Mouse IgG – 

conjugated HRP 

Rabbit Polyclonal Abcam ab97046 

RNA Pol II Total 

CTD* 

Mouse Monoclonal MBL 

Technologies 

MABI0601 or 

CMA601 

Dom3Z/DXO Rabbit Polyclonal Millipore ABE1306 

RNA Pol II Total 

CTD [8WG16]† 

Mouse Monoclonal Abcam ab817 

CPSF73 Rabbit Polyclonal Bethyl 

Laboratories 

A301-090A 

Tubulin Mouse Monoclonal Abcam ab7291 

PP1α (PPP1CA) Rabbit Polyclonal Bethyl 

Laboratories 

A300-904A 

PP1β (PPP1CB) Rabbit Polyclonal Bethyl 

Laboratories 

A300-905A 

EXOSC10 Mouse Monoclonal Santa Cruz 

Biotechnology 

Sc-374595-X 
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2.2 | Plasmids. 

Plasmid 

Name 

Description Bacterial 

resistance 

marker 

Source 

pX330  

 

Contains human codon optimised 

CRISPR/Cas9 from Streptococcus pyogenes 

(S. py) and two BbsI restriction sites for sgRNA 

annealing sequence to be introduction 

upstream of a sgRNA scaffold. 

Ampicillin Addgene 

#42230 

pBABE 

TIR1-9myc 

Contains osTIR1 (from Oryza sativa) an E3 

ubiquitin ligase and a c-terminal 9x myc tag. 

Ampicillin Addgene#

64945 

pSBbi-Bla A sleeping beauty transposon system plasmid 

for the constitutive expression of a gene to be 

cloned between two SfiI restriction sites and 

the expression of a blasticidin resistance gene. 

Ampicillin Addgene 

#60526 

pSBbi-Pur A sleeping beauty transposon system plasmid 

for the constitutive expression of a gene to be 

cloned between two SfiI restriction sites and 

the expression of a puromycin resistance 

gene. 

Ampicillin Addgene#

60523 

pCMV(CAT)

T7-SB100 

A sleeping beauty transposon system plasmid 

containing the transposase gene encoding the 

enzyme required to mediate integration of the 

transposon cassette. 

Chloram-

phenicol 

Addgene 

#34879 

pMK243 

(Tet- 

OsTIR1-

PURO) 

 

A HDR-template containing AAVS1 homology 

arms flanking a puromycin resistance gene, 

TIR1 under the control of a doxycycline 

(Dox)/tetracycline-inducible promoter and a 

reverse tetracycline-controlled transactivator, 

which binds to the TIR1 promoter in the 

presence of Dox/tetracycline to induce 

transcrption. 

Ampicillin Addgene 

#72835 

AAVS1 T2 

CRISPR 

plasmid 

A pX330-derived plasmid (Addgene #42230) 

containing the AAVS1 targeting sgRNA. 

Ampicillin Addgene 

#72833 

eSpCas9(1.1

)_No_ 

FLAG_ATP1

A pX330-derived plasmid for the tandem 

expression of two sgRNAs with one targeting 

an ATP1A1 exon and the other awaiting 

Ampicillin Addgene 

#86612 
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2.3 Cloning 

2.3.1 Recipes for agar plates, media and antibiotic stocks. 

LB consists of 10 g·L-1 NaCl, 10 g·L-1 Tryptone, and 5 g·L-1 Yeast extract.  

For LB-agar plates 15 g·L-1 agar is added to LB and the mixture supplemented 

with an antibiotic if required.  Antibiotics stocks are 100 mg·mL-1 ampicillin 

(Sigma #A9518) in 70 % ethanol and 34 mg·mL-1 chloramphenicol (Sigma 

#C0378) in 100 % ethanol.  When antibiotics were used to prepare LB-agar 

plates or LB cultures they were diluted to final concentrations of 100 μg·mL-1 for 

ampicillin and 25 μg·mL-1 for chloramphenicol. 

2.3.2 Preparing chemically competent bacterial cells 

On occasions purchased NEB 5-alpha Competent E. coli (NEB 

#C2987H) were used for plasmid cloning and are a DH5α-derivative with the 

following genotype:  

fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 recA1 

relA1 endA1 thi-1 hsdR17 

However, most transformations used self-prepared chemically competent 

cells made in batches.  First, a 10 mL LB starter culture was inoculated with a 

A1_G2 

_Dual_sgRN

A 

cloning between two BbsI restriction sites.  

Plasmid also expresses an enhanced 

specificity S. py Cas9 (1.1) without an N-

terminal FLAG tag. 

eSpCas9(1.1

)_No_ 

FLAG_ATP1

A1_G3 

_Dual_sgRN

A 

A pX330-derived plasmid for the tandem 

expression of two sgRNAs with one targeting 

an ATP1A1 intron and the other awaiting 

cloning between two BbsI restriction sites.  

Plasmid also expresses an enhanced 

specificity S. py Cas9 (1.1) without an N-

terminal FLAG tag.  This plasmid is designed 

for use in HDR applications. 

Ampicillin Addgene 

#86613 

ATP1A1_pla

smid_ 

donor_RD 

A HDR-template containing ATP1A1 homology 

arms with mutations causing amino acid 

substitutions Q118R and N129D, which confer 

cellular resistance to ouabain. 

Ampicillin Addgene 

#86551 
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single clone of NEB 5-alpha cells (same as above), which had been previously 

streaked on an LB agar plate, and incubated overnight at 37 °C on an orbital 

shaker set to 200 rpm.  The following day 2.5 mL of this culture was used to 

inoculate a 250 mL LB flask that was incubated at 37 °C and 200 rpm until an 

optical density at 600 nm (OD600) of 0.45-0.55 (~5-6 h).  Then the culture was 

chilled for 2 h on ice and centrifuged at 4000 rpm for 20 min 4 °C.  The cell 

pellet was resuspended in 12 mL of chilled salt solution (100 mM CaCl2, 70 mM 

MnCl2, 40 mM Na Acetate pH 5.5).  The solution was split into four tubes and 

topped up to 50 mL with salt solution.  The cells were incubated on ice in the 

salt solution for 45 min before centrifuging at 3500 rpm for 10 min 4 °C.  The 

pellets were resuspended in 25 mL salt solution + 15 % (v/v) glycerol (Fisher 

#10021083).  Finally, 50-60 μL aliquots of the bacterial suspension were 

prepared and snap-frozen in liquid nitrogen before storing at -80 °C for later 

use. 

2.3.3 Bacterial transformations, colony screens and plasmid preparations 

Firstly an aliquot of competent cells is thawed on ice for 10 min.  To the 

tube 10 μL of a T4 ligation, 2-4 μL of a Gibson assembly reaction or 10 ng of 

purified plasmid DNA was added and mixed by flicking a few times before being 

placed back on ice for a further 20 min.  The cells then underwent heat shock at 

42 °C for 60 s and quickly placed back on ice for 2 min.  The cells were 

resuspended with 200 μL SOC media (NEB #B9020S), plated onto antibiotic 

selective LB-agar plates and incubated overnight at 37 °C.  For transformations 

of ligation reactions, colonies were screened by colony PCR.  This involves 

touching a colony with a pipette tip, scraping the pipette tip inside an empty 

PCR tube and then placed in another tube containing ~50 μL LB.  Then a 25 μL 

PCR reaction was set up in each of the scratched tubes with TAQ DNA 

polymerase (NEB #M0273) and the products were screened by agarose gel 

electrophoresis (AGTC #ADG1) using a gel prepared with a 1 in 20000 dilution 

of Midori Green Advance (#MG04) stain.  Colonies that yield a positive screen 

result by a band of the correct size were taken forward and inoculated in 10 mL 

LB with antibiotic overnight at 37 °C 200 rpm.  After growth mini-prep plasmids 

purification kit (Qiagen #27106) was carried out according to the manufacturer’s 

instructions.  Then plasmid concentrations were determined by NanoDrop and 
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sent for Sanger sequencing with primers that span the target site to confirm 

correct cloning. 

2.4 Tissue Culture 

The human colorectal carcinoma HCT116 cell line and modified 

derivatives were maintained in Dulbecco’s Modified Eagle’s Medium-high 

glucose (Sigma #D6429), 10% foetal bovine serum (FBS; Gibco #10500064), 

1x penicillin/streptomycin (Sigma #P4333) at 37 °C and 5 % CO2.  Cells were 

split with 1x phosphate buffer saline (PBS, Sigma #P4417) and Trypsin-EDTA 

(Sigma #T4174) for seeding into flasks or dishes (Greiner Bio-One CELLSTAR).  

For freezing, trypsinised cells were centrifuged slowly at 300xG for 5 min and 

then resuspended in freezing media (90 % FBS; 10% DMSO Sigma #D2650) 

before aliquoting into cryovials.  Cryovials were frozen in a controlled rate 

freezing container (with a cooling rate of approximately -1 °C·min-1) placed at -

80 °C.  For long-term storage cryovials were moved to -150 °C.  Cells were 

thawed quickly by warming cryovials in a 37 °C water bath.  Once thawed, cells 

were transferred to 15 mL tubes containing 10 mL of warm media and pelleted 

at 300 xG for 5 min.  The supernatant was discarded and the pellet 

resuspended in warm media before seeding appropriately. 

2.5 Creation of the homogenous genome-edited cell lines 

Table 2.3 | Cell lines. 
2.3 | Cell lines. 

Designatio

n 

Description Drug  

resistance 

(locus) 

Additional 

information 

HCT116 Human colorectal carcinoma cell line. N/A Authenticated 
using the 
Cancer Cell 
Line 
Authentication 
Server. 

TIR1 HCT116 cells (as above) modified to 

constitutively express TIR1 using the 

sleeping beauty (SB) transposon system. 

Blasticidin 

(SB 

transposon)

. 

Eaton et al. 

(2018). 

XRN2-AID TIR1 cells (as above) further modified 

using CRISPR/Cas9 mediated HDR to 

insert a C-terminal in-frame cassette at the 

Blasticidin 

(SB 

transposon)

Eaton et al. 

(2018). 
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XRN2 locus containing a (3x)mAID tag, 

P2A cleavage site, either Hygromycin or 

Neomycin resistance marker and followed 

by a stop codon. 

; 

Hygromycin 

(XRN2 

locus); 

Neomycin 

(XRN2 

locus). 

XRN2-AID 

XRN2-

MT(D235A) 

XRN2-AID cells (as above) further 

modified using SB transposon system to 

introduce a constitutively expressed 

catalytically inactive single point mutant 

(D235A) of XRN2 using a puromycin 

resistance marker. 

Blasticidin 

(SB 

transposon)

; 

Hygromycin 

(XRN2 

locus); 

Neomycin 

(XRN2 

locus); 

Puromycin 

(SB 

transposon)

. 

Eaton et al. 

(2018). 

DXO-KO HCT116 cells (as above) further modified 

using CRISPR/Cas9 mediated NHEJ to 

introduce indels within DXO and ATP1A1.  

Cells were then enriched for desired edits 

using an ouabain co-selection strategy 

(Agudelo et al., 2017). 

Ouabain 

(ATP1A1 

locus). 

N/A  

DXO-KO 

XRN2-AID 

XRN2-AID cells (as above) further 

modified using CRISPR/Cas9 mediated 

NHEJ to introduce indels within DXO and 

ATP1A1.  Cells were then enriched for 

desired edits using an ouabain co-

selection strategy (Agudelo et al., 2017). 

Blasticidin 

(SB 

transposon)

; 

Hygromycin 

(XRN2 

locus); 

Neomycin 

(XRN2 

locus); 

Ouabain 

N/A 
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(ATP1A1 

locus). 

inducible 

TIR1 

HCT116 cells (as above) further modified 

using CRISPR/Cas9 mediated HDR to 

insert a cassette at the AAVS1 safe-

harbour locus containing doxycycline-

inducible TIR1 and constitutively 

expressed puromycin resistance marker 

(Natsume et al., 2016). 

Puromycin 

(AAVS1 

locus). 

Eaton et al. 

(2020). 

CPSF73-

AID 

Inducible TIR1 cells (as above) further 

modified using  CRISPR/Cas9 mediated 

HDR to insert a C-terminal in-frame 

cassette at the CPSF73 locus containing a 

full-length AID tag, P2A cleavage site, 

either Hygromycin or Neomycin resistance 

marker and followed by a stop codon. 

Puromycin 

(AAVS1 

locus); 

Hygromycin 

(CPSF73 

locus); 

Neomycin 

(CPSF73 

locus). 

Eaton et al. 

(2020). 

XRN2-AID 

RBM3 

(δRZ[WT]) 

XRN2-AID cells (as above) further 

modified using CRISPR/Cas9 mediated 

HDR to introduce the wild-type hepatitis δ-

ribozyme sequence downstream of the 

RBM3 PAS and introduce the ATP1A1 

ouabain resistant substitutions Q118R and 

N129D.  Cells were then enriched for 

desired edits using an ouabain co-

selection strategy (Agudelo et al., 2017). 

Blasticidin 

(SB 

transposon)

; 

Hygromycin 

(XRN2 

locus); 

Neomycin 

(XRN2 

locus); 

Ouabain 

(ATP1A1 

locus). 

Eaton et al. 

(2020). 

XRN2-AID 

RBM3 

(δRZ[MT]) 

XRN2-AID cells (as above) further 

modified using CRISPR/Cas9 mediated 

HDR to introduce the single point mutant 

hepatitis δ-ribozyme sequence 

downstream of the RBM3 PAS and 

introduce the ATP1A1 ouabain resistant 

substitutions Q118R and N129D.  Cells 

Blasticidin 

(SB 

transposon)

; 

Hygromycin 

(XRN2 

locus); 

Eaton et al. 

(2020). 
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were then enriched for desired edits using 

an ouabain co-selection strategy (Agudelo 

et al., 2017). 

Neomycin 

(XRN2 

locus); 

Ouabain 

(ATP1A1 

locus). 

CPSF73-

AID RBM3 

(δRZ[WT]) 

CPSF73-AID cells (as above) further 

modified using CRISPR/Cas9 mediated 

HDR to introduce the wild-type hepatitis δ-

ribozyme sequence downstream of the 

RBM3 PAS and introduce the ATP1A1 

ouabain resistant substitutions Q118R and 

N129D.  Cells were then enriched for 

desired edits using an ouabain co-

selection strategy (Agudelo et al., 2017). 

Puromycin 

(AAVS1 

locus); 

Hygromycin 

(CPSF73 

locus); 

Neomycin 

(CPSF73 

locus); 

Ouabain 

(ATP1A1 

locus). 

Eaton et al. 

(2020). 

CPSF73-

AID RBM3 

(δRZ[MT]) 

CPSF73-AID cells (as above) further 

modified using CRISPR/Cas9 mediated 

HDR to introduce the single point mutant 

hepatitis δ-ribozyme sequence 

downstream of the RBM3 PAS and 

introduce the ATP1A1 ouabain resistant 

substitutions Q118R and N129D.  Cells 

were then enriched for desired edits using 

an ouabain co-selection strategy (Agudelo 

et al., 2017). 

Puromycin 

(AAVS1 

locus); 

Hygromycin 

(CPSF73 

locus); 

Neomycin 

(CPSF73 

locus); 

Ouabain 

(ATP1A1 

locus). 

Eaton et al. 

(2020). 

DIS3-AID TIR1 cells (as above) further modified 

using CRISPR/Cas9 mediated HDR to 

insert a C-terminal in-frame cassette at the 

DIS3 locus containing a  full-length AID 

tag, P2A cleavage site, either Hygromycin 

or Neomycin resistance marker and 

followed by a stop codon. 

Blasticidin 

(SB 

transposon)

; 

Hygromycin 

(DIS3 

locus); 

Neomycin 

Davidson et al. 

(2019). 
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2.5.1 Annealing sgRNA primers and ligation into BbsI cut px330-derived 

plasmids 

First, 2 μg of the px330-derived plasmid used for sgRNA cloning was cut 

with BbsI (NEB #R0539) restriction enzyme using NEBuffer 2.1 in a 50 μL 

reaction volume for 2 h at 37 °C.  The linearised plasmid product was purified 

by phenol/chloroform extraction and ethanol precipitation.  This involves adding 

50 μL H2O and then 100 μL (1:1) phenol/chloroform mix (basic phenol Sigma 

#P4557).  The mixture was shaken and then centrifuged at 16,000 xG for 10 

(DIS3 

locus). 

DIS3-AID 

MORF4L2(

xrRNA) 

DIS3-AID cells (as above) further modified 

using CRISPR/Cas9 mediated HDR to 

introduce the West Nile virus XRN-

resistant RNA (xrRNA) sequence 

downstream of the MORF4L2 PAS and 

introduce the ATP1A1 ouabain resistant 

substitutions Q118R and N129D.  Cells 

were then enriched for desired edits using 

an ouabain co-selection strategy (Agudelo 

et al., 2017). 

Blasticidin 

(SB 

transposon)

; 

Hygromycin 

(DIS3 

locus); 

Neomycin 

(DIS3 

locus); 

Ouabain 

(ATP1A1 

locus). 

Eaton et al. 

(2020). 

XRN2-AID  

MORF4L2(

xrRNA)  

XRN2-AID cells (as above) further 

modified using CRISPR/Cas9 mediated 

HDR to introduce the West Nile virus 

XRN-resistant RNA (xrRNA) sequence 

downstream of the MORF4L2 PAS and 

introduce the ATP1A1 ouabain resistant 

substitutions Q118R and N129D.  Cells 

were then enriched for desired edits using 

an ouabain co-selection strategy (Agudelo 

et al., 2017). 

Blasticidin 

(SB 

transposon)

; 

Hygromycin 

(XRN2 

locus); 

Neomycin 

(XRN2 

locus); 

Ouabain 

(ATP1A1 

locus). 

Eaton et al. 

(2020). 



Chapter 2 | Materials and Methods 

40 

 

min.  The top aqueous phase (~100 μL) was taken to a tube containing 1 μL 

glycogen, 10 μL Na Acetate pH 5.5 when 250 μL 100 % ethanol was added, 

mixed and then centrifuged at 16,000 xG for 10 min 4 °C.  The pellet was 

washed with 70 % ethanol, resuspended in 20 μL H2O and then quantified by 

NanoDrop (ND-2000). 

For the insert, forward and reverse sgRNA primers with vector-

compatible sticky ends were added to oligo annealing buffer (10 mM Tris pH 

7.5, 50 mM NaCl) to a final concentration of 5 μM each in a 50 μL volume.  To 

anneal primers the solution was first denatured at 95 °C for 5 min and allowed 

to cool slowly to RT.  Next, 1 μL of a 1 in 30 dilution of the annealed primers 

was added along with 50 ng BbsI cut vector to a 20 μL T4 DNA ligase reaction 

(NEB #M0202S) and incubated at RT for 1 h.  Finally, 10 μL was transformed 

into chemically competent DH5α E. coli cells, as described in 2.3.3.  The 

colonies were screened by PCR (see section 2.3.3) using the reverse sgRNA 

cloning primer and either ‘CRISPR_sgRNA_scr_F’ for px330 (Addgene #42230) 

or ‘Dual_sgRNA_scr_F’ for dual sgRNA ouabain plasmids (Addgene #86612 & 

#86613).  Clones with the correct sized band were inoculated in LB, had 

plasmid mini-preps prepared (Qiagen #27106) and Sanger sequencing 

performed using either the ‘CRISPR_sgRNA_scr_F’ or ‘Dual_sgRNA_scr_F’ 

primers (for single and dual sgRNA plasmids, respectively, as above) to confirm 

correct cloning. 

2.5.2 T7 endonuclease surveyor assay 

The T7 endonuclease surveyor assay for screening sgRNAs targeting 

RBM3 and MORF4L2 3’-end loci used an ouabain enrichment strategy to co-

select for transfected cells with ouabain-resistance conferring indels at the 

ATP1A1 locus.  The screened sgRNA was cloned into the ATP1A1-G2 dual 

sgRNA plasmid (see section 2.2).  First, a 25 % confluent 6-well plate was used 

to transfect 2 μg of the sgRNA+Cas9 containing plasmid per well using 4 μL 

jetPRIME reagent (Polyplus transfection) according to the manufacturer’s 

protocol.  Then 24 h post-transfection the media was replenished, after a further 

24 h later ouabain was added to 0.5 μM in media.  Ouabain selection was 

maintained for 10 days with media changed every 3 days.  After selection 

adhered cells were washed in 1x PBS and harvested into pellets by centrifuging 

at 500 xG for 5 min.  Then genomic DNA was isolated using QuickExtract DNA 
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Extract solution (EpiCentre).  Briefly, this involves resuspending the cell pellet in 

x10 its corresponding volume with the QuickExtract solution, incubating for 8 

min at 65 °C and then for 2 min at 98 °C with vortexing for 15 s in between 

steps.  Using 1uL of this QuickExtract as genomic DNA (gDNA) template a 25 

μL Q5 PCR reaction (NEB #M0491S) was prepared per condition with primers 

that span the sgRNA target site and generate an expected fragment size of 

~300-500 bp.  The PCR product was purified by DNA phenol/chloroform ethanol 

precipitation and resuspended in 25 μL H2O.  Then for each PCR template, a 

+/- enzyme condition was prepared to contain 10 μL of the DNA template, 2 μL 

T7E1 reaction buffer, and 6 μL H2O.  These templates were incubated for 5 min 

at 95 °C, cooled -2 °C·s-1 until 85 °C, and cooled at -0.1 °C·s-1 until 4 °C when 

tubes were placed on ice.  Finally, 2 μL T7E1 (NEB #M0302S) or H2O was 

added to each +/- condition respectively and incubated at 37 °C for 1 h.  The 

resulting products were run on a 2% agarose gel stained with Midori Green and 

imaged using UV illumination (Bio-Rad ChemiDoc XRS+).  A comparison of 

band intensity between T7E1 treated and untreated conditions were used to 

estimate target site cleavage for each sgRNA tested. 

2.5.3 Generation of auxin-inducible degron (AID) system cell lines 

The generation of XRN2-AID and CPSF73-AID cell lines involved 

CRISPR/Cas9 mediated homology-directed repair (HDR) to insert an in-frame 

AID cassette.  This cassette, whose sequences can be found in section 2.12.5, 

consisted of a degron (3xminiAID or full-length AID respectively), P2A cleavage 

site, Hygromycin or Neomycin resistance marker and followed by a stop codon.  

These sequences were surrounded on either side by symmetric (~500 bp) 

homology arms and cloned within a pUC18 vector (repair donor).  Cells were 

seeded to ~40 % confluency in a 6-well plate and transfected with 3 μg total 

DNA (1 μg of each plasmid) consisting of px330 (sgRNA & Cas9; Addgene 

#42230) plasmid, pUC repair donor with Hygromycin resistance marker and 

pUC repair donor with Neomycin marker using 4 μL jetPRIME reagent (Polyplus 

transfection) and 200 μL JetPrime buffer per well.  Media was replaced 24 h 

post-transfection and 48 h post-transfection cells were split into a 100 mm dish 

containing 150 μg·mL-1 Hygromycin B (Invitrogen #10687010) and 800 μg·mL-1 

Neomycin (G418 Sigma#A1720).  After ~10 days under antibiotic selection 

single colonies were transferred to single wells of a 24 well plate before 

screening by PCR and western blotting.  Genomic insertions were confirmed by 
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Sanger sequencing.  DIS3-AID cells where generated similarly to XRN2-AID 

cells using the constitutively-expressed (sleeping beauty) TIR1 cells as the 

parental cell line, however, the degron tag is the full-length AID (IAA17) 

sequence (Davidson et al., 2019).  

2.5.4 Generation of DXO-KO cell lines using ouabain co-selection 

The generation of DXO-KO and DXO-KO XRN2-AID cells involved 

CRISPR/Cas9 mediated non-homologous end joining (NHEJ) to introduce 

indels at DXO and ATP1A1 and co-selection strategy using ouabain (Agudelo et 

al., 2017).  Cells were seeded ~40 % confluency in a 6-well plate and 

transfected with 2ug of dual sgRNA (DXO and ATP1A1-guide2 sgRNAs) & 

Cas9 plasmid (Addgene #86612).  Otherwise, the transfection was carried out 

to the manufacturer’s protocol with 4 μL jetPRIME reagent (Polyplus 

transfection) and 200 μL JetPrime buffer per well.  The media was replaced 24 

h post-transfection and 48 h post-transfection cells were split into a 100 mm 

dish containing 0.5 µM ouabain and maintain for ~10 days.  After single 

colonies were transferred to separate wells in a 24 well plate and then screened 

by PCR and western blotting.  The indels were determined by cloning the DXO 

sgRNA target region into a pUC18 vector and performing Sanger sequencing of 

multiple clones from the transformed plate to confirm the presence of frame-

shift mutations within both DXO alleles.  

2.5.5 Genomic insertion of xrRNA, δRZ and MALAT1 3’-end sequences  

The insertions of δRZ, xrRNA and MALAT1 3’-end sequences 

downstream of RBM3 and MORF4L2 were carried out using a similar ouabain 

co-selection strategy as for DXO-KO generation (see the above section 2.5.4; 

Agudelo et al., 2017).  However, these cell lines utilised CRISPR/Cas9 

mediated HDR to insert sequences instead.  Cells were seeded ~40 % 

confluency in a 6-well plate and transfected with 3 μg (1 μg each plasmid) of 

dual sgRNA (DXO and ATP1A1-guide3 sgRNAs) & Cas9 plasmid (Addgene 

#86613), an ATP1A1 repair donor (Addgene #86551) and a pUC repair donor 

containing the insertion sequence.  The transfection used 4 μL jetPRIME 

reagent (Polyplus transfection) and 200 μL JetPrime buffer per well.  Media was 

replaced 24 h post-transfection and 48 h post-transfection cells were split into a 

100 mm dish containing 0.5 µM ouabain and maintain for ~10 days.  After, 

single colonies were transferred to separate wells in a 24 well plate and then 
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screened by PCR and western blotting.  Finally, a genomic PCR fragment 

produced using at least one primer annealing outside the homology arms of the 

repair plasmid was Sanger Sequenced to confirm the inserted sequence. 

2.6 Mammalian native elongating transcript sequencing (mNET-seq) 

2.6.1 mNET-seq library preparation 

mNET-seq was carried out with the following modifications to the Nojima 

et al. (2016) protocol.  Two 145 mm dishes were used per condition and seeded 

to give a 70-80 % confluency for the beginning of the experiment.  For depletion 

conditions, auxin was added to culture media to a final concentration of 500 μM 

for 2 h prior to cell harvest.  The MNase digestion of chromatin pellets occurred 

for 90 s and was then quenched with EGTA.  An immunoprecipitation (IP) of the 

solubilised Pol II-associated complexes was incubated for 1 h at 4 °C using 3.75 

μg RNA Pol II CTD (MABI0601) antibody and 50 μL M-280 sheep anti-Mouse 

IgG Dynabeads™ (Invitrogen #11202D) per 145 mm dish.  After washing, 

pooling of duplicate tubes and 5’ T4 PNK (NEB #M0236S) treatment the RNA 

was eluted off the Dynabeads with 300 μL of a modified RNA Lysis buffer 

consisting of 1:1:1 ratio of ZYMO RNA lysis buffer:100% ethanol:NET2-buffer 

(ZYMO Quick-RNA Microprep Kit #R1050).  To isolate RNA fragments < 200 nt 

the eluates were passed through a ZYMO spin column and the flow-through 

collected.  To this 300 μL 100% ethanol was added before being bound to a 

second column and washed with ethanol using the standard ZYMO Quick-RNA 

protocol.  These short RNA fragments were eluted in 8 μL H2O and 2 μL of this 

used to assess the size distribution and quantity on a TapeStation 2200 

(Agilent) with a Hi-Sensitivity RNA ScreenTape.  The remaining 6 μL for each 

sample were made into libraries using NEBNext™ Small RNA Library 

(#E7330S) according to the manufacturer’s protocol.  After PCR amplification, 

the cDNA constructs were purified using a Zymo DNA clean and concentrator-5 

kit (#RD4003) before loading onto a 5% PAGE-TBE gel (with Ficoll-400 loading 

dye) and run at 250V for ~25 min.  The gel was then stained for 40 min with 1x 

SYBR gold (Invitrogen #S11494) in TBE buffer.  The gel was visualised on a 

blue-light box to allow 140-220nt band excision and then cDNA libraries were 

purified from gel slices as described in Nojima et al. (2016).  The final libraries 

were quality checked on a D1000 DNA ScreenTape and qPCR-determined 

Illumina library adapter concentrations used for pooling.  Pooled libraries were 
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sequenced on an Illumina HiSeq 2500 platform with a 50 bp paired-end Rapid 

Run flow cell by Exeter Sequencing Service. 

2.6.2 mNET-seq bioinformatic data processing 

For mammalian native elongating transcript sequencing 50 bp paired-end 

reads were assessed for quality using FASTQC.  Adapters were removed from 

reads using Trim Galore! v0.4.4 (wrapper tool for Cutadapt v.1.15).  Reads were 

aligned to Ensembl human GRCH38.p10 release 91 with Hisat2 v2.0.5 using 

known splice sites extracted from Gencode release 27.  The paired-end 

parameter '--fr' to select concordantly mapped pairs was specified.  mNET-seq 

single nucleotide resolution files were generated with the 3' most nucleotide of 

fragments (reverse complement of the 5' most nucleotide of the second read 

displayed with the strandedness of the first read) for concordantly mapped 

reads with the samflag pairs 99/147 and 83/163.  Then bigWig files were 

generated for each strand using bamCoverage from Deeptools v3.0.1.  

Specifically, the settings used were the 'BPM' option (equivalent to TPM for 

RNA-seq data) over single bp windows across the whole genome. 

2.7 Chromatin-associated RNA sequencing (chrRNA-seq) 

2.7.1 chrRNA-seq Library preparation 

Cell pellets were collected from one 100 mm dish per condition and then 

resuspended in hypotonic lysis buffer to collect nuclei (HLB; 10 mM Tris at pH 

7.5, 10 mM NaCl, 2.5 mM MgCl2, 0.5 % NP40).  From this, nuclei were isolated 

by underlaying the lysate with HLB+10 % sucrose and centrifuged at 500 xG for 

5 min.  The pelleted nuclei were resuspended in 100 μL of NUN1 (20 mM Tris-

HCl at pH 7.9, 75 mM NaCl, 0.5 mM EDTA, 50 % glycerol, 0.85 mM DTT) and 

transferred to a new tube.  Then 1 mL of NUN2 (20 mM Tris-HCl at pH 7.9, 75 

mM NaCl, 0.5 mM EDTA, 50 % glycerol, 0.85 mM DTT) a denaturing lysis 

buffer was added and the mix incubated on ice for 20 min with regular vortex 

throughout.  An insoluble chromatin pellet was gathered by centrifuging at 

16000 xG for 10 min and RNA isolated from this using 1 mL TRIzol (Invitrogen 

#15596026).  To each tube, 200 μL chloroform was added, the sample shaken 

and centrifuges at 16000 xG for 15 min.  The top aqueous phase (~500 μL) was 

transferred to a new tube with 1 μL glycogen carrier (Roche #10901393001) 

and then 500 μL Isopropanol was added before centrifuging at 16000 xG for 10 

min 4 °C.  Following this, the pellet was washed with 75 % ethanol and 
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centrifuged again before the removal of ethanol.  Then the RNA was 

resuspended in nuclease free water at briefly placed at 50 °C for 1-2 min to aid 

resuspension.  The RNA was checked using a TapeStation 2200 to confirm 

RNA integrity with a RIN score, which is based on the 18S and 26S rRNA peak 

abundance.  Next rRNA was depleted using Ribo-Zero (Illumina) and the library 

constructed using a Tru-Seq Stranded Total RNA kit (Illumina #20020597) 

according to the manufacturer’s protocol.  Finally, these cDNA libraries were 

pooled and sequenced on an Illumina HiSeq 2500 platform with a 50 bp single-

end Rapid Run flow cell by Exeter Sequencing Service. 

2.7.2 chrRNA-seq bioinformatic data processing 

For chromatin-associated RNA-seq raw 50 bp single-end reads were 

assessed for quality using FASTQC.  Adapters were removed from reads using 

Trim Galore! v0.4.4 (wrapper tool for Cutadapt v.1.15).  Reads shorter than 

20bp were discarded.  Alignment of chromatin-associated RNA-seq reads to the 

Ensembl human GRCH38.p10 release 91 with Hisat2 v2.0.5 using known splice 

sites extracted from Gencode release 27.  The primary alignments for single-

end mapped reads (i.e. excluding SAM flag 260) were extracted using 

SAMtools v1.4.1 and converted to BAM files.  Then bigWig files were generated 

for each strand using bamCoverage from Deeptools v3.0.1.  Specifically, the 

settings used were the 'BPM' option (equivalent to TPM for RNA-seq data) over 

single bp windows across the whole genome. 

2.8 Deposited Gene Expression Omnibus (GEO) data 

Deposited GEO datasets can be found at https://www.ncbi.nlm.nih.gov/geo/ 

with the following accession numbers: 

• mNET-seq of XRN2-AID cells (GSE109003). 

• Chromatin-associated RNA-seq of CPSF73-AID cells (GSE137727). 

2.9 Quantitative reverse transcription and PCR (qRT-PCR) 

An ~80% confluent well of a 24-well plate was used for each condition.  

Media was removed and adhered cells were washed with 1x PBS.  Then total 

RNA was isolated using 0.5 mL·well-1 of Tri-Reagent/TRIzol (Invitrogen 

#15596026).  To each tube, 100 μL chloroform was added, the sample shaken 

and centrifuges at 16000 xG for 15 min.  The top aqueous phase (~250 μL) was 

transferred to a new tube with 1 μL glycogen carrier (Roche #10901393001) 

and then 250 μL Isopropanol was added before centrifuging at 16000 xG for 10 

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109003
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE137727


Chapter 2 | Materials and Methods 

46 

 

min 4 °C.  Following this, the pellet was washed with 75 % ethanol.  Then the 

RNA was resuspended in nuclease free water at briefly placed at 50 °C for 2-3 

min to aid resuspension.  The RNA was then DNase treated to remove residual 

traces for 1h at 37 °C with Turbo-DNase (Invitrogen #AM2238) in a 100 μL 

volume with 2 μL RNase inhibitor present (NEB #M0314S).  The DNase-treated 

RNA was then purified using phenol/chloroform extraction, which involves the 

following steps interspersed with 16000 xG centrifugation for 10 min: mixing 

with 100 μL of (1:1) phenol/chloroform (acidic phenol Sigma #P4682 and 

chloroform); removal of aqueous phase into a new tube containing 1 μL 

glycogen+10 μL Na Acetate pH 5.5 + 250 μL 100 % ethanol and; washing the 

pellet in 75 % ethanol.  The RNA pellet was resuspended in 30 μL of nuclease 

free-water and briefly placed at 50 °C for 2-3 min to aid resuspension.  The 

purified DNase-treated RNA was then quantified using a NanoDrop (ND-2000) 

and 1 μg was annealed to random hexamers by incubating for 5 min at 70 °C 

before snap-cooling on ice.  Each sample was then reverse transcribed with 

protoscript II RT (NEB #M0368S) according to manufacturer’s protocol in a 20 

μL reaction volume using following incubation steps: 5 min at 25 °C, 1 h at 42 

°C and 20 min at 70 °C.  The resulting cDNA was then diluted with 30 μL H2O.  

Finally, 1 μL of the 50 μL diluted cDNA was used in each 8 μL total reaction mix 

containing Luna qPCR Master Mix (NEB #M3003S) with amplicon primers.  

Samples were then analysed on a Qiagen Rotorgene Q fitted with a 72-well 

rotor.  For each amplicon comparative quantitation is used to show the relative 

fold change compared to a control condition and then samples are normalised 

to relative fold changes of a spliced ACTB amplicon to control for variations in 

input RNA. 

2.10 Chromatin Immunoprecipitation and quantitative PCR (ChIP-

qPCR) 

Cells were seeded for a 70 % confluency with one 100 mm dish used per 

condition.  Dishes were rinsed in 1x PBS before cross-linked in 0.5 % 

formaldehyde PBS for 10 min and quenched in 125 mM glycine PBS for a 

further 5 min.  Cells were pelleted at 500 xG 4 min 4 °C and then resuspended 

in 400 μL RIPA ChIP buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 1 % NP40, 

0.5 % DOC, 0.1 % SDS, 5 mM EDTA pH 8).  The resuspended lysate was then 

sonicated in a Bioruptor Plus (Diagenode) for 10 cycles of 30 s on, 30 s off at 4 
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°C on high setting.  The samples were then centrifuged at 16000 xG for 10 min 

4 °C and after the supernatant transferred to a new tube.  The supernatant was 

then split into two tubes with a further 10 % of the volume kept in a third tube for 

input.  Then 40 μL of M-280 sheep anti-Mouse IgG Dynabeads™ (Invitrogen 

#11202D) that had been pre-incubated for ~2 h with either 3 μg antibody or 

mock-treated (in RIPA ChIP with 1x protease inhibitor (Roche #11836170001).  

The IP was placed on a rotating wheel for 3h at 4 °C and after were first rinsed 

in RIPA ChIP, then in high-salt ChIP-wash buffer (100 mM Tris-HCl pH 8.0, 500 

mM NaCl, 1 % NP40, 1 % DOC), followed by two longer washes with ChIP-

wash with 5 min rotating on the wheel at 4 °C and finally rinsed once more in 

RIPA ChIP buffer.  Complexes were eluted off beads with 500 μL elution buffer 

(0.1 M NaHCO3, 1 % SDS) per sample for 30 min on a rotating wheel and the 

supernatant transferred to a new tube.  Cross-links were reversed overnight by 

adding 25 μL 5M NaCl and placing tubes at 65 °C.  The DNA was then purified 

by (1:1) phenol/chloroform extraction (basic phenol Sigma #P4557 and 

chloroform) and ethanol precipitation with pellets resuspended in 100 μL H2O.  

Then 1 μL of each sample was used per 8 μL qPCR total reaction containing 

Luna qPCR Master Mix (NEB #M3003S).  Antibody signal was first calculated 

as a percentage of input signal and then normalised relative to the Pol II IP 

signal of an upstream amplicon. 

2.11 Western blotting  

Cells grown in a 6-well plate were washed with 1xPBS, scraped in 

1xPBS, transferred to a microcentrifuge tube and spun at 500 xG for 5 min.  

Cell pellets were lysed in 10-fold the pellet volume of RIPA buffer (50 mM Tris-

HCl pH 7.4, 150 mM NaCl, 1 % NP-40, 1 % DOC, 0.1 % SDS, 1 mM EDTA), 

vortexed 2-3 times during a 20 min incubation on ice.  Then cell lysates were 

centrifuged at 16,000 xG for 10 min and the supernatant transferred to a new 

tube.  To this 4xSDS-loading buffer (8 % SDS, 40 % glycerol, 250 mM Tris-HCl 

pH 6.8, 0.006 % Bromophenol-blue and add 50 μL β-mercaptoethanol to 500 μL 

of the mix prior to use) was added before loading onto a discontinuous gels with 

1mm depth mini-gel glass plates (Bio-Rad).  The gel was run (in 1x running 

buffer of 25 mM Tris; 192 mM glycine, 0.1 % SDS) for approximately 1 h at 25 

mA.  Next, protein from the gel was transferred onto a nitrocellulose membrane 

by semi-dry transfer using Bio-Rad Trans-Blot Turbo (with  1x transfer buffer of 
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48 mM Tris, 39 mM Glycine, 20% Methanol, 1.39 mM SDS) and the efficacy 

checked by ponceau staining (Sigma #P7170).  The membrane was blocked in 

5 % (w/v) non-fat milk powder PBST (1xPBS and 0.1 % TWEEN-20) for 1 h and 

probed with primary antibody, which unless otherwise stated was with 1:1000 

dilution in 5 % milk-PBST for 1.5 h.  After primary antibody probing the 

membrane was washed 3 times for 5 min in PBST and probed with 1:2500 

dilution of an α-species IgG secondary antibody conjugated to horse radish 

peroxidase in 5 % milk-PBST for 30 min.  Afterwards the membrane was again 

washed 3 times and incubated for 1 min in a 1:1 ECL reaction mix [Solution1 = 

100 mM Tris-HCl pH8.5, 2.5 mM Luminol (Sigma #123072), 400 μM p-

Coumaric Acid (Sigma #C9008); Solution 2 = 100 mM Tris-HCl pH8.5, 0.02 % 

H2O2 (Sigma #H1009)] before chemiluminescence image acquisition (Bio-Rad 

ChemiDoc XRS+).  

2.12 Nucleic acid sequences 

2.12.1 Primers for qPCR 

ACTB spliced: catccgcaaagacctgtacg/cctgcttgctgatccacatc 

ACTB UCPA: gcttttggtctccctggga/ctgcactctgggtaaggaca 

ACTB ds1.7kb: ccaaccagatgtgttccgtg/caagaccaccaccacaatcg 

ACTB ds6.3kb: aggaggcaatgctggagaat/gtacctgggaactctgcact 

ACTB ds9.3kb: cagggaagacgtgctaggaa/tcctttctcctctgctcagc 

MORF4L2 Ex4: tcttgaaccagctctcccag/tactgccaccatctccgttt 

MORF4L2 UCPA: gtagccacggttttctggaaa/ accagtaacatgaaaggcacac 

MORF4L2 ds200: tgttactggttggtattctggt/ tttgagtcccatttatttgctgg 

MORF4L2 ds600: accccagtgacctcatttagt/ acacccgccaaattcatgtt 

MORF4L2 ds2.7kb: agcatgctagtgggaaatcc/ggatctcctcaggctttggt 

MORF4L2 ds4.2kb: ccccatgacattcagtgcct/tgcttccgtaccaatccaca 

MORF4L2 ds8.5kb: gccaaggacacacagctaag/ tccttttcagagagccagga 

MYC ds5kb: tggaagaggagccaaaggag/ggaagctgcgttcatgtgat 

MYC ds7.6kb: gaacccctctttccctccaa/ccccaaagctaccacaggat 

PPP1CA (PP1α) spliced: accccgagaacttcttcctg/gatgggcaggcagttgaag 

PPP1CB (PP1β) spliced:  tggtggaatgatgagtgtgga/caccttttcttcggcggatt 

RBM3 UCPA: tgctgtgaaagagtatattcgt/gtctgccttgtttcttggctcc 

RBM3 ds1.1kb: gaatcaggcatttacaggactggc/agcgcatgcccaattaccttttac 

RBM3 ds1.9kb: gtcgctcccatgtacaacac/actgctatgagaaggtgggc 
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RBM3 ds8.5kb: ccattgtggtcagaaaggctcttg/tggaccccaccaatgcatgatata 

RBM3 ds11kb: gggcagtaaacccctctagagttc/ggttgtggtgatagcctgcattac 

YTHDF3 ds10kb: acaaaaggacagcagaggga/agcctcttcttatgccaccc 

YTHDF3 ds20kb: agcagctgtctagacccaag/gtagcaacgcctttccagag 

2.12.2 Primers for screening sgRNAs 

CRISPR_sgRNA_scr_F: gagagataattggaattaatttgact 

Dual_sgRNA_scr_F: ttttacggttcctggccttttg 

2.12.3 sgRNAs target sites 

XRN2: AGGGATATCCCAGAGAAGGA 

CPSF73: GGCTGCACAGAGACTGTACG 

DXO: GTGCTGGCTCCTGGAACACCG 

RBM3: GTTATCTATGATAACTAGCA 

MORF4L2: TCCCTGAGTTGCCACCAGAG 

2.12.4 siRNA sequences 

Negative Control 1: Thermo Fisher Silencer Select siRNA #4390843 

PP1α: Thermo Fisher Silencer Select siRNA #s10930  

PP1β: Thermo Fisher Silencer Select siRNA #s10935 

XRN2: Thermo Fisher Silencer Select siRNA #s22412 

2.12.5 Sequences used for genomic insertion 

3xflag 3xmini-aid 

GGGGGTGGCAGCGGCGACTACAAAGATCACGACGGAGACTATAAAGATCACGACATCGATTATAAAGATG

ACGACGATAAAGGTTCCGGTAAGGAAAAGAGCGCTTGCCCGAAGGATCCCGCAAAGCCCCCTGCTAAGGC

TCAGGTGGTCGGTTGGCCACCTGTACGATCCTATCGAAAGAATGTCATGGTATCTTGCCAGAAGTCTTCC

GGTGGTCCAGAGGCCGCTGCATTCGTAAAGGTTAGCATGGATGGTGCCCCTTATCTCCGGAAGATAGACT

TGAGGATGTATAAGGGCGGCGGTAGCGGTGGTGGAAAAGAGAAATCCGCTTGCCCCAAGGATCCAGCAAA

ACCTCCGGCCAAGGCTCAAGTGGTGGGTTGGCCCCCAGTAAGGTCTTACCGCAAAAACGTCATGGTCAGC

TGTCAAAAAAGTTCCGGCGGTCCAGAAGCAGCAGCATTCGTAAAAGTCTCCATGGATGGGGCCCCCTATC

TCAGAAAAATAGACCTGAGGATGTATAAAGGTGGCGGATCAGGTGGGAAGGAGAAGTCCGCCTGCCCGAA

GGACCCGGCCAAGCCACCGGCGAAAGCGCAAGTGGTAGGTTGGCCTCCAGTTAGGAGCTATCGGAAAAAT

GTTATGGTGAGTTGCCAGAAATCATCTGGAGGACCTGAAGCGGCTGCGTTTGTAAAGGTCTCTATGGACG

GTGCGCCGTATTTGCGCAAGATCGATCTTAGAATGTATAAG 

P2A 

GGATCAGGGGCCACTAACTTTTCCCTGCTGAAGCAGGCCGGAGACGTGGAGGAGAACCCCGGGCCC 

Neomycin resistance gene 

ATGCCTGTAATTTCTACCCAGACTGGACGGGCCATGATTGAGCAAGACGGGCTCCACGCTGGCAGCCCCG

CAGCTTGGGTCGAGCGACTGTTCGGGTACGATTGGGCACAGCAGACAATAGGGTGCAGCGATGCCGCCGT

CTTCCGGCTCAGCGCGCAAGGCCGGCCTGTCCTGTTTGTTAAAACCGATCTGAGCGGGGCCCTGAACGAA

CTGCAGGATGAGGCGGCTAGACTTAGCTGGCTTGCGACCACCGGAGTGCCGTGTGCTGCCGTTCTGGACG

TCGTAACAGAGGCGGGAAGGGATTGGCTGCTGCTCGGGGAGGTCCCTGGCCAAGATTTGTTGTCCTCCCA
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CCTGGCACCTGCAGAGAAGGTAAGCATCATGGCAGATGCCATGCGCAGGCTGCACACCCTGGATCCCGCC

ACGTGTCCTTTCGACCACCAGGCCAAGCACCGAATTGAGAGGGCCAGGACACGCATGGAGGCCGGCCTGG

TGGATCAGGACGATCTTGACGAGGAACATCAGGGCCTCGCCCCAGCGGAGCTCTTTGCTCGGCTGAAAGC

TAGAATGCCTGATGGTGAAGATCTCGTCGTGACCCACGGAGATGCCTGCCTGCCCAACATCATGGTAGAA

AACGGACGCTTCTCTGGCTTTATCGATTGTGGCCGGCTTGGAGTTGCTGATAGATATCAGGACATTGCAC

TCGCGACAAGAGACATTGCCGAGGAACTCGGTGGTGAATGGGCAGACCGGTTCCTGGTGCTGTACGGGAT

CGCTGCCCCTGACTCACAGAGGATCGCATTTTACAGGTTGCTGGACGAATTTTTTTAA 

Hygromycin resistance gene 

ATGAAAAAGCCTGAACTCACCGCGACGTCTGTCGAGAAGTTTCTGATCGAAAAGTTCGACAGCGTCTCCG

ACCTGATGCAGCTCTCGGAGGGCGAAGAATCTCGTGCTTTCAGCTTCGATGTAGGAGGGCGTGGATATGT

CCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAAGATCGTTATGTTTATCGGCACTTTGCATCGGCC

GCGCTCCCGATTCCGGAAGTGCTTGACATTGGGGAGTTCAGCGAGAGCCTGACCTATTGCATCTCCCGCC

GTGCACAGGGTGTCACGTTGCAAGACCTGCCTGAAACCGAACTGCCCGCTGTTCTTCAGCCGGTCGCGGA

GGCTATGGATGCGATCGCTGCGGCCGATCTTAGCCAGACGAGCGGGTTCGGCCCATTCGGACCGCAAGGA

ATCGGTCAATACACTACATGGCGTGATTTCATATGCGCGATTGCTGATCCCCATGTGTATCACTGGCAAA

CTGTGATGGACGACACCGTCAGTGCGTCCGTCGCGCAGGCTCTCGATGAGCTGATGCTTTGGGCCGAGGA

CTGCCCCGAAGTCCGGCACCTCGTGCACGCGGATTTCGGCTCCAACAATGTCCTGACGGACAATGGCCGC

ATAACAGCGGTCATTGACTGGAGCGAGGCGATGTTCGGGGATTCCCAATACGAGGTCGCCAACATCTTCT

TCTGGAGGCCGTGGTTGGCTTGTATGGAGCAGCAGACGCGCTACTTCGAGCGGAGGCATCCGGAGCTTGC

AGGATCGCCACGCCTCCGGGCGTATATGCTCCGCATTGGTCTTGACCAACTCTATCAGAGCTTGGTTGAC

GGCAATTTCGATGATGCAGCTTGGGCGCAGGGTCGATGCGACGCAATCGTCCGATCCGGAGCCGGGACTG

TCGGGCGTACACAAATCGCCCGCAGAAGCGCGGCCGTCTGGACCGATGGCTGTGTAGAAGTACTCGCCGA

TAGTGGAAACCGACGCCCCAGCACTCGTCCGAGGGCAAAGGAATAG 

SV40 poly(A) signal 

AACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCAT

TTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTA 

XRN2 5’ homology arm 

GTGTAATAAGTCTAAATTGATGTGGGTATCTTACCACAAAGTGACTTGAATTACTACTGCTAGGACAGTG

AGAAAATTGAGAACCACTGTCTGTACATGTTGTTTACACAGAACACTTTAGTTATTTGTGTGCATTTGTG

ATTGTTAAGGTTTTTTGTTTTATTTTTCAGTAATAGCATTTGTGCTAGCCTCCAACTTTGCAACAAGTCT

GTATTAAAGCTCTGGATCAAAGCACCTTTTATGGGGCCTTTCCATGTGCTGTACCTTTAACACATACTCA

GTTTCCTTATGATGTGTTTTTCCATAGAGGTTTAAAGTTAACTGACTTGCAGGAGTATCGGTCCAGAAAA

TAAACTCTTTCTTTTGTTTATTTTCAGGGATATCCCAGAGAAGGAAGAAAATACCCTTTGCCACCACCCT

CAGGAAGATACAATTGGAAT 

XRN2 3’ homology arm 

GCTTTTGTAAAGCTTTCCCAAATCCTTTCATCATTCTACAGTTTTATGCTATTTGTGGAAAGATTTCTTT

CTCAAGTAGTAGTTTTTAATAAAACTACAGTACTTTGTGTATTTCTTTTAACTGTGTATATTTCTACTGA

TCTGATCTCACTGTTTATGTTGCTTTCCAAAGATGTATGTTGCATAATACAGTGGATCTGAATTTATTAT

TGCTTATAAAACACATTTGATGGAATAGGAGTACTGGTTTTTCATAATGGTTAAAAATGAAACCAGCTGT

GGATTTCAAAACACAGTGTATTCTAGATCATCTAAGATCCATGCTGATTTTTATTGCACAAGAATTAGGT

TTGAACTCGAGCTGGAACCTCAGCAAACTAGAGTATAT 

Codon optimised AID (IAA17) 

GGTAGTGGCATGATGGGTAGTGTGGAGCTGAACCTGCGCGAGACCGAGCTGTGCTTGGGACTGCCTGGCG

GCGATACGGTTGCACCCGTTACCGGGAACAAGAGGGGCTTCAGCGAGACAGTGGATCTCAAGCTGAATCT

GAACAACGAACCTGCAAATAAAGAGGGAAGCACCACTCATGACGTAGTGACATTCGATAGTAAAGAGAAA

TCTGCTTGCCCGAAGGATCCAGCTAAGCCCCCGGCCAAGGCCCAGGTGGTGGGATGGCCCCCGGTGCGCT
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CCTACCGCAAAAACGTGATGGTATCATGCCAGAAAAGCAGCGGGGGGCCCGAAGCCGCCGCTTTTGTTAA

AGTGTCAATGGACGGGGCTCCATACCTGAGGAAGATCGATCTCCGGATGTACAAGTCTTACGATGAACTG

AGCAACGCGCTTTCAAACATGTTCTCATCTTTCACCATGGGAAAGCATGGGGGCGAAGAAGGAATGATTG

ACTTCATGAATGAGAGAAAACTGATGGATCTCGTCAATTCTTGGGACTACGTGCCTTCATACGAGGATAA

GGATGGAGATTGGATGCTGGTAGGAGACGTGCCTTGGCCCATGTTCGTGGACACTTGCAAAAGGCTCAGA

CTGATGAAGGGTAGCGATGCCATCGGCTTGGCACCCCGCGCGATGGAGAAGTGTAAATCTAGGGCC 

CPSF73 5’ homology arm 

CCACATCCATTCCTTGCCAAGTATCATTTACTAGATCAAACTGTGGGCTTTGATGTAAATGTAGTTTACT

AGACTTTCCCCAGTCTTTCACCCCAGCCTCAAGTCATCACTAATTAGGACCGTGCTGCTGTCAGGAAGCA

CTGCACGCCCACAAGTGTGTAGGGCGGCCGTTCTGTTTCATGGTAATCAGTCCCACCATGACCTCTGCA

CACACAGATGATGTTCTTTTTTTTAGTTTGAGACCCGGTCTCGCAGTGCCGCCCAGGCTGGAGTGCAGT

GGTGCAGTCACAGCTCACTGCAGCCTCAACCTTCCCGGCTCAGTGATCCTCCCACCTCAGACTCTTATCT

GGGACCACAGGCACACGCCACCACAGCTGGCTAATTTTTTATGAGATGATGGTTTTTTTAAAGAGTATT

CATTTATCTTCTATATAATCATTATAGACTTAATTCTAACAGTCTTGTTTGTGCCTCACTTTCAGACTGTAG

AATGTGAAGAGGGAAGTGAAGACGATGAATCCCTCCGAGAAATGGTGGAGCTGGCTGCACAGAGACT

GTACGAAGCCCTGACGCCAGTTCAC  

CPSF73 3’ homology arm 

GACTGTGCCTGTATATGAACTTTGAAAAAATACTTGACTCTACTTTTGTTACCTAAAATAAAATGCATTC

GTTTCTCTGGGGGAGCCTGTTTACTTTTAATGTCAAATGGCCTTTATTTCAACAGCCTGAATACTGCTAA

ATTGCTAATTAATTTGTCCATTATTCTAGAACTAACTACTAGATCAACTGCCCATTATTTTAGAATTTTG

GATTCTTCTTCCAGGCATGTATGTGCAGCTCCCATTGAAACCATCAAGATCTGCCGATAGCAACCGCTGC

TGGTTACCCTCTCCTCTGGGGTAACCAATTTGAGTTAATAATAAGGATTCTAAGTTGCACTTGAATCTTT

TCTGTCTTCATCTCCACTGCTGCTGTTCGAGTCCAAGTCTACTCTCCCCTCTGAATTCCTGCAACCACCT

CCATCTCCTCCCCTATAGCTGATTCCTGGAACAGACCTGGCCTC 

xrRNA 

GTACTTCGAAATGTCATCCTCTGTCTGACACTGAACGTAATCCAGACGCGTAAGTCAGGCCGGAAAATTC

CCGCCACCGGAAGTTGAGTAGACGGTGCTGCCTGCGACTCAACCCCAGGAGGACTGGGTGAACAAAGCTG

CGAAGTGATCCATGTAAGCCCTCAGAACCGTCTCGGAAAGAGGACCCCACATGTTGTAGCTTCAAGGCCC

AATGTCAGACCACGCCATGGCGTGCCACTCTGCGGAGAGTGCAGTCTGCGACAGTGCCCCAGGAGGACTG

GGTGAGGATCCTACCTACAAACGGCACGAGCATCAGCC 

δRZ[WT]  

AGGGCGGCATGGTCCCAGCCTCCTCGCTGGCGCCGCCTGGGCAACATGCTTCGGCATGGCGAATGGGACC

AAA  

δRZ[MT] 

AGGGCGGCATGGTCCCAGCCTCCTCGCTGGCGCCGCCTGGGCAACATGCTTCGGCATGGTGAATGGGACC

AAA  

The inactivating single point mutation is underlined. 

MALAT1 3’-end 

GGCCATGCAGGCCAATGCTCTTCAGTAGGGTCATGAAGGTTTTTCTTTTCCTGAGAAAACAACACGTATT

GTTTTCTCAGGTTTTGCTTTTTGGCCTTTTTCTAGCTTAAAAAAAAAAAAAGCAAAAGATGCTGGTGGTT

GGCACTCCTGGTTTCCAGGACGGGGTTCAAATCCCTGCGGCGTCTTTGCTTGGCCCTGAAGGCC 
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Chapter 3 

3. Rapid depletion of XRN2 reveals widespread 

co-transcriptional degradation of the 

downstream products of PAS cleavage  

Declarations: Steven West (S.W.) generated and validated the XRN2-AID 

HCT116 cell line. 

At the outset of this thesis, one of the first aims was to ascertain the role 

of XRN2 (if any) in transcriptional termination.  A major question was why KD of 

XRN2 has a little general effect on termination while competitive inhibition of 

5’→3’ activity does (Nojima et al., 2015; Fong et al., 2015).  Also, some in vitro 

studies have cast doubt as to whether exonucleases are capable of terminating 

Pol II complexes and co-transcriptionally degrade the downstream PAS 

cleavage products if any (Dengl and Cramer, 2009; Pearson and Moore, 2013; 

Zhang et al., 2015).  Conversely, other in vitro studies have observed co-

transcriptional exonuclease RNA degradation and dissolution of assembled Pol 

II complexes (Park et al., 2015).  To investigate these questions, a new 

approach was sought to selectively degrade endogenous XRN2 more rapidly 

than RNAi.  This would test whether a lack of RNA accumulation in KD 

experiments was due to incomplete depletion and whether the effects of 

competitive inhibition could be assigned to XRN2 function.  If such a system 

were paired with nascent transcription methods, it could then further dissect any 

potential involvements in co-transcriptional contexts. 

3.1 Using the auxin-inducible degron (AID) system to rapidly deplete 

XRN2 

The auxin-inducible degron (AID) system was chosen to investigate 

XRN2 function because it offers rapid depletion times (from 1 h upon treatment 

with auxin) (Nishimura et al., 2009; Natsume et al., 2016).  These experimental 

time frames are shorter than those used for RNAi (~24-72 h) and even some 

other degron tagging methods such as DHFR (> 6 h when carried out to a 
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comparable depletion level) and SMASH (~24h) (Sheridan and Bentley, 2016; 

Chung et al., 2015).  The increased speed of depletion reduces the risk of 

secondary or indirect effects developing and changes to gene expression, such 

as the upregulation of redundant or compensatory proteins, having 

consequence.  Secondly, the AID system commonly provides a level of 

depletion that is rarely achievable by RNAi, where the relative abundance of the 

target protein is reduced to undetectable levels when compared to control 

samples by western blotting.  The human colorectal carcinoma cell line, 

HCT116, was chosen because it has a near-diploid karyotype, whereas many 

other immortalised carcinoma cell lines are highly aneuploid (Knutsen et al., 

2010).  This reduces the risk of multiple copies of the target gene being present, 

which should facilitate the homozygous tagging of all alleles.  Indeed, HCT116 

cells have previously been successfully employed with the AID system and 

have a high rate of recombination that may lend itself to this CRISPR editing 

strategy (Fig 3.1a), which relies on HDR with a co-transfected construct 

containing homologous regions to each side of the sgRNA target site (Natsume 

et al., 2016).   

It should be noted, there are limitations to using cancer cell lines as 

models because many studies have highlighted their substantial transcriptomic 

and genomic differences that fail to accurately recapitulate the disease 

complexity of the primary tumour biopsy cells from which they once derived 

(Chen et al., 2015a; Gillet et al., 2011; Liu et al., 2019).  However, this thesis 

does not focus or seek to comment on colorectal carcinoma.  Additionally, as 

the AID system requires multiple rounds of genome editing involving expansion 

from a single cell after each round and some of the nascent transcriptome 

techniques planned require large amounts of input (107 cells per condition for 

mNET-seq), cancer cell lines offer a compromise due to their relatively fast 

growth rate and immortalisation offering longer culture durations. 

A C-terminal tagging approach was used for XRN2 because the entire 

cassette (consisting of AID-P2A-HygroR/NeoR-PAS) is large and it was feared 

a large first exon may reduce the levels of protein expression or interfere with 

splicing as many mammalian genes have short first exons (Bieberstein et al., 

2012).  Also, many of the XRN2 active site residues are near the N-terminus 

and tagging here may risk adversely affecting its activity (Xiang et al., 2009).   
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3.1 | Rapid and complete depletion of XRN2 with an auxin inducible degron (AID) tagged cell line. 

  

Figure 3.1 | Rapid and complete depletion of XRN2 with an auxin 
inducible degron (AID) tagged cell line.  a)  Schematic of XRN2-AID HDR 
plasmid repair constructs which are co-transfected with the CRISPR/Cas9 
plasmid (Sp. = humanised S. pyogenes).  Both HygroR and NeoR containing 
plasmids are used to enrich for biallelic insertions.  b)  Domain structure of 
degrons including the three tandem mini-AID tag used for XRN2-AID.  c)  WB 
showing a ~27 kDa increase in migration of XRN2 among two isolated drug 
resistant clones suggesting mini-AID tag incorporation (C = control untagged 
sample; #n = clone n that is grown after single cell selection and is resistant 
to hygromycin and neomycin/G418).  SF3B155 is used as a loading control.  
d)  WB showing the time-dependent depletion of XRN2-AID by auxin 
addition.  The parental cell line HCT116, modified with ectopically expressed 
TIR1, was used as a control.  TIR1 is used as a loading control.  The WBs in 
c and d were made by S.W. and reproduced from Eaton et al. (2018). 
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The AID tag used here contains three tandem Flag epitopes followed by three 

tandem minimal AID domains (mini-AID) from IAA17 protein of Arabidopsis 

thaliana with each feature joined by glycine serine linkers (Fig 3.1b; Kubota et 

al., 2013).  This three tandem mini-AID is suggested to provide more efficient 

degradation than a single full-length AID because of observations that the 

growth defects, when tagged to essential proteins in budding yeast, are more 

severe.  The XRN2-3x[mini-AID] (XRN2-AID herein) cell line, which was 

generated and validated by Steven West, had isolated clones screened for 

genome integration via PCR and then further validated by western blot.  These 

protein extracts were probed an anti-XRN2 antibody and the two modified 

clones tested both showed an increase in band migration, which was consistent 

with the 26.3 kDa degron tag size, suggesting the successful homozygous 

tagging of all alleles (Fig 3.1c).  However, XRN2-AID band protein abundance 

is reduced to 10-20 % of endogenous untagged XRN2 in the absence of auxin.  

Some other groups, using the AID system, have similarly noticed auxin-

independent protein depletion for some tagged proteins suggesting such a 

result is not uncommon (Morawska and Ulrich, 2013; Nishimura and Fukagawa, 

2017; Zasadziń ska et al., 2018).  Regardless of this after 1 h of auxin addition, 

the cell line still exhibited auxin-induced depletion of XRN2-AID to undetectable 

levels relative to the already reduced amount within untreated XRN2-AID cells 

(Fig 3.1d). 

3.2 Using mNET-seq to generate single-nucleotide resolution 

transcription profiles upon XRN2 loss 

To assess the effects of XRN2-AID loss upon transcription mNET-seq 

was chosen as a genome-wide approach to gain high-resolution mapping of 

nascent Pol II transcription complexes (Nojima et al., 2015).  This method 

enables the mapping of Pol II at single-nucleotide resolution providing many 

insights unavailable from other methods.  The library protocol involves 

selectively isolating Pol II-associated RNA and building a short-read library such 

that the terminal residue of the RNA fragment will correspond to the last 

ribonucleotide incorporated by Pol II (Fig 3.2a).  In capturing the 3’ terminal 

nucleotide it provides a stochastic snapshot of Pol II transcription positions.  

The method involves nuclei and subsequent insoluble chromatin pellet 

purification from a dish of cells.  Then a short period of enzymatic fragmentation 
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is carried out by micrococcal nuclease (MNase) to solubilise chromatin-

associated complexes.  Pol II-associated chromatin is immunoprecipitated with 

a specific antibody before purification of its associated RNA.  In this case, an 

antibody was chosen that is predicted to target all forms of Pol II, recognising 

the heptad repeat of the CTD.  Importantly, the endonucleolytic cleavage of 

single and double-stranded RNA and DNA by MNase produces 5’ hydroxyl and 

3’ phosphates (Cuatrecasas et al., 1967).  Whereas, RNA fragments that have 

inaccessible 3’-ends from within the active site of Pol II will have the 3’ hydroxyl 

preserved.  This allows chemical isolation with a truncated RNA ligase that 

ligates 5’ adenylated adapters to 3’ hydroxyl ends of ssRNA in the absence of 

ATP (Viollet et al., 2011).  Thus, only these 3’ hydroxyl species will have the 3’ 

adapter ligated, be a substrate for PCR amplification and be able to bind the 

Illumina sequencing flow cell. 

The bioinformatic processing strategy for mNET-seq involves trimming, 

mapping, generation of single nucleotide resolution (snr) alignments, read 

normalisation and plotting of mNET-seq profiles (Fig 3.2b).  To ensure capture 

of the 3’ most nucleotide, which can usually be considered as the Pol II position, 

paired-end sequencing is carried out on the libraries.  This allows the 

generation of mNET-seq snr profiles by converting concordantly mapped read 

pairs into a 1bp read with the complementarity of the forward read at the 5’ 

position of the reverse read.  Unlike Pol II ChIP, mNET-seq offers superior 

resolution, only captures Pol II with an associated RNA and, identifies the 

directionality of transcription events. 
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3.2 | Using mNET-seq to generate signal nucleotide resolution (SNR) transcription profiles for XRN2 
depletion. 

 

 

  

Figure 3.2 | Using mNET-seq to generate signal nucleotide resolution 
(SNR) transcription profiles for XRN2 depletion.  a)  The mNET-seq 
library protocol schematic for isolation of nascent RNA from transcribing Pol 
II complexes and preparation for Illumina sequencing.  This used an antibody 
(MBL CMA601) specific to the total CTD heptad repeats of Pol II regardless 
of residue phosphorylation status [adapted from Nojima et al., (2015)].  b)  
Bioinformatic processing strategy for trimming, mapping and, normalisation 
of raw reads into mNET-seq SNR profiles.  The orange star indicates the 
position of the 3’ nucleotide captured from within the Pol II active site.  
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3.3 Quality assessment of mNET-seq sequencing files 

In total six samples were sequenced.  Two of these were from control cell lines 

for comparison to the XRN2-AID edited cell line, one being the unmodified 

parental HCT116 cells.  The other contained TIR1, the required E3 ligase 

component, integrated within the AAVS1 safe-harbour locus and under the 

control of a doxycycline promoter (Natsume et al., 2016).  This is unlike the 

XRN2-AID cells, where TIR1 is integrated at unknown sites by the sleeping 

beauty transposon system, thus the TIR1 cells will not be an exact control for 

the same level of TIR1 expression.  However, it still provides some assurance 

that the presence of TIR1 alone should not directly affect the transcription 

pattern within HCT116 cells.  These mNET-seq samples were then quality 

assessed before processing.  The Phred quality scores of the average base 

calls for the raw reads were high for all samples and >30 throughout the 50 bp 

reads captured (Fig 3.3a).  A Phred score of 30 indicates a bp has a 1 in 1000 

probability of having been incorrectly recorded by the sequencing machine.  

The adapter content of the mNET-seq libraries is seen to increase from ~20bp 

because these are short fragment libraries that have been sequenced for 50 bp 

cycles (Fig 3.3b).  Some of the variability between samples probably arises due 

to slight differences in gel excision purification of library batches.  The 

composition of the first nucleotide of read 1 and the first nucleotide of read 2 are 

shown (Fig 3.3c,d). The former indicates the nucleotide directly after the 

MNase cleavage site.  MNase is known to have a strong bias for cleavage 

upstream of an A or T nucleotides (Dingwall et al., 1981; Allan et al., 2012).  

This enrichment bias is seen in all samples except for XRN2-AID replicate 2, 

which likely indicates a poorer digestion reaction.  The nucleotide composition 

of the first bp of read 2 (the complement of Pol II active site residue) is more 

evenly distributed with a less visible or consistent bias present.  After removal of 

the adapters, a sample of 100,000 raw reads was screened for the presence of 

contaminants.  For all samples, > 80 % of reads mapped to the human genome 

(Fig 3.3e).  Some reads did map to the mouse and CHO cell genomes, but 

these were classed as reads that matched ‘multiple genomes’.  As very few 

reads are unique to either the mouse or CHO cell genomes, these multiply 

mapped reads are unlikely to originate from these sources and probably derive 

from conserved eukaryotic sequences that are also found in humans.  This is 

more likely to occur for mNET-seq libraries given the small fragment sizes used.  
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3.3 | Quality assessment graphs for control and XRN2-AID mNET-seq samples. 

 

 

  

Figure 3.3 | Quality assessment graphs for control and XRN2-AID 
mNET-seq samples.  a)  The average Phread quality score for each 
nucleotide position within the raw reads.  b)  Adapter content (%) for each 
base pair within the raw reads.  a,b)  The key applies to both.  ‘R1’ = read 1 
and ‘R2’ = read 2.  Data generated from FastQC.  c,d)  The percentage 
nucleotide composition of the 5’ nt of the RNA fragment (first nt of read 1, c) 
and the complementary nt at the 3’ end (first nt of read 2, d).  e)  Adapter 
trimmed reads were screened for contamination with ‘fastq_screen’.  A 
sample of 100000 reads, taken evenly throughout the read file, were aligned 
to various datasets of commonly used lab species and reagents.  The key for 
the grouped bars is shown above human.  HCT116 cells were either 
unmodified, expressing TIR1, or expressing TIR1 along with biallelic AID 
tagging of XRN2 in the presence and absence of Aux (Aux = auxin; nt = 
nucleotide).  The control TIR1 cell line, which is not a direct parent to the 
XRN2-AID cells, is integrated within the AAVS1 locus under the control of a 
doxycycline-inducible promoter (dox was added 24 h before harvest). 
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The mapping of reads and filtering for concordant read pairs was done 

by HISAT2 and the proportions are shown in Table 3.1.  After processing, the 

control mNET-seq conditions were compared to XRN2-AID untreated with auxin 

to confirm that the transcription profiles and termination regions remain 

unchanged after the genome-editing process.  Of the four protein-coding genes 

examples, shown in Fig 3.4, all profiles largely correlate with the signal reducing 

to background at similar positions after the 3’ annotated ends of the genes.  

Interestingly, XRN2-AID cells (in the absence of auxin) can maintain efficient 

Pol II transcription termination at the reduced protein abundance mentioned 

previously.  This is also true for XRN2-AID replicate 2 minus auxin, although, 

the slightly reduced GB signal seen in examples could be reflective of reduced 

coverage depth caused by the impaired MNase digestion.  This should not 

interfere with the direct comparison of replicate 2 samples however because 

both treated and untreated samples were prepared at the same time and have 

the same reduced MNase cleavage signature (Fig 3.3c). 

3.4 XRN2-AID depletion leads to widespread read-through at protein-

coding genes 

 Next, to investigate the involvement of XRN2 in degrading the downstream 

product of PAS cleavage and the wider role in PAS-dependent termination, 

protein-coding genes were examined upon XRN2-AID depletion.  Protein-

coding genes require a PAS to undergo transcriptional termination so offer a 

powerful insight into PAS-dependent termination (Whitelaw and Proudfoot, 

1986; Connelly and Manley, 1988).  It is important to consider the presence of 

neighbouring TUs close to or overlapping the 3’-ends of protein-coding TUs as 

reads from these transcription events can be aberrantly considered to have 

originated from the TUs to which they are closely spaced.  Also, the effects of 

transcriptional interference by Pol II collisions may change the profile and the 

outcome of where RNA accumulation (if there is any) occurs in relation to the 

transcript in question.  Six examples of protein-coding TUs whose 3’-ends are 

clear from such neighbouring interference all show RNA accumulation beyond 

the PAS (Fig 3.5).  For some TUs (like MYC and TBL1XR1) the accumulation of 

RNA occurring beyond the PAS is mainly within the same footprint of where 

transcription occurs in the absence of auxin (Fig 3.5a,b).  However, in other 

cases (like ACTB, RPL30, YTHDC2 and EEF1A1) the RNA accumulates not   
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Table 3.1 | Proportion of reads pairs that map concordantly to human 
genome for control and XRN2-AID mNET-seq samples using HISAT2. 
3.1 | Proportion of reads pairs that map concordantly to human genome for control and XRN2-AID mNET-seq samples 

using HISAT2. 

Samples Total reads Read pairs Concordantly 
mapped read 

pairs 

% of read 
pairs that are 
concordant 

Unmodified 
–Aux 

181465993 78366207 59616293 76.07 

TIR1 +Aux 167947689 73500152 58133575 82.43 

XRN2-AID 
rep1 –Aux 

213073958 72408380 51527384 71.16 

XRN2-AID 
rep1 +Aux 

199467883 63867518 45168884 70.72 

XRN2-AID 
rep2 –Aux 

127341950 50324673 35756473 71.05 

XRN2-AID 
rep2 +Aux 

225398876 90692141 67468275 74.39 

 

 

3.4 | Conserved termination regions between parental and genome edited cell lines under control 
conditions. 

 

  

Figure 3.4 | Conserved termination regions between parental and genome 
edited cell lines under control conditions.  Comparing the transcription 
termination regions, on a handful of protein-coding genes, between the unmodified 
HCT116 parental cells (blue), TIR1 cells with auxin treatment (orange) and XRN2-

AID TIR1 edited cells without auxin treatment for two replicates (green and red 
respectively).  The mNET-seq transcription signal reduces to background beyond 
the annotated genes at similar positions in all four examples and the GB profiles are 
also similar.  The average signal for the second replicate of XRN2-AID untreated is 

consistently lower than the other samples.  Positive and negative peaks correspond 

to sense and antisense transcription, respectively.  Within the annotation track 
coding exons are shown by larger width blue bar with a line corresponding to 
intronic regions for a primary transcript isoform.  Black arrows indicate transcript 

directionality and normalised coverage for chromosomal snapshots equals single 
base pair bin size transcripts per million (TPM).   
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only within the same transcription footprint as untreated cells but extends 

beyond this point and into downstream intergenic regions (Fig 3.5c-f).  The 

accumulation of RNA for TBL1XR1 is spread over hundreds of kb but itself is 

over 150 kb long, whereas the signal beyond the MYC PAS covers a ~5 kb 

range.  Likewise, read-through transcription varies but less dramatically 

extending over a ~5 kb region for ACTB and ~10 kb for RPL30.  One possibility 

is this extended read-through could be revealing positions where Pol II normally 

terminates.  If so, it is unclear why the polymerases within these termination 

regions would only be visible on some genes and not others.  Whilst the 

distance of read-through transcription and RNA accumulation varies between 

TUs, the distance for each TU is reproduced between replicate samples 

indicating context or loci-specific reasoning for this variation.  Such conservation 

of loci-specific (or transcript-specific) termination characteristics is not 

unexpected because Fong et al. (2015) showed that although 3’-end Pol II 

pause occurs at different distances after the PAS, the position of the peaks are 

unchanged in multiple cell lines.  Additionally, the longer read-through could be 

because of differences in transcription speeds with an increase of just 220 

nt/min shifting Pol II into downstream sequences (Fong et al., 2015).  One 

similarity all examples share is that the RNA signal within auxin conditions 

always reduces towards the background levels of the control sample gradually 

(when no expressed neighbouring TU’s occur downstream).  This suggests 

transcription still ceases and does so stochastically with XRN2 accelerating 

termination.  Perhaps such punctuality is desirable to avoid transcriptional 

interference of neighbouring TUs or ensure efficient Pol II recycling.  

 When exploring these findings more generally a metagene profile, which 

averages many overlaid protein-coding genes, confirms the widespread nature 

of XRN2 degradation of PAS cleavage products (Fig 3.6a).  To avoid 

overlapping signal from neighbouring transcription interfering with the 

interpretation, isolated protein-coding transcripts were examined.  First 1501 

TUs were identified whose primary transcript isoform had no neighbouring 

transcript annotation within -5kb to +20kb up and downstream, respectively, 

regardless of whether such neighbouring was expressed under untreated 

conditions.  Then once ranked for expression the top 40 % (n=600) were used 

within the metagene profile.  Like most gene profile examples shown above, 

RNA accumulates further downstream in the auxin treated sample with a  
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3.5 | XRN2-AID loss causes read-through of various magnitudes and lengths at protein-coding genes. 

  

Figure 3.5 | XRN2-AID loss causes read-through of various magnitudes 
and lengths at protein-coding genes.  Six chromosomal snapshots of 
protein-coding genes are shown (a-f) and represent common transcriptional 
termination defects upon XRN2-AID depletion.  The accumulation of 
transcription varies, being present over the same termination regions in -Aux 
condition in a 1kb window (e.g. MYC in a) or spread over hundreds of kb 
(e.g. TBL1XR1 in b).  In examples c-f XRN2-AID depletion not only causes 
increased transcription at the 3’-end but the signal extends further 
downstream to regions not previously transcriptionally active.  Black arrows 
indicate transcript directionality and normalised coverage for chromosomal 
snapshots equals single base pair bin size TPM. 
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3.6 | Genome-wide effects of XRN2-AID depletion on protein-coding genes. 

 

  

Figure 3.6 | Genome-wide effects of XRN2-AID depletion on protein-
coding genes.  Isolated protein-coding primary isoform transcripts where 
selected whose annotation has no neighbouring annotation between -5kb 
and 20kb up- and downstream respectively (see methods).  Of these 1501 
protein-coding transcripts, the top 40 % expressed examples (n=600) were 
taken forward for metagene analysis.  The GB region is scaled to 10 kb and 
a 50 bp bin size is used.  a)  Metagene profile on the 40 % highest expressed 
protein-coding transcripts.  Sense and antisense coverage are displayed as 
positive and negative values.  Black bars correspond to read-through index 
(RTI) regions used in c.  b)  Heatmap showing the log2 fold change between 
normalised TPM coverage of (depleted / untreated) XRN2-AID replicate 1 
single protein-coding transcripts used within metagene a.  The log2 fold 
change left and right of the TSS is calculated using antisense and sense 
coverage, respectively.  c)  Violin-plots for RTI of 600 protein-coding genes.  
p-values were calculated by a two-sided Mann-Whitney test and adjusted 
using the Holm method.  The two violin plots adjacent to the heatmap use a 
subset of 150 genes. 
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delayed hump visible after the PAS (see arrow).  This transcription then extends 

into the 3’ intergenic flanking regions but tends toward background levels by 

20kb beyond the PAS.  Whereas at the promoter, there is a far less pronounced 

effect with the promoter peak for both the sense and antisense (PROMPTs) 

peaks largely matching but with a small increase upon XRN2-AID depletion.  

For PROMPTs transcripts more generally, there is no appreciable difference 

with the transcription profile between the two conditions.  This reaffirms the 

PROMPTs shown in the individual gene examples above (Fig 3.5 a,c,d,f; see 

asterisks).  These observations are not biased by a few strongly expressed 

examples as a heatmap showing the log2 fold change between auxin treated 

and untreated conditions confirms the widespread read-through and lack of 

antisense PROMPT effect (Fig 3.5b).  Another observation is that the GB signal 

is slightly lower (light blue within the heatmap) when XRN2-AID is depleted.  

This only appears as a minor reduction within the individual gene snapshots 

and the metagene profile.  Whilst the heatmap demonstrates the widespread 

occurrence of the RNA accumulation downstream of the PAS it does not 

compare this to the relative level of expression within the upstream transcript.  

For example, the RNA accumulation at 15-20kb beyond the annotated end of 

the transcript or transcription end site (TES) appears more pronounced for the 

top 10% of genes than the less well-expressed 30-40% but, this may be 

because the former’s signal started at greater level above background 

transcriptional noise.  To address this a read-through index (RTI) was 

calculated as a ratio of average signal downstream of the TES to average signal 

-550 to -50 bp upstream of the TES (adapted from Nojima et al., 2015).  The 

RTI is shown for increasing distances downstream of the transcript for the top 

40 %, top 10% and 30-40% (Fig 3.6c).  Interestingly, both subsets (0-10% and 

30-40%) have similar violin shapes and heights at ~13 and 17kb upon auxin 

treatment.  Therefore, this suggests the average read-through distance (relative 

to GB signal) does not depend on the level of gene expression.  

The proportion of protein-coding genes that demonstrate an XRN2-

dependent termination defect is often queried.  Whilst this is easier to determine 

for protein-coding genes with no neighbouring TUs downstream it is somewhat 

more complicated where TUs overlap, occur in tightly packed clusters or within 

regions that are pervasively transcribed in both directions under untreated 



 

  67 
 

conditions.  The graphs presented above show that XRN2 is ubiquitously 

employed in the transcriptional termination of isolated protein-coding genes.  

Therefore, the likely interpretation is that XRN2 also targets other protein-coding 

genes in more crowded settings, but the effects may be less visible because of 

multiple transcription events from neighbouring TUs.  However, at present it 

cannot be ruled out that some of the protein-coding genes within these 

confounded loci may not involve XRN2 within transcriptional termination. 

3.5 Investigating XRN2-AID depletion at smaller gene classes 

Although replication-dependent histones are not polyadenylated they do share 

some of the same 3’-end processing components with other protein-coding 

genes including CPSF73, CPSF100 and Symplekin (Sullivan et al., 2009).  

Therefore, CPSF73 cleavage has the potential to provide a similar entry site for 

XRN2 at the 3’-ends of histone pre-mRNA as it does at the PAS of protein-

coding genes.  Replication-dependent histones, as their name suggests, are 

expressed during the S-phase of the cell cycle as DNA is replicated, but due to 

the high level of histone transcription during this period, nascent RNA is easily 

detectable from asynchronous cells, even though such signal originates from a 

proportion of cells.  As expected, histone gene loci are abundantly detected in 

the mNET-seq data (Fig 3.7).  On examination for an XRN2-dependent 

termination defect, little to no read-through transcription was visible.  At the 

histone cluster on chromosome 6, an overview reveals tightly segmented TUs 

that appear unchanged across conditions (Fig 3.7a).  Zoomed in snapshots of 

two sections of this cluster shows the associated-Pol II RNA signal remains 

unchanged across the entire TU to the point of termination upon XRN2-AID loss 

(Fig 3.7b,c).  Similarly, little to no differences between untreated and treated 

samples of the same replicate were detected at TUs of a second histone cluster 

with closely matching profiles of RNA signal recovered throughout the gene 

bodies (Fig 3.7d,e).  This indicates that not all CPSF73 cleavage events lead to 

XRN2 degradation of 3’ flanking RNA and Poll II termination.  However, a small 

termination delay has been seen on histone genes by Pol II ChIP upon 

dominant-negative overexpression of XRN2-MT and additional RNAi of 

endogenous XRN2 (Fong et al., 2015).  This difference could in part be 

because overexpression of XRN2-MT has the potential to inhibit other 5’ to 3’ 

exonuclease.  Thus, an alternative exonuclease could be involved in degrading  
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3.7 | Replication-dependent histone genes have little/no XRN2-dependence on termination. 

  

Figure 3.7 | Replication-dependent histone genes have little/no XRN2-
dependence on termination.  a)  Overview of the HIST1H cluster of 
replication-dependent histone genes.  Grey boxes and arrows indicate the 
zoomed-in view shown in neighbour parts.  b,c)  Zoomed in regions of 
HIST1H genes in a showing in better clarity the lack of read-through and 
termination defect.  d,c) Chromosomal snapshot of histone genes but from 
the HIST2H cluster.  Black arrows indicate transcript directionality and 
normalised coverage for chromosomal snapshots equals single base pair bin 
size TPM. 



 

  69 
 

3’ flanking RNA of histone pre-mRNA. 

Another class of TU that also undergo 3’-end cleavage are snRNAs, but 

this is carried out by the integrator complex (Baillat et al., 2005).  The nuclease 

component of the integrator complex, INTS11, is also a metallo-β lactamase 

family member like CPSF73.  These short ~200 bp snRNAs associate with 

proteins to form snRNPs of the spliceosome complex and function to remove 

intronic sequences by splicing for pre-mRNA.  Within the XRN2-AID mNET-seq, 

abundant peaks can be seen aligning to snRNA genes (Fig 3.8a,b).  The 

mNET-seq protocol, which isolates Pol II complexes via IP, is known to co-

precipitate co-transcriptional complexes including the spliceosome, of which the 

spliceosome is enriched with the Ser5P CTD isoform of Pol II (Nojima et al., 

2018b).  This co-precipitation of spliceosomal snRNPs which contain mature 

snRNA is likely to be the source of some of these abundant peaks (Fig 3.8e) 

and similar observations have been seen by other methods that detect co-

precipitated 3’ hydroxyl RNAs (Churchman and Weissman, 2011).  When 

scaled-up these snRNA loci reveal the nascent transcriptional signal derived 

from Pol II and XRN2-AID depletion has little to no effect (Fig 3.8c,d).  This is 

reproduced in a metagene profile of snRNAs, although, because far fewer 

snRNA TU are present within the genome (vs protein-coding) only 83 

expressed examples were averaged (Fig 3.8f).  Like for histones, this is 

different from the small delay in termination observed by Pol II ChIP upon 

overexpression of XRN2-MT (Fong et al., 2015). 
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3.8 | Lack of XRN2-dependent termination defects for other small non-coding TUs. 

  

Figure 3.8 | Lack of XRN2-dependent termination defects for other small 
non-coding TUs.  a,b)  Examples of snRNA genes showing the enriched co-
precipitated cleavage products and mature snRNAs.  c,d)  A scaled in view 
of the snRNAs (in a,b) to reveal the nascent transcription signal that occurs 
well below the abundance of co-precipitated product.  e,f)  A metagene of 
snRNAs (n=83) showing the average coverage +/- 2kb up and downstream. 
The transcript body is scaled to 500 bp and a 50 bp bin size is used for 
averaging.  A scaled-up version is shown on the right to reveal the 
transcription signal. Black arrows indicate transcript directionality and 
normalised coverage for chromosomal snapshots equals single base pair bin 
size TPM.  
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3.6 XRN2 degrades downstream products at some non-PAS cleavage 

sites 

In addition to those by CPSF73 and integrator, other co-transcriptional 

cleavage events occur at the 3’-ends of some transcript classes.  A small group 

of non-coding RNAs, which host miRNAs, depend on microprocessor cleavage 

for termination (Dhir et al., 2015).  For this miRNA host gene subclass, RNAi of 

Drosha or DGCR8 leads to a prolonged read-through transcription.  On 

examining whether XRN2 was involved in degrading the products of 

downstream microprocessor cleavage similar large peaks, which are likely co-

precipitated cleavage intermediates, were seen across the miRNA annotated 

sites like for snRNAs (Fig 3.9a,c).  Beyond the terminal annotated miRNA, 

read-through transcription was extended upon depletion of XRN2-AID (Fig 

3.9b).  The associated Pol II signal extends ~20 kb downstream before 

returning to background.  Moreover, given the siDROSHA and siDGCR8 RNAi 

by Dhir et al. (2015) caused read-through > 20 kb suggests these TUs do not 

efficiently use a PAS in the absence of microprocessor cleavage.  However, as 

the RNAi experiments used Hela cells it is an assumption that this also applies 

within our HCT116 cells.  Thus, two non-mutually exclusive possibilities exist 

firstly that XRN2 is degrading the cleavage products of microprocessor to 

accelerate Pol II termination and/or secondly the read-through signal derives 

from downstream PAS cleavage.  Recent POINT-5 seq has identified XRN2-

sensitive PAS cleavage sites but the extent to which termination of MIR17HG 

depends on PAS cleavage within HCT116 cells is unknown (Sousa-Luis et al., 

2020).  Another example of non-coding TUs with a different 3’-end cleavage 

mechanism are MALAT1 and NEAT1 (Wilusz et al., 2008).  These lncRNA 

transcripts have a MALAT1-associated small cytoplasmic RNA (mascRNA) at 

their 3’-end, which is small 61 nt tRNA-like structured sequence.  Two 

endogenous RNases, P and Z, excise the mascRNA by cleaving up and 

downstream, respectively.  Upon XRN2-AID depletion at these genes 

transcription read-through extends beyond the ends of the gene (Fig 3.9d,e).  

The data here supports the view of XRN2 co-transcriptionally degrading the 

downstream cleavage products from multiple mechanisms other than just PAS 

cleavage (Fong et al., 2015).  
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3.9 | XRN2-AID accelerates termination at some non-PAS cleavage sites. 

 

  

Figure 3.9 | XRN2-AID accelerates termination at some non-PAS 
cleavage sites.  a)  A chromosomal snapshot of MIR17HG, a miRNA host 
gene.  b)  The termination region after the annotated microRNAs (in a) 
reveals an XRN2-AID read-through defect where microprocessor cleavage 
likely provides XRN2 with the entry site.  c)  A zoomed-in view of the six 
microRNAs found within intron 3 of MIR17HG shows the enrichment by 
coprecipitation of cleavage intermediates and products.  d,e) The termination 
regions of two lincRNA genes that have a unique mascRNA structured tRNA-
like element at the 3’ ends.  This mascRNA, which is cleaved by RNAase P 
and Z, likely provides the entry site for XRN2 which reveals a read-through 
defect upon XRN2-AID depletion.  Black arrows indicate transcript 
directionality and normalised coverage for chromosomal snapshots equals 
single base pair bin size TPM. 
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3.7 Discussion 

The data presented here for XRN2-AID depletion reveals the widespread 

role for 5’→3’ degradation of downstream cleavage products of PAS cleavage 

and some other cleavage events as suggested by the torpedo model.  As 

mNET-seq records Pol II-associated RNA, it strongly indicates that such 

degradation occurs co-transcriptionally and takes part within a primary 

termination mechanism.  The reduced levels of XRN2-AID in the absence of 

auxin, when compared to endogenous levels of XRN2, is a caveat of the XRN2-

AID cell line.  However, transcription termination still occurs in similar positions 

downstream of the PAS when compared to untagged parental cells and read-

through transcription depends upon auxin addition to modified cells (Fig 

3.4,3.5).  In hindsight, the unexpected finding that such a small amount of XRN2 

is sufficient for normal co-transcriptional degradation and termination likely 

means remaining amounts of XRN2 after RNAi results in the minimal effect of 

XRN2 downstream of the PAS-dependent transcripts (Nojima et al., 2015).  This 

could be due to (or at least exacerbated by) the processive nature of XRN2 

catalysis where once XRN2 begins degradation of an exposed 5’ RNA it 

continues to sequentially degrade nucleotides without dissociation (Lasater and 

Eichler, 1987).  In a broader context, these experiments generalise the human 

findings of XRN2 which was originally described with single-gene studies on 

transfected plasmids (West et al., 2004).  Additionally, this work largely 

recapitulates the findings from dominant-negative studies and confirms that 

XRN2 is the responsible nuclease, which has been blocked by competitive 

inhibition of 5’→3’ activity, at PAS-dependent transcripts (Fong et al., 2015).  In 

yeast, the XRN2 orthologue Rat1 is also widely responsible for degradation 

downstream of the PAS and Pol II termination (Kim et al., 2004; Baejen et al., 

2017).  This demonstrates a conserved role for a 5’→3’ exonuclease activity co-

transcriptionally pursuing Pol II across eukaryotes.  

Even though low levels of XRN2-AID are sufficient for normal termination 

and life of the cell, why it is at such a low level is of interest.  As stated 

previously, such observations have been noted by other labs.  One possibility is 

that TIR1 may have some recognition of degrons in the absence of auxin.  

Recently, newer adaptations of the AID system for use in 

eukaryotic/mammalian models have sought to address auxin-independent 
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degradation by adding in an additional component of the plant pathway that 

binds to the TIR1 E3 ubiquitin ligase in the absence of auxin (Li et al., 2019; 

Sathyan et al., 2019).  Both groups found a reduction in auxin-independent 

degradation of tagged proteins using this modified approach.  Future 

experiments to incorporate one of these components into XRN2-AID cells may 

resolve this issue and potentially improve the rate of degradation.  Another 

development uses Auxinole, a TIR1 inhibitor, which binds to the auxin binding 

pocket and blocks TIR1 association with AID tags (Yesbolatova et al., 2019).  

Such a method may prevent basal degradation of AID tagged proteins in the 

absence of auxin and rescue XRN2-AID protein levels but will compete with 

auxin for binding so removal and higher auxin concentrations may be necessary 

to avoid a reduced degradation rate.  Another possibility is that the AID tag itself 

may have a destabilising effect on the attached protein.  In this scenario, the 

modifications developed above may not resolve the reduced levels of XRN2-

AID as they improve TIR1 auxin-dependence into a more ‘switch-like’ behaviour 

by targeting TIR1 rather than the AID tag.  

The variety of read-through lengths and magnitudes of RNA 

accumulation observed at PAS-dependent transcripts but with reproducibility 

across replicates may indicate a transcript/loci-specific context to this variability.  

A broad termination motif that causes Pol II slowing (at somewhat degenerate 

sequences) downstream of C/G stretches and shortly followed by A/T stretches 

may explain such read-through variability (Schwalb et al., 2016).  Such a motif 

would result in a stretch of dA:rU or dT:rA duplexes within the polymerase and 

constructs encoding dA:rU stretches placed 600bp downstream of a PAS 

confirmed a reduction in Pol II. Such dA:rU stretches have a very low 

thermodynamic stability and may be responsible for limiting ultimate read-

through distance upon XRN2-AID depletion by facilitating termination (Martin et 

al., 1980).  The ability for poly(T) tracts encoding dA:rU duplex to facilitate in 

termination has precedent among other RNA polymerases e.g. Pol III (Nielsen 

et al., 2013).  Another reasoning behind various transcript-specific read-through 

distances could be Pol II elongation speed.  It has been shown that when 

recognition of the PAS is inhibited, by expression of the influenza A protein 

NS1a, Pol II continues to transcribe hundreds of kilobases downstream of 

protein-coding genes and in so doing changes the 3D genome architecture 
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(Bauer et al., 2018; Heinz et al., 2018).  Notably, elongating Pol II has the 

potential to transcribe through intergenic heterochromatin sequences and 

displace cohesin-mediated CTCF loops leaving them in its wake.  Therefore, it 

is less likely such heterochromatin protein bound complexes would affect read-

through distances but, instead the speed of Pol II elongation could influence the 

distance past the PAS Pol II reaches before recognition, cleavage and pausing 

occurs.  Likewise, under such a scenario the strength of the PAS may play a 

role in the ‘timing’ of cleavage by changes in the affinity particular sequences 

have with different CPA complex members, which on average may lead to a 

delay and more transcription past the PAS before recognition, cleavage and Pol 

II pausing occurs.  

As stated above, the lack of XRN2 effect seen upon auxin treatment at 

histone and snRNAs contrasts with the albeit small effects by Pol II ChIP upon 

dominant-negative treatment (Fong et al., 2015).  One potential explanation is 

that XRN2-MT competitively inhibits all 5’→3’ activity including a redundant 

exonuclease.  For instance, at histones CPSF73 is thought to have both an 

endonuclease and 5’→3’ exonuclease activities and XRN2-MT overexpression 

could interfere with the latter activity (Yang et al., 2020).  However, at snRNAs a 

5’→3’ exonuclease activity has not been implicated on the downstream 

products of Integrator cleavage and Integrator uncleaved snRNA precursors are 

substrates of DIS3 3’→5’ degradation (Davidson et al., 2020).  Therefore, if the 

subtle differences at snRNAs between Pol II ChIP upon XRN2-MT 

overexpression and mNET-seq upon XRN2-AID depletion is due to a different 

5’→3’ nuclease activity it could only be active between the integrator cleavage 

site and intrinsic termination site and have competed with DIS3 degradation.  A 

salient finding from the XRN2-AID mNET-seq data is that not all RNA cleavage 

events are sensitive to XRN2 degradation (i.e. CPSF73 at histones transcripts 

and Integrator at snRNA transcripts).  The reasons behind this remain unclear 

but one possible explanation is regulation of XRN2 activity or recruitment to the 

locus.  A Thr439-P phosphorylation site on XRN2, which a substrate of CDK9, 

is thought to promote XRN2 activity (Sanso et al., 2016).  Interestingly, while 

CDK9 inhibition by DRB does not prevent Pol II termination of snRNAs it does 

cause accumulation of RNA downstream of the Integrator processing site 

(Medlin et al., 2003).  
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Lastly, XRN2-AID depletion always results in the inevitable cessation of 

Pol II transcription, albeit at more distal locations on some transcripts.  Why the 

read-through transcription is only “partial” and does not result in profound 

transcription beyond protein-coding transcripts is of focus in the next chapter. 

 Several explanations exist that could explain this including the presence of an 

auxiliary (or fail-safe) termination pathway, incomplete XRN2-AID depletion 

leaves trace amounts, a redundant 5’→3’ exonuclease complements XRN2 

degradation or pausing prevents Pol II elongation.  Given that cessation of Pol II 

transcription still occurs upon XRN2-AID depletion and the number of clear 

examples of transcriptional interference are limited, which is mainly because 

TUs would need to be very close (< 10kb the approximate read-through 

distance), it is curious as to why XRN2 is essential across almost all human 

tissues and cell types, as determined by multiple KO screens (Lenoir et al., 

2018).  Whilst Pol II recycling may underlie this, the additional roles XRN2 has 

in maturation of rRNA or nuclear RNA turnover (and ribonucleotide salvage) 

could also be pertinent reasons for its essentiality. 

  



 

  77 
 

Chapter 4 

4. Molecular dissections of the 5’→3’ torpedo 

activity downstream of PAS cleavage 

Declarations: The XRN2-AID XRN2-MT(D235A) HCT116 cells were generated 

and validated by S.W.  The DIS3-AID cells were generated and validated by 

Laura Francis (L.F.).  For the DXO-KO and DXO-KO XRN2-AID cells S.W. 

performed the initial transfections and ouabain selection but validation and 

sequencing of indels was performed by J.E.  All other ouabain derived cells 

(δRZ and xrRNA) were generated and validated by J.E. 

Within chapter 3, the results showed that depletion of XRN2 causes a 

downstream shift in the position where Pol II termination normally occurs on 

protein-coding transcripts.  Specifically, this is the accumulation of Pol II-

associated RNA within the flanking sequences downstream of these transcripts 

as detected by mNET-seq.  However, the accumulation of RNA does not 

appear to propagate progressively downstream with the length and magnitude 

of read-through transcription varying in severity for different transcripts.  

Therefore, as transcription termination only appears delayed several 

possibilities arise that might explain why.  Firstly, is the depletion of XRN2-AID 

by the AID system only partial with some remaining trace amounts responsible 

for the finite read-through generated.  Secondly, are redundant 5’→3’ 

exonucleases supplementing the XRN2 torpedo activity.  Finally, is a torpedo- 

or exonuclease-independent mechanism responsible for the lack of progressive 

read-through.  This chapter aims to investigate these questions with a focus on 

the 5’→3’ torpedo activity downstream of PAS cleavage sites.  The techniques 

employed here include genetic editing by ectopic insertion downstream of the 

protein-coding transcripts with viral sequences, which occlude exonuclease 

activity by cleavage or RNA secondary structure mechanisms, and indel-

inducing KO of a known nuclear 5’→3’ exonuclease, DXO.  
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4.1 Strategies to nullify any potential trace XRN2 remaining after AID 

depletion 

At protein-coding transcripts, given that RNAi of XRN2 leads to no 

widespread read-through, joint RNAi and dominant-negative overexpression of 

XRN2-MT causes short extensions of Pol II downstream of transcripts and 

XRN2-AID depletion causes a more distal yet still finite read-through.  This 

suggests the possibility that trace XRN2 could still remain after auxin-depletion.  

One strategy to further deplete any possible remaining XRN2 is to initially use 

RNAi followed up with auxin-induced depletion within XRN2-AID cells.  As RNAi 

and AID depletion are alternative mechanisms leading to protein depletion 

(mRNA degradation and protein degradation respectively) the combined effort 

could result in a greater depletion level than auxin depletion alone.  After 48 h of 

RNAi, XRN2-AID cells were treated with and without auxin for 1 h before 

relative RNA fold change for amplicons were examined by qRT-PCR (Fig 4.1a).  

Whilst the mean fold change is higher for control vs. the joint-treated (siXRN2 

+Aux) samples compared to the RNAi (siXRN2 -Aux) or auxin (siCtrl +Aux) 

treated alone it was not significantly different (two-tailed student’s t-test, p>0.05) 

at 2kb and 6kb downstream of RPL30, a protein-coding transcript.  Unusually, 

the RNAi alone condition causes RNA read-through (on RPL30 at 2kb and 6kb 

downstream of the PAS) that is approximately equal to the auxin treated 

condition (orange vs. green bars).  The disparity with the previously described 

lack of widespread XRN2 read-through by RNAi is probably explained by 

XRN2-AID cells having an already reduced level of XRN2-AID compared to 

unmodified HCT116 parental cells (see Fig 3.1c); this is roughly 20 % of wild-

type levels.  Additionally, auxin treatment was only performed for 1 h rather than 

lasting for 2 h with the mNET-seq. This may explain the smaller fold changes 

observed for auxin only treatment seen here (compare blue vs. orange bars to 

mNET-seq in Fig 3.5d). 

As an alternative strategy to exclude trace XRN2 (if any exists), the 5’-

end of the downstream RNA product of PAS cleavage was occluded.  This will 

not only have the effect of inhibiting trace XRN2-AID but also inhibit any other 

potential 5’→3’ exonuclease that may possess some redundant activity.  To 

achieve this XRN2-AID cells were further modified by insertion of a 

constitutively expressed catalytically inactive XRN2-MT using a second sleeping  



 

  79 
 

 

4.1 | Investigating trace XRN2-AID that remains after auxin treatment (if it exists) to exclude it as 
the cause of finite transcription read-through. 

 

 

  

Figure 4.1 | Investigating trace XRN2-AID that remains after auxin treatment 
(if it exists) to exclude it as the cause of finite transcription read-through.  a)  
qRT-PCR of total cell RNA from XRN2-AID cells transfected with control or XRN2 
targeting siRNAs (48 h) followed by treatment with auxin or not (1 h).  Error bars 
are s.e.m and n=3.  b)  qRT-PCR of total cell RNA from XRN2-AID cells with and 
without constitutively expressed catalytically inactive XRN2 (D235A) and treated 
with auxin (2 or 18 h) or ethanol mock (18 h).  n = 2 and error bars show data 
point range.  Black arrows indicate transcript directionality. 
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beauty transposon cassette that differs from the TIR1 cassette by containing a 

puromycin resistance marker instead of blasticidin (Kowarz et al., 2015).  These 

XRN2-AID XRN2-MT cells (herein called D235A cells) have the same 

catalytically inactivating amino acid substitution, D235A, used by Fong et al. 

(2015) that is predicted to preserve the PO4 RNA binding pocket (Jinek et al., 

2011).  The relative fold changes of flanking RNA downstream of ACTB and 

RBM3 transcripts was determined by qRT-PCR from XRN2-AID and D235A 

cells.  Cells were either untreated, treated with auxin for 2 h or treated for 18 h 

(Fig 4.1b).  In the D235A cells, the prolonged depletion for 18 h after auxin 

treatment reduced the RNA accumulation compared to after 2 h (red & purple 

vs. red & brown).  Whereas, in XRN2-AID cells the prolonged depletion (18 h) 

differed little from a 2 h depletion at the ACTB ds1.9kb amplicon, but did reduce 

the increase in flanking RNA at RBM3 amplicons ds8.5kb and ds11kb 

compared to a shorter auxin depletion (blue & orange vs. blue & green).  This 

reduction in the accumulated flanking RNA from 2 h to 18 h after auxin 

treatment may reflect the presence of a compensatory mechanism that arises 

after prolonged acute XRN2-AID depletion.  Additionally, the effect of 

constitutively expressing XRN2-MT in D235A cells vs. XRN2-AID cells may lead 

to a minor accumulation of RNA after 2h of treatment (orange vs. purple).  

However, it should be stressed this qRT-PCR experiment is only based on two 

biological replicates so interpretation should be treated with caution. 

4.2 Evaluation of redundancy in 5’→3’ exonuclease activities between 

DXO and XRN2 

It remains possible that another 5’→3’ exonuclease could act 

redundantly with XRN2.  In yeast, Rat1 (XRN2 homologue) has its 

exoribonuclease activity stimulated by the binding partner Rai1 (Xue et al., 

2000).  This Rat1-Rai1 heterodimer greatly improves Rat1 degradation 

efficiency in vitro for RNA containing secondary structures (Xiang et al., 2009).  

Additionally, Rai1 possesses RNA pyrophosphohydrolase activity towards 5’-

triphosphorylated (uncapped) RNAs releasing pyrophosphate and decapping 

endonuclease activity towards the unmethylated guanylate triphosphate cap 

structure releasing GpppN (Jiao et al., 2010; Xiang et al., 2009).  These Rai1 

activities produce a 5’-phosphorylated RNA that is a potential substrate for rat1 

degradation and so it has been suggested the heterodimer is involved in an 
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RNA surveillance pathway for incompletely capped RNAs (Xiang et al., 2009).  

In a different yeast, Kluyveromyces lactis contains a protein with homology to 

Rai1 called Dxo1 that has an additional 5’→3’ exoribonuclease activity but no 

triphosphate pyrophosphohydrolase activity (Chang et al., 2012).  Dxo1 

exoribonuclease activity is distributive unlike the processive nature of 

Rat1/XRN2 meaning it dissociates after each catalytic event (i.e. removal of a 

nucleotide).  In humans, the homologue of Rai1/Dxo1 is called DXO (formerly 

DOM3Z) and possesses pyrophosphohydrolase, decapping and distributive 

5’→3’ exoribonuclease activities (Jiao et al., 2013).  The decapping activity has 

specificity for incomplete and noncanonical capped RNAs including 

unmethylated guanylate (GpppN), nicotinamide adenine dinucleotide (NAD), 

flavin adenine dinucleotide (FAD) and dephospho-CoA (dpCoA) (Jiao et al., 

2017; Doamekpor et al., 2020).  DXO also has activity towards the mature 

methylated guanylate (m7GpppN) cap but this is 6-fold lower efficiency than 

that for NAD capped substrates (Jiao et al., 2017).  Unlike Rai1, DXO in 

humans does not interact with XRN2 indicating a diverged role (Xiang et al., 

2009).  Together these results question whether DXO shares some redundancy 

with XRN2 and can use its exoribonuclease activity to degrade the downstream 

product of PAS cleavage.  

As DXO is not essential a gene KO cell line can be created, which is the 

strategy that has previously been successfully employed in identifying DXO 

NAD+-capped substrates as mRNAs and small nucleolar RNAs (snoRNA) (Jiao 

et all., 2017).  To generate the KO cell line a cotargeting strategy was used 

where the targeting at a gene of interest (GOI) and another gene, ATP1A1, 

allows for enrichment of the desired modification by co-selection (Agudelo et al., 

2017).  The method works by mutating residues in the surface loop of an 

essential Na+/K+ active transporter, ATP1A1, responsible for electrochemical 

gradient homeostasis (Fig 4.2a).  Some of the mutations within the surface loop 

give rise to mutants that still function as a Na+/K+ transporter but resistant to 

inhibition from the cardiotonic steroid ouabain (Laursen et al., 2015; Ogawa et 

al., 2009; Croyle et al., 1997).  Specifically, when Q118 and N129 are 

substituted with positively charged residues high levels of cellular ouabain 

resistance are observed upon overexpression of the mutant (Croyle et al., 

1997).  The protocol uses a single CRISPR/Cas9 plasmid that expresses eCas9 

and two sgRNA with one targeting the GOI and the other ATP1A1 surface loop.   
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4.2 | Using a cotargeting strategy compatible with both NHEJ and HDR genome editing. 

 

 

  

Figure 4.2 | Using a cotargeting strategy compatible with both NHEJ 
and HDR genome editing.  a)  Schematic of ouabain co-selection strategy 
for enriching CRISPR/Cas9 modifications at a gene of interest (GOI) target 
as described in Agudelo et al. (2017).  b)  An overview of the HDR protocol.  
Three plasmids, the ATP1A1 donor, the GOI donor and the CRISPR/Cas9 
with sgRNA cassettes, were transfected into cells.  After 48 h the cells were 
split into a dish containing 0.5 μM ouabain.  This selection media was 
replaced every few days (for ~10 days in total) until single colonies could be 
isolated.  The NHEJ/indel formation strategy is similar except for that an 
exonic ATP1A1 sgRNA is used (Addgene #86612) and the two template 
donor plasmids are omitted. 
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After selection of ouabain-resistant colonies the proportion of clones that also 

possess a mutation at the GOI is highly enriched and vastly reduces the 

number of colonies requiring screening before a clone with a desired edit is 

found.  Ouabain co-selection is compatible with enriching for both the 

generation of indels by non-homologous end joining (NHEJ) and mutation of 

sequences by homology-directed repair (HDR).  For NHEJ a sgRNA targeting 

the exonic surface loop residues of ATP1A1 is used, whereas for HDR the 

sgRNA targets the downstream ATP1A1 intron and a co-transfected donor 

plasmid contains the Q118R and N129D ouabain-resistant mutations for repair.  

The protocol involves transfection of cells with plasmid(s), including the Cas9 + 

dual sgRNA, for 48 h (Fig 4.2b).  Then cells are split into 0.5 μM ouabain 

containing media, which was replenished every ~3 days and after ~10 days 

separate cell colonies were isolated for screening.  To generate a DXO-KO cell 

line the NHEJ double-strand DNA break repair pathway is desired as it is error-

prone and commonly introduces indel mutations, some of which will cause a 

frameshift that prevents gene expression as a premature termination codon 

(PTC) will be utilised during translation and either trigger mRNA degradation by 

nonsense-mediated decay (NMD) or result in the production of a severely 

truncated protein.  Within cells the DNA repair pathway chosen varies 

depending on cell cycle stage, target locus, nuclease and cell type, but within 

an asynchronous population it is more frequently the error-prone NHEJ pathway 

that occurs after Cas9 cleavage rather than HDR (Miyaoka et al., 2016).   

The DXO-KO colonies were generated within the parental HCT116 and 

the previously modified XRN2-AID cell lines.  The sgRNA used targeted the first 

coding exon (exon 2) of DXO.  After selection successfully modified 

homozygous clones for each cell line were identified that had lost the presence 

of DXO by western blot (Fig 4.3a).  To confirm successful editing, genomic DNA 

(gDNA) was isolated from the cell lines to amplify the DXO sgRNA site with 

primers flanking the locus and the produced amplicons were cloned into a 

plasmid vector.  Then multiple plasmid colonies were sent for Sanger 

sequencing to determine the sequences of indels present within each allele.  

The indels generated within the DXO-KO and DXO-KO XRN2-AID cell lines all 

varied but all cause a frameshift (Fig 4.3b).  
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4.3 | Generation and validation of DXO-KO cell lines using ouabain co-selection. 

 

 

  

Figure 4.3 | Generation and validation of DXO-KO cell lines using 
ouabain co-selection.  a)  WB validation of the DXO-KO and DXO-KO 
XRN2-AID cell lines.  Asterisk denotes a non-specific band used as a loading 
control.  b)  Cloning and Sanger sequencing of DXO-KO indels within the 
positive clones.  The DXO sgRNA target sequence is shown in green.  Red 
dashes indicate deletions and red nucleotides indicate insertions. 
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To assess for redundancy between DXO and XRN2, mNET-seq was 

performed on HCT116 and DXO-KO cells in the absence of auxin and XRN2-

AID DXO-KO cells in the presence and absence of auxin using the same 

protocol as described in section 3.2.  The HCT116 parental data set is the same 

one used as a control reference within chapter 3.  After sequencing, the raw 

reads were quality assessed before data processing.  The PHRED quality 

scores of the average base calls for the raw reads were > 30 throughout the 

entire length of the 50 bp paired reads captured (Fig 4.4a).  Like the XRN2-AID 

mNET-seq datasets, the adapter content here increases from ~20bp reflecting 

the short fragment libraries generated and the 50 bp sequencing cycles (Fig 

4.4b).  The composition of the first nucleotide from both read pairs of each 

sample are shown in Fig 4.4c,d.  As mentioned previously, MNase has a strong 

bias for cleaving upstream of A and T nucleotides and this is reflected in all of 

these samples indicating successful digestion of the chromatin pellet during the 

library protocol.  Next reads were trimmed of adapter sequences and screened 

for the presence of contaminants using Fastqsceen.  In all samples, >80% of 

the reads mapped to the human genome (Fig 4.4e).  As previously for the 

XRN2-AID samples some reads did map to the mouse and CHO cell genomes 

but these were classed as mapping to ‘multiple genomes’.  Because there are 

very few reads mapping uniquely to these contaminant references this suggests 

that these multiply mapped reads probably derived from conserved eukaryotic 

sequences.  
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4.4 | Quality assessment graphs for DXO-KO mNET-seq samples. 

 

 

  

Figure 4.4 | Quality assessment graphs for DXO-KO mNET-seq samples.  
a)  The average Phread quality score for each nucleotide position within the 
raw reads.  b)  Adapter content (%) for each base pair within the raw reads.  
a,b)  The key applies to both. ‘R1’ means read 1 and ‘R2’ = read 2.  Data 
generated from FastQC.  c,d)  The percentage nucleotide composition of the 
5’ nt of the RNA fragment (first nt of read 1, ‘c’ and the complementary nt at 
the 3’ end (first nt of read 2, ‘d’.  e)  Adapter trimmed reads were screened 
for contamination with ‘fastq_screen’.  A sample of 100000 reads, taken 
evenly throughout the read file, were aligned to various datasets of 
commonly used lab species and reagents.  The key for the grouped bars is 
shown above human.  HCT116 cells were either unmodified, with DXO-KO or 
DXO-KO and expressing TIR1 along with biallelic AID tagging of XRN2 in the 
presence and absence of Aux (Aux = auxin; nt = nucleotide). 
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The 3’-end of protein-coding transcripts were analysed by total-CTD Pol 

II mNET-seq to assess the impact of DXO-KO on degrading the downstream 

product of PAS cleavage with its distributive exoribonuclease activity.  Of the 

four example protein-coding transcripts shown all have no or very minor 

changes in the DXO-KO (orange) mNET-seq profiles compared to the HCT116 

(blue) parental profile (Fig 4.5a-d).  Both the mNET-seq profile and the final 

position of termination are unchanged in each trace.  Likewise, the profile is 

also unchanged for the DXO-KO XRN2-AID cells untreated with auxin (green 

vs. blue).  However, when DXO-KO XRN2-AID cells are treated with auxin for 2 

h transcription read-through is observed downstream of these transcripts.  For 

reference, the XRN2-AID rep 1 mNET-seq samples untreated and treated with 

auxin (2 h) from chapter 3 are shown in purple and brown, respectively.  When 

comparing XRN2-AID cells either unmodified or modified with DXO-KO and 

untreated or treated with auxin (green vs. purple and red vs. brown) the profiles 

and position of final termination correlate.  This suggests DXO exoribonuclease 

activity does not functionally complement XRN2-AID depleted cells by co-

transcriptionally degrading the products of PAS cleavage for the majority of Pol 

II species (as captured by the total-CTD antibody).  However, as mNET-seq is 

specific for Pol II-associated transcripts with a protected/inaccessible 3’-end it 

does not rule out a role for DXO in RNA metabolism pathways that act post-

transcriptionally or pathways that act on a subset or underrepresented species 

of RNA/Pol II.  Likewise, when mammalian DXO targets NAD capped RNAs 

these transcripts are a small proportion and have at most 6 % NAD capped 

RNAs relative to total mRNA which increases to a maximum of 11% of total 

mRNA within a DXO-KO cell line (Jiao et al., 2017).  The human data differs 

from that in budding yeast where a Rai1 deletion strain stabilised RNA 

downstream of transcripts (Kim et al., 2004). 
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4.5 | DXO-KO cells show no redundancy between DXO and XRN2 activities at the 3’-end of protein-coding 
transcripts. 

 

 

  

Figure 4.5 | DXO-KO cells show no redundancy between DXO and XRN2 
activities at the 3’-end of protein-coding transcripts.  a-d)  Total Pol II 
mNET-seq snr snapshots are shown of four protein-coding transcripts, 
RPL30, ACTB, EEF1A1 and MYC (a-d, respectively).  Samples were either 
untreated (-Aux) or treated with auxin for 2 h (+Aux).  XRN2-AID rep1 
samples shown in purple and brown traces are reproduced from chapter 3 to 
allow comparison.  The transcription profiles only change within the XRN2-
AID samples treated with auxin.  Black arrows indicate transcript 
directionality and normalised coverage for chromosomal snapshots equals 
single base pair bin size TPM. 
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4.3 Insertion of viral sequences to occlude 5’→3’ torpedo activity on 

single transcripts 

So far strategies to further remove trace XRN2 (if any), occlude the 3’ 

PAS cleavage product from other exonucleases and remove DXO (a known 

nuclear exonuclease) have failed to accumulate downstream RNA above that 

already observed after auxin depletion of XRN2-AID alone.  These strategies 

suggest that neither trace levels of XRN2 nor DXO explain the lack of long read-

through transcription seen when XRN2-AID is depleted.  Nevertheless, they do 

not rule out the existence of uncharacterised 5’→3’ exonucleases that can act 

when XRN2 is absent.  Because of this, a further strategy was designed to 

inhibit 5’→3’ exonucleases in a manner agnostic to their identity. 

An experiment was envisaged where insertion of RNA sequences 

inserted downstream of a PAS would allow interference of 5’→3’ exonucleases 

on a single transcript within the XRN2-AID cell line without global impairment of 

XRN2 while untreated.  The hepatitis δ ribozyme (δRZ) sequence is an 

efficiently self-cleaving RNA that generates RNA products with 5’-hydroxyl and 

a cyclic 2’,3’-monophosphate (Sharmeen et al., 1988).  The downstream 

product is resistant to exonuclease degradation because a phosphorylated 5’-

end is required by many exonucleases for degradation (including XRN2), 

whereas the upstream product can be rapidly degraded from the 3’-end 

(Stevens and Maupin et al., 1987; Muniz et al., 2015).  The δRZ also has an 

inactivating single-point mutant (δRZ[MT]) that abolishes cleavage activity 

(Fong et al., 2009).  In essence, cleavage by this ribozyme produces a 5’ end 

that will not be degraded by a 5’→3’ exonuclease, regardless of its identity.   

To obviate the need for a selection marker at the insertion site, which 

would have the undesired effect of changing the local transcription dynamics 

surround the δRZ and so prevent useful interpretation, a HDR ouabain co-

selection strategy was used (see description in above section 4.2, Fig 4.2b).  

This means only the 73 bp δRZ sequence will be inserted downstream of a 

target protein-coding transcript’s PAS (with other edits occurring at ATP1A1 to 

allow ouabain-resistant co-selection).  To further simplify the editing strategy a 

protein-coding transcript on the X-chromosome was sought so that only one 

allele requires editing because HCT116 cells are male.  The transcript, RBM3, 

was chosen because it is well expressed, has no other expressed transcripts   
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WT coverage traces before δRZ insertion  

4.6 | Generation and validation of δRZ insertion downstream of RBM3 within XRN2-AID and 
CPSF73-AID cell lines. 

 

 

  

Figure 4.6 | Generation and validation of δRZ insertion downstream of RBM3 within 
XRN2-AID and CPSF73-AID cell lines.  a)  Genome snapshot of RBM3 flanking region 
showing the typical XRN2 and CPSF73 dependent transcription read-through of a protein-
coding transcript.  The δRZ insertion site is displayed as a dashed line.  b)  Surveyor assay 
of three sgRNAs targeting a region downstream of RBM3 PAS.  The expected PCR 
fragment is 627 bp with primers flanking the RBM3 sgRNA targeting sites and the product 
was digested or not with T7 Endonuclease.  The cleaved percentage was determined by 
comparing the intensity of the 627 bp band in the T7 endo treated to the untreated condition.  
The control sgRNA condition used the unedited ouabain cotargeting plasmid (Addgene 
#86612).  Cells were split into 0.5 μM ouabain 48 h after transfection and left for 10 days to 
enrich for successfully transfected cells.  c,d,e)  A genomic DNA PCR screen of RBM3 δRZ 
insertion clones within XRN2-AID (c+e) and CPSF73-AID (d) cells.  A single PCR was 
performed for δRZ[WT] (c) into XRN2-AID cells and δRZ[WT/MT] into CPSF73-AID cells (d).  
Whereas a nested PCR was performed for δRZ[MT] into XRN2-AID RBM3 cells.  Dashed 
lines are drawn from the migration front of control PCR products and red arrows highlight cell 
clones that have the correct insertion size.  Black arrows indicate transcript directionality and 
normalised coverage for chromosomal snapshots equals single base pair bin size TPM. 
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immediately downstream within HCT116 cells and displayed typical PAS-

dependent termination traits.  For instance, within the XRN2-AID mNET-seq 

dataset, read-through transcription and accumulation of RNA is observed 

across a range of ~10kb downstream of RBM3 upon depletion of XRN2-AID by 

auxin (Fig 4.6a).  Similarly, Pol II termination at RBM3 depends on PAS 

processing as seen using a CPSF73-AID cell line (this cell line is the focus of 

the next chapter but is displayed here as a control).  The insertion site for δRZ 

sequence is shown as a dashed line over the WT sequencing data obtained 

before the insertion occurred (Fig 4.6a).  It is ~4 kb downstream of the PAS and 

is positioned at the frontier of the XRN2-AID mNET-seq signal in untreated 

cells.  The reasoning for this site is detailed as follows. 

When XRN2-AID is depleted, transcription read-through occurs and more 

signal is detected downstream of the WT (or untreated) termination region.  The 

positioning of the ribozyme at this WT frontier allows assessment of whether the 

region of extended signal reveals the true Pol II termination site downstream of 

RBM3 that under WT conditions is masked by rapid degradation from XRN2 (or 

other exonucleases).  There is a possibility that, rather than Pol II terminating 

stochastically across the region downstream of the PAS, most of the 

polymerases transcribe past this frontier but when they do the majority have 

undergone PAS cleavage and rapid exonuclease degradation, thus becoming 

invisible to mNET-seq and only revealed by XRN2-AID depletion.  If upon loss 

of XRN2-AID most of the Pol II complexes transcribe past the δRZ then the 

signal downstream of it will be stabilised by the 5’-hydroxyl-end but notably the 

upstream fragment will be rapidly degraded from the cyclic 2’,3’-

monophosphate in a 3’→5’ direction (Sharmeen et al., 1988; Muniz et al., 

2015).  Alternatively, if upon loss of XRN2 these upstream regions instead 

accumulate in the δRZ cells and the downstream regions only show a modest 

stabilisation then this region of extended signal arises from only a fraction of the 

RBM3 transcribing polymerases. 

To select the exact insertion site within this region a surveyor assay was 

performed with three candidate sgRNAs to determine the one with the best 

targeting efficiency.  A surveyor assay reveals the sgRNA that induces the most 

indel formation by NHEJ and therefore highest cleavage percentage by T7 

endonuclease I (T7 Endo I).  The highest indel forming sgRNA is then used as 
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an estimate for the sgRNA with the best target site cleavage efficiency (Fig 

4.6b).  The sgRNAs were cloned into the NHEJ + eCas9 ouabain plasmid and 

then transfected into cells.  Cells were selected with ouabain to improve the 

efficiency of the surveyor assay by selecting cells that had been successfully 

transfected with the plasmid and undergone editing at the ATP1A1 transcript.  

Of the three sgRNAs tested, guide 3 was selected as it was markedly better at 

inducing indels.  The δRZ wild-type [WT] and single-point mutant [MT] 

sequences were then inserted into XRN2-AID and CPSF73-AID cell lines.  After 

single colonies were isolated they were initially screened by PCR using primers 

flanking the insertion site with at least one primer annealing outside of the 

homology arms to exclude the possibility of donor plasmid contamination  (Fig 

4.6c,d,e).  Positive clones that showed an increase of ~74 bp (highlighted with 

red arrows) had the PCR products sequenced to confirm correct insertions. 

Relative RNA fold changes were examined by qRT-PCR on total RNA 

from δRZ[WT/MT] modified cell lines.  The CPSF73-AID cells modified with 

δRZ[WT/MT] are shown here as a control but are discussed within the future 

section 5.5 (Fig 4.7a).  When auxin is added to CPSF73-AID cells it results in 

most Pol II complexes transcribing beyond the δRZ insertion site (positive 

control).  This allows confirmation that the δRZ[WT] sequence does cleave 

within the context of the RBM3 sequence because loss of CPSF73 results in 

upstream amplicons (at UCPA and ds1.1kb) failing to accumulate in δRZ[WT] 

modified cells, whereas in unmodified and δRZ[MT] modified CPSF73-AID cells 

there is a significant accumulation (red vs. brown, p<0.05).  Notably, the 

CPSF73-AID data demonstrates the expected trend if most of the polymerases 

transcribe past the δRZ insertion site with degraded upstream fragments and 

stabilised downstream fragments in the absence of XRN2.   

Within XRN2-AID cells modified with δRZ[WT] a downstream amplicon at 

ds8.5kb shows mild RNA accumulation even in the presence of XRN2 

compared to the δRZ[MT] (green vs. purple, p<0.05) (Fig 4.7b).  This is likely 

due to a small proportion of polymerases that transcribes past the δRZ insertion 

site in untreated/non-depleted conditions because it is also present in untreated 

CPSF73-AID δRZ[WT] cells.  Additionally, when XRN2 is lost the presence of 

the δRZ[WT] does marginally improved the RNA accumulation at ds8.5kb and 

ds11kb amplicons downstream of the insertion site but this increase is not   
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4.7 | XRN2 depletion leads to the accumulation of Pol II complexes that are stalled or slowed. 

 

  

Figure 4.7 | XRN2 depletion leads to the accumulation of Pol II complexes 
that are stalled or slowed.  qRT-PCR analysis of CPSF73-AID (a) or XRN2-
AID (b) cells unmodified and modified downstream of RBM3 by insertion of δRZ 
with [WT] or inactivating point mutant (MT).  a)  Fold changes of total cell RNA 
from CPSF73-AID cells normalised to spliced ACTB and relative to ‘-Aux’.  Cells 
are treated with neither or both Dox (18 h) followed by auxin (3 h) and labelled ‘-
Aux’ or ‘+Aux’ respectively (n=3; error bars=sem).  b)  Fold changes of total cell 
RNA from XRN2-AID cells normalised to spliced ACTB and relative to ‘-Aux’.  
Cells are treated or not with auxin (2 h; n=3; error bars=sem).  CPS=cleavage 
and polyadenylation site (or site of PAS cleavage).  Asterisk (*) indicates two-
tailed student’s t-test where p<0.05.  Black arrows indicate transcript 

directionality. 
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significant (red vs. brown).  This mirrors the small but non-significant increases 

at downstream amplicons when XRN2-AID cells treated with auxin were 

additionally treated with siXRN2 or expressed XRN2-MT (see Fig 4.1).  This 

indicates that whilst there may be some trace 5’→3’ activity it does not promote 

efficient and generalised Pol II termination after XRN2-AID depletion by auxin 

alone and has little impact on the final frontier of Pol II.  Lastly, the upstream 

amplicon, ds1.1kb, is stabilised in all XRN2-AID cells upon loss of XRN2, which 

is unlike CPSF73 loss in the δRZ[WT] modified CPSF73-AID cells where the 

ribozyme cleavage prevents this accumulation.  This suggests that in XRN2-AID 

cells most Pol II does not transcribe past the δRZ insertion site when XRN2 is 

lost and therefore the accumulated Pol II targeted by XRN2 is likely stalled or 

slowed.  

Given that Pol II complexes are stalled or poorly elongating at the 3’-

ends of transcripts in the absence of XRN2 the question remains whether they 

terminate by an XRN2-independent mechanism.  From the results above if such 

a mechanism does occur it is unlikely to require 5’→3’ exonuclease activity.  

However, a reasonable suggestion is that such a process may release RNA 

upon Pol II dissolution, exposing a 3’-end that would provide an entry site for a 

3’→5’ exoribonuclease degradation.  In humans, DIS3 is a catalytic component 

of the exosome complex which degrades many short non-coding RNAs such as 

PROMPTs and enhancers with 3’→5’ exoribonuclease activity (Preker et al., 

2008).  Exosome depletion may have a synthetic lethal relationship with XRN2 

depletion and cause further accumulation of downstream RNAs.  To test this, 

we sought to introduce another viral sequence, which occludes 5’→3’ 

degradation, downstream of the PAS of MORF4L2, a protein-coding transcript 

on the X-chromosome, using a similar ouabain co-selection strategy as used 

above.  The Pol II termination characteristics of MORF4L2 appear typical of 

protein-coding transcripts (and like RBM3) to the extent it has limited read-

through upon XRN2 loss and longer read-through upon CPSF73 loss (Fig 

4.8a).  Here two tandem XRN-resistant RNAs (xrRNA) derived from West Nile 

virus are inserted as it folds into a secondary structure that impairs 5’→3’ 

degradation and has previously been employed to investigate the directionality 

of RNA decay (Chapman et al., 2014; Horvathova et al., 2017; Voigt et al., 

2019).  The xrRNA was introduced into XRN2-AID and DIS3-AID cells, of which 
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the latter is an AID tagged cell line of the major catalytic component of the 

exosome with rapid depletion leading to accumulation of PROMPT and 

enhancer RNAs (Davidson et al., 2019).  The DIS3-AID cells were generated 

and validated by L.F. and this is documented in Davidson et al. (2019).  Four 

candidate sgRNAs targeting the downstream flank of MORF4L2 (~400 bp 

beyond the PAS) were screened to estimate the sgRNA with the best targeting 

efficiency (Fig 4.8b).  Of those tested, guide 4 produced the most indels so was 

selected.  Cells were co-transfected with the dual sgRNA+ eCas9 plasmid and 

two template donor plasmids using the same protocol as described in Fig 4.2b.  

After 48 h cells were placed in ouabain containing selection media.  Then 

isolated colonies were screened using PCR and fragments with an increased 

migration size of ~318 bp (highlighted with red arrows) were sent for 

sequencing to confirm the correct insertion of the xrRNA (Fig 4.8c,d).  
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WT coverage traces before xrRNA insertion 

 

4.8 | 
Generation and validation 

of xrRNA insertion 
downstream of MORF4L2 

within XRN2-AID 
and DIS3- AID cell lines. 

 

  

Figure 4.8 | Generation and validation of xrRNA insertion downstream of 
MORF4L2 within XRN2-AID and DIS3-AID cell lines.  a)  Genome snapshot of 

MORF4L2 flanking region showing the typical XRN2 and CPSF73 dependent 
transcription read-through of a protein-coding transcript.  The xrRNA insertion site is 
displayed as a dashed line.  b)  Surveyor assay (as in Fig 4.3) to screen of sgRNAs 
targeting a region downstream of MORF4L2 PAS.  The expected PCR fragment is 
414 bp with primers flanking the RBM3 sgRNA targeting sites and the product was 

digested or not with T7 Endonuclease.  c)  A genomic DNA nested PCR screen of 
XRN2-AID MORF4L2 xrRNA insertion clones.  The first PCR used primers (red) that 
annealed outside of the homology arms and the second PCR used this template 

with primers (orange) annealing to the xrRNA and downstream homology arm.  The 

expected fragment size is 677 bp for correct insertion of the xrRNA sequence.  d)  A 
genomic DNA PCR screen of DIS3-AID MORF4L2 xrRNA insertion clones.  The 
PCR used one primer that annealed outside of the homology arms and another 

within the downstream homology arm.  The expected fragment size is 1281 bp for 
correct insertion of the xrRNA sequence.  Red arrows highlight positive clones.  
Black arrows indicate transcript directionality and normalised coverage for 
chromosomal snapshots equals single base pair bin size TPM. 
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Within the DIS3-AID xrRNA-modified cells, XRN2 will be unable to 

degrade past ~400 bp downstream of the MORF4L2 PAS as it will encounter 

the xrRNA sequence.  The xrRNA will not only block XRN2 but other potential 

5’→3’ exonuclease, such as nuclear localised XRN1 or CPSF73 exonuclease 

activity (Luo et al., 2006; Yang et al., 2020).  The use of rapid depletion DIS3-

AID cells will allow investigation of whether Pol II dissolution occurs in the 

absence of XRN2 by assessing whether such a process exposes an RNA 3’-

end from the active site that could be degraded by DIS3 (Fig 4.9a, see question 

mark).  qRT-PCR was performed on total RNA extracted from unmodified and 

xrRNA-modified DIS3-AID cells untreated or treated with auxin (2 h).  At 

amplicons upstream of the xrRNA there is little difference in fold changes 

between all conditions (Fig 4.9b).  However, at positions downstream of the 

insertion site xrRNA-modified cells lead to accumulated RNA in both untreated 

and auxin treated conditions.  The depletion of DIS3-AID does not affect the 

accumulation at ds600bp amplicon and suggests marginal 3’→5’ degradation 

occurs and/or inefficient XRN2-independent Pol II dissolution and termination 

(green vs. red at ds600bp).   

In addition, qRT-PCR was performed on XRN2-AID unmodified and 

xrRNA-modified cells.  As expected at a position upstream (ds200bp) of the 

insertion site on MORF4L2 (but downstream of the PAS), RNA accumulates 

only when XRN2 is depleted by auxin treatment (Fig 4.9c).  Whereas, 

immediately downstream of the xrRNA at the ds600bp amplicon, RNA is 

stabilised with xrRNA-modified cells even in the presence of XRN2, as was the 

case above in DIS3-AID modified cells.  This demonstrates that the xrRNA is 

functioning correctly to inhibit 5’→3’ exonucleases.  However, at more distal 

positions downstream of the ds600bp amplicon the accumulation of RNA in 

modified cells was not significantly greater than in unmodified cells when 

treated with auxin (orange vs. red at positions >ds2.7kb).  This strongly implies 

that 5’→3’ exonucleases (other than XRN2) do not readily degrade the 

downstream products of PAS-cleavage and are not involved in a general 

auxiliary Pol II termination mechanism in the absence of XRN2.   

Interestingly, the xrRNA modified XRN2-AID cells allow examination of a 

core suggestion of the torpedo model.  The model implies that capture of Pol II 

by an exonuclease rather than simply RNA degradation is critical to instigating   
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4.9 | DIS3 is not ubiquitously involved in a 5’→3’ exonuclease-independent termination 
mechanism. 

 

 

  

Figure 4.9 | DIS3 is not ubiquitously involved in a 5’→3’ exonuclease-
independent termination mechanism.  a)  Schematic showing the 
downstream flanking region of MORF4L2 locus with the inserted xrRNA 
sequence (dark green).  XRN2-independent termination possibilities are 
shown with question marks; one being whether Pol II dissolution occurs in 
the absence of XRN2 degradation, and the other is if the subsequent 
released RNA is degraded by the 3’→5’ exonuclease DIS3.  b)  qRT-PCR of 
total RNA from DIS3-AID cells unmodified or modified with xrRNA insertion 
downstream of MORF4L2 and treated or not with auxin (2 h).  The RNA fold 
change is shown relative to unmodified DIS3-AID cells not treated with auxin 
and normalised for RNA input using a spliced ACTB amplicon.  n=3 and error 
bars are s.e.m.  c)  qRT-PCR of total RNA from XRN2-AID cells unmodified 
or modified with xrRNA insertion downstream of MORF4L2 and treated or not 
with auxin (2 h).  The RNA fold change is shown relative to unmodified DIS3-
AID cells not treated with auxin and normalised for RNA input using a spliced 
ACTB amplicon.  n=3 and error bars are s.e.m.  Asterisks indicates a p<0.05 
at the ds600bp amplicon.  d)  Pol II ChIP of XRN2-AID cells unmodified or 
modified with xrRNA insertion downstream of MORF4L2 and not treated with 
auxin.  Asterisks indicate a p<0.05 at the ds2.7kb and ds4.2kb amplicons.  
Black arrows indicate transcript directionality. 
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termination.  As xrRNA occludes downstream RNA degradation by XRN2, 

which has already begun degrading the RNA from PAS cleavage site, a 

termination defect would indicate prolonged chasing and capture of Pol II is 

required.  A Pol II ChIP was carried out on unmodified and xrRNA-modified 

MORF4L2 cells that were untreated (with XRN2 present) (Fig 4.9d).  The 

amplicons downstream of the xrRNA insertion site show significant increase in 

Pol II accumulation (at ds2.7kb and ds4.3kb, p<0.05) and therefore 

demonstrating that degradation of a few hundred nt alone is insufficient and 

strongly implies that XRN2 must come within sufficient contact of Pol II to 

instigate termination. 

4.4 Discussion 

This chapter examines the 5’→3’ exonuclease “torpedo” activities 

downstream of protein-coding transcripts.  The mNET-seq data from DXO-KO 

cell lines demonstrate that DXO is not involved in degrading the downstream 

product of PAS-cleavage and does not affect the read-through generated 

downstream of the PAS after XRN2-AID depletion (see Fig 4.5).  The only other 

known human 5’→3’ exoribonucleases that could potentially have redundancy 

with XRN2 are XRN1, which when overexpressed with a nuclear-localising tag 

in yeast degrades flanking RNA but does not induce Pol II termination, and a 

secondary role of CPSF73 exoribonuclease activity (Luo et al., 2006; Yang et 

al., 2020).  However, these are unlikely to be involved downstream of protein-

coding transcripts, because insertion of the xrRNA sequence into the flank of 

MORF4L2, which blocks 5’→3’ exoribonucleases, does not induce read-through 

at more distal positions (see ds8.5kb Fig 4.9c,d).  Thus, termination or stalling 

appears only delayed.   

One caveat of using a genetic KO approach compared to protein 

depletions is that the gene may be susceptible to nonsense induced 

transcriptional compensation (NITC) which can mask its true impact (El-Brolosy 

et al., 2019; Ma et al., 2019).  Most genetic KO methods use the introduction of 

frameshift indel mutations early on in a transcript leading to a PTC which result 

in either mRNA degradation by NMD or the production of severely truncated 

proteins.  NITC is dependent on a PTC that induces NMD and leads to the 

upregulation of compensatory genes.  Whilst much of the mechanism of NITC is 

still to be uncovered it requires the COMPASS complex, which is responsible 
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for H3K4me3 deposition, and the upregulated genes have increased H3K4me3 

at their promoters.  However, it seems unlikely that DXO-KO cells induce NITC 

because these cells have previously been used to identify accumulated NAD+-

capped RNAs (Jiao et al., 2017).  Also, NAD+-capped RNA represents only a 

subset of total RNA and of the transcripts presented in Jiao et al. (2017) the one 

with the greatest proportion of NAD+-capped RNA relative to total RNA 

represented 6 % of total RNA in control cells and increased to 11% of total RNA 

in DXO-KO cells.  This small fraction of total RNA which are NAD+-capped 

species may explain the lack of observable difference between control cells.  

Additionally, the overexpression of a catalytic point mutant E234A that 

abolishes exonuclease activity (which negates the NITC issue) similarly leads to 

no discernible change in the accumulation of flanking RNA (Jiao et al., 2013; 

data not shown). 

One interesting finding from the insertion of the xrRNA 400 bp 

downstream of MORF4L2 is that degradation of the first 400 nt by XRN2 (i.e. 

prior to the xrRNA) is insufficient to trigger termination and continued 

degradation of XRN2 to a position close to Pol II is needed to induce 

termination (see Fig 4.9d).  The exact details surrounding how XRN2 stimulates 

Pol II complex dissolution from DNA remains enigmatic.  In vitro XRN2 and 

Rat1 terminate Pol II in an ATP-dependent process without the need for 

additional components (Park et al., 2015).  However, they are unable to 

terminate E. coli RNAP indicating a specific interaction is likely required.  

Likewise, E. coli or Bacillus subtilis RNAP is terminated more efficiently by 

RNaseJ1 exonuclease activity than by XRN1 (Šiková et al., 2020).  Torpedo 

termination in eukaryotes may share similar mechanistic similarities with the 

interaction between XRN2 and Pol II mirroring that of Rho and RNAP, which is 

thought to induce conformation changes and RNA:DNA hybrid melting that 

stimulate disassembly (Epshtein et al., 2010). 

The δRZ insertion shows that the most accumulated Pol II complexes 

arising upon XRN2 depletion have poor elongation capacity because most do 

not transcribe far downstream with the read-through signal resulting from only a 

small proportion of total polymerases.  As these Pol II complexes are stalled or 

slowed it suggests such an activity serves to facilitate Pol II capture by XRN2.  

Correspondingly, such slowing has been observed over termination regions at 
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motifs consisting of a stretch of low thermodynamic stability hybrids following an 

upstream C/G-rich segment (Schwalb et al., 2016).  Given this it brings into 

question if the extended read-through transcription seen with Pol II mutants with 

a relatively faster elongation rate is due to kinetic competition with XRN2 or 

whether it represents a further position a polymerase reaches before pausing is 

onset (Fong et al., 2015).  Pausing over termination regions is not a guaranteed 

outcome because during situations of osmotic or viral stress transcription can 

continue many 100s kb downstream of genes so the process must be a 

regulated (Bauer et al., 2018; Erickson et al., 2018; Rutkowski et al., 2015; 

Vilborg et al., 2015).  At what stage of transcription this pausing is triggered and 

how it is mediated is the focus of the next chapter.  
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Chapter 5 

5. PAS-dependent CPSF73 cleavage triggers a 

joint allosteric and torpedo termination 

mechanism of Pol II 

Declarations: CPSF73-AID cells were generated and chrRNA-seq library 

creation (excluding bioinformatic analysis) was performed by S.W. The western 

blot validating CPSF73-AID depletion was created by L.F. and the western blot 

showing PP1 RNAi efficiency was created by S.W. 

So far, chapter 3 has demonstrated XRN2 involvement at the 3’-ends of 

PAS-dependent transcripts, miRNA cluster host genes (e.g. MIR17HG) and 

some PAS-independent non-coding transcripts (e.g. MALAT1/NEAT1) by use of 

a rapid depletion AID cell line.  However, this effect appeared incomplete with 

an accumulation of Pol II downstream of transcripts only extending on average 

~10kb.  Then, chapter 4 further analysed the 5’→3’ exonuclease torpedo 

activity and showed that trace XRN2 (if it exists after auxin-mediated depletion) 

or potential other 5’→3’ exonucleases were not responsible for the limited read-

through distance.  As such, the arrest or slowing of Pol II that is nevertheless 

unable to terminate might adequately explain the limited read-through 

transcription seen in chapter 3.  Importantly, the theoretical intrinsic termination 

products of these accumulated Pol II at protein-coding transcripts (if they exist) 

are not abundant substrates for DIS3 in the absence of 5’→3’ exonuclease 

degradation arguing against widespread exosome degradation of an intrinsic 

termination failsafe process.  This does not rule out a secondary failsafe 

mechanism at 3’-ends of protein-coding transcripts but does suggest that if such 

a process exists it is unlikely to widely require the exosome to degrade 

downstream flanking RNAs or to occur by a defined mechanism on every gene.  

Now, in this chapter the focus changes to the process of RNA-cleavage. 

Given that co-transcriptional 5’→3’ exonuclease activity of XRN2 is 

widespread at 3’ flanking positions downstream of PAS it would, therefore, be 
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assumed that PAS-dependent RNA-cleavage, an essential prerequisite for 

exonuclease degradation, must also be required.  However, earlier observations 

argued the opposite.  EM micrographs of Pol II transcription on single genes, 

known as Miller spreads, and other RT-PCR techniques showed little RNA 

cleavage after the PAS under equilibrium conditions (Osheim et al., 1999; 

Osheim et al., 2002; Baurén et al., 1998).  This has often been cited as 

evidence in support of direct allosteric termination in the absence of PAS 

cleavage.  However, an equally likely alternative is that rapid exonuclease 

degradation means RNA-cleavage escapes detection in unperturbed conditions.  

In retrospect, the results in the chapters above and those by Fong et al. (2015) 

demonstrating XRN2 torpedo activity argue in favour of the latter interpretation.  

However, within in vitro purified systems, Pol II transcription across a PAS 

results in some limited termination in the absence of RNA-cleavage (Zhang et 

al., 2015).  Whereas, in vivo analysis shows RNAi of CPSF73, the CPA 

complex endoribonuclease, and other CPA components causes widespread 

read-through transcription at protein-coding genes, yet this is usually over short 

distances of < 10 kb (Nojima et al., 2015).  Thus, one question was whether 

these read-through polymerases with uncleaved PAS RNA (by RNAi of 

CPSF73) share the same characteristics as those that accumulate upon XRN2-

AID depletion, i.e. was this limited read-through no longer because of a 

secondary cleavage-independent process.  Another possibility is that (as for 

RNAi of XRN2) RNAi of CPSF73 leads to a partial depletion and therefore the 

limited read-through, in this case, equates with delayed cleavage.  

5.1 Generation and sequencing of a CPSF73-AID rapid-depletion cell line 

To determine whether the limited Pol II read-through upon CPSF73 KD 

was because of delayed cleavage from incomplete depletion or an auxiliary 

cleavage-independent mechanism, a CPSF73-AID cell line was sought.  Such a 

cell line, like the XRN2-AID cells, would have the advantage of rapid and 

possibly more complete depletion over RNAi.  Choosing to deplete the 

endonuclease CPSF73 instead of other CPA complex members means that 

some PAS recognition by the “polyadenylation module” of CPSF components 

(consisting of CPSF160, CPSF30, WDR33, Fip1) may still occur but RNA 

cleavage will not take place (Mandel et al., 2006; Schönemann et al., 2014).  A 

full-length AID domain was used because it was feared that the three-tandem 
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mini-AID tag within the XRN2-AID cells might have been destabilising and 

responsible for XRN2-AID’s lower expression level compared to endogenous 

untagged.  Initial attempts to make a CPSF73-AID cell line were unsuccessful 

until TIR1 was placed under the inducible expression of doxycycline (Dox) with 

one cassette integrated at the AAVS1 safe-harbour locus (Fig 5.1a; Natsume et 

al., 2016).  This is in contrast with XRN2-AID cells where multiple copies of a 

constitutively expressed TIR1 cassette are inserted by the sleeping beauty 

transposon system (Kowarz et al., 2015).  This suggests partial recognition of 

CPSF73-AID by TIR1 in the absence of auxin may lead to a lethal scenario.  

Indeed, a western blot showing depletion of homozygous-tagged CPSF73-AID 

cells treated with Dox (18 h) and then auxin (3 h) also shows partial depletion 

after treatment with Dox (18 h) alone (Fig 5.1b).  As mentioned in chapter 3, the 

newer AID system modifications by additional integration of a TIR1 binding 

component (such as Arf16b) or use of Auxinole may help in this scenario to 

reduce auxin-independent protein degradation (Li et al., 2019; Sathyan et al., 

2019; Yesbolatova et al., 2019). 

To gain insight into nascent transcripts that may be affected by CPSF73-

AID depletion chromatin-associated RNA was sequenced (chrRNA-seq) as 

these species are highly enriched by the method (Fig 5.2).  This approach has 

been used widely in transcriptional studies and captures transcripts produced 

from all three human polymerases (Wuarin and Schibler, 1994; West et al., 

2008; Nojima et al., 2018a; Kamieniarz-Gdula et al., 2019).  Briefly, this method 

begins by isolating whole nuclei before lysis and collection of an insoluble 

chromatin-pellet in a denaturing UREA buffer, which mirrors the beginning of 

the mNET-seq protocol.  The RNA is then extracted from the chromatin-pellet 

using Trizol before short-read library generation using a random hexamer RT-

PCR amplification approach (as detailed in section 2.7).  Single-end sequencing 

was carried-out and bioinformatic processing involves adaptor trimming read 

mapping and read count normalisation.  Although rRNA removal was performed 

as part of the library preparation using the Ribozero kit further bioinformatic 

removal of rRNA has not been performed but may be beneficial.  An 

independent meta-analysis shows that some chrRNA-seq samples benefit from 

such an approach but for the samples used here the rRNA depletion has 

worked well and only a small proportion of rRNA reads remain (Tellier and 

Murphy, 2020).  



Chapter 5 | PAS-dependent CPSF73 cleavage triggers a joint allosteric and torpedo termination 
mechanism of Pol II 

106 

 

 

5.1 | A CPSF73-AID cell line for rapid protein degradation. 

 

 

Figure 5.1 | A CPSF73-AID cell line for rapid protein degradation.  a)  
[Top] Schematic of CPSF73-AID HDR plasmid repair constructs, shown with 
full AID tag domain structure above.  Both hygroR and NeoR containing 
plasmids are co-transfected to enrich for biallelic insertions.  [Bottom] TIR1 
HDR construct for integration into the AAVS1 “safe-harbour” locus and under 
the inducible expression of Dox.  Both rounds of HDR required co-
transfection with the CRISPR/Cas9 plasmid (Sp. = humanised S. pyogenes) 
containing the appropriate sgRNA.  b)  WB of parental HCT116 cells, which 
is modified with AAVS1 Dox-inducible TIR1 cassette, and CPSF73-AID cells.  
The cells are untreated or treated with Dox (18 h), Auxin (18 h) and Dox (18 
h) followed by auxin (3 h).  The robust depletion of CPSF73-AID requires 
both Dox and auxin treatments.  α-tubulin is used as a loading control.  The 
WB was made by L.F. and reproduced from Eaton et al. (2020). 
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5.2 | Schematic of chrRNA-seq library preparation. 

 

 

  

Figure 5.2 | Schematic of chrRNA-seq library preparation.  a)  An 
overview illustrating the main protocol steps in chrRNA-seq.  The isolation of 
nuclei in hypotonic lysis buffer and sucrose cushion followed by insoluble 
chromatin pellet extraction from this using denaturing buffer mirrors the 
beginning of the mNET-seq protocol (left). Then, RNA is purified from the 
insoluble chromatin pellet and will therefore contain any transcript associated 
with chromatin included nascent transcripts from all three human RNA 
polymerases.  The rRNA transcripts are then depleted to enrich for other 
transcripts (middle).  The remaining RNA is used to create a cDNA library 
with the TruSeq stranded total RNA kit, which utilises a random primer for the 
reverse transcription step to randomised short-read fragments created (right). 
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A total of 4 samples were sequenced for 50 bp read length consisting of 

two replicates of control ethanol treated and Dox (18 h) followed by Auxin (3 h) 

treated.  The average Phread quality scores by read position are all >30 and so 

demonstrates sufficiently good read quality from the Illumina HiSeq machine 

(Fig 5.3a).  Raw reads then underwent adapter trimming with most trimmed 

sequences being short stretches of <5 bp (Fig 5.3b).  This left trimmed reads 

with the majority > 45 bp in length and many remained full length (Fig 5.3c).  A 

sample of these reads were then screened for contamination by alignment to 

various organism genomes including some common sources of contamination 

e.g. E.coli and Mycoplasma (Fig 5.3d).  The majority of these reads aligned 

once or more only to the human reference genome with only a small proportion 

aligning to multiple genomes of the humans, mouse and CHO cell.  These 

multiple genome reads are likely to originate from conserved eukaryotic 

sequences because very few reads aligned uniquely to the mouse and CHO 

cell genomes.  All reads were then mapped to the human genome using 

HISAT2 with >90% aligning at least once (Table 5.1). 

5.2 CPSF73-AID loss causes profound read-through transcription from 

protein-coding genes 

After the loss of CPSF73-AID, the chrRNA-seq reveals a profound 

change in the transcription landscape with a lack of transcript expression 

definition.  A 5 megabase zoomed-out snapshot on chromosome 1 shows that 

in control samples coverage is seen in distinct units covering the footprint of 

transcript annotation, on both sense and antisense strands.  In contrast upon 

CPSF73-AID loss transcription continues to read-through and bleeds into 

neighbouring TUs (Fig 5.4a).  When this effect is viewed on “isolated” protein-

coding transcripts with no neighbouring transcripts downstream, read-through 

transcription can be seen extending hundreds of kb beyond the WT termination 

region (Fig 5.4b,c).  The length of this read-through is similar to what might be 

expected from estimates the transcription elongation rate.  These estimates 

vary for different transcripts but are on average ~2 kb·min-1 (Singh and Padgett, 

2009; Fuchs et al., 2014).  Cleavage will begin to be impaired from the 

beginning of the 3 h window of auxin addition but only more completely blocked 

towards the end.  Therefore, by this estimation transcription over a 2-3 h period 

should extend to (120-180 mins * 
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5.3 | Quality assessment graphs for CPSF73-AID chrRNA-seq samples. 

 

 

 

 

 

Table 5.1 | Proportion of reads that map to human genome at least once 
for CPSF73-AID chrRNA-seq samples using HISAT2.  
5.1 | Proportion of reads that map to human genome at least once for CPSF73-AID chrRNA-seq samples using HISAT2. 

Samples Total reads Reads aligned 
to multiple 

sites 

Reads aligned 
to unique sites 

% of reads with 
a primary 
alignment 

CPSF73-AID 
rep1 –Aux 

35291655 3495333 28791242 91.49 

CPSF73-AID 
rep1 +Aux 

43863568 4216593 35798844 91.23 

CPSF73-AID 
rep2 –Aux 

44634863 4390710 36505556 91.62 

CPSF73-AID 
rep2 +Aux 

43772247 4304269 35335186 90.56 

  

Figure 5.3 | Quality assessment graphs for CPSF73-AID chrRNA-seq 
samples.  a)  The average Phread quality score for each nucleotide position 
within the raw reads.  b)  The number of nucleotides removed from the 3’-
end of raw reads by adaptor and quality trimming.  c)  The read length (bp) of 
reads after adaptor and quality trimming.  d)  Adapter trimmed reads were 
screened for contamination with ‘fastq_screen’.  A sample of 100000 reads, 
taken evenly throughout the read file, were aligned to various datasets of 
commonly used lab species and reagents.  The key for the grouped bars is 
shown above human.  The -Aux/+Aux conditions correspond to ethanol/Dox 
(18 h) treatment followed by ethanol/auxin (3 h) treatment, respectively. 
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5.4 | CPSF73-AID loss causes profound read-through at protein-coding transcript. 

 

  

Figure 5.4 | CPSF73-AID loss causes profound read-through at protein-
coding transcript.  chrRNA-seq for CPSF73-AID depletion.  The -Aux/+Aux 
conditions mean ethanol mock treatment or Dox (18 h) and then auxin (3 h) 
treatment.  Each snapshot is drawn as 1000 bins of averaged signal.  a)  A 
large zoomed-out 5 megabase (Mbp) snapshot from chr1 shows a cluster of 
tightly packed transcription units.  Blue bars for gene annotation represent 
annotated transcription units with splicing annotation omitted.  b,c)  A 
chromosomal snapshot of two protein-coding genes, MAP2K4 and YTHDC2.  
CPSF73-AID depletion leads to extended read-through of hundreds of 
kilobases from the transcription unit and a drop in expression level within the 
GB.  Within gene annotation exonic and intronic annotations are shown with 
as a blue bar and a horizontal line, respectively.  Only a single primary 
transcript isoform is shown for each transcription unit.  d)  RN7SK, A Pol III 
transcript, is shown with a downstream homopolymeric T-rich nucleotide 
sequence annotated (T’s are coloured red).  b-d)  The % mean GB signal 
relative to the ‘-Aux’ replicate is displayed above each sample.  e)  qRT-PCR 
of total cell RNA from CPSF73-AID cells treated with EtOH/Dox (18h) 
followed by EtOH/Aux (3h).  Relative RNA levels downstream of RBM3 
protein-coding gene are given normalised to spliced ACTB (n=3; error 
bars=sem). 
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2 kb/min =) 240–360 kb.  This is the case for both protein-coding transcripts in 

Fig 5.4b,c and therefore suggests that termination does not generally occur 

without PAS processing.  This read-through transcription is of a much greater 

magnitude than that observed by RNAi of CPSF73 (Nojima et al., 2015).  Such 

a difference may be due to incomplete depletion by RNAi which may delay RNA 

cleavage at the canonical PAS or occur at PAS sequences located 

downstream. 

Additionally, CPSF73-AID depletion causes a decrease in GB signal for 

protein-coding transcripts, with 34.9-41.9 % remaining mean expression for 

MAP2K4 and YTHDC2 (Fig 5.4b,c).  One possibly erroneous cause for this 

might be that because the traces are normalised (using TPM) for library size 

and there is a lot more signal over previously silent intergenic regions in the 

+Aux conditions this may equate to lower GB values as the sum of all bins is 

fixed at 1 million for each condition.  However, Pol III transcripts, which 

intrinsically terminate at runs of T’s and are CPSF73-independent, do not show 

as large a decrease in GB signal.  This argues against a global 

underrepresentation of transcription signal in the ‘+Aux’ condition being the 

cause (Fig 5.4d).  The mean GB signal in the ‘+Aux’ conditions for RN7SK is 

67.9 & 83.3 % of the corresponding ‘-Aux’ replicate.  When the GB reductions in 

MAP2K4 and YTHDC2 are normalised against the smaller GB reductions from 

the RN7SK Pol III transcript it results in a >2-fold reduction in GB signal for 

these protein-coding transcripts.  Similarly, Pol II ChIP-PCR of the slower 

depletion cell line, CPSF73-DHFR, shows a reduction in Pol II within the GB of 

MYC and ACTB protein-coding genes (Eaton et al., 2018).  Such a decrease in 

GB signal is not unexpected as KD of another CPA complex protein, PCF11, 

results in a ~2-fold reduction in GB Pol II ChIP signal (Mapendano et al., 2010).  

Also, CPSF73 and other CPA complex components have been shown to bind 

RNA from promoters through the GB to 3’-ends of transcripts (Martin et al., 

2012; Nojima et al., 2015).  With the extended transcription into intergenic 

regions that occurs upon depletion of CPSF73, these Pol II-specific factors 

could be quenched through binding excess read-through RNA.  It is possible 

that such a reduction of available Pol-II factors downregulates new Pol II 

transcription.  The read-through transcription from protein-coding transcripts can 

be reproduced by qRT-PCR where total RNA is normalised to the 

predominantly cytoplasmic spliced β-actin transcript (Fig 5.4e).  The read-
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through is most pronounced after Dox (18 h) followed by auxin (3 h) treatment, 

but was also detectable after treatment with Dox alone.  However, the sum of 

the fold-changes from auxin or Dox only treatments does not equate to a large 

accumulation as seen after dual treatment.  This read-through correlates with 

the partial depletion of CPSF73-AID after Dox only treatment, as seen by 

western blotting suggesting that the read-through does indeed depend on the 

loss CPSF73-AID rather than indirect chemical effects (Fig 5.1b).  These 

findings are a general effect for isolated protein-coding transcripts with the 

profound read-through extending >100 kb as shown by metagene profile (Fig 

5.5).  Notably, no read-through was present in the upstream antisense 

PROMPT direction and specific for the 3’-end termination of protein-coding 

transcripts.  This suggests CPSF73 and the CPA complex cleavage is 

dispensable for PROMPT termination, whose transcripts accumulate on DIS3-

AID depletion, so might signify an intrinsic or allosteric termination mechanism 

on these transcripts (Davidson et al., 2019). 

This pattern of “run-away” transcription read-through and a decrease in 

GB signal can also be found at more clustered loci where multiple transcription 

events occur.  For instance, the antisense read-through from ERRFI1 can be 

seen extending and the GB signal decreasing upon CPSF73-AID depletion (Fig 

5.6a left).  Additionally, a lesser expressed convergent protein-coding 

transcript, PARK7, is within ERRFI1 antisense read-through region and upon 

CPSF73-AID loss very little sense transcription is observed across the 

annotated transcript or downstream (Fig 5.6a right).  This is an example of 

transcriptional interference where the transcription from one transcript 

negatively impacts the expression of a second occurring in cis (Greger and 

Proudfoot, 1998; Shearwin et al., 2005).  These convergent Pol II collisions are 

commonplace throughout the genome with depletion of CPSF73-AID.  A slightly 

different scenario is where the read-through extends into a transcript 

transcribed in tandem (in the same direction).  One example is WDR44 read-

through extends into IL13RA1 (Fig 5.6 b).  The decrease in GB expression 

within IL13RA1, upon CPSF73-AID loss, is not as dramatic as for PARK7 and is 

more in line with the relative fold-change observed across GBs of other isolated 

transcripts.  One reason for this may be that WDR44 and IL13RA1 are much 

more closely matched in expression level, whereas there is a larger difference 
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in ERRFI1 and PARK7 expression level in untreated conditions.  At very tightly 

clustered loci, like that on chr14 with alternating sense and antisense 

transcription (on PRPF39, FPBP3, FANCM and MIS18BP1), CPSF73-AID loss 

results in the decrease signal magnitude and loss of transcript definition with 

both sense and antisense coverage present across all transcripts (Fig 5.6c).  

The transcriptional ‘haze’, which is like the expression of open chromatin, 

shows the acute consequences of improper transcription cleavage and 

termination and likely means loss of encoding complete and cogent messages 

from these transcripts. 

 

 

5.5 | The runaway read-through at protein-coding transcripts upon CPSF73-AID loss is general 
and does not impact PROMPTs. 

 

 

  

Figure 5.5 | The runaway read-through at protein-coding transcripts 
upon CPSF73-AID loss is general and does not impact PROMPTs.  A 
metagene profile of chrRNA-seq for CPSF73-AID depletion at expressed 
isolated protein-coding transcripts.  The averaged signal 100 kb downstream 
of the annotated end of the transcript (TES) and the 5kb upstream of each 
transcript is shown. N=785 transcripts.  The selection criteria for an isolated 
protein-coding transcript was one that had no other expressed transcript 
present within the -Aux condition of the -5 kb to +100kb range.  The -
Aux/+Aux conditions mean ethanol mock treatment or Dox (18 h) and then 
auxin (3 h) treatment.  The highlighted grey region between TSS and TES 
represents the GB segment which is scaled to 50 kb.  
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5.6 | CPSF73-AID dependent read-through effects on neighbouring transcription units. 

 

 

  

Figure 5.6 | CPSF73-AID dependent read-through effects on 
neighbouring transcription units.  a)  Antisense expression from ERRFI1 
causes read-through of hundreds of kb when CPSF73-AID is depleted (left-
panel).  This read-through extends through a downstream convergent 
protein-coding gene PARK7 shown as a zoomed-in snapshot (right-panel).  
b)  CPSF73-AID loss causes WDR44 read-through transcription into 
downstream protein-coding gene IL13RA1, which also transcribes in the 
same sense direction.  c)  A tight clustering of protein-coding transcript 
expression in alternating sense and antisense directions (from PRPF39, 
FPBP3, FANCM and MIS18BP1) is shown in -Aux.  The definition of 
expression is lost upon CPSF73-AID depletion with both sense and 
antisense signal covering these zoomed-in transcripts (right-panel). 
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5.3 Effects of CPSF73-AID loss at short transcripts 

As mentioned previously, replication-dependent histones are a different 

class of protein-coding transcript that do not use PAS or produce 3’ 

polyadenylated mRNA.  Instead, histone mRNAs end with a 3’ stem-loop 

formed after processing of a histone dependent element (HDE) in a U7 snRNA-

dependent manner (Chodchoy et al., 1991; Marzluff and Koreki, 2017).  The 

HCC shares three components CPSF100, Symplekin and the endonuclease 

CPSF73 with that of the PAS processing CPA complex (Dominski et al., 2005; 

Kolev and Steitz, 2005; Kolev et al., 2008; Sullivan et al., 2009).  However, the 

downstream cleavage product for histones showed little effect upon XRN2-AID 

depletion, whereas protein-coding genes produced read-through transcription 

(Fig 3.5&3.7).  This difference on XRN2 dependence may be because CPSF73 

(like some other related metallo β-lactamase enzymes) can have dual endo- 

and exo-ribonuclease activities and the exonuclease activity may only be active 

within the HCC (Yang et al., 2009; Yang et al., 2020).  Another possibility is that 

a newly discovered RNA endonuclease, MBLAC1, from the same metallo β-

lactamase family has been shown to have histone pre-mRNA processing 

activity and so could constitute a separate XRN2-independent termination 

pathway (Pettinati et al., 2018).  Therefore, histone loci within the CPSF73-AID 

chrRNA-seq dataset were examined to investigate the dependence of histone 

pre-mRNA on CPSF73-AID.  Unfortunately, many histone transcripts within the 

chrRNA-seq data are partially obscured by confounding read-through from 

neighbouring protein-coding transcripts.  Upstream of the HIST1H cluster 

TRIM38, a protein-coding transcript, reads into many histone transcripts that 

then confounds interpretation (Fig 5.7a).  Likewise, LINC00869 upstream and 

SF3B4 downstream of the HIST2H cluster have read-through upon CPSF73-

AID loss that completely obscures the locus (Fig 5.7c).  The clearest example 

available is HIST1H3E were expression is relatively high in -Aux control 

condition and upstream read-through in +Aux condition is lower than the 

transcription interference for many other histone transcripts (Fig 5.7b).  Upon 

CPSF73-AID loss read-through can be seen extending ~70kb downstream into 

a previously silent region.  To determine if this read-through is from HIST1H3E 

transcription events a time-course of shorter auxin depletion times may reveal 

extending read-through before upstream read-through reaches HIST1H3E or 
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inhibition of transcription using triptolide/ flavopiridol could be used to chase 

away   
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5.7 | CPSF73-AID depletion effects at histone and snRNA transcription units. 

 

 

  

Figure 5.7 | CPSF73-AID depletion effects at histone and snRNA 
transcription units.  Chromosomal snapshots from CPSF73-AID chrRNA-
seq. a,b)  Snapshots of the left and right ends of the HIST1H histone cluster 
on chr6.  c)  Snapshot of the HIST2H histone cluster on chr1.  d) snRNAs 
RNU4-1 and RNU4-2 show little difference in the abundance of chromatin-
associated transcript after CPSF73-AID loss.  e,f)  A zoomed-in snapshot of 
the downstream signal from RNU4-2 and RNU4-1, respectively.  
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transcription to see if the signal reduces from the promoter of HIST1H3E or one 

upstream.  However, both experiments would likely be noisy, may generate an 

uncertain result and would only give insight into this one histone transcript that 

may not be typical of the rest. 

Another short transcript class, snRNAs, also have little XRN2-AID 

dependent effect (Fig 3.8) but have been shown to have a small increase in 

downstream Pol II by ChIP upon dominant-negative XRN2-MT overexpression 

(Fong et al., 2015).  However, 3’-end cleavage/processing of snRNAs occurs 

via a different metallo β-lactamase endonuclease, INTS11 of the integrator 

complex (O’Reilly et al., 2014).  Accordingly, CPSF73-AID depletion leads to 

little change in RNU4-1 and RNU4-2 abundant GB signal (likely from mature 

transcript) or any difference in downstream transcription signal (Fig5.7d-f).  

5.4 Effects of CPSF73-AID loss at long non-coding transcripts 

Two lncRNA transcripts that have a unique termination mechanism are 

MALAT1 and NEAT1.  They have a mascRNA tRNA-like element at their 3’-end 

that is excised by RNase P/Z cleavage (Wilusz et al., 2008).  Previously in 

section 3.6, results demonstrated that the downstream product of this RNase 

P/Z cleavage was co-transcriptionally degraded by XRN2 because XRN2-AID 

loss increased downstream signal by mNET-seq.  Correspondingly, CPSF73-

AID loss shows no profound read-through downstream of these transcripts by 

chrRNA-seq (Fig 5.8a).  This shows CPSF73 is dispensable for their 

termination and likely means XRN2 can additionally degrade the products of a 

non-CPA cleavage events to stimulate termination.  At other lncRNA transcripts, 

such as TUG1 and NORAD, CPSF73-AID loss causes a profound read-through 

at these transcripts highlighting their termination is dependent on CPSF73 (Fig 

5.8b,c).  This differs from observations by CPSF73 RNAi where no defect is 

present even though such KD is sufficient to cause read-through on protein-

coding transcripts (Schlackow et al., 2017).  One possible explanation for this 

disparity might be due to the efficacy of depletion.  That is because the defect 

observed at protein-coding transcripts by CPSF73-AID RNAi produces 

extended read-through that eventually stops within ~10 kb, whereas CPSF73-

AID depletion causes >100 kb read-through suggesting PAS cleavage is only 

delayed by incomplete depletion of CPSF73 in the former.  It is possible TUG1 

has a particularly efficient PAS that means its termination is unaffected by RNAi  
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5.8 | CPSF73-AID depletion effects at non-coding RNAs. 

 

  

Figure 5.8 | CPSF73-AID depletion effects at non-coding RNAs.  
Chromosomal snapshots from CPSF73-AID chrRNA-seq. a)  Snapshots of 
MALAT1 and NEAT1 non-coding RNAs whose transcripts end with a 
mascRNA element which is excised by RNase P/Z cleavage. Inset boxes 
show a zoomed-in segment downstream to enrich the nascent transcription 
signal.  b,c)  Snapshots of NORAD and TUG1 transcripts, respectively.  
These are two long non-coding transcripts and are dependent on CPSF73 for 
termination because profound read-through is observed on CPSF73-AID. 
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of CPSF73.  Similarly, the read-through caused by CPSF73-AID depletion on 

TUG1 is shorter in magnitude than other transcripts but still visible at ~80 kb 

downstream (Fig 5.8c).  Another possibility is that TUG1 termination is partially 

redundant with an as yet unidentified auxiliary pathway, but given the current 

data this seems unlikely. 

5.5 Co-transcriptional RNA-cleavage per se does not always ensure Pol II 

transcription termination 

So far, the chrRNA-seq shows CPSF73-AID loss causes a failure of 

PAS-dependent transcripts to undergo transcriptional termination.  Whereas, 

XRN2-AID loss causes shorter read-through transcription and a pile-up of Pol II 

downstream of PAS-dependent transcripts.  This pile-up of Pol II reveals XRN2 

is part of the main termination pathway and these polymerases are already 

committed to a slowed elongation rate.  Lots of the Pol II transcript classes 

discussed throughout (including PAS-dependent, snRNAs, histones, microRNA 

host genes and MALAT1/NEAT1) utilise an RNA-cleavage event during 3’-end 

processing.  Furthermore, RNA cleavage (by RNaseH) of nascent transcripts 

causes Pol II arrest in vitro (Újvári et al., 2002).  Therefore, does co-

transcriptional RNA-cleavage itself commit Pol II to a slowed elongation and 

termination fate?  To investigate this, the self-cleaving δRZ sequence which is 

inserted downstream of a PAS of RBM3 within the CPSF73-AID cell line was re-

examined (previously introduced in section 4.3).  This cell line allows 

endogenous PAS cleavage to be substituted for a rapid artificial cleavage event 

that does not support XRN2 degradation (and subsequent torpedo termination) 

due to the 5’-hydroxl end generated.  Interestingly, in this setting δRZ cleavage 

does not rescue Pol II termination when CPSF73-AID is depleted by auxin 

addition (orange/red vs brown at 8.5kb and 11kb; Fig 5.9b).  As previously 

mentioned, it is known that the δRZ can cleave within the RBM3 3’ flank 

because upstream degradation occurs from the 3’-end cyclic 2’,3’-

monophosphate after auxin addition within the CPSF73-AID cells presumably 

by DIS3 (orange/red vs brown at UCPA and 1.1kb).  Thus, it appears RNA-

cleavage of a nascent transcript in isolation is insufficient to induce elongation 

slowing after PAS transcription.   

It was then determined whether an XRN2 compatible CPA-independent 

cleavage event could support transcription termination in the absence of PAS 
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cleavage.  That is, is it enough for liberation of a 5’-phosphorylated RNA 

downstream of protein-coding transcripts to provide an entry site for XRN2 to 

instigate transcription termination?  The non-coding transcripts MALAT1 and 

NEAT1, which terminate in a XRN2-dependent (see Fig 3.9d,e) and CPSF73-

independent (Fig 5.8a) manner, undergo RNase P and RNase Z cleavage at a 

mascRNA “tRNA-like” structure (Wilusz et al., 2008).  The MALAT1 termination 

sequence (including triple helix and mascRNA sequences) has previously been 

inserted downstream of an intronless β-globin cassette and was successfully 

cleaved in vivo producing a stabilised transcript (Brown et al., 2012).  Therefore, 

the MALAT1 termination sequence was inserted ~400 bp downstream of a 

protein-coding transcript PAS in CPSF73-AID cells.  The same ouabain co-

selection HDR CRISPR/Cas9 strategy used for insertion of the δRZ and xrRNA 

sequences was repeated to insert the MALAT1 element.  The MORF4L2 

transcript was chosen as it is on the x chromosome (so monoallelic in male 

HCT116 cells) and shows a typical protein-coding phenotype with XRN2-AID 

depletion causing Pol II accumulation extending < 10 kb and CPSF73-AID 

depletion causing prolonged read-through of over >100 kb (Fig 5.10a).  In the 

absence of auxin qRT-PCR shows the MALAT1 sequence causes a small 

increase in upstream amplicons (with no such increase at downstream 

positions) indicating that RNaseP cleaves because correct folding of the triple 

helix sequence, which confers the stabilisation effects, depends upon the triple 

helix being terminally situated at the 3’-end of the transcript (blue vs green at 

UCPA and 200bp; Fig 5.10b; Brown et al., 2012).  Secondly, this accumulation 

of upstream amplicons (in ‘MALAT1 -Aux’) also indicates that MALAT1 

sequence processing occurs faster than PAS processing because XRN2 has 

not completely masked the accumulation of these transcripts.  Also, 

downstream RNA read-through that accumulates on CPSF73-AID depletion is 

abolished by insertion of the MALAT1 sequence (orange vs red at 2.7kb, 4.2kb, 

8.5kb; Fig 5.10b).  The decrease not only causes a reduction in RNA but also 

rescues Pol II termination as seen by Pol II ChIP (orange vs. red at 2.7kb, 

4.2kb, 8.5kb) (Fig 5.10c).  This suggests that the liberation of a 5’-phosphate 

during 3’-end RNA-cleavage is key to instigating termination at PAS-dependent 

transcripts by providing an entry site for XRN2 to act as the molecular torpedo.  

However, it remains unclear whether such a repurposed cleavage event can 
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induce Pol II elongation slowing as revealed by XRN2-AID depletion at PAS-

dependent transcripts.  
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5.9 | Ribozyme cleavage does not rescue termination when CPSF73 is lost. 

 

 

  

Figure 5.9 | Ribozyme cleavage does not rescue termination when 
CPSF73 is lost.  Reproduced from Figure 4.7 but described in the context of 
cleavage implications.  a)  Chromosomal snapshot showing XRN2-AID 
mNET-seq and CPSF73-AID chrRNA-seq auxin-dependent read-through 
downstream of RBM3.  b,c)  Analysis of CPSF73-AID (b) or XRN2-AID (c) 
cells unmodified and modified downstream of RBM3 by insertion of a 
hepatitis δ ribozyme (δRZ) with WT or inactivating point mutant (MT).  b)  
qRT-PCR of total cell RNA normalised from CPSF73-AID cells to spliced 
ACTB shown as a relative fold change to ‘-Aux’.  Cells are treated with 
neither or both Dox (18 h) followed by auxin (3 h) and labelled ‘-Aux’ or 
‘+Aux’ respectively (n=3; error bars=sem).  c)  qRT-PCR of total cell RNA 
from XRN2-AID cells normalised to spliced ACTB shown as a relative fold 
change to ‘-Aux’.  Cells are treated or not with auxin (2 h; n=3; error 
bars=sem). 
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5.10 | MALAT1 3’-end insertion downstream of a PAS rescues termination in CPSF73-AID cells. 

 

 

  

Figure 5.10 | MALAT1 3’-end insertion downstream of a PAS rescues 
termination in CPSF73-AID cells.  a)  Chromosomal snapshot showing 
XRN2-AID mNET-seq and CPSF73-AID chrRNA-seq auxin-dependent read-
through downstream of MORF4L2.  b,c)  Analysis of CPSF73-AID cells 
unmodified and modified downstream of MORF4L2 by insertion of the 
MALAT1 3’-end sequence. Cells are treated with neither or both Dox (18 h) 
followed by auxin (3 h) and labelled ‘-Aux’ or ‘+Aux’ respectively.  b)  qRT-
PCR of total cell RNA normalised to spliced ACTB shown as a relative fold 
change to ‘-Aux’ (n=3, error bars=sem).  c)  Pol II ChIP-PCR (8WG16) of 
MORF4L2 with % of input normalised to GB signal of the exon4 amplicon 
(n=3, error bars=sem). 
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5.6 PP1 phosphatase activity assists Pol II termination by XRN2 

Whilst the MALAT1 element showed an exogenously-directed RNA 

cleavage event can replace PAS cleavage and effectively restore Pol II 

termination some other artificially directed RNA cleavage events, namely the 

δRZ cleavage, are incapable of restoring Pol II termination in the absence of 

PAS cleavage.  Thus, the difference between the long read-through seen by 

CPSF73-AID loss and the Pol II arrested downstream of PAS-dependent genes 

seen by XRN2-AID loss cannot then be fully explained by any RNA cleavage in 

isolation and is likely linked to a downstream activity triggered by the CPA 

complex upon cleavage. 

Studies in S. pombe have revealed the phosphatase, Dis2, causes a 

slowing in the Pol II elongation rate by dephosphorylation of Spt5 and Pol II 

CTD (Kecman et al., 2018; Parua et al., 2018).  Other studies in S. cerevisiae 

show the Dis2 orthologue, Glc7, is responsible for phosphorylation-based 

switch at transcript 3’-ends leading to transcription termination (Nedea et al., 

2008; Schreieck et al., 2014).  It was therefore wondered whether the 

polymerases that accumulate upon XRN2-AID depletion do so because of a 

similar phosphorylation-based switch method.  In humans, mass spectrometry 

of the CPA complex identified isoforms orthologous to Dis2 and Glc7, as PP1α 

and PP1β (Shi et al., 2009).  Using XRN2-AID cells, KD of the PP1 isoforms in 

conditions α, β and α+β leads to a corresponding reduction in both the mRNA 

and protein (Fig 5.11a).  The effect of PP1 isoform KD with and without XRN2-

AID depletion on transcription read-through was analysed using qRT-PCR of 

total cellular RNA (Fig 5.11b).  PP1 KD in the presence of XRN2 did not result 

in extended read-through.  In contrast, when combined with XRN2-AID 

depletion, read-through extends further than XRN2-AID depletion alone at 

ACTB, MYC and YTHDF3.  The effect varies in magnitude: being largest for 

joint α+β KD at YTHDF3 and varies in the contribution from each isoforms as 

can be seen for MYC, which is almost solely reliant on PP1α KD.  Whereas, for 

YTHDF3 there is an effect with KD of either isoform that increases upon joint 

KD.  This suggests that transcripts may undergo phosphatase-mediated 

pausing at different rates and with a different reliance on PP1 isoforms. 
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5.11 | The piling-up of Pol II after XRN2-AID depletion is dependent on PP1 phosphatase activity. 

 

 

  

Figure 5.11 | The piling-up of Pol II after XRN2-AID depletion is 
dependent on PP1 phosphatase activity.  a)  WBs of XRN2-AID cells 
transfected twice with siRNAs targeting control (C), PP1α, PP1β and 
PP1α+PP1β (24 h + 48 h).  EXOSC10 is probed as a loading control.  qRT-
PCR of spliced mRNA levels (n=3) is normalised to spliced ACTB and shown 
as a relative % of control siRNA treated.  WB and qRT-PCR performed by 
S.W. and reproduced from Eaton et al. (2020).  b)  qRT-PCR of XRN2-AID 
cells treated with C, PP1α, PP1β and PP1α+PP1β siRNAs (72 h) followed by 
auxin treatment or not (2 h).  The fold change shown relative to ‘C-Aux’ 
treated and normalised to spliced ACTB (n=3; error bars=sem).  c)  qRT-
PCR of XRN2-AID cells treated with mock, auxin, Calyculin A (CA) or both 
with all treatments occurring for 1 h.  The fold change is shown relative to 
mock treated and normalised to spliced ACTB (n=3; error bars=sem).  
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One disadvantage of using RNAi is that the reduction in PP1 protein levels 

may cause reduced CPA complex stability that would impair cleavage and 

explain the extended read-through.  However, whilst unknown in humans this 

argument is does not to apply in budding yeast where Glc7 depletion does not 

affect CPF complex stability (orthologous to CPA complex in humans; 

Schreieck et al., 2014).  To exclude the possibility that PP1 loss causes 

disruption of associated complexes, a PP1-phophatase inhibitor was used as an 

alternative strategy.  Calyculin A (CA) is a potent protein phosphatase inhibitor 

known to target both PP1 and PP2A (Resjö et al., 1999).  qRT-PCR was 

performed on XRN2-AID cells untreated or treated with auxin, CA, auxin and 

CA (Fig 5.11c).  All treatments including auxin were performed for the shorter 

time of 1 h because longer CA treatment affected cell morphology.  The 

treatment with both auxin and CA extends read-through transcription at ACTB 

further than auxin or CA treatment alone.  Taken together the PP1 siRNA and 

inhibitor experiments with previous studies in yeast suggest that PP1 mediates 

a Pol II elongation slow down after the PAS of polymerases that are then 

targeted by XRN2.  The elongation rate slow down likely functions to expedite 

Pol II capture by XRN2 and facilitate termination.  

5.7 Discussion 

The results above show the profound effect depleting CPSF73-AID has 

on transcription termination.  Its magnitude is commonly hundreds of kilobases 

for well-expressed isolated protein-coding transcripts (see Fig 5.4&5.5).  This is 

approximately equal to the distance that Pol II travels during the 3 hr period of 

depletion, based on estimates of its elongation speed (Singh and Padgett, 

2009; Fuchs et al., 2014).  This suggests a total failure of Pol II termination.  

Similar results have been observed on a handful of protein-coding transcripts 

when others in the lab tagged CPSF73 with dihydrofolate reductase (DHFR), a 

different degron system that takes longer (~10 h vs. 1-2 h) to deplete sufficiently 

(Eaton et al., 2018).  Interestingly, in the CPSF73-DHFR cell line, 

overexpression of a catalytically inactive point mutant (H73A) termed CPSF73-

MT, did not rescue prolonged read-through suggesting it is truly CPSF73 

endonuclease activity that is responsible for triggering termination and not 

solely PAS recognition by CPA complex binding.  However, this point mutant, 

H73A, only partially reconstitutes complex formation to endogenous levels, 
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which should be considered as a caveat (Kolev et al., 2008).  As the 

overexpression of CPSF73-MT did not even partially diminish the read-through 

distance or magnitude in the CPSF73-DHFR cell line this seems unlikely. 

In chapter 4 the insertion of the δRZ sequence downstream of the RBM3 

PAS highlighted that XRN2 targets Pol II complexes that are stalled or slowed 

(section 4.3).  The loss of XRN2 in this context leads to accumulation of Pol II 

both downstream and upstream of the δRZ insertion site.  However, δRZ 

cleavage produces an upstream product that is a substrate for rapid 

degradation (Muniz et al., 2015) and this was not observed here but was in  

CPSF73-AID δRZ modified cells.  Given δRZ cleavage within CPSF73-AID cells 

does not prevent profound read-through it suggests that PAS cleavage must 

precede pausing onset, and this is corroborated by PP1/PNUTs coprecipitation 

with other CPA complex components (Shi et al., 2009).   

Further to this, insertion of the MALAT1 mascRNA element downstream 

of MOR4L2 PAS does rescue profound read-through on depletion of CPSF73-

AID indicating that some cleavage events generating a 5’-phosphate can induce 

efficient termination via an XRN2 pathway.  Others in the lab and other groups 

have recently demonstrated that cleavage of nascent RNA by antisense oligo 

directed RNaseH-NLS is capable to inducing premature termination via XRN2 

degradation (Eaton et al., 2020; Lai et al., 2020; Lee and Mendell, 2020).  As 

RNase H cleavage generates a downstream 5’-phosphate this likewise confirms 

its requirement of torpedo termination in eukaryotes.  Whether these artificially 

directed cleavage events can induce Pol II pausing in an analogous manner to 

CPA cleavage remains to be determined.  However, RNaseH cleavage of 

nascent transcripts does cause Pol II arrest in vitro (Újvári et al., 2002).   

The molecular process of Pol II pausing in yeast is mediated by Dis2 

phosphatase activity dephosphorylating specific residues of Spt5, a component 

of DSIF (Parua et al., 2018; Kecman et al., 2018).  Here data demonstrates that 

the human orthologue, PP1, mediates this elongation slow down with small 

molecule inhibition or PP1 RNAi leading to extended read-through auxin treated 

XRN2-AID cells (see Fig 5.11).  A recent paper by Cortazar et al. (2019) 

demonstrated that in humans cells, PP1 dephosphorylates residues on Spt5, 

their removal correlating with pausing downstream of the PAS.   PAS mutation 

is unable to induce pausing until transcription extends past downstream cryptic 
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PAS sequences.  The hyperphosphorylation of Spt5 occurs at elongation 

release by CDK9 subunit of P-TEFb.  Thus, in this model kinase-phosphatase 

networks compete to regulate the elongation processivity of Pol II through 

phosphorylation.  This phosphorylation-induced conformational changes 

observed are akin to an allosteric transition as predicted by torpedo model.  

It is worth mentioning that Xrn2 and Pol II are predicted to degrade and 

transcribe, respectively, at similar rates (~2kb/min) (Hoek et al., 2019).  It is 

therefore advantageous to slow Pol II in order to favour its capture by XRN2.  

Although dephosphorylation of Spt5 goes some way to explaining how this 

occurs, it may also be the case that other relevant PP1 targets remain to be 

discovered.  Nevertheless, the work in this thesis unifies the early allosteric and 

torpedo models into a single mechanism.  This provides a clear conceptual 

framework to understand how transcription terminates on protein-coding genes 

(Fig 5.12). 
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Figure 5.12 | Model of Pol II transcriptional termination at the 3’-ends of 
genes.  (Wild Type) Pol II transcription across the PAS causes recognition 
and cleavage by the CPA complex.  This induces Pol II pausing, which is 
mediated by PNUTs/PP1 phosphatase activity on Spt5 residues and other 
targets.  This stalled complex is a target for torpedo termination via 
processive XRN2 degradation of the nascent RNA.  This model involves both 
allosteric changes to the Pol II complex and a torpedo termination 
mechanism.  (-CPSF73) Cleavage is inhibited and profound “runaway” 
transcription ensues.  (-XRN2) The loss of XRN2 degradation causes the 
accumulation or pile-up of stalled complexes.  (-XRN2 & -PP1) The loss of 
both XRN2 and PP1 causes extended read-through into distal regions 
(compared to -XRN2 alone).  (RNaseP/Z) The cleavage and excision of a 
mascRNA element by RNase P/Z provides a PAS-independent entry site for 
XRN2 degradation and torpedo termination. 

 

 

5.12 | Model of Pol II transcriptional termination at the 3’-ends of genes. 
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5.8 Conclusions 

• XRN2 terminates transcription on most protein-coding genes and at a 

number of non-coding loci.  

• It does so by targeting the 5’ phosphate following transcript cleavage (most 

commonly via CPSF73 downstream of the PAS).  

• It functions by chasing Pol II down and this process is facilitated by 

mechanisms that slow down polymerases after the poly(A) site has been 

processed.  

• Polymerase slowing is facilitated by PP1 phosphatase activity.  

• At protein-coding genes, all of the above require the activity of CPSF73, the 

nuclease that cuts downstream of the PAS.  Without CPSF73 Pol II engages 

in runaway read-through transcription. 

 

5.8.1 Future works 

The data presented here provides strong evidence for the widespread 

role of XRN2 in degrading the downstream products of PAS cleavage.  

However, one of the most enigmatic puzzles surrounding termination is what 

happens to Pol II when it is “caught” by XRN2.  In vitro systems that can 

recapitulate termination would be useful to investigate this.  Additionally, many 

of the initiating and elongating Pol II complexes have been resolved to excellent 

resolution by cryogenic electron microscopy and such an approach may lend 

itself to capturing the XRN2 complex interaction. 

Another key area of interest is the mechanisms underpinning 

phosphatase-mediated elongation slowing.  Several phosphatases and kinases 

have now been implicated in elongation control at different transcript classes.  

At PAS-dependent transcripts, the main focus should be to identify these PP1 

substrates as there are likely more than solely Spt5.  One approach may be to 

carryout phospho-proteomics following inhibition of PP1/PNUTs.  Also, it 

remains unclear how changes to phosphorylation sites provides control over 

elongation speed and whether this is mediated via conformational changes, 

associated factor exchanges or both. 
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