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Abstract 

 

Nonstop decay is an mRNA degradation pathway involved in identifying and eliminating 

transcripts that lack an in frame stop codon. Nonstop mRNAs are identified at the first round 

of translation when the ribosome reaches 3’ mRNA and stalls and subsequently recruits other 

factors involved in NSD machinery for mRNA degradation. This process keeps the cell safe 

from possible harmful of the truncated proteins. Compared to other RNA degradation 

pathways, very little is known about the NSD mechanism. In order to identify novel genes 

involved in NSD, we first performed a large-scale analysis in Saccharomyces cerevisiae, and 

identified 68 gene candidates. From these results we picked three helicases, NAM7, ECM32, 

and SKI2 to further investigate their role in the NSD process. Spot test and colony count 

assay confirmed the role of selected candidates in NSD. The abundance of the nonstop 

mRNA was then evaluated using qRT-PCR method, and it was confirmed that the deletions 

of the selected candidates had no significant effect on nonstop mRNA at the transcriptional 

level when compared to the wildtype strain. Negative genetic interaction revealed the 

association between candidate genes and translational regulation genes. The results of this 

study confirm the role of candidates in NSD but further research to characterize these novel 

candidates is needed. 
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Chapter 1: Introduction 

 

1.1 Translation in Eukaryotes 

 

In molecular biology, the flow of information from specific segments in the DNA to 

polypeptides is done in two major steps: transcription and translation. The initial step, 

transcription, involves passing information on the DNA to messenger RNA (mRNA) 

molecules. In the second step, mRNA is decoded to synthesize a polypeptide. Translation 

can be divided into three major steps: initiation, elongation and termination. The most 

regulated step is translation initiation, followed by translation elongation in which the amino 

acids are connected to form an amino acid chain. Finally, when the ribosome reaches the 

stop codon the protein synthesis is completed. This step is known as translation termination. 

After this, the ribosome is recycled. This important step will allow more rounds of translation 

in the cell.  

 

Translation is the most expensive energy expenditure in the cell (Pontes et al., 2015). This 

accounts for over 30% and 50% of total energy costs in mammalian and growing bacteria 

cells, respectively (Buttgereit & Brand, 1995; Russell & Cook, 1995). It has also been 

reported that in growing yeast cells an estimated amount of 60,000 mRNAs exist in a cell 

producing roughly 13,000 polypeptides every second (von der Haar, 2008; Zenklusen et al., 

2008).  
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1.1.1 Translation Initiation 

 

Eukaryotic translation initiation consists of two main steps. Firstly, a ternary complex is 

formed called eIF2-TC. This complex is a combination of the eukaryotic initiation factor 2 

(eIF2), guanosine triphosphate (GTP) and methionyl tRNA. The eIF2-TC in association with 

eIF1, eIF1A, eIF3, eIF5, and 40S small ribosomal subunit form the 43S preinitiation complex 

(PIC) (Jackson et al., 2010). The 43S PIC then binds to the 5' capped region of the mRNA 

and forms the 48S complex which then scans 5’ to 3’ direction to find the AUG start codon. 

This step requires unwinding of the mRNA’s secondary structure at the 5’ end using eIF4B, 

eIF4F and eIF4A which is an RNA helicase (Butland et al., 2007; Jackson et al., 2010). Once 

the start codon has been recognized by the complex, eIF5 and eIF5B hydrolyzes eIF2-GTP 

and the initiation factors are released. Finally, the large 60S ribosomal subunit joins and the 

80S ribosome is formed (Dever et al., 2016; Unbehaun et al., 2004). Different steps of 

translation initiation in eukaryotes is presented in Figure 1. 
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Figure 1: Schematic presentation of eukaryotic translation initiation. The pathway is illustrated in 

distinct stages. Starting with forming the eIF2-TC and subsequently the 43S preinitiation complex. The PIC 

then attaches to the mRNA near the cap and starts scanning. After recognition of the initiation codon 60S 

ribosomal subunits joins to form 80S translational initiation complex which can start the translation 

elongation phase. (Adapted with permission from Jackson et al., 2010)  
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1.1.2 Translation elongation 

 

In this step of mRNA translation, the polypeptide chain is produced. It starts when the  

Met-tRNA binds to the P site of the 80S ribosome in which the start codon exists and the 

next codon of the open reading frame (ORF) is in the A (acceptor) site of the ribosome. The 

second aminoacyl tRNA-GTP is transferred to the A site of the ribosome by the eukaryotic 

elongation factor1 A (eEF1A). After the mRNA codon and anti codon on the tRNA have 

interacted the eEF1A is released and the aminoacyl tRNA is now placed in ribosomal A site 

(Dever & Green, 2012).  

 

Next, a chain of amino acids needs to be made by forming a peptide bond with the aminoacyl 

tRNA. The tRNA bound to the peptide moves to the P-site of the ribosome. At this point the 

A-site is vacant and the ribosome moves along the mRNA, placing the new code in the A-

site of the ribosome (Kapp & Lorsch, 2004). The shift of peptidyl-tRNA from A-site to P-

site of the ribosome is done by eukaryotic elongation factor 2 (eEF2). This elongation factor 

also catalyzes the movement of tRNA to E-site where the deacylated tRNA can exit the 

ribosome. Moreover, in yeast elongation factor 3 (EF3) is required. Unlike the other 

elongation factors mentioned above EF3 is ATP dependant (Andersen et al., 2006; 

Sandbake& et al., 1990).  

 

 

 



15 
 

1.1.3 Translation termination 

 

Termination of translation occurs when the translation machinery reached a stop codon 

(UAA, UAG, UGA) in the open reading frame reaches the A-site of the ribosome. A complex 

composed of eukaryotic release factors 1 and 3 (eRF1 and eRF3) are responsible for 

identifying the stop codon on the mRNA. eRF1 recognizes the stop codon and hydrolyzes 

the bond between the tRNA and the peptide (Parker, 2012). eRF3 is GTP dependant and 

releases the eRF1 by binding to the ribosome (Grentzmann et al., 1998).  

 

After identifying the stop codon and termination of protein synthesis has occurred, ribosome 

is disassembled and recycled for additional rounds of translation. An ATP-binding cassette 

protein (ABC) named Rli1 facilitates the release of the 60S subunit of the ribosome. This 

subunit can then be re-initiate translation in the cell (Shoemaker & Green, 2011). 

Additionally, Rlil contributes to breaking the 80S ribosome and is associated with forming 

the PIC (Dong et al., 2004). 

 

1.2 mRNA degradation in yeast 

RNA degradation is an essential part of controlling gene expression (Samanfar et al., 2014). 

Maintaining a balance between RNA production and degradation in the cell is essential to 

cell’s capability to adapt to different environmental conditions and regulate cells growth 

(Gagarinova et al., 2016). RNA decay can also act as a defense mechanism to eliminate viral 

infections. In this review we will focus on RNA degradation in eukaryotes and specifically 

yeast.  
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Two main pathways have been identified for mRNA decay in yeast. Both mechanisms start 

by deadenylating which is shortening of the poly A tail on the mRNA. This step is facilitated 

by two complexes: Pan2-Pan3 and Ccr4-not complex (Wahle & Winkler, 2013a). The 

deadenylated RNA is then degraded 3’ to 5’ by the exosome complex or subjected to 

decapping by the Dcp1-Dcp2 complex followed by 5’ to 3’ decay by Xrn1 (Liu et al., 2014; 

Long & McNally, 2003; Valencia-Sanchez et al., 2006).  

 

Previous studies have reported significantly different rates of decay among mRNAs (Herrick 

et al., 1990; Presnyak et al., 2015; Sun et al., 2013). These variations can be due to several 

reasons such as varying targeting of decapping, deadenylation, or exonucleolytic 

degradation. Therefore, having a thorough knowledge of these mechanisms and their 

regulation is essential for elucidation of degradation pathways of the mRNA in the cell.  

 

Besides normal mRNAs decay pathways, there are other mechanisms that identify and 

dispose transcripts that are aberrant in order to maintain translation fidelity as well as mRNA 

quality in the cell. Three main pathways are Nonsense Mediated mRNA decay (NMD) 

(Leeds et al., 1991; Peltz et al., 1993; Pulak & Anderson, 1993); Non-Stop Decay (NSD) 

(Frischmeyer et al., 2002; van Hoof et al., 2002); and No-Go Decay (NGD) (Doma & Parker, 

2006). These pathways employ similar degradation machinery as normal mRNA decay 

pathway.  
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In this introduction a summary of different degradation pathways and different factors 

involved in the process to eliminate aberrant transcripts is provided. The relatedness between 

different degradation pathways and the complexes involved in each process explains how 

precisely RNA degradation and gene expression is regulated. 

 

1.2.1 Deadenylation 

mRNA maturation in eukaryotes involves adding poly A tail and 7-methylguanosine cap to 

the 3’ and 5’ end of the mRNA, respectively. These changes to the mRNA significantly 

effect their half life. And most importantly have a profound role in mRNA translation 

efficiency and exposure to mRNA degradation machinery (Coller et al., 1998; Gray et al., 

2000). Therefore, pathways involved in mRNA decay can also target the 5’ cap and the poly 

A tail, and regulation of removal of these two is a significant process in regulating gene 

expression in the cells.  

 

mRNA deadenylation is required for both 5’ -3’ and 3’-5’ degradation pathways (Schmitt et 

al., 1990). Two main complexes are responsible for mRNA deadenylation in yeast:  

Ccr4-Not complex and Pan2-Pan3 complex which is a poly A specific RNase. The two work 

together to regulate removal of the poly A tail in yeast. 

 

1.2.1.1 Ccr4-Not complex 

The prime deadenylase in eukaryotes is the Ccr4-Not complex (Wahle & Winkler, 2013b). 

It consists of several canonical subunits: Not1, Not2, Not3/5, Caf1/Pop2 and Ccr4 (Albert et 
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al., 2000; Chen et al., 2001; Winkler et al., 2006). Caf1 and Ccr4 are catalytic subunits of 

this complex. Ccr4 is from a protein class family of exonuclease-endonuclease-phosphatase 

(EEP) and Caf1 has nuclease activity in the cell (Dlaklc, 2000). The complex is involved in 

processive poly A tail decay, however poly A binding proteins such as Pab1 can inhibit its 

activity (Tucker et al., 2001; Yi et al., 2018). Therefore, another pathway is required to 

eliminate and reduce affinity of poly A binding proteins and accommodate poly A tail 

shortening. This is done by the Pan2-Pan3 complex. 

 

1.2.1.2 Pan2-Pan3 complex 

The first deadenylase identified was the poly A specific nuclease (PAN) complex (Sachs & 

Deardorff, 1992). The deadenylating enzyme consists of two subunits: Pan2 and Pan3 

(Boeck et al., 1996; C. E. Brown et al., 1996; Wolf et al., 2014). Pan2 is a catalytic subunit 

and similar to Caf1 is a member of the exonuclease DEDD family (C. E. Brown et al., 1996; 

Wolf et al., 2014). Unlike the Ccr4-Not complex, Pan3 and PABPs increase Pan2 activity in 

the cell (Sachs & Deardorff, 1992; Schäfer et al., 2014; Uchida et al., 2004). In vitro studies 

have shown that Pan2 is able to deadenylate without PABPs but Pan3 needs to be present 

(Jonas et al., 2014; Schäfer et al., 2014). The interaction between Pan3 and Pab1 increases 

the activity of Pan2 and deadenylation (Schäfer et al., 2019; Wolf et al., 2014; L. Zhang et 

al., 2013). In summary, Pan2-Pan3 complex shortens the poly A tail (Lowell et al., 1992; 

Yamashita et al., 2005) and then a complete poly A tail decay occurs by the Ccr4-Not 

complex (Petit et al., 2012; Temme et al., 2004; Tucker et al., 2001). Several invitro studies 

have shown in cells lacking pab1 (pab1∆), mRNAs have elongated poly A tails and 
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deadenylation process is delayed (Caponigro & Parker, 1995; Sachs & Davis, 1989). 

Schematic model for Pan2-Pan3 complex is shown in Figure 2. 
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Figure 2: Schematic model of Pan2-Pan3 complex. Pan2-Pan3 complex is involved in degrading 

the mRNA poly A tail, by which Pan3 channels the mRNA to the exonuclease domain of Pan2 for 

degradation. (Adapted with permission from Wolf et al., 2014) 
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1.2.2 5’- 3’ mRNA degradation pathway 

 

After deadenylation of the mRNA, as depicted in Figure 3, degradation proceeds in two 

irreversible paths. 5’ to 3’ direction mRNA decay removes the 7-methylguanosine cap at 5’ 

of the mRNA followed by decay in towards the 3’ end. The second possible pathway is 3’ 

to 5’ direction degradation which is carried out by the exosome and removal of the 

outstanding cap by an enzyme named, DeCapping Scavenger 1 (Dcs1) (Garneau et al., 2007; 

Parker, 2012).  

 

5’-3 degradation is the main mRNA decay pathway in yeast. It starts with an irreversible step 

of eliminating the 5’m7G cap This is done by the decapping complex which consists of Dcp1 

and Dcp2. Both proteins in the complex are highly conserved. Dcp2 which is the catalytic 

subunit (Steiger et al., 2003; van Dijk et al., 2002). The catalytic domain of Dcp2 is in the 

C-terminal of the protein and it interacts with Dcp1 at a conserved motif on the N-terminal 

(Hu et al., 2015). Dcp1 takes part in ensuring Dcp2 maintains its conformation (Feng He et 

al., 2003). Although Dcp1-Dcp2 complex has the main role in decapping the mRNA, another 

decapping protein named Ddp1 has been reported in yeast (Song et al., 2013). 

 

The decapped mRNA is now prone to degradation from the 5’ end by Xrn1. Xrn1 is a 5’ 

exoribonuclease that can identify the 5’ monophosphate and detangle the secondary structure 

of the decapped mRNA (Jinek et al., 2011). This protein also interacts with other complexes 

involved in mRNA degradation such as Dcp1, Dcp2 and the Lsm1-7 complex (Eulalio et al., 

2007; Parker & Sheth, 2007). 
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Moreover, degrading the mRNA 5’ to 3’ direction is the principle decay pathway in yeast 

and research shows deletion of any component of this pathway increases gene expression in 

the cell. For example, when the decapping complex and Xrn1 were compromised genes were 

upregulated by 16.2% and 18.6%, respectively (Feng He et al., 2003). This data shows that 

3’-5’ mRNA degradation process is most likely compensating for this disruption. 
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Figure 3: Deadenylated dependant mRNA degradation pathways. Ccr4-Not complex first removes 

the poly A tail of the mRNA. The deadenylated mRNA is then prone to two different degradation 

mechanisms. Either 3’-5’ degradation y the exosome or 5’-3’ decay which involves Lsm1-7 and decapping 

by Dcp1. (Adapted with permission from Garneau et al., 2007) 
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1.2.3 3’- 5’ mRNA degradation pathway 

 

Degrading the mRNA from 3’ to 5’ direction also occurs after deadenylation and is known 

to be alternative to 5-3’ decay. It is carried out by exosome. The intracellular complex is 

made of 10 subunits. First, Dis3 protein which has a catalytic activity and has both 5’-3’ and 

3’-5’ exonuclease activity (Dziembowski et al., 2007; Lebreton et al., 2008). Nine other 

subunits of the exosome makeup Exo-9 ring.  The ring is formed by proteins of Ribosomal 

RNA Processing family: Rrp41, Rrp42, Rrp43, Rrp46, Rrp45 as well as Mtr3 and Rrp4, 

Rrp40 and Cs14 are on top of the ring (Synowsky et al., 2009). Yeast exosome and the 

position of its subunits are shown in Figure 4.  

 

In spite of the fact that core complex of the exosome lacks catalytic activity, it plays an 

important role in the exosome (Allmang et al., 1999; Dziembowski et al., 2007; Mitchell et 

al., 1997). The degradation rate of mRNAs is significantly reduced by attachment of 

molecules to the core complex of the exosome. This event disrupts the RNA binding 

capability of exonucleases (Wasmuth & Lima, 2012). The reduced activity of exosome 

through molecule binding is specifically important to prevent random and nonselective 

degradation of mRNAs. 

  

https://en.wikipedia.org/wiki/Protein_complex
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Figure 4: Schematic presentation of the exosome and its core subunits in yeast. Relative 

positioning of Dis3 and the Exo-9 ring proteins can be seen. (Adapted with permission from 

Dziembowski et al., 2007)   
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Exosome can be found in both Nucleus and cytoplasm in yeasts. The core of the exosomes 

present in the nucleus are linked to two other proteins: Rrp6, which is an RNase with 

hydrolytic activity (Kadaba et al., 2004; LaCava et al., 2005; Vaňáčová et al., 2005; Wyers 

et al., 2005), and Rrp47, which works alongside Rrp6 (Mitchell et al., 2003). On the other 

hand, exosomes in the cytoplasm are associated with Ski7 which is also part of the Ski 

complex and has a significant role in RNA surveillance pathways (Takahashi et al., 2003; 

van Hoof et al., 2000).  

 

In the cytoplasm, a group of proteins named superkillers (Ski) control the activity of mRNA 

degradation in the exosome (SJacobs Anderson & Parker, 1998). The Ski complex in yeast 

consists of Ski2, Ski3, Ski8 and Ski7. It has also been proven that the Ski complex takes part 

in 3’-5’ degradation in yeast (Araki et al., 2001; S. A. Synowsky & Heck, 2007; van Hoof et 

al., 2000; Wang et al., 2005). Ski7 connects the ski complex to the exosome in order to 

regulate RNA degradation and Ski2, Ski3 and Ski8 have a role in modulating protein to 

protein interaction (D’Andrea & Regan, 2003; Stirnimann et al., 2010). While this pathway 

acts secondary and most mRNA degradation is done through Xrn1 in the cytoplasm, aberrant 

transcripts mainly get discarded by the exosome through processes such as Nonsense 

mediated decay (NMD) pathway or nonstop decay (NSD) pathway.  

 

1.3 Degradation of aberrant mRNAs 

 

Errors are likely to occur during translation and transcription and result in unwanted 

products. It can arise at different levels, from gene, mRNA transcript to protein production. 
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Therefore, to avoid such mistakes and to sustain fidelity, the cell has developed processes to 

quickly identify and remove aberrant transcripts. mRNA surveillance processes in the cell 

are responsible for identifying and differentiating between aberrant and normal mRNAs. 

Transcripts missing a stop codon or poly A tail or contain a premature stop codon are 

examples of transcripts containing mistakes (Doma & Parker, 2006; Isken & Maquat, 2007; 

Meaux & van Hoof, 2006), and they each prompt a specific mRNA degradation pathway. 

Nonsense-mediated decay (NMD) pathway is triggered by the ribosome reaching a 

premature stop codon on the mRNA (Nicholson & Mühlemann, 2010). Long pauses during 

translation caused by secondary structures and rare codons on the mRNA activate the no-go 

decay (NGD) channel (Harigaya & Parker, 2010). Finally, transcripts that lack an in frame 

stop codon trigger the non-stop decay (NSD) pathway (van Hoof et al., 2002). Moreover, 

there is a connection between these aberrant mRNA degradation pathways and the factors 

involved in these processes are similar (Shoemaker & Green, 2012; van Hoof & Wagner, 

2011). 

 

1.3.1 Nonsense-mediated mRNA decay (NMD) 

 

NMD is an mRNA surveillance pathway that identifies and degrades transcripts with a 

premature stop codon within the ORF (Celik et al., 2017; J. Lykke-Andersen & Bennett, 

2014; Shoemaker & Green, 2011). It was first identified in yeast and nematodes (Leeds et 

al., 1991; Peltz et al., 1993; Pulak & Anderson, 1993) and it is a preserved degradation 

pathway in eukaryotes (Schweingruber et al., 2013). At first, it was believed that the NMD 

pathway is triggered in cell to eliminate transcripts with PTCs and by this protecting the cell 
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from unwanted and undesirable effects of truncated proteins (Feng He et al., 2003; Pulak & 

Anderson, 1993). Further studies have identified that NMD besides having a role in nonsense 

mRNA decay, it is also involved in post transcription regulation of the mRNA (Feng He et 

al., 2003).  

 

1.3.1.1 NMD machinery 

  

 NMD pathway is triggered when the A site of the ribosome reaches a nonsense codon during 

mRNA translation elongation (Amrani et al., 2004). NMD pathway utilizes a series of factors 

to identify, target and degrade the nonsense transcript. The principle regulators of the NMD 

process are described below. 

 

 1.3.1.1.1 Upf proteins 

This group of proteins are the main regulators of the NMD pathway. Upf1, Upf2, and Upf3 

are three well conserved protein from this family that have an essential role in eukaryotes 

(Leeds et al., 1991; J. Lykke-Andersen et al., 2000; Nicholson et al., 2010; Perlick et al., 

1996; Salas-Marco & Bedwell, 2004). All three proteins exist in the cytoplasm of the cell 

except for Upf3 that is also found in the nucleus (J. Lykke-Andersen et al., 2000; Serin et al., 

2001) 

Upf1 is an ATP-dependent RNA helicase and the only protein from this family that has an 

enzymatic activity (Bhattacharya et al., 2000; Czaplinski et al., 1995). The helicase activity 

of Upf1 is boosted with the inclusion of Upf2 and Upf3 (Chamieh et al., 2008; Fiorini et al., 
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2013). Yeast two-hybrid studies have revealed that Upf1 has a CH domain and through that 

it can bind to other decay factors such as Rrps26 (Min et al., 2013), C-terminal of Upf2 

(Arias-Palomo et al., 2011; Ferná Ndez et al., n.d.; Yamashita et al., 2009), and Dcp2 (Feng 

He & Jacobson, 1995, 2001). The shared binding domain on Upf1 suggest that physical 

interaction between these NMD factors do not happen at the same time and rather 

successively.  

Upf2 operates a link between Upf1 and Upf3. Upf2 binds with Upf3 through C-terminal 

domain  (F He et al., 1997; Kadlec et al., 2004). Once Upf2 interacts with Upf1 a rise in 

ATPase and helicase activity is seen. This is because the interaction between these two 

proteins change the physical conformation of Upf1 from RNA binding to RNA unwinding 

form (Chakrabarti et al., 2011; Chamieh et al., 2008). 

Upf3 interacts with Upf1 and increases the mRNA degradation rate due to premature stop 

codon on the transcript. Unlike yeast, human genome has two functional homologs, Upf3A 

and Upf3B (S. Lykke-Andersen et al., 2014; Mendell et al., 2004). Both proteins are 

associated with NMD pathway (F He et al., 1997). 

 

1.3.1.1.2 Smg proteins 

 

The activity of the Upf proteins are controlled by further components in the cell such as Smg 

proteins. Three members of this family, Smg1, Smg8, and Smg9 construct complex that has 

a role in Upf1 Phosphorylation. Smg1 is the only protein in the complex with a kinase activity 

and is regulated by Smg8 and Smg9 (Grimson et al., 2004; Kashima et al., 2006; Yamashita 

et al., 2009). Smg1 needs Upf2 and Upf3 and exon-junction complex (EJC) in order to 
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phosphorylate Upf1 (J. Lykke-Andersen & Bennett, 2014). Other members of this family, 

Smg5, Smg6, and Smg7 have an essential role in de-phosphorylation of the Upf1 protein 

(Page et al., 1999; Yamashita, 2013). Smg6 has an endonuclease function in the NMD 

pathway (S. Lykke-Andersen et al., 2014; Schmidt et al., 2014), while Smg5 and Smg7 create 

a heterodimer construct and recruit deadenylation complex, Ccr4-Not to enhance mRNA 

decay (Loh et al., 2013; Unterholzner & Izaurralde, 2004). 

1.3.1.1.3 Eukaryotic release factors  

 

eRF1 and eRF3 are two members of this family and their role is to recruit Upf family of 

proteins to the mRNA (Czaplinski et al., 1995; Kashima et al., 2006; Singh et al., 2008). The 

interaction between Upf1, eRF1, eRF3 and Smg1 form a complex named SURF (Kashima 

et al., 2006). Upf1’s ATPase activity lowers when it binds to any of the two release factors 

and hence stabilizing the mRNA-Upf1 complex (Chamieh et al., 2008; Czaplinski et al., 

1995). However, binding to Upf2 and Upf3 resolves the stalled termination complex and 

activates Upf1 (Chamieh et al., 2008). 

 

1.3.1.1.4 Exon junction complex 

After mRNA splicing in eukaryotes, Exon junction complex (EJC) is placed close to the 

splice junction regions on the mRNA (le Hir et al., 2000). This complex which contains four 

core proteins: eIF4A3, Y14, Magoh and MLN51(Aur´ et al., 2015; Kashima et al., 2006; 

Melero et al., 2014)and other supporting proteins has an essential part in regulating mRNAs 

fate in the cell (Bono & Gehring, 2011). It has been proven that the existence of EJC close 

to a premature stop codon significantly increases NMD efficiency (Bühler et al., 2006; Singh 
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et al., 2008). Moreover, other mRNA surveillance pathways interact with EJC. For example, 

Upf3 directly binds to this complex (Kim et al., 2001; J. Lykke-Andersen et al., 2000).  

 

1.3.1.2 NMD mechanism 

 

Extensive research on NMD mechanisms suggest three main models for NMD activation. 

While sharing common factors, each model fundamentally differs from the other in terms of 

how the NMD pathway targets its substrates.  

 

1.3.1.2.1 Exon junction complex dependant model 

 

Although this model has not been identified in yeast, the idea behind it originated from a 

study in yeast (González et al., 2000). Several factors observed in mammalian cells have 

developed this model. Firstly, in mammalian cells mRNAs that have gone through splicing 

are marked by EJCs close to the junction sites (le Hir et al., 2000). Moreover, the normal 

termination site being located at the last exon, means there is no EJCs after the stop codon 

on the spliced mRNA (Nagy & Maquat, 1998; J. Zhang et al., 1998). Secondly, after one 

round of translation has been completed, EJC associated factor, Pym, removes the EJCa from 

the mRNA (Gehring et al., 2009). Lastly, EJC directly joins the NMD by binding to Upf3 (J. 

Lykke-Andersen et al., 2000). Based on several studies and the facts stated here confirm that 

if during the initial round of translation, the EJC is in close distance to the stop codon, the 

mRNA is then selected for NMD. 
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The first step in this model, Upf1 binds to Smg1 and functioning similar to a clamp and at 

the same time binding to eRF1 and eRF3 to form the SURF complex close to the premature 

stop codon. Smg8 and Smg9 also bind to Smg1 to regulate its kinase activity (Chakrabarti et 

al., 2011; Chamieh et al., 2008; Clerici et al., 2009). Afterwards, the decay-inducing complex 

(DECID) is formed by the junction of the SURF complex, Upf2, Upf3 and the EJC 

downstream of the premature termination codon (Hug et al., 2016). DECID prompts 

phosphorylation of Upf1 and disassociates eRF1 and eRF3 (Fiorini et al., 2015; Franks et 

al., 2010). At this point due to structural configuration of Upf1, this protein acquires its 

helicase function (Schoenberg & Maquat, 2012).This helicase activity will allow nucleases 

to access the mRNA(Eberle et al., 2009; Huntzinger et al., 2008). To further proceed to 

degrading the mRNA, phosphorylated Upf1 binds to Smg5, Smg6 and Smg7 (J. Lykke-

Andersen & Bennett, 2014; S. Lykke-Andersen et al., 2014; Schmidt et al., 2014). Smg6 

cleaves the mRNA close to the premature stop codon  (Loh et al., 2013), which will then 

lead to mRNA degradation (Unterholzner & Izaurralde, 2004). Subsequently, Smg5 and 

Smg6 bind to Upf1 and initiate deadenylation (Unterholzner & Izaurralde, 2004) and recruit 

Xrn1 for decapping and degrading the mRNA 5’-3’(Unterholzner & Izaurralde, 2004). This 

mechanism of NMD is illustrated in Figure 5. 
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Figure 5: Exon junction model of NMD. Upf1 binds to Smg1 kinase, eRF1 and eRF3 to form the 

SURF complex close to the premature stop codon on the mRNA. Subsequently the DECID complex 

is formed by the union of the SURF complex with Upf2, Upf3 and EJC. Upf1 is the phosphorylated 

and eRF1 and eRF3 are released from the complex. Phosphorylated Upf1 then associates with Smg5, 

Smg6 and Smg7 to recruit other mRNA decay factors and degrade the target transcript. (Adapted 

with permission from Hug et al., 2016)   
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1.3.1.2.2 Exon junction complex independent model 

 

Even though an EJC dependant model of NMD has been confirmed, many studies have also 

suggested the existence of an NMD model that can trigger an NMD response in the absence 

of an EJC (Bühler et al., 2006). This model of NMD has been reported in organisms such as 

yeast, nematodes, and humans (Feng He & Jacobson, 2015). This non-EJC dependant model 

has been specifically reported in mRNAs that have a long 3’ UTR (Hogg & Goff, 2010). The 

main factor in NMD models is the mechanism by which Upf1 binds to the mRNA containing 

PTC. Current research suggests that Upf1 associates with the target mRNA prior to 

translation and removal by the translation machinery (Gregersen et al., 2014). This 

subsequently leads to an increased number of Upf1 at the 3’UTR of the mRNA (Zünd et al., 

2013). This might go against the previous assumption in which phosphorylated Upf1 flags 

mRNAs to be degraded by NMD. Additionally, previous studies have shown that NMD 

targets for degradation are enriched with phosphorylated Upf1, unlike in normal mRNAs 

which release unphosphorylated Upf1 (Kurosaki et al., 2014). Details of this mechanism and 

why Upf1 stays associated with the non-sense mRNA and how it subsequently gets 

phosphorylated are still unclear. Some studies have reported that this may be a result of Upf1 

competing with PABPs for associating with eRF3 (Fatscher et al., 2015; Singh et al., 2008).  
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1.3.2 No-Go Decay (NGD) 

 

NGD is the most recently identified mRNA degradation pathway and was first discovered in 

yeast (Doma & Parker, 2006). This mRNA surveillance pathway was first found in yeast 

which involves Dom34-Hbs1 (Doma & Parker, 2006). As illustrated in Figure 6, mRNA 

targets of this pathway are mainly mRNAs with strong secondary structures that stall the 

translation machinery (Tollervey, 2006). 

 

Targets of this pathway become prone to endonucleolytic cleavage (Doma & Parker, 2006), 

but the exact endonucleases involved in the process are still unknown (Gregersen et al., 

2014). In NGD the targeted mRNAs are cleaved 5’ of a stalled ribosome (Chen et al., 2001), 

the ribosome is then removed from the mRNA by Hbs1-Dom34 pair and subsequently 

degraded 5’-3’ and 3’-5’ by Xrn1 and exosome, respectively (Figure 6) (Doma & Parker, 

2006; Pisareva et al., 2011; Shoemaker et al., 2010). Furthermore, similar to NMD this 

surveillance pathway also requires one round of translation hence, secondary structures at 

the 5’-UTR of the mRNA will not trigger NGD pathway (Doma & Parker, 2006). 
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Figure 6: No-Go mRNA degradation pathway. NGD targets mRNAs with strong secondary 

structures which stall the ribosome during translation. NGD utilizes Dom34-Hbs1 pair to facilitate 

target transcripts near the stall site with an endonucleolytic activity. The mRNA fragments are then 

degraded 5’-3’ by Xrn1 and 3’-5’ by the exosome. (Adapted with permission from Tollervey., 2006)  
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1.3.3 Non-Stop Decay (NSD) 

NSD is another mRNA surveillance pathway that targets transcripts that lack an in frame 

stop codon. This degradation pathway was first discovered in yeast (Frischmeyer et al., 2002; 

van Hoof et al., 2002). Targets of NSD will elongate translation, therefore, ribosome will 

reach the poly A tail and as a resuly poly-lysine chain is translated. This poly-lysine 

polypeptide is then subjected to degradation by the proteasome in the cell (Ito-Harashima et 

al., 2007; Wilson et al., 2007). Also, the ribosome is eventually stalled at the end on the 

mRNA with an empty A site. This site is then targeted by Dom34-Hbs1 pair for degradation 

(Pisareva et al., 2011; Shoemaker et al., 2010). 

As shown in Figure 7 NSD pathway similar to degradation of normal mRNAs requires the 

exosome. Additionally, NSD utilizes the SKI complex and particularly SKI7 protein (Brown 

et al., 2000). The Ski complex interacts with the exosome and accelerates exome-regulated 

degradation of the nonstop transcript in the cytoplasm (Araki et al., 2001; Meaux & van 

Hoof, 2006). The specific function of each component of the Ski complex is not fully 

understood.  

NSD differs from normal mRNA decay pathways and NMD. For example, NSD unlike 

normal mRNA degradation mechanisms and NMD does not require Dcp2, Xrn1, and Upf1 

protein. Nonstop mRNA degradation happens without initial deadenylation of the mRNA 

(Frischmeyer et al., 2002). Also, NSD pathway requires Ski7 which is not essential for 

normal transcript decay (van Hoof et al., 2002). Lastly, nonstop mRNA decay can be 

effectively done by both exo- and endonuclease activity of the exosome, unlike normal 

transcript degradation pathways that only require exonuclease activity (Schaeffer & van 

Hoof, 2011).   
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Figure 7: Mechanism of nonstop mRNA decay. Transcripts lacking an in frame stop codon are 

prone to rapid decay. This pathway may also prompt protein degradation and translational 

repression. (Adapted with permission from Klauer & Van Hoof., 2012) 
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1.4 Focus 

 

Generally speaking, every RNA in the cell is subjected to degradation in order to control 

gene expression in the cell. Many years of research have revealed a variety of degradation 

mechanisms and pathways for normal mRNAs. Additionally, several mRNA surveillance 

pathways that specifically eliminate faulty RNAs have been identified. mRNA surveillance 

and degradation of normal RNAs are well researched and understood. Although, extensive 

studies have also been done on degradation of aberrant mRNAs like the NMD pathway, our 

knowledge of the complete process of NSD and specifics of various factors that are involved 

remain unknown. The overall goal of this study is to identify novel genes involved in the 

NSD process in S. cerevisiae. To do this we performed a large-scale transformation and 

expression screening using yeast gene knockout collection. The collection was transformed 

with a HIS3 mRNA expression system lacking a stop codon. Three of the genes identified in 

our screen belonged to the family of helicase. Deletion mutants for NAM7, ECM32 and SKI2, 

all showed significant growth in the absence of histidine in the media suggesting the 

involvement of these helicases in the NSD process. Previous studies have revealed the role 

of helicases in the degradation of RNAs in bacterial and eukaryotic machineries (Linder & 

Jankowsky, 2011; Mohanty & Kushner, 2016). However, the extent of RNA helicases 

contributions to the active RNA degradation and the NSD process is unknown. Here, we 

hypothesize that helicases may have a role in NSD machinery. 
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Chapter 2: Materials and Methods 

 

2.1  Plasmid Constructs and S. cerevisiae strains, media, reagents, and drugs  

 

Nonstop mRNA plasmid – pSA159 

To identify novel genes that are involved in the process of mRNA non-stop decay process, 

plasmid pSA159 was used (Zhou & O’Shea, 2011). The obtained plasmid contains a nonstop 

HIS3 mutation, a GPD promoter, a Ura3 marker as well as an ampicillin resistance marker. 

A map of the construct is presented in Figure 8. This construct was initially produced at the 

Department of Molecular Biology at Nagoya University (Zhou & O’Shea, 2011). A scheme 

of the marker HIS3 gene used is shown in Figure 9 (Inada & Aiba, 2005). The translation 

termination is shown by bold letters and the nucleotide that was deleted to produce the non-

stop codon is presented in a box. The ORF and poly A site are also indicated in the Figure 9. 
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Figure 8: The pSA159 construct map. The pSA159 contains a nonstop HIS3 gene, a URA3 

selectable marker and an ampicillin resistance marker. 
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Figure 9: Nonstop HIS3 reporter gene. Shaded areas represent open reading frame of the HIS3 

gene. Termination codon is bolded, and the boxed nucleotide represents the deletion to produce 

nonstop HIS3 construct. (Adapted with permission from Inada & Aiba., 2005) 
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S. cerevisiae and Escherichia coli strains  

To perform the large-scale screening in this research we used S. cerevisiae, mating type “a” 

(Y4741) gene deletion set. This set contains a series of single gene deletion mutants.  

S. cerevisiae mating type “α” (Y6547) from Boone et al at the University of Toronto was 

used for plasmid transformation in the large-scale screening (Zhou & O’Shea, 2011). In this 

α strain HIS3 gene has been deleted and, MFA1 promoter fused to LEU2 has replaced CAN1 

gene. This strain also contained gene deletions LYP1 and MET15. Competent E. coli (DH5α) 

cells were used for plasmid replication. 

 

 Media 

Yeast Peptone Dextrose (YPD) and synthetic complete (SC) media were used for yeast 

growth. Lysogeny broth (LB) was used for E. coli growth. -URA and -HIS dropout mix were 

used for selective growth media for plasmids. These dropout mixes contained the complete 

set of amino acids excluding amino acid Uracil and histidine, respectively. In some steps of 

the selection process drugs were added to the media.  

 

Drugs and antibiotics 

3-Amino-1,2,4-triazole (3-AT) is a heterocyclic organic compound that is a competitive 

inhibitor of the enzyme HIS3 gene product imidazoleglycerol-phosphate dehydratase (IGPD) 

which catalyzes the 6th step of the cellular HIS3 biosynthetic pathway (Zhou & O’Shea, 

https://en.wikipedia.org/wiki/Heterocyclic_compound
https://en.wikipedia.org/wiki/Organic_compound
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2011). Other drugs used and their concentrations are as follows: G418, Geneticin (200 

mg/ml), ClonNat, (100mg/ml) and Ampicillin (50 mg/ml). 

 

2.2  NSD screening 
 

In order to identify novel genes involved in the mRNA nonstop decay pathway, we 

performed a genome wide investigation. We transformed the pSA159 construct to S. 

cerevisiae strain mating type α (Y4547) using standard transformation method for yeast 

using Lithium acetate (LiAc) (Zhou & O’Shea, 2011). 

 

2.2.1  Standard transformation protocol 

Mating type “α” (Y6547) cells were inoculated and incubated in liquid YPD media at 30°C, 

overnight. 2ml of the overnight culture was re-inoculated in 40ml of liquid YPD media and 

incubated at 30°C for 5 hours or until OD600=1 before being transferred to a falcon tube and 

centrifuged at 5000 rotations per minute (RPM) for 5 minutes. In order to collect the yeast 

cells the supernatant was discarded, then the pellet containing yeast cells was resuspended 

in 10ml of distilled water. After another round of centrifugation and wash the pellet was 

resuspended in 200μl of 0.1M Lithium acetate (LiAc). In the next step, 240μL of 50% 

Polyethylene glycol (PEG), 36μL of 1M LiAc, 10μL of single stranded DNA and 5μL of the 

pSA159 plasmid were added to 50μL of the resuspended cell culture, respectively. The 

mixture was vortexed and incubated at 30°C for 1.5 hours, vortexing every 15 minutes. Cells 

were then incubated at 42°C for 15 minutes before moving on ice and being centrifuged at 

13000 RPM for one minute. The supernatant was then discarded, and the pellet was 

resuspended in 100μL of milli-Q water. The cells were finally plated on -URA agar plates 
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and incubated at 30°C for two days. This will allow to select for the yeast cells that the 

pSA159 plasmid had successfully been transformed to (NSα).  

Finally, after the incubation period the colonies that grew were re-streaked on a fresh -URA 

agar plate before being used in the large-scale screening. 

 

2.2.2  Large-scale transformation methodology 

In this step the non-stop plasmid was transferred to a deletion array set consisting of over 

5000 single gene deletions using standard pinning method and series of selection. 

 

Firstly, the NSα strain was pinned on top of the a-strain deletion array and incubated at 30°C 

for two days to mate and produce diploid cells. To further select for diploid cells with the 

non-stop construct, MATa/α cells were pinned on -URA + G418 media and incubated for 

two days at 30°C. These cells were then transferred to an Enriched Sporulation Media (ESM) 

and incubated at 22°C for 7 days. In this step cells will go through sporulation and produce 

haploid cells. In the next two rounds of selection cells were transferred to SD-

His/Arg/URA+Canavanine and SD/MSG-His/Arg/URA+G418+Canavanine media, 

respectively and incubated for two days at 30°C for each step. At the end of these rounds of 

selection the non-stop plasmid has been transferred to ~5000 MATa progeny cells in the 

deletion set array. Finally, the cells were pinned on -URA + G418 media and incubated for 

2 days at 30°C and stored at 4°C respectively, to be then used for large-scale screening.  
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2.2.3  Selection of genes involved in NSD 

In order to identify candidate genes involved in the non-stop decay process in yeast, the 

deletion array set containing the non-stop his3 construct pSA159 were transferred to -URA 

media lacking amino acid histidine plus 1mg/mL 3-AT. The concentration of the 3-AT drug 

in this experiment was defined using a gradient amount of the drug and assessing the growth 

of the cells. After two days incubation at 30°C in this media cell growth and size were 

observed and potential genes were selected for data analysis. 

 

2.3  Data analysis 
 

Selected genes were analysed using GeneMANIA (http:// www. genemania.org/). This 

online database allowed to group the genes based on their molecular functions in yeast and 

the general processes that they are involved in (Vlasblom et al., 2015). We then looked at 

each group of genes and selected candidate genes to further investigate their link to the NSD 

process in yeast. Panther GO-slim software was also used to study and reveal the protein 

class of the candidate genes and to classify them based on molecular function 

(http://www.pantherdb.org/tools/compareToRefList.jsp). In this project we chose a family 

of helicases, NAM7, ECM32 and SKI2 for further investigation. 

 

2.4  Spot test 
 

To further determine the role of helicases, NAM7, ECM32 and SKI2, in the NSD pathway, a 

spot test was performed. Single deletion mutants of helicases with the transformed non-stop 

HIS3 constructs were grown overnight in -URA media to an OD600 of 1. Cells were then 
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diluted 10-fold three times to produce 4 different concentrations. Spots of 15µl of each 

dilution were placed on solid -URA-HIS plates containing 1mg/ml of 3AT and -URA as a 

control. After 48 hours of incubation at 30°C, cell growth on each plate were compared to 

the wild type based on colony sizes. 

 

2.5  Colony count assay 
 

Colony count assay was performed and evaluated based on the number of colonies formed 

for NAM7∆, ECM32∆, SKI2∆ and WT strain. First, strains were grown in liquid -URA media 

overnight at 30°C before being reinoculated in liquid -URA media at the same temperature 

for ~4 hours to an OD600=1. Fresh cells were diluted 10-fold three times and OD600 was 

measured again to ensure same number of cells in all samples. Then, 20 µl of 10-4 diluted 

cells were streaked on agar media lacking uracil and histidine plus 1mg/mL 3-AT and 

incubating at 30°C for two days. The number of colonies formed were counted and 

compared. Cells were also grown on -URA plate as a control. Each experiment was done 

three times and average colony counts were considered. 

 

 

2.6  qRT-PCR 
 

The total RNA content of the cell was extracted using RNeasy Mini Kit (QIAGEN) based 

on the instructions provided by the company. Then using iScript cDNA synthesis kit 

(Biorad), high quality RNA was converted into complementary DNA (cDNA), according to 

manufacturer's instructions. The cDNA was used as a template. qRT-PCR was performed 
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using PowerUp SYBR Green Master Mix kit (Applied Biosystems) following 

manufacturer’s guidelines. This experiment was performed on Bio-Rad CFX qPCR machine 

following this thermocycle mode: 50ºC for 2mins, 95 ºC for 2 mins, 40 cycles of 95ºC for 

15s- 60ºC for 1 min and a final 72ºC for 10mins. PGK-1 is used as a positive control in    

qRT-PCR experiments (Zhou & O’Shea, 2011). 

 

2.7  Synthetic genetic array (SGA) 
 

 

In SGA, the gene of interest is deleted and replaced with nourseothricin-resistance (NAT) 

marker gene in mating type “α” and then mated with a subset of the deletion set in mating 

type ”a”. After a few rounds of selection, the progeny cells of the double mutants are 

obtained. The fitness of double mutant is analyzed based on growth (colony size) and 

compared with single deletions of original set to evaluate genetic interactions between the 

two genes (Memarian et al., 2007; Samanfar et al., 2013). Furthermore, Gene knockout in 

yeast is a two-step process where a selectable marker product is made using PCR and then 

is replaced with the gene of interest using homologous recombination. DNA transformation 

in yeast is done by the Lithium Acetate method. 

 

In this experiment the query genes NAM7, ECM32 and SKI2 were knocked out and replaced 

by NAT resistance gene in MAT α strain, Y6547. These deleted α strains were then matted 

to two different deletion mutant arrays, separately. The two mutant array libraries used in 

this experiment were a set of gene deletion mutants for non-stop decay pathway and 

translation and the other array consisted of random gene deletion mutants as a control. After 
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several rounds of selection haploid progenies containing double mutations were selected and 

evaluated for their fitness based on their growth defects by measuring relative colony sizes. 

Fitness of the double mutants was evaluated using SGAtools software 

(http://sgatools.ccbr.utoronto.ca/). In order to enhance the coverage of negative genetic 

interactions, we merged our interaction results with those formerly reported 

(http://drygin.ccbr.utoronto.ca). Finally, gene enrichment analysis of the interactors was 

obtained using GeneMANIA (http:// www. genemania.org/). This experiment was repeated 

three times for each gene deletion and negative interaction that were observed in at least two 

repeats were confirmed. 

http://sgatools.ccbr.utoronto.ca/
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Chapter 3: Results 

 

3.1  NSD screen candidates 

 

In the first step to identify genes involved in the mRNA non-stop decay process in yeast the 

pSA159 plasmid that contains a non-stop HIS3 gene was transferred to the deletion array. 

This array consists of over 5000 nonessential gene deletions. Our understanding is that genes 

that are responsible or have a role in the NSD process in yeast, once deleted would allow the 

cell to grow under selective media lacking the amino acid histidine. Cell growth in a -HIS 

media is dependent on the histidine production of the non-stop his plasmid (pSA159).   

From over 5000 nonessential gene deletions tested in this experiment, based on growth in 

the selection media, 245 genes were identified in the screen. The list of genes was then 

further narrowed to 68 candidate genes based on colony size, by excluding genes that showed 

minimal growth and small colony size. A sample plate of the screen and candidates that grew 

on -URA -HIS +3-AT media can be seen in Figure 10.  
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Figure 10: Sample of NSD screening plate. Candidate genes were selected from the plate 

based on their ability to grow on media lacking histidine plus 3-AT. 
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3.2  Gene Ontology enrichment analysis for the NSD gene candidates 

 

After reviewing the results from the screening, candidate genes were clustered into groups 

based on their function and gene family they belong to. 5 main families were identified. 

Details of the gene families and a description of the genes are presented in Table 1.  

We then clustered the screened genes based on GO-term process to classify the genes for 

molecular function and their protein class using Panther software. Interestingly, 35.58% of 

the genes had unknown function or were not grouped. 30.89% of the screened genes had 

catalytic activity and 14.15% hydrolyse activity (Figure 11).  

Lastly, we used Panther software to analyse the screened genes based on their protein class. 

Five protein classes were observed: hydrolyse proteins, member trafficking protein, 

ubiquitin-protein ligase, G-protein and RNA helicase (Figure 12). After reviewing the 

potential genes in our screening, we chose three mRNA helicases, SKI2, ECM32 and NAM7 

for further investigation and their role in mRNA non-stop decay process. 
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Name description Standard name Gene description 

  SuperKIller  

SKI2 Putative RNA helicase 

SKI3 Component and TPR protein, mediates 3'-5' RNA degradation 

SKI7 GTP-binding protein 

SKI8 Mediates 3'-5' RNA degradation 

 

 

  PHOsphate metabolism 

PHO4 

Basic helix-loop-helix (bHLH) transcription factor, activates 

transcription 

PHO5 Repressible acid phosphatase 

PHO23 Component of the Rpd3L histone deacetylase complex 

PHO80 Cyclin; interacts with cyclin-dependent kinase Pho85p 

   SPOrulation 

SPO11 Initiates meiotic recombination 

SPO14 Phospholipase D, required for meiosis and spore formation 

SPO73 

Meiosis-specific protein required for prospore membrane 

morphogenesis 

Altered Inheritance rate 

of Mitochondria 

AIM18 Unknown function 

AIM2 Cytoplasmic protein involved in mitochondrial function 

AIM26 Unknown function 

    RECombination 

REC104 Involved in early stages of meiotic recombination 

REC107 Involved in early stages of meiotic recombination 

REC102 Involved in early stages of meiotic recombination 

Table 1: Gene clusters and description of the screened genes.  
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Figure 11: Gene ontology enrichment analysis for NSD screened genes. 30.89% of the enriched 

candidate genes have catalytic activity with p-value of 0.039. Enriched genes with hydrolyse activity 

consisted of 14.15% of the total candidate genes with p-value of 0.032. Other categories of molecular 

function enriched were Ion binding, Ubiquitin-protein transferase activity, ATPase activity, sterol 

binding, lipid binding and phosphatase activity at 5.24% (0.039), 5.21% (0.040), 3.66% (0.008), 

2.10% (0.036), 2.09% (0.024), 1.05% (0.021), respectively. P-values are shown in brackets. 35.58% 

of the screened genes had unknown functions or were not grouped. 

  

Hydrolyse activity Ion binding Phosphatase activity

Catalytic activity Lipid binding Ubiquitin-protein transferase activity

ATPase activity Sterol binding Unknown
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Figure 12: Candidate gene enrichment based on classified protein class. Hydrolase class and 

membrane traffic protein class each consist of 4.74% of proteins from our dataset with a p-value of 

0.043 and 0.039, respectively. Ubiquitin-protein ligase, G-protein and RNA helicase were other 

enriched protein classes at 2.11%, 1.58%, and 1.58% and p-values of 0.041, 0.024, 0.008, 

respectively. The remaining genes were unclassified.  
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3.3  Spot test and colony counting  
 

In the next step non-stop HIS3 construct (pSA159) was transformed to deletion mutants for 

NAM7, ECM32 and SKI2. Transformed cells were plated on a selective media -URA-HIS 

plus 1mg/µL 3-ATto evaluate their growth thus involvement of the three helicases in NSD 

pathway.  Only cells that were able to produce the amino acid histidine from pSA159, were 

able to grow and form a colony. All cells were also grown on -URA solid media, under the 

same conditions as a control. Results from this experiment are presented in Figure 13.  

All gene deletion mutants and WT had similar growth on -URA control plate. This was 

expected, because histidine was available in the media and cells were not dependant on the 

production of nonstop HIS3 production of the amino acid. However, on media lacking 

histidine revealed minimal growth for the WT, whereas, SKI2∆, ECM32∆ and NAM7∆ show 

growth. SKI2∆ and NAM7∆ appear to have similar growth and slightly higher than ECM32∆. 

Since the WT has all the genes and mRNA surveillance and degradation pathways intact, it 

is fair to assume that all aberrant mRNAs such as the ones lacking stop codon will be 

degraded in the cell and in this case resulting in lack of HIS3 gene product. Therefore, WT 

is unable to grow on -URA-HIS+3-AT media. These results support our initial hypothesis 

that the three chosen helicases might have a role in mRNA nonstop decay process.  

To further quantify these results, cells were grown on -URA -HIS +3-AT media and colonies 

were counted. These results support the results of the spot test (Figure 14).  
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A                     -URA B              -URA-HIS+3-AT 

WT WT ECM32∆ ECM32∆ SKI2∆ SKI2∆ NAM7∆ NAM7∆ 

Figure 13: Growth sensitivity analysis for WT, ECM32∆, SKI2∆, and NAM7∆. Part A represents the 

control where all samples grew in -URA media. Second Panel B shows the wildtype and four mutants 

growing on media lacking Uracil and histidine, and in the presence of 1mg/mL 3-AT. Each sample has 

been through a serial dilution, starting at 10-1 cells, and finishing at 10-4 cells. 
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Figure 14: Colony count. Number of colonies in WT, SKI2∆, ECM32∆ and NAM7∆ with pSA159. 

All cells grown on media lacking histidine and 1mg/µL of 3-AT. * and ** Indicates statistically 

significant differences (t-test) between WT cells and mutant cells at 5% (p<0.05) and 1% (p<0.01), 

respectively. 
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3.4  Analysis of the non-stop mRNA content of mutants for HIS3 gene  

 

The rate at which mRNA is degraded is an important aspect of the cell. mRNA turnover has 

a crucial role in regulating gene expression and quality control of mRNA synthesis as well 

as maintaining hemostasis in the cell. Also, mRNA degradation has a significant role in the 

decay of aberrant mRNAs and ultimately preventing the production of defective proteins in 

the cell. Therefore, studying mRNA degradation pathways and mRNA quality control 

surveillance pathways is a hot topic of research.  

 

Based on the results we can confirm that helicases, NAM7, ECM32 and SKI2 have a role in 

mRNA degradation and possibly nonstop decay pathway. In the next step we investigated 

the nonstop HIS3 mRNA abundance in all three candidate mutants as well as the wild type 

using qRT-PCR. Results from this experiment is shown in Figure 15. Based on the results 

all three mutants had no statistical significant difference in the amount of NS-HIS3 mRNA 

in comparison to the WT. PGK1 was used as a control. PGK1 mRNA remains constant and 

was used to normalize the results for all strains.  
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Figure 15: Relative HIS3 mRNA levels for WT, NAM7∆, ECM32∆ and SKI2∆. mRNA content 

of PGK1 housekeeping gene was used for normalizing the samples. There is no statistical 

significance (p-value≤0.05) between the mRNA content of the WT and the three mutant strains.   
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3.5  Genetic interaction analysis (GI) 

 

Genetic interaction analysis is a common way to study the functional association between 

two genes in overlapping pathways (Zhou & O’Shea, 2011). In other terms two genes have 

genetic interactions when the deletion of both genes results in a significantly different 

phenotype than each gene deletion alone. GIs can be divided into two groups positive and 

negative genetic interactions. In positive interactions the fitness of the double mutant is less 

severe than the single gene deletion and in negative interactions the double mutants show a 

sick or lethal phenotype (Ogawa & Oshima, 1990). Genetic interactions are defined by 

comparing the phenotype (colony size) of a double gene deletion mutant to a single deletion 

mutant. These double mutants have a more severe phenotype than the single gene deletion 

mutant.  

 

To further investigate the genes of interest in this study and unravel a more in-depth level of 

association between gene functions in yeast, the synthetic sick interaction of genes of 

interest, ECM32, NAM7 and SKI2 with a custom NSD array was studied. Firstly, in mating 

type “α” strain, genes of interest were knocked out and mated to the custom gene deletion 

array for NSD in “a” strain. After several rounds of pinning on selective media, double gene 

deletion mutants of each gene of interest and genes in the custom NSD array are produced. 

The double mutants are selected in mating type “a”. In the end colony size were measured 

and compared to single gene mutants as an indicator of level of sickness of phenotypes 

(Alamgir et al., 2010). As a control in this experiment the target gene deletion strains were 
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mated to another array consisting of random gene deletions that have no functions reported 

to nonstop decay process. 

 

Synthetic genetic array analysis revealed that ECM32 genetically interacts with members of 

genes involved in mRNA splicing, Regulation of protein modification process and TBP- 

class protein binding (Figure 16). As seen in Figure 18, NAM7 has shown to have interactions 

with genes with function in transcription and post translational regulation of gene expression. 

Finally based on the GIs, SKI2 genetically interacts with several genes involved in mRNA 

catabolic process, translation elongation and structural constituents of ribosome (Figure 17). 

These results support the role of these genes in translation and mRNA quality control. 
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ECM32 
HSH49 

SLU7 

SPP381 

PRP19 

SAD1 

SGV1 

RPP1B 

MOB2 

TOA1 

RRN9 

MED8 

Figure 16: Negative genetic interaction of ECM32 showed several interactions with mRNA Splicing 

genes (blue) with P-values of 5.32×10−5, protein modification process regulators (green) with P-values 

of 2.31×10−5, and TBP-class protein binding (yellow) with P-values of 4.72×10−8. 
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XRN1 
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EAP1 

LSM1 

RPP1A 

RPP2B 
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RPS10A 

Figure 17: Negative genetic interaction of SKI2 showed several interactions with genes involved in mRNA 

catabolic process (blue) with P-values of 6.12×10−4, Translation elongation and protein kinase activity (green) 

with P-values of 1.13×10−3, and Structural constituent of ribosome (yellow) with P-values of 3.65×10−3. 
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CTK1 
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TIF4632 

Figure 18: Negative genetic interaction of NAM7 showed several interactions with Regulation of 

transcription from RNA polymerase I promoter genes (green) with P-values of 2.13×10−3 and genes involved 

in post translational regulation of gene expression (blue) with P-values of 4.51×10−5.  
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Chapter 4: Discussion  

 

4.1  NSD screen 

 

The first study to recognise a degradation pathway for nonstop mRNAs was done in yeast 

by Herrick and Jacobson in 1989 (Herrick, 1989). They studied and compared the half life 

of HIS3 mRNA with a stop codon and another lacking an in frame stop codon due to 4 

nucleotide deletion. They reported that the normal HIS3 mRNA was stable with a  half life 

of 79 mins compared to 9 minutes for the nonstop HIS3 mRNA (Herrick, 1989).The NSD 

mRNA surveillance pathway was also introduced in another independent study on yeast 

PGK1 mRNA, and the mechanisms of NSD pathway was researched (Frischmeyer et al., 

2002; van Hoof et al., 2002). 

 

One of the first studies to identify genes involved in NSD pathway was done by Van Hoof 

in 2007 (Wilson et al., 2007). He performed a genome wide screening in yeast and introduced 

16 novel gene candidates for this degradation pathway (Wilson et al., 2007). In the current 

study, we performed a large-scale screening analysis in yeast using the pSA159 plasmid, 

which contained a nonstop HIS3 gene, to identify candidate genes involved in this pathway. 

In this screening, we investigated a series of single gene deletions and their ability to grow 

on media lacking His. Since, the cell is dependant on pSA159 to produce the amino acid 

histidine, we hypothesized that cells that can grow in this media are incapable of executing 

the NSD pathway. We identified 68 gene candidates that are possibly involved in the NSD 

pathway. The screen was replicated three times and only those repeated at least twice were 
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selected. Candidates were then grouped into their respective families. Five main families 

were identified. These families include Super killer (SKI), Phosphate metabolism (PHO), 

Sporulation (SPO), Altered Inheritance rate of Mitochondria (AIM), and Recombination 

(REC) genes. 

 

4.1.1 Phosphate metabolism genes 

 

The NSD screen revealed four genes from the phosphate metabolism family: PHO4, PHO5, 

PHO23, and PHO80. Phosphate is an important nutrient in all organisms. It is necessary for 

carrying out many activities in the cell such as nucleic acid synthesis, structural and 

metabolic functions (Auesukaree et al., 2004; Bentley-DeSousa et al., 2018; Kulaev et al., 

1999; Ogawa et al., 2000; Wykoff & O’Shea, 2001). Hence, phosphate homoeostasis is 

crucial for cell’s existence. In yeast this pathway is controlled by phosphate metabolism gene 

family (PHO). In a previous NSD screen, it was also reported that the PHO family of genes 

are possible candidates for nonstop mRNA degradation and suggested PHO5 to be a novel 

gene candidate for NSD (Kazmirchuk, 2017). 

 

PHO4 is a basic-helix-loop-helix (bHLH) transcriptional factor found in yeast (Ogawa & 

Oshima, 1990). This gene associates with a bHLH binding site that is available in the 

promoter of genes (Ogawa & Oshima, 1990). PHO4 can be found both in nuclei and 

cytoplasm. In phosphate rich environments, the gene is phosphorylated and moves to the 

cytoplasm; in conditions where phosphate is limited PHO4 is dephosphorylated and moves 
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to the nuclei (O’Neill et al., 1996; Schneider et al., 1994). In a low Pi condition in cell, PHO4 

activates genes involved in response to this limitation (Ogawa & Oshima, 1990). It was 

reported that PHO4 only binds to roughly 14% of bHLH binding sites, and only one fourth 

of those associations results in activating gene transcription (Zhou & O’Shea, 2011). 

 

PHO5 is an acid phosphatase that is repressed and becomes inactive in high phosphate 

conditions and highly expressed when phosphate is limited (LENBURG & OSHEA, 1996; 

Oshima, 1997). Activation and expression of PHO5 is regulated by phosphorylated PHO4 

and PHO2 (Barbaric et al., 1996; LENBURG & OSHEA, 1996). Also, PHO5 genetically 

interacts with Xrn1 and Med1. Xrn1 is a key factor in degrading mRNAs 5’-3’ and Med1 is 

a subunit of the RNA polymerase mediator complex and has a role in regulating transcription 

(Balciunas et al., 1999; Kornberg, 2005). PHO23 also has a role in regulating transcription 

of PHO5 (Lau et al., 1998). Finally, PHO80 is from a subfamily of cyclins. Its main role is 

to control gene regulation and cells response to varying environmental conditions and 

nutrient levels (Measday et al., 1997).  

 

A novel gene, PHO92 has been found to control phosphate metabolism by lowering the 

stability of PHO4 mRNA (Kang et al., 2014). PHO92 physically interacts with POP2 and is 

involved in deadenylase complex (Kang et al., 2014). POP2 is a subunit of Ccr4-Not 

complex and involved in 3’-5’ mRNA deadenylation. Furthermore, PHO4 mRNA stability 

is controlled by the Pop2-Ccr4-Not complex through NMD and PHO95 increases PHO4 

mRNA decay.  
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Finally, there are evidence of the role of phosphate metabolism genes in mRNA degradation 

and gene expression regulation. Links between this family of gene and aberrant mRNA 

degradation pathways such as NMD have been suggested (Kang et al., 2014). Even though 

there is no clear report on the role of PHO genes and NSD, results from this study and 

previous studies done on the genes, all can strengthen the possibility of connection between 

PHO genes and nonstop mRNA degradation as well.  

 

4.1.2  Possible link between Sporulation (SPO) and Recombination (REC) genes with mRNA 

decay 

Another family of genes from our screen belonged to Sporulation: SPO11, SPO14, and 

SPO73. SPO11 is an endonuclease that is specific to meiosis in yeast and catalyzes Double 

stranded breaks (DSBs) formation that is needed to start meiotic recombination (Scott 

Keeney, 2001; Kumar et al., 2016). Even though SPO11 contains a catalytic site to create 

DSBs, other factors such as RAD50, Mre11 and Xrs2 are required to efficiently carry out the 

DSB process (S. Keeney & Neale, 2006; Li et al., 2006; Maleki et al., 2007; Sasanuma et al., 

2007). SPO11 also genetically interacts with SAE2 (Farmer et al., 2012). SAE2 is an 

endonuclease involved in DSB repair (Baroni et al., 2004). Interactions of SPO11 are 

presented in Figure 19. 
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Figure 19: Interaction network of SPO11 in yeast. Physical interactions are shown in purple and 

genetic interactions are in green. SPO11 interaction network reveals genetic interactions with DNA 

damage genes such as RAD50, PCH2 and SAE2. Physical interaction exists with genes Involved in 

early stages of meiotic recombination; REC104 and REC102 as well as a member of the super killer 

family involved in 3’-5’ degradation, SKI8. (Adapted from https://www.yeastgenome.org) 

  

https://www.yeastgenome.org/
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The role of SPO11 in DNA DSBs during meiosis is well researched. During meiosis 

recombination, a DNA DSBs are formed by SPO11 and subsequently repaired in the cell 

(Scott Keeney, 2001). SPO11 perform DSB functions with its interacting partners. In yeast 

this function is managed by ten proteins (Lam & Keeney, 2015). This group of proteins are 

divided in three major classes; a core complex that consists of SPO11, REC102, REC104 

and SKI8 (Bergerat et al., 1997; Robert et al., 2016; Vrielynck et al., 2016).  Second group 

is the MRX complex of MRE11, RAD50 and XRS2 (Lam & Keeney, 2015). Lastly, RMM 

proteins (REC114, MEI4 and MER2) (Li et al., 2006; Maleki et al., 2007; Miyoshi et al., 

2012; Steiner et al., 2010). 

 

Another member of the sporulation family that was seen in our NSD screen is SPO73. SPO73 

is a protein involved in meiosis and required for the proper physical configuration of the 

prospore membrane (Rabitsch et al., 2001). SPO73 has been reported to have physical 

interaction with VTS1 protein in yeast (She et al., 2017). VTS1 gene in yeast is highly 

conserved in eukaryotes and is RNA and DNA binding protein that is involved in mRNA 

deadenylation through recruiting Ccr4-Not complex (Rendl et al., 2008). The deadenylated 

transcript is then further degraded 5’-3’ by exonuclease Xrn1. This gene is also involved in 

post transcriptional regulation and a member of the Smg family (Aviv et al., 2003). 

 

The association of sporulation and recombination genes is evident. For example, SPO11, 

REC102 and REC104 form a complex long with SKI8 in performing DSBs in yeast during 

meiosis. This may suggest a connection between mRNA degradation and DNA damage 
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pathway in yeast. Moreover, the link between these group of genes and NSD is unclear. But 

considering that SPO and REC genes are involved in mRNA degradation through their 

interacting partners, it can be possible that they may be involved in NSD as well.  

 

4.2  Identification of candidate genes involved in mRNA NSD pathway  

 

To further understand the screened genes for NSD, the selected genes were enriched based 

on their activity and protein class. The majority of the enriched genes had a catalytic activity 

followed by hydrolase activity, 30.89% and 14.15%, respectively. Subsequently genes were 

classified based on their protein class. The main protein class were hydrolase and membrane 

trafficking protein class. Hydrolase class are Enzymes catalyzing hydrolysis of a variety of 

bonds, such as esters, glycosides, or peptides. They consist of 791 subfamilies such as 

deacetylase, phosphatase, deaminases, galactosidase, etc. Membrane traffic proteins are 

located on an intracellular vesicle membrane and are responsible for the cutting or fusion of 

the vesicle to the cytoplasm membrane. The third class, ubiquitin-protein ligase are enzymes 

that binds ubiquitin to protein using a peptide bond between the C-terminal glycine of 

ubiquitin and an amino group of lysine residues in the protein. Fourth class of proteins 

identified was G-proteins which are GTP-binding proteins and consist of 115 subfamilies. 

Final class of proteins identified were RNA helicases. This group of proteins are associated 

with unwinding of the RNA in the cell. Taking into account previous studies that have shown 

RNA helicase protein family take part in normal RNA turnover, we decided to focus on the 

three helicases in our screen, NAM7, ECM32, and SKI2 and investigate whether they are 

potentially involved in the NSD process.  
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NAM7, ECM32 and SKI2 were further tested for their involvement in mRNA NSD pathway. 

It is expected that deletion of these genes would affect and interrupt NSD pathway, following 

their identification through NSD screening and enriched network. Spot test assay confirms 

the role of the selected genes in this pathway. As seen in Figure 13, WT strain that all 

degradation pathways had remained intact, showed no growth. While, SKI2∆, ECM32∆ and 

NAM7∆ grew on the selection media. Colony counting was performed to quantify the results. 

The results from this experiment was in consistence with the spot test assay (Figure 14). In 

conclusion deletion of the candidate genes led to a significant increase in nonstop HIS3 

production and cell growth on selection media compared to the wild type. 

 

In the next step, we further examined the role of NAM7, SKI2 and ECM32 genes in nonstop 

HIS3 gene expression. A qRT-PCR was performed for HIS3 expression within the deletion 

of the chosen candidates. Based on the presented qRT-PCR analysis results in Figure 15, 

deletions of the selected candidates had no significant effect on HIS3 gene at the mRNA 

level when compared to the wild type strain. These results confirm the role of our candidate 

genes in the NSD process. Furthermore, it is concluded that the difference in expression of 

nonstop HIS3 mRNAs between wild type and gene candidate deletions is not at 

transcriptional level. 
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4.3  SGA reveals genetic interactions with known genes involved in translation 

regulation 

  

To better understand the role of the candidate genes in NSD we investigated the negative 

genetic interaction between these genes and other genes related to mRNA surveillance 

pathway and mRNA translation. Genetic interactions can reveal functional association 

between two genes. Negative genetic interactions are the most common form of studying 

GIs (Darvishi et al., 2013b; Jessulat et al., 2008; Samanfar et al., 2013; Tong et al., 2001).  

 

After obtaining negative genetic interactions formed, the interacting genes were then further 

clustered in different functional categories based their GO terms. As illustrated in Figure 16, 

ECM32 showed enrichment for three clusters. Most notable cluster is mRNA splicing genes. 

Also, the negative genetic interaction with MED8 is notable. MED8 is subunit of the RNA 

polymerase II mediator complex and has an important role in regulating transcription in 

yeast. 

 

SKI2 formed negative genetic interactions with several genes involved in mRNA catabolic 

process. Most notably XRN1, EAP1, PAP2, and LSM1. LSM1 along with other Sm like 

(LSM) proteins form a complex and not only have a role in regulating translation initiation 

but also play a role in degradation of cytoplasmic mRNAs (W. He & Parker, 2000).This 

protein also has shown to have negative genetic interactions with other members of the SKI 

family: SKI8 and SKI3 (Collins et al., 2007; Kuzmin et al., 2018). XRN1 is an exonuclease 

and involved in 5’-3’ mRNA decay in the cytoplasm (Larimer & Stevens, 1990). EAP1 is a 
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well conserved gene, it stimulates decapping and consequently accelerating RNA 

degradation (Cosentino et al., 2000). Finally, last gene from the catabolic processing group 

enriched was PAP2. This gene is a non-canonical poly A polymerase and necessary for 

mRNA surveillance and protection of genome integrity (Vaňáčová et al., 2005). 

Furthermore, SKI2 had negative genetic association with genes involved in translation 

elongation and protein kinase activity and Structural constituent of ribosome (Figure 17). 

The enriched results can validate the reliability of our assay. 

 

Finally, NAM7 showed negative genetic interactions with two group of genes: genes 

involved in regulation of transcription from RNA polymerase I promoter genes and genes 

engaged in Post translational regulation of gene expression. These results indicate a negative 

genetic association between translation initiation genes and candidate genes.  
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Chapter 5: Conclusion and future directions 

 

Yeast is one of the most used model organisms in studying pathways and processes in 

eukaryotic cells. Whole genome of yeast has been sequenced and available online. 

Experimental results on function and physical/genetic interaction of budding yeast genes 

from peer reviewed studies are obtained and integrated in databases and available online to 

researchers. Also, various gene deletion arrays are available in both mating types (MATa 

and MATα) as well as diploid deletions. All these makes budding yeast a logical choice for 

functional genomic studies.  

 

For the nonstop decay pathway screening we performed a large-scale analysis. Even though 

results from large-scale high-throughput genomic screens have been demonstrated to be 

beneficial (Darvishi et al., 2013a; Galván Márquez et al., 2018), these kind of analysis in 

general produce a large amount of data. Analysing such high number of results has always 

been a challenge for researchers. Development of proper software and tools that can put 

together multiple databases and integrated complicated statistical methods, has overcome 

this challenge, and helped researchers better interpret, visualize, and understand the data that 

they have produced (Jessulat et al., 2011; Schoenrock et al., 2014).  

 

Rate of false positives and false negatives is another limiting factor while dealing with large 

amount of data (Pitre et al., 2012). False positives incorrectly indicate a specific hit while 

false negatives are hits that we fail to select in our analysis. This can limit the reliability of 

data produced from large-scale methods. One way to over come this issue is to run the tests 
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with a smaller data set with the addition of negative and positive controls and investigating 

the sensitivity and effectiveness of the experiment. Also, it is recommended to perform 

small-scale analysis on the data gathered from large-scale analysis to further confirm the 

results. 

 

To increase the reliability and accuracy of large-scale experiments, simulation studies and/or 

bioinformatic tools can be utilized. These predictive tools enable researchers to combine data 

from multiple data bases, control experimental conditions, compare different organisms, and 

generate large amount of data. This data needs to be validated and can be used to compare 

with the produced results in the lab. 

 

In this study we used a gene deletion set array consisting of ~5000 single gene deletions in 

MATa haploid to investigate and identify candidate genes in the mRNA nonstop decay 

pathway. Gene expression and mRNA turnover is a strictly controlled pathway in all 

organisms. In order to regulate the level of gene expression, eukaryotes have developed two 

specific processes to degrade normal mRNAs in the cell. Since, mistakes are likely to happen 

in the cell during any stage, errors need to be identified and destroyed. While major 

improvements have happened in the past decade to identify the actors involved in the NMD 

pathway, there is still a gap of understanding the NSD mechanism and proteins associated to 

the process.  
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In our large screen analysis several families were identified to have a potential role in the 

nonstop degradation pathway. Phosphorylated genes, sporulation genes and recombination 

genes were all clustered. SPO11 binds to SKI8 and to two other members of recombination 

family, REC102 and REC104 to create a complex that is involved in recombination initiation 

and forming DNA DSBs. SPO11 also showed genetic interactions with SAE2, RAD50 and 

PCH2. These genes have a role in DSB repair and processing DSBs. Furthermore, RAD50 

is associated with two genes: MRE11 and XRS2. MRE11 is involved in repairing DSBs in 

the DNA and this gene was also screened in our large-scale analysis. These results may 

suggest a possible connection between DNA damage genes and NSD pathway. further 

studies are required to unveil any connections between the two pathways. Lastly, SPO11 can 

also be a good candidate for NSD in future studies.  

 

Next, negative genetic interactions of our candidates were studied using SGA analysis. 

Negative genetic analysis has indicated the involvement of selected candidates in mRNA 

splicing, mRNA catabolic process, translation elongation and post translational regulation of 

gene expression. This is an indication that selected genes are associated with translation 

related genes. In the cell translation and degradation are integrated (Roy & Jacobson, 2013). 

Translation of faulty transcripts almost always leads to degradation. Nevertheless, when 

there is a decrease in translation initiation regularly boosts mRNA decay, but inhibiting 

translation elongation or termination will normally stabilize the mRNA transcript (Roy & 

Jacobson, 2013). Overall, translation and mRNA degradation are closely linked and both 

pathways need to be well identified to have a good knowledge of gene expression in the cell 

(Lotan et al., 2007). 
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In this study we only looked into negative genetic interactions through SGA analysis. 

Synthetic Dosage Lethality (SDL) and Phenotypic Suppression Analysis (PSA) (Alamgir et 

al., 2008)are two other large-scale analysis and revised versions of SGA. In SDL the 

compensating effect of over expressing one gene and the deletion of the other gene is studied. 

PSA follows the same rational as SDL, except the fact that it investigates the compensation 

of the overexpressed gene for the deleted gene in overlapping pathways when a certain stress 

is induced such as addition of drugs. SDL and PSA can be done as a follow up experiment 

to seek other genetic interactions in cell in hope of revealing compensatory effects of an 

overexpressed gene and overlapping pathways with NSD. 

 

Being able to and discovering how to suppress the NSD pathway will have significant 

implications in the medical field and treating diseases. A widespread nonstop mutation 

reported in humans is the DEFB126 (Tollner et al., 2011). This gene is essential for human 

sperm and men who are homozygous for this gene show low fertility rates (Tollner et al., 

2011). In other cases, nonstop mutation results in lower levels of mRNA in the cell and 

subsequently lack of protein which is the leading cause of NSD related diseases (Klauer & 

van Hoof, 2012). In some cases when the nonstop mutant and C-terminally extended proteins 

are functional, supressing the NSD pathway and increasing the stability of theses kind of 

proteins can offer therapeutic advantages (Klauer & van Hoof, 2012). In Recent Times, 

genetic treatments for diseases such as cystic fibrosis and Duchenne’s muscular dystrophy 

that involve inhibiting NMD pathway are being developed and currently in clinical trial 

phase (Welch et al., 2007). Similarly, NSD can be targeted to inhibit mRNA or protein decay 
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in the cell. More work remains to fully comprehend the NSD pathway, factors involved and 

how it can be controlled and/or altered. The current study highlights the necessity for further 

research in identifying novel factors involved in the NSD pathway.     
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