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Abstract

The nonsense-mediated mRNA decay pathway selects and degrades its targets using a dense 

network of RNA-protein and protein-protein interactions. Together, these interactions allow the 

pathway to collect copious information about the translating mRNA, including translation 

termination status, splice junction positions, mRNP composition, and 3’UTR length and structure. 

The core NMD machinery, centered on the RNA helicase UPF1, integrates this information to 

determine the efficiency of decay. A picture of NMD is emerging in which many factors contribute 

to the dynamics of decay complex assembly and disassembly, thereby influencing the probability 

of decay. The ability of the NMD pathway to recognize mRNP features of diverse potential 

substrates allows it to simultaneously perform quality control and regulatory functions. In 

vertebrates, increased transcriptome complexity requires balance between these two functions 

since high NMD efficiency is desirable for maintenance of quality control fidelity but may impair 

expression of normal mRNAs. NMD has adapted to this challenge by employing mechanisms to 

enhance identification of certain potential substrates, while using sequence-specific RNA-binding 

proteins to shield others from detection. These elaborations on the conserved NMD mechanism 

permit more sensitive post-transcriptional gene regulation but can have severe deleterious 

consequences, including the failure to degrade pathogenic aberrant mRNAs in many B cell 

lymphomas.

Graphical/Visual Abstract and Caption

The nonsense-mediated mRNA decay pathway, using the RNA helicase UPF1 as a focal point, 

collects many types of information about RNA-protein complexes to select its targets.
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Introduction

Nonsense-mediated mRNA decay (NMD) was originally identified as a system to recognize 

and degrade mRNAs containing premature termination codons caused by genetic lesions 

(Maquat et al. 1981; Losson and Lacroute 1979), but this designation only begins to describe 

the various roles of this highly conserved pathway. Over the succeeding decades, it has 

become clear that the NMD machinery is responsible for a broad range of both quality 

control and regulatory functions, together affecting the expression of 5–10% of genes in 

diverse eukaryotes (Mühlemann and Jensen 2012). It cannot be conclusively determined 

whether NMD originally evolved because of pressure to develop regulatory or quality 

control capabilities, although it is widely hypothesized that suppression of aberrant 

transcript expression was an important driving force (Lloyd, 2018). The quality control 

functions of NMD are generally considered to involve elimination of transcripts with 

premature termination codons (PTCs) arising from mutations or mRNA processing errors, 

along with suppression of repetitive element and pseudogene expression (Rebbapragada and 

Lykke-Andersen 2009). In addition, a widespread role for NMD in degrading transcripts that 

are prone to low translation fidelity or frameshifting has also been proposed, and several 

viral RNA targets of NMD have been identified (May et al. 2018; Fontaine et al. 2018; Wada 

et al. 2018; Fiorini et al. 2018; Weil and Beemon 2006; Hogg 2016; Ashton T. Belew, 

Advani, and Dinman 2011; Ashton Trey Belew et al. 2014; Garcia-Moreno et al. 2019; 

Balistreri et al. 2014). All other NMD substrates that are not obviously aberrant or 

extracellular in nature are considered to be potential regulatory targets. The idea that 

degradation of such substrates as regulatory in nature is bolstered by several lines of 

evidence, including evolutionarily conserved targeting of specific mRNAs and pathways by 

NMD, as discussed below (Lloyd 2018).

Distinguishing quality control and regulatory roles of NMD provides a conceptual 

framework for understanding the functional outcomes of decay, but the biochemical 
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mechanism of NMD relies on sensing mRNP features rather than functional “intent.” The 

NMD machinery itself cannot assess the ultimate consequences (error elimination versus 
tuning the transcriptome) of mRNA decay events. Instead, the NMD pathway detects mRNP 

properties associated with premature translation termination events (Doma and Parker 2007), 

including features of translation, mRNA architecture, and mRNP composition [as discussed 

at length below and reviewed in (Karousis and Mühlemann 2018)]. Figure 1 captures various 

mRNA architectures associated with NMD susceptibility and the corresponding mRNP 

properties that drive decay. Notably, similar decay-promoting mRNP states can arise from 

either errors or regulated events. For example, exon junction complex (EJC)-stimulated 

decay can be caused by highly conserved alternative splicing events, while NMD of long 

3’UTRs can be used for regulatory purposes but may also result from defective transcription 

termination. The biochemical similarity between mRNPs arising from errors and conserved 

regulatory processes suggests that the barrier to adaptation of a quality control mechanism 

for regulatory aims (or vice versa) is low.

Forty years of research into the functions of the pathway in humans and various model 

organisms have generated a body of data illuminating mechanisms and biological 

implications of NMD. Work from numerous labs has been highly successful in identifying 

factors required for NMD and describing a multitude of protein-protein and protein-RNA 

interactions that contribute to target selection and decay. From these efforts, it is clear that 

NMD requires a large number of pathway-specific factors, multifunctional RNA binding 

proteins, degradative enzymes, ribosomes, and translation factors to select and degrade its 

targets. These factors combine to perform essential roles in numerous cellular and 

developmental processes, such that many eukaryotes require NMD for viability (Anastasaki 

et al. 2011; McIlwain et al. 2010; Wittkopp et al. 2009; Metzstein and Krasnow 2006; 

Medghalchi et al. 2001; Weischenfeldt et al. 2008).

Biochemical analysis of interactions required for decay has been complemented by extensive 

structural analysis of the NMD machinery, generating a rich picture of RNP complexes 

formed en route to decay. Still, major questions remain. We do not understand how spatial 

and temporal organization of protein-protein and protein-RNA interactions affect the fates of 

potential NMD target mRNAs, or at what point in the process mRNAs are committed to 

decay. Critically, the gaps in our knowledge of how NMD protein interactions are 

orchestrated on mRNPs include how the NMD pathway works with the translation 

termination machinery to detect and analyze translation termination events. Further, as the 

field expands to examine the physiological functions of NMD, much remains to be learned 

about how NMD mechanisms are shaped by the competing needs for quality control and 

regulation in complex vertebrate transcriptomes.

BALANCING EFFICIENCY AND SPECIFICITY

With increasing biological complexity, the range of what should be considered normal 

expands and the task of accurately selecting decay targets by detecting deviations from 

normal mRNA properties and behaviors becomes more difficult. By way of analogy, a T-

shirt factory producing only plain, white shirts can perform quality control by identifying 

any non-white shirts, while production of a range of colors requires verification that each 
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individual shade is correct. This principle represents a problem for vertebrate NMD 

pathways, which are responsible for surveilling transcriptomes that are vastly more complex 

than those of the lower eukaryotes in which NMD is thought originally to have emerged 

(Causier et al. 2017; Lloyd 2018). Vertebrates have evolved expanded uses of many 

mechanisms that permit diversification of mRNA functions and regulation, including 

upstream open reading frames (uORFs), alternative pre-mRNA splicing (AS), alternative 

polyadenylation (APA), and 3’UTR-based regulation of mRNA translation and stability (e.g. 

binding sites for microRNAs and regulatory proteins) (Schaefke et al. 2018; Mayr 2016). 

Each of these mechanisms allows heightened control over gene expression but also increases 

the chance that a gene will produce mRNAs with features that are recognized by the NMD 

pathway (Figure 1).

Degradation of mRNA is an irreversible event, and the decision to decay must therefore be 

approached with care. Success in identifying appropriate targets relies on maintaining the 

correct balance between decay efficiency and specificity (Figure 2). In other words, cells 

must concurrently work to minimize false-positives (inappropriate degradation of “normal” 

mRNAs) and false-negatives (failure to degrade aberrant mRNAs). Both types of errors can 

be costly: false negatives may result in retention of aberrant mRNAs that can cause 

expression of nonfunctional and/or dominant-negative proteins, and false positives can cause 

inappropriate degradation of transcripts encoding functional protein, thereby reducing or 

eliminating expression of important cellular factors. Particularly for rare transcripts, the cost 

of individual errors in quality control is expected to be high, as a substantial alteration of 

protein abundance can result from mis-regulation of individual mRNA molecules. As 

highlighted in Figure 2, overall NMD pathway efficiency may represent a compromise 

between aggressive clearance of transcripts containing true errors and preservation of 

apparently normal mRNAs with potential NMD-inducing features.

BALANCING QUALITY CONTROL AND REGULATION

The potential susceptibility of apparently normal mRNAs to NMD can cause a loss of 

quality control specificity, but it can also be exploited by cells for regulatory purposes. We 

currently understand the physiological consequences of only a small subset of NMD-based 

regulatory events, but several uses of NMD to tune important regulatory pathways have been 

uncovered. In one provocative and well-developed example, numerous stress response genes 

in humans, flies, and plants are targeted by NMD through recognition of stop codons 

associated with upstream open reading frames (uORFs), 3’UTR introns, and long 3’UTRs 

(Goetz and Wilkinson 2017). Reciprocally, stress response pathways have been implicated in 

repression of NMD (Gardner 2008, 2010). As part of this regulatory circuit, Gadd45, a 

uORF-containing transcript and one of the few NMD targets conserved from flies to 

humans, promotes apoptosis in response to stress signaling. Remarkably, deletion of Gadd45 

reverses the embryonic lethality of NMD deficiency in Drosophila (Nelson et al. 2016). 

Against the expectation that the lethal outcome of NMD knockout would be due to its ability 

to target a broad range of transcripts, including those encoding aberrant proteins, this finding 

demonstrates that misregulation of a single, important gene can have dramatic consequences. 

As suggested by the conservation of NMD-based Gadd45 regulation across great 

evolutionary distance, depletion of human paralogs of the protein was also capable of 
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partially rescuing viability in human cells deficient for NMD activity. Conversely, increasing 

the efficiency of NMD, thereby causing dramatic down-regulation of Gadd45 and other 

stress response genes, could result in a failure to effectively mount responses to dangerous 

cellular conditions (Karam et al. 2015).

In plants, animals, and fungi, alternative splicing events linked to NMD (AS-NMD) are a 

commonly used mechanism to control gene expression (McGlincy and Smith 2008; Hamid 

and Makeyev 2014). The most extensively studied AS-NMD events involve skipping or 

inclusion of an alternatively spliced exon to produce an mRNA containing a premature 

termination codon, but AS-NMD can also involve alternative 5’ or 3’ splice site usage or 

intron retention (de Lima Morais and Harrison 2010). AS-NMD is particularly prevalent 

among genes involved in alternative splicing, many of which bind their own pre-mRNAs to 

promote the use of NMD-sensitive transcript isoforms (McGlincy and Smith 2008). Because 

this regulatory strategy does not require generation or evolutionary maintenance of particular 

coding sequences, it is straightforward for genes to add and subtract exons and/or retained 

introns to modulate NMD sensitivity. Perhaps for this reason, AS-NMD has independently 

arisen many times throughout eukaryotes; in fact, even for homologous genes regulated by 

AS-NMD, distinct RNA elements are often used to confer NMD sensitivity in different 

species (Lareau and Brenner 2015; de Lima Morais and Harrison 2010). Paradoxically, this 

highly flexible mode of gene regulation is, in several cases, associated with extreme levels of 

sequence conservation (Lareau and Brenner 2015). For example, members of the serine/

arginine (SR) and heterogeneous nuclear ribonucleoprotein (hnRNP) families of RNA-

binding proteins are frequently auto- and cross- regulated by alternative splicing of exons 

found within ultraconserved elements, defined as consisting of 200 or more continuous base 

pairs of perfect conservation among human, mouse, and rat (Bejerano et al. 2004; Lareau et 

al. 2007; Ni et al. 2007). The absolute sequence requirements for AS-NMD are minimal, 

making it unclear why the regulatory exons of these important splicing factors are so 

intolerant to sequence alteration.

The NMD pathway itself provides a third well-characterized example of NMD-based 

regulation. In human cells, NMD pathway components UPF1, UPF2, UPF3B, SMG1, 

SMG5, and SMG6 mRNAs have all been shown to be targets of NMD (Mendell et al. 2004; 

Yepiskoposyan et al. 2011; Lulu Huang et al. 2011; Singh, Rebbapragada, and Lykke-

Andersen 2008). Introduction of several 3’UTRs from NMD factor mRNAs to reporter 

transcripts has confirmed that they are sufficient to induce recognition and decay by the 

NMD pathway (Yepiskoposyan et al. 2011; Singh, Rebbapragada, and Lykke-Andersen 

2008). The concurrent auto-regulation of multiple NMD factors through long 3’UTR-

directed NMD offers an elegant means of buffering changes in concentration or activity of 

individual pathway components. The utility of this regulatory mechanism is again 

underlined by its recurrent use in distinct kingdoms of life: NMD of UPF3 mRNAs is 

important for normal pathway function in Arabidopsis (Degtiar et al. 2015; Vexler et al. 

2016), and Drosophila, like mammalian cells, control expression of SMG5 and SMG6 

through NMD (Rehwinkel et al. 2005; Chapin et al. 2014).

In each of the cases discussed here, cells use NMD as a way to modulate expression of 

multiple components of important pathways. The use of feedback is pervasive, occurring 
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between stress responses and NMD, between productive and non-productive splicing, and 

between synthesis and decay of NMD factors. Further, these examples illustrate that NMD is 

not necessarily optimized for efficient clearance of mRNAs containing NMD-sensitive stop 

codons. Instead, the evolutionarily conserved roles of NMD outlined here suggest that 

pathway activities are not only subject to potential competing needs of regulation and quality 

control but are also shaped by diverse regulatory aims that may favor more or less efficient 

decay. In Figure 2, we refer to this concept as “regulatory flexibility,” which we envision as 

the ability of NMD to simultaneously contribute to many regulatory programs. The optimal 

level of NMD activity will vary according to organism, cell type, and condition, but the 

diversity of known NMD functions and the demonstrated autoregulatory control of NMD 

through long 3’UTRs imply that regulatory flexibility may often be maximized at an 

intermediate level of NMD activity (Figure 2).

We propose that the NMD machinery and the transcriptome at large have co-evolved to 

permit expansion of post-transcriptional regulation while maintaining robust quality control 

of mRNAs encoding premature termination codons. In order to optimize the various 

outcomes of NMD, calibration of NMD substrate recognition is essential. Thus, NMD and 

transcriptome adaptations involve both enhancement and inhibition of multiple steps in 

decay target selection, balancing efficiency with accuracy, regulation with quality control, 

and diverse regulatory programs with each other (Figure 2). Below, we will discuss how the 

NMD machinery components interact to influence these outcomes.

NMD PROTEIN FACTORS AND MECHANISTIC FEATURES

The suite of proteins involved in the decay of specific NMD substrates is large and 

extensively studied. As several recent reviews have given comprehensive overviews of NMD 

pathway components and interactions, (Karousis and Mühlemann 2018; Popp and Maquat 

2013; Smith and Baker 2015; Jaffrey and Wilkinson 2018; Raimondeau, Bufton, and 

Schaffitzel 2018; Hug, Longman, and Cáceres 2016), this review will focus on how factors 

involved in the pathway might collectively act to achieve quality control and regulation, as 

well as the trade-offs inherent in maintaining the balance between these functions of NMD. 

To establish the groundwork for this discussion, we briefly summarize key properties and 

functions of the core NMD proteins below.

The UPF proteins

The three most widely conserved NMD pathway components are the up-frameshift proteins 

UPF1, UPF2, and UPF3, so named because they were originally discovered in a S. 
cerevisiae genetic screen for proteins involved in ribosomal frameshifting (Culbertson, 

Underbrink, and Fink 1980). Together, the UPF proteins form the core machinery 

responsible for substrate discrimination and recruitment of decay enzymes throughout 

eukaryotes.

UPF1—An RNA helicase, UPF1 contains tandem RecA domains that together bind and 

hydrolyze ATP to drive 5’−3’ translocation (Fairman-Williams, Guenther, and Jankowsky 

2010; Weng, Czaplinski, and Peltz 1998). In addition to providing the ATPase active site, the 

UPF1 RecA domains form an extended channel for non-specific RNA binding, mediated 
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almost entirely by contacts with the sugar-phosphate backbone (Chakrabarti et al. 2011). 

This extended surface allows for tight RNA binding and processive translocation in vitro 
(Fiorini et al. 2015; Kanaan et al. 2018). RNA binding brings the ATP binding pocket into 

an active conformation, strongly enhancing ATP hydrolysis. Reciprocally, as discussed at 

length below, conformational changes in the protein upon ATP binding and hydrolysis 

regulate the affinity of UPF1 for RNA (Gowravaram et al. 2018; Cheng et al. 2007). The 

UPF1 enzymatic core is specialized for function in NMD through accessory protein features 

that regulate the helicase activity of UPF1 and permit it to engage in numerous protein-

protein interactions. These include an N-terminal cysteine-histidine rich domain (CH 

domain), which recruits decapping factors and docks on the RecA2 domain to repress UPF1 

helicase activity (Swisher and Parker 2011; He and Jacobson 2015; Chakrabarti et al. 2011), 

and N- and C-terminal extensions that directly engage decay enzymes (Ohnishi et al. 2003; 

Okada-Katsuhata et al. 2011; Loh, Jonas, and Izaurralde 2013; Dehecq et al. 2018).

UPF2—UPF2 harbors three phylogenetically conserved MIF4G domains, protein modules 

often found to mediate protein-protein interactions in mRNA processing, translation, and 

decay (Kadlec, Izaurralde, and Cusack 2004; Serin et al. 2001; Lykke-Andersen, Shu, and 

Steitz 2000). The C-terminus of UPF2 adopts an ordered conformation upon interacting with 

UPF1, forming a bipartite α-helix and β-hairpin interaction module that clamps onto the CH 

domain of UPF1 (Clerici et al. 2009). For an RNA-bound UPF1, this mode of interaction 

competes with the association of the UPF1 CH domain with its own RecA2 in the helicase 

core (Chakrabarti et al. 2011). As a result, binding of UPF2 to UPF1 causes the CH domain 

to release from RecA2, stimulating UPF1 ATPase and helicase activity (Chakrabarti et al. 

2011). Thus, UPF2 is considered an activator of UPF1 that promotes NMD by relieving the 

autoinhibition of the UPF1 CH domain on its helicase core, stimulating ATP hydrolysis. In 

higher eukaryotes, UPF2 also functions to promote UPF1 phosphorylation, a decay-

promoting event likely mediated by direct interaction between UPF2 and SMG1 (Kashima et 

al. 2006; Clerici et al. 2013).

UPF3—UPF3, a shuttling protein enriched in the nucleus at steady-state, binds UPF2 

through an N-terminal RNP domain (also referred to as a RRM-like domain) (Kadlec, 

Izaurralde, and Cusack 2004; Serin et al. 2001; Lykke-Andersen, Shu, and Steitz 2000). Two 

paralogs of UPF3 are expressed throughout vertebrates, UPF3A and UPF3B (also known as 

UPF3X), and are considered to have opposing roles in NMD, which will be discussed at 

length in further sections (Serin et al. 2001; Shum et al. 2016). The discovery that UPF3B 

directly binds the EJC, a multi-protein complex deposited upstream of splice junctions 

shortly after the completion of splicing, provided a molecular explanation for the ability of 

the EJC to stimulate decay (V. N. Kim, Kataoka, and Dreyfuss 2001; Gehring et al. 2003, 

2005; Chamieh et al. 2008; H. Le Hir et al. 2001). The EJC minimally consists of eIF4A3 

held in an inactive conformation by the RBM8A/MAGOH heterodimer (Andersen et al. 

2006; H. Le Hir et al. 2000; H. Le Hir, Moore, and Maquat 2000; Kataoka et al. 2000; V. N. 

Kim et al. 2001; Ballut et al. 2005), which in turn directly interacts with the C-terminal 

domain of UPF3B (Chamieh et al. 2008; Buchwald et al. 2010; Melero et al. 2012; Gehring 

et al. 2003). UPF3B alone does not significantly enhance UPF1 ATPase activity but does 

greatly promote UPF1 RNA helicase activity in the presence of UPF2 (Chamieh et al. 2008). 
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UPF3B also promotes the phosphorylation of UPF1 in higher eukaryotes, an event that is 

attributed to its ability to bind UPF2 (Kashima et al. 2006). Importantly, UPF3 proteins are 

also required in organisms such as yeast that do not use the EJC for NMD and for at least 

some long 3’UTR-mediated decay events in vertebrates (Leeds et al. 1992; Cui et al. 1995; 

B. S. Lee and Culbertson 1995; Singh, Rebbapragada, and Lykke-Andersen 2008; Eberle et 

al. 2008; Boehm et al. 2014), suggesting that UPF3 can participate in conserved interactions 

with UPF1/2 without being directly recruited to NMD substrates through the EJC.

Mutations in the UPF3B gene are associated with intellectual disability and other 

neurodevelopmental disorders in humans, and Upf3b knockout mice demonstrate learning 

deficits (Laumonnier et al. 2010; Lynch et al. 2012; Tarpey et al. 2007; Xu et al. 2013; 

Addington et al. 2011; Szyszka et al. 2012; Jaffrey and Wilkinson 2018; L. Huang et al. 

2017). In the frontal cortex of Upf3b knockout mice, hundreds of transcripts are upregulated, 

consistent with the possibility of NMD compromise, and several of these were shown to 

overlap with transcripts upregulated in UPF1 knockdown embryonic stem cells (L. Huang et 

al. 2017). The role of UPF3B in disease is attributed to its canonical role in promoting NMD 

through EJC-stimulated decay since transcripts with exon junctions downstream of 

termination codons are enriched among those upregulated in Upf3b knockout mice (Huang 

et al. 2017).

Factors linking the UPF proteins to decay

In metazoans, NMD induction requires phosphorylation of UPF1 by the PI3K-like kinase 

SMG1 (Kashima et al. 2006). Phosphorylation of multiple sites at the N- and C-termini 

provide binding platforms for the 14-3-3 domains of NMD proteins SMG5, SMG6, and 

SMG7 (Ohnishi et al. 2003; Okada-Katsuhata et al. 2011; Loh, Jonas, and Izaurralde 2013). 

SMG6, which engages in additional phosphorylation-independent interactions with UPF1, is 

a specialized PIN domain-containing endonuclease that has been proposed to carry out the 

bulk of the NMD degradative activities in metazoans (Chakrabarti et al. 2014; Nicholson et 

al. 2014; Eberle et al. 2009; Huntzinger et al. 2008; Gatfield and Izaurralde 2004). 

Alternatively, SMG5 and SMG7 form a sub-complex capable of recruiting the CCR4-Not 

deadenylase complex and decapping factors (Loh, Jonas, and Izaurralde 2013; Nicholson et 

al. 2018; Unterholzner and Izaurralde 2004).

While these observations have led to the model that SMG6 and SMG5/7 specify independent 

decay processes that each favor different substrates (Ottens et al. 2017), other RNA-Seq 

studies have found that a very similar profile of mRNAs is up-regulated in the absence of 

either SMG5/7 or SMG6 (Colombo et al. 2016). One possible explanation for the 

requirement for SMG5/7 and SMG6 for most or all NMD events is that SMG5/7 binding to 

phosphorylated UPF1 may be important for stabilizing UPF1 binding to target 3’UTRs, an 

activity that may help to promote both SMG6-dependent and SMG5/7-dependent decay 

(Kurosaki et al. 2014). Interestingly, the function of the C-terminus of UPF1 in recruiting 

degradative enzymes appears to be conserved even among organisms such as S. cerevisiae 
that have lost SMG1 (Dehecq et al. 2018).
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INVESTIGATING STOP CODON POSITION THROUGH mRNP COMPOSITION

In order to correctly select its targets, the NMD pathway collects a large amount of 

information about each individual mRNP it surveys. The clues it collects to investigate an 

mRNA can include 3’UTR length, structure, and sequence; where, when, and perhaps how 

efficiently translation termination takes place; which proteins comprise the mRNP; and the 

position of exon junctions (Figure 3). Each mRNP feature surveyed by NMD contributes to 

a molecular analysis of the probability that a transcript should be cleared, allowing the cell 

to make the decision either to permit ongoing translation or to degrade the mRNA. Directly 

or indirectly, all of this information passes through the RNA helicase UPF1, the one 

universally recognized indispensable NMD factor. Integrating the accumulated knowledge of 

the mRNP, UPF1 can either engage and activate the degradative machinery or dissociate 

from the mRNP, preventing NMD. UPF1 thus serves as a molecular link between 

information-gathering and action.

Sensing Translation Termination

Translation termination is initiated when release factor eRF1, in complex with eRF3, 

recognizes a stop codon in the A site of the ribosome. Incorporation of eRF1 into the A site 

leads eRF3 to hydrolyze GTP and dissociate from the complex (L. Frolova et al. 1996; 

Alkalaeva et al. 2006; Eyler, Wehner, and Green 2013; Salas-Marco and Bedwell 2004). A 

conserved GGQ motif in eRF1 then extends to the peptidyl transferase center of the 

ribosome, where it mediates peptide hydrolysis (L. Y. Frolova et al. 1999). This activity can 

be aided by the AAA+ ATPase protein ABCE1, which promotes the active conformation of 

eRF1 and subsequently drives ribosome subunit splitting (Pisarev et al. 2010; Pisareva et al. 

2011; Shoemaker and Green 2011). The individual ribosomal subunits are then recycled to 

participate in subsequent rounds of translation. The window of opportunity for the NMD 

pathway to recognize termination events is thus presumably between ribosome arrival at a 

termination codon and dissociation of the ribosomal subunits from the site of termination. 

The identity of the key player in the recognition of termination by the NMD machinery 

within this critical window is currently the subject of debate (Gao and Wilkinson 2017).

Evidence for recognition of termination by UPF1—The prevailing model in the field 

has long been that UPF1 directly senses termination events by interacting with release 

factors eRF1 and eRF3 in the A site. This model was originally based on the ability of UPF1 

to co-immunoprecipitate with both eRF1 and eRF3 from yeast extracts (Czaplinski et al. 

1998; W. Wang et al. 2001), an association later found to be conserved in mammalian cells 

(Ivanov et al. 2008; Singh, Rebbapragada, and Lykke-Andersen 2008; Kashima et al. 2006). 

Interaction studies with purified components indicated that UPF1 can independently bind to 

eRF1 and eRF3 (W. Wang et al. 2001; Kervestin et al. 2012). Further, purified recombinant 

eRF1 and eRF3 inhibited the RNA-dependent ATPase activity of UPF1 (Czaplinski et al. 

1998; S. R. Lee et al. 2015), consistent with functionally significant, direct protein-protein 

interactions between UPF1 and the release factors.

In metazoans, the specific signal for decay has been proposed to depend on phosphorylation 

of UPF1 in a complex containing at least SMG-1, UPF1, and the release factors (SURF) 
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(Kashima et al. 2006). However, only limited biochemical characterization of the 

interactions among UPF1, SMG1 and release factors has been performed (Neu-Yilik et al. 

2017; Kervestin et al. 2012; Czaplinski et al. 1998; W. Wang et al. 2001; Kashima et al. 

2006; Ivanov et al. 2008; Singh, Rebbapragada, and Lykke-Andersen 2008), and it remains 

to be directly demonstrated that SURF complex formation is required for UPF1 

phosphorylation. In support of SMG1 activity outside of the translation termination context, 

it has been reported that UPF1 is more highly phosphorylated in cells treated with 

translation inhibitors cycloheximide or puromycin or that encounter other blocks to NMD 

(Dang et al. 2009; Durand, Franks, and Lykke-Andersen 2016). Further consistent with the 

possibility that UPF1 can be phosphorylated outside of the immediate context of translation 

termination, a transcriptome-wide study detected phospho-UPF1 binding throughout 

3’UTRs rather than concentrated near the termination codon (Kurosaki et al. 2014).

While it is clear that translation termination is a required signal for NMD activation, the 

evidence for a reciprocal effect of NMD components on translation termination is mixed: 

deletion of UPF1 in yeast decreases termination efficiency, but depletion of UPF1 from 

mammalian cells has the opposite effect on termination in the context of a dual-luciferase 

reporter system (Ivanov et al. 2008; Keeling et al. 2004; W. Wang et al. 2001). Resolving 

this discrepancy hinges on determining whether UPF1 depletion affects the ribosome 

directly or indirectly. For example, the result of UPF1 deletion on yeast translation 

termination appears to be, at least in part, indirect: a defect in magnesium homeostasis 

occurs upon inactivation of the yeast NMD pathway, which in turn causes defective 

termination (Johansson and Jacobson 2010). In addition to this indirect effect of NMD on 

termination, more recent experiments in yeast also point to a direct role for UPF1 ATPase 

activity at the terminating ribosome. Expression of UPF1 variants defective for ATP 

hydrolysis was found to cause accumulation of 3’ decay intermediates derived from NMD 

target mRNAs (Serdar, Whiteside, and Baker 2016), potentially similar to those previously 

observed in human cells upon overexpression of analogous UPF1 mutants (Franks, Singh, 

and Lykke-Andersen 2010). These fragments induced by ATPase-dead yeast UPF1 

expression appeared to be protected from exonucleolytic degradation by stably bound 

ribosomes, suggesting that UPF1 ATPase activity may be required for termination and/or 

ribosome recycling at NMD-inducing termination codons (Serdar, Whiteside, and Baker 

2016).

An alternative model: UPF3 at the terminating ribosome—Recently, studies using 

purified cellular components have generated evidence for an alternative model of NMD 

factor engagement with the translation termination machinery (Neu-Yilik et al. 2017). In 

contrast to previous in vitro binding and functional assays indicating that UPF1 could 

directly interact with both eRF1 and eRF3 and that UPF2 and UPF3 were each 

independently capable of directly interacting with eRF3 (Kervestin et al. 2012; W. Wang et 

al. 2001; López-Perrote et al. 2016; Czaplinski et al. 1998; S. R. Lee et al. 2015), Neu-Yilik 

et al., found no evidence for a direct interaction between release factors and UPF1 or UPF2 

(Neu-Yilik et al. 2017). Under conditions of limiting release factor abundance and in the 

absence of ABCE1, UPF3B was found to inhibit termination in a reconstituted human 

translation system. Further, post-termination complexes were more efficiently dissociated 
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from model mRNAs in the presence of UPF3B. While UPF1 could still directly or indirectly 

affect these processes in the context of the cellular NMD pathway, it had no influence on 

these or other aspects of the reconstituted human translation termination system, or a similar 

system employing yeast components (Neu-Yilik et al. 2017; Schuller et al. 2018). These 

findings raise the possibility that UPF3 proteins communicate the status of the translation 

termination event to UPF1 and the remainder of the NMD pathway.

Are the kinetics of premature termination sensed by the NMD pathway?—
Regardless of which factor or factors are responsible for linking NMD to translation 

termination, a central question remains: is the pathway capable of selectively recognizing 

some aspect of “premature” termination (i.e. a termination event associated with NMD) as 

distinct from normal termination events? Based on ribosome toeprinting studies in cell-free 

translation systems, it has been suggested that termination at a PTC is less efficient than 

termination at a normal stop codon due to a reduced pro-termination interaction between 

poly-A binding protein (PABP) and eRF3 (Amrani et al. 2004; Peixeiro et al. 2012). To 

explain these results, a “faux 3’UTR” model posits that increased distance between the 

terminating ribosome and the poly-A tail disfavors the interaction between PABP and eRF3, 

impairing termination efficiency (Amrani et al. 2004). In combination with enhanced 

recognition of long 3’UTRs by UPF1, this model may help explain why the probability of 

decay increases with 3’UTR length. Tethering of PABP in the vicinity of stop codons has 

been shown to stabilize NMD-sensitive mRNAs in yeast, flies, and mammals. These results 

are consistent with the idea that reduced PABP-eRF interactions permit UPF1-eRF binding 

and decay (Amrani et al. 2004; Ivanov et al. 2008; Singh, Rebbapragada, and Lykke-

Andersen 2008; Eberle et al. 2008; Behm-Ansmant et al. 2007), but the stabilizing effect of 

PABP recruitment could also be explained by reduced UPF1 association with mRNPs (S. R. 

Lee et al. 2015). The hypothesis that NMD recognizes termination events due to the absence 

of a functional PABP-eRF3 interaction has been challenged by efforts in yeast to directly 

test the model: elimination of PABP-eRF3 binding, transient depletion of PABP, and use of 

reporter mRNAs lacking poly-A tails all failed to generate the predicted NMD defects 

(Meaux, van Hoof, and Baker 2008; Kervestin et al. 2012; Roque et al. 2015). As elucidating 

the events at the terminating ribosome is of central importance to understanding NMD 

mechanisms, further studies of termination and/or ribosome recycling at NMD-inducing stop 

codons in cells and reconstituted systems are needed.

Enhancing decay specificity by sensing splice junctions

In complex vertebrate transcriptomes, the EJC is a molecular marker that enhances the 

discrimination of NMD substrates (Woodward et al. 2016). Transcriptomes in eukaryotes 

that use the EJC for NMD have co-evolved with the pathway such that it is relatively rare for 

stop codons to occur more than 50 nt upstream of the final exon-exon junction (Bicknell et 

al. 2012). Given that EJCs are deposited ~20 nucleotides upstream of an exon-exon 

boundary, EJCs remaining more than ~30 nucleotides downstream of the TC can thus be 

used as a marker of premature termination, providing a rationale for degradation by the 

NMD pathway (Nagy and Maquat 1998).
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A role for EJC protein partners in modulating NMD—The core EJC can associate 

with an array of peripheral EJC components, through which it promotes mRNA splicing 

fidelity, export, translation, and decay (Singh et al. 2015; Hervé Le Hir, Saulière, and Wang 

2016). Of particular importance for NMD, UPF3B associates with the EJC in the nucleus 

and is exported on the spliced mRNP (Gehring, Lamprinaki, Hentze, et al. 2009; Baird et al. 

2018). Following export of the EJC-UPF3B-bound mRNP, a combination of elongating 

ribosomes and the PYM protein displaces EJCs from the 5’UTR, ORF, and immediate 

vicinity of the TC, leaving only those EJCs deposited at junctions more than 50 nt 

downstream of the termination codon (Gehring, Lamprinaki, Kulozik, et al. 2009; Diem et 

al. 2007). UPF3B retained on the 3’UTR-associated EJCs is thought to drive recruitment of 

UPF2 to the mRNP, where it can activate UPF1 helicase activity and phosphorylation 

(Buchwald et al. 2010; Kashima et al. 2006; Chamieh et al. 2008; Chakrabarti et al. 2011). 

Additionally, the specific protein composition of the EJC presents opportunities for 

regulating and fine-tuning the NMD pathway. As the EJC matures, exchange of the 

multifunctional RNA binding protein RNPS1 for CASC3/MLN51/Barentz, a protein found 

to mark canonical sites of EJC deposition, has been proposed to cause a reduction in the 

NMD-enhancing potential of the EJC (Mabin et al. 2018; Hauer et al. 2016). If differential 

EJC composition modulates NMD efficiency, this may have far-reaching implications for 

substrate selection. A number of questions arise from this possibility, including whether 

EJCs downstream of PTCs undergo a distinct maturation process and whether transcripts 

with CASC3-containing EJCs may evade quality control. The mechanism by which NMD 

efficiency is altered by differential EJC composition remains to be elucidated, but could be 

due to higher levels of UPF2 and/or SR-protein recruitment to RNPS1-bound EJCs (Mabin 

et al. 2018; Aznarez et al. 2018; Gehring et al. 2005).

Competition between UPF3A and UPF3B—A second way in which EJC activity in 

NMD can be regulated is by modulating the link between the EJC and the NMD machinery. 

While UPF3B has been observed to be important for degradation of many NMD target 

mRNAs, UPF3A has been found to have at best weak activity in NMD (Chan et al. 2007; 

Kunz et al. 2006; Lykke-Andersen, Shu, and Steitz 2000). Explaining UPF3A’s conserved 

role in NMD, Shum and colleagues have recently presented evidence that UPF3A can act as 

an inhibitor of NMD, antagonizing UPF3B (Shum et al. 2016). In this work, cell lines and 

mice deficient for UPF3A exhibited more rapid decay of NMD targets, suggesting that the 

protein acts globally to inhibit NMD in multiple contexts. This activity of UPF3A is linked 

to its ability to decouple the EJC from NMD by engaging in interactions with UPF2 but 

failing to form a decay-promoting complex with the EJC (Shum et al. 2016; V. N. Kim et al. 

2001; Kunz et al. 2006; Buchwald et al. 2010). UPF3A expression can be an important point 

of regulatory control. For example,UPF3A is highly upregulated in spermatocytes and is 

required for gametogenesis. Offering further opportunity for regulation, tissue-specific 

alternative splicing of UPF3A mRNAs generates proteins with differential ability to interact 

with UPF2 and inhibit NMD (Shum et al. 2016).

ICE1: promoting the link between splicing and decay—While UPF3A breaks the 

connection between the EJC and the NMD machinery by competing with UPF3B for UPF2 

binding, a newly identified protein required for EJC-enhanced decay suggests that a similar 
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effect can be accomplished by preventing the stable assembly of UPF3B with EJCs (Baird et 

al. 2018). Identified by whole-genome siRNA screening as promoting decay of a well-

characterized EJC-stimulated NMD substrate, ICE1 uses a putative MIF4G domain to bind 

fully assembled EJCs (Baird et al. 2018). In the absence of ICE1, the interaction between the 

EJC and UPF3B is disrupted, causing reduced export of UPF3B from the nucleus (Figure 4). 

Supporting a model in which ICE1 transiently interacts with EJCs to promote UPF3B 

association, UPF3B overexpression was sufficient to partially rescue ICE1 knockdown. The 

requirement for ICE1 to promote stable linkage between the EJC and NMD implies the 

existence of an additional step in EJC-UPF3B assembly that may allow independent control 

of mRNA biogenesis and decay functions of the EJC.

Sensing 3’UTR length

Another physical consequence of increasing the distance between the termination codon and 

the poly-A tail (i.e. a longer 3’UTR) is an increase in mRNA sequence not traversed by the 

ribosome. In numerous experiments spanning the full range of model organisms used to 

investigate NMD, 3’UTR extension has been observed to increase the probability that an 

mRNA will undergo decay (Bühler et al. 2006; Singh, Rebbapragada, and Lykke-Andersen 

2008; Behm-Ansmant and Izaurralde 2006; Hogg and Goff 2010; Matsuda et al. 2007; 

Baker and Hogg 2017). Using its high-affinity, sequence non-specific RNA binding activity, 

UPF1 can directly recognize this common feature of NMD substrates.

Dynamic, non-specific binding drives 3’UTR length sensing—Several distinct 

experimental contexts have uncovered a striking relationship between 3’UTR length and 

UPF1 binding. This principle has been demonstrated through the use of RNA tag-based 

mRNP purifications and UPF1 immunoprecipitations of several reporters with unrelated 

3’UTR sequences (Hogg and Goff 2010; Kurosaki and Maquat 2013; Baker and Hogg 

2017). Widespread sequence-independent association of UPF1 with 3’UTRs is supported by 

UV cross-linking and immunoprecipitation (CLIP) experiments (Hurt, Robertson, and Burge 

2013; Zünd et al. 2013; Sundararaman et al. 2016), and both CLIP and RIP-Seq have 

identified a genome-wide correlation between UPF1 binding and 3’UTR length (Hurt, 

Robertson, and Burge 2013; S. R. Lee et al. 2015; Kishor, Ge, and Hogg 2019). As 

suggested by the ability of translational readthrough events to disrupt UPF1 binding to long 

3’UTRs containing ORF extensions (Hogg and Goff 2010), UPF1 CLIP reads, usually 

concentrated on 3’UTRs, were broadly distributed across ORFs and 3’UTRs under 

conditions of global translational repression (Zünd et al. 2013). Together, these data support 

a model in which UPF1 is enriched on long 3’UTRs by a combination of non-specific 

mRNA binding events and clearance from ORFs by translocating ribosomes.

The apparent displacement of UPF1 by translation elongation presents an opportunity to 

probe UPF1 dynamics and activity on mRNPs by using readthrough-promoting RNA 

elements to modulate elongation through a region of 3’UTR lacking additional in-frame stop 

codons (Hogg and Goff 2010; Baker and Hogg 2017; Tang et al. 2016; Hogg 2011). Tuning 

translational readthrough efficiency with variants of the Moloney murine leukemia virus 

readthrough-promoting pseudoknot revealed that 5% readthrough of a ~700 nt 3’UTR 

caused displacement of UPF1 from the conditionally translated ORF, while less efficient 
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readthrough driven by compromised pseudoknot variants allowed UPF1 to re-populate the 

mRNP (Hogg and Goff 2010). These findings suggested that steady state levels of UPF1 

occupancy on 3’UTRs were determined by continuous binding and dissociation events.

A loophole: shielding genuine long 3’UTRs with protective proteins—The 

ability of UPF1 to discriminate potential NMD targets through sequence non-specific 

binding endangers the expression of messages that have evolved long 3’UTRs for important 

regulatory purposes. Vertebrate mRNAs have undergone a dramatic expansion of 3’UTR 

length, at least in part to allow binding of factors that regulate mRNA localization, decay, 

and translation (Mayr 2016). To safeguard expression of messages with long 3’UTRs and 

permit 3’UTR-based regulation, vertebrates have evolved a protective mechanism to inhibit 

decay by antagonizing UPF1 binding (Ge et al. 2016; Chester et al. 2003; Kishor, Ge, and 

Hogg 2019; Balagopal and Beemon 2017). The two most extensively characterized 

protective proteins, PTBP1 and hnRNP L, have a common evolutionary origin and both use 

four RNA recognition motifs (RRMs) to recognize their target RNAs with nanomolar 

affinity (Blatter et al. 2015). PTBP1 binds sequences high in pyrimidines (CU-rich tracts), 

while hnRNP L prefers CA-rich sequences (Pérez, McAfee, and Patton 1997; Hui et al. 

2005). Knockdown and RNA-Seq studies indicate that they are independently responsible 

for shielding hundreds of human mRNAs from NMD in a manner correlated with their 

ability to inhibit UPF1 association (Ge et al. 2016; Kishor, Ge, and Hogg 2019). Importantly, 

mRNAs with long 3’UTRs and a high density of protective protein binding sites recruit 

similar levels of UPF1 as unprotected short 3’UTRs. Therefore, the protective proteins 

appear to function by preventing accurate 3’UTR length sensing. These findings suggest that 

the transcriptome and the NMD pathway have co-evolved to use PTBP1 and/or hnRNP L 

binding sites in the vicinity of stop codons to allow diversification of 3’UTR functions 

without NMD-imposed constraints on 3’UTR length.

The perils of removing mRNAs from surveillance—Increasing organismal 

complexity demands tradeoffs, and the use of protective proteins to shield physiological long 

3’UTRs from NMD can have severe deleterious consequences due to a failure to properly 

recognize pathogenic aberrant mRNAs (Kishor, Ge, and Hogg 2019). Over 30 years ago, it 

was first recognized that VDJ recombination in B cells can lead to frequent translocations 

between an IgH locus on chromosome 14 and a BCL2 locus on chromosome 18 (Cleary, 

Smith, and Sklar 1986), causing over-expression of the anti-apoptotic BCL2 protein. These 

t(14:18) translocations are found in ~90% of follicular B cell lymphomas and ~15% of 

diffuse large B cell lymphomas, the two most common forms of adult lymphoma (Schuetz et 

al. 2012; Leich, Ott, and Rosenwald 2011). Because BCL2 overexpression promotes cell 

survival, t(14:18) translocations are thought to be important initiating events in the 

development of these neoplasms (Czabotar et al. 2014). In about half of the t(14:18) 

translocations found in B cell lymphoma patients, the translocation occurs in a small (~270 

bp) major breakpoint region in the middle of the BCL2 3’UTR, resulting in hybrid 

BCL2:IGH mRNAs containing the BCL2 coding sequence, ~2500 nucleotides of BCL2 

3’UTR, and several efficiently spliced IgH-derived exons (Seto 2002; Deng et al. 2007; 

Cleary, Smith, and Sklar 1986). Because the BCL2:IGH fusion mRNA 3’UTRs are long and 
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contain multiple introns, they represent prototypical NMD substrates. However, instead of 

being decayed, these transcripts cause overexpression of BCL2 protein.

Discovery of hnRNP L as a protective protein led to the identification of the BCL2 mRNA 

as a transcript that could evade NMD by recruiting hnRNP L. The BCL2 mRNA engages 

hnRNP L through an extended CA-rich tract near its termination codon (D.-H. Lee et al. 

2009), preserving the ~5000 nt BCL2 3’UTR for regulation by numerous miRNAs and 

RBPs (Wei, Li, and Gupta 2014; Chen et al. 2010; P. Huang et al. 2015; Sabirzhanov et al. 

2014; H. Wang et al. 2015; Ouyang et al. 2012; Zhong et al. 2016; Cimmino et al. 2005; 

Klein et al. 2010; Calin et al. 2005, 2002). In the case of the BCL2:IgH fusion transcript, 

hnRNP L engages the TC-proximal CA-tract to override the NMD-promoting signals of the 

aberrant 3’UTR architecture. Mutation of the hnRNP L binding sites in reporter mRNAs 

restored the expected NMD sensitivity of the fusion mRNAs, and disruption of the tract by 

CRISPR/Cas9 in a B cell lymphoma line carrying the t(14:18) translocation caused reduced 

BCL2 expression and increased apoptosis (Kishor, Ge, and Hogg 2019). These findings 

suggest that the protective mechanism causes a critical failure to eliminate aberrant 

BCL2:IGH fusion transcripts in B cell lymphomas and may also contribute to the survival of 

the many cancers that rely on BCL2 overexpression (Czabotar et al. 2014).

UPF1 functional modulation: ATPase activity and phosphorylation

A major factor influencing UPF1 occupancy and ability to correctly distinguish substrates is 

regulation of RNA binding through ATP binding and hydrolysis. UPF1 has long been known 

to exhibit reduced RNA binding activity in the presence of ATP (Weng, Czaplinski, and 

Peltz 1998; Czaplinski et al. 1995). UPF1 mutants deficient for ATPase activity exhibit 

enhanced RNA binding, causing them to be indiscriminately and non-productively locked 

onto substrate and non-substrate 3’UTRs alike (S. R. Lee et al. 2015; Kurosaki et al. 2014). 

Conversely, a point mutation that relieves the autoinhibition of UPF1 ATPase activity 

imposed by the CH domain (F192E in human UPF1) greatly reduces steady-state RNA 

binding and prevents target selection (Chakrabarti et al. 2011; S. R. Lee et al. 2015). Thus, 

regulation of UPF1 association with mRNAs by ATP binding and hydrolysis provides a 

mechanism for continuous cycling of the protein throughout the transcriptome. These 

observations imply that any disruption of normal UPF1 equilibrium binding, either to favor 

association or dissociation, can serve as a mechanism to regulate NMD efficiency. 

Consistent with this idea, increasing recruitment of UPF1, either through artificial means 

such as MS2 coat protein fusions or with endogenous factors like Staufen1, SRSF1, the 

nuclear cap binding complex, Regnase, the glucocorticoid receptor, or the histone stem loop 

binding protein promotes mRNA decay (Y. K. Kim et al. 2005; Kaygun and Marzluff 2005; 

Aznarez et al. 2018; Mino et al. 2015; Y. K. Kim and Maquat 2019; Hwang et al. 2010; 

Lykke-Andersen, Shu, and Steitz 2000).

Continued residence of UPF1 on mRNAs appears to favor UPF1 phosphorylation, 

cumulatively increasing the potential for decay factor recruitment and activation (S. R. Lee 

et al. 2015; Kurosaki et al. 2014; Durand, Franks, and Lykke-Andersen 2016; Pal et al. 

2001). However, there are apparent limits on the NMD-promoting effects of increased UPF1 

phosphorylation. Evidence that ATPase-deficient mutants of UPF1 are hyper-phosphorylated 
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(presumably due to their long residence time on mRNAs) but do not support efficient decay 

suggests that UPF1 phosphorylation does not commit an mRNP to decay (Isken et al. 2008; 

Kashima et al. 2006; Durand, Franks, and Lykke-Andersen 2016). Phosphorylated UPF1 

appears to be stabilized on mRNPs through interactions with the SMG5/7 complex, but the 

effects of phosphorylation may be reversed either by phosphatases such as PP2A while 

UPF1 is still engaged with target or by the dissociation of phospho-UPF1 from the target 

mRNP (with UPF1 dephosphorylation occurring subsequently) (Anders, Grimson, and 

Anderson 2003; Ohnishi et al. 2003; Kurosaki et al. 2014).

HOW DOES SENSING BECOME DOING?

NMD models often depict a linear pathway, involving an ordered, stepwise, irreversible 

progression to decay. Alternatively, we envision that the decision to decay is due to an 

ensemble of potential interactions and enzymatic reactions that are not strictly ordered and 

are often reversible in nature (Figure 5). This view gains inspiration from detailed single-

molecule analyses of pre-mRNA splicing performed by the Moore and Gelles labs (A. A. H. 

Hoskins et al. 2011; A. A. Hoskins et al. 2016). Those studies revealed ordered but 

frequently reversible steps in spliceosome assembly that progressively increase the 

probability that the pre-mRNA will be spliced, none of which individually represent a 

commitment to splicing. Likewise, it is possible that no individual events prior to decapping 

or SMG6-mediated cleavage commit a message to NMD. Instead, increased assembly of 

pro-decay factors on an mRNA may cumulatively make mRNA degradation more likely. In 

the case of NMD, many events are known to increase the probability of decay but not be 

strictly required for decay of all substrates. For example, the EJC is a potent stimulator of 

NMD in vertebrates, but a large number of transcripts constitutively undergo decay in a 

3’UTR EJC-independent manner (Metze et al. 2013). Moreover, several groups have 

presented evidence for NMD pathway “branching”, in which even core NMD factors such as 

UPF2 and UPF3B are dispensable for decay of certain substrates (Metze et al. 2013; Lulu 

Huang et al. 2011; Gehring et al. 2005; Chan et al. 2007). These findings suggest that there 

are multiple possible assemblies of NMD components that can achieve decay, up to and 

including initiation of decay by entirely distinct degradative enzymes. Mechanistic 

flexibility may be another strategy evolved by the NMD pathway to function effectively in 

complex transcriptomes, since the streamlined yeast pathway shows equal dependence on 

UPF1, UPF2, and UPF3 for degradation of NMD target mRNAs (Celik et al. 2017).

We have described in this review several aspects of mRNP function, structure, and 

composition that are evaluated by UPF1 and the rest of the NMD machinery in the process 

of decay target selection. Importantly, many of the inputs to the NMD decision are not static 

properties of the mRNP but are instead highly dynamic, meaning that the decision to decay 

can be thought of as a complex kinetic competition between decay promoting and decay 

inhibiting events (i.e. assembly and disassembly of NMD factors). The precise parameters of 

this competition remain unclear, but it is highly likely that a minimal requirement for NMD 

is that some component of the pathway must be mRNP-associated and in communication 

with a terminating ribosome. In the absence of in vivo evidence that ribosomes are 

particularly long-lived at NMD-inducing stop codons, the window of opportunity between 

eRF1 incorporation and ribosome recycling could be fleeting, albeit recurrent. Increased 

Kishor et al. Page 16

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



association of NMD-promoting factors with an mRNP would therefore increase the 

probability of recognition of a potential NMD-inducing termination event. This is the 

probable mechanism by which the EJC stimulates decay--the local concentration of UPF3B 

and UPF2 is increased on the message, promoting phosphorylation of 3’UTR-bound UPF1 

and/or facilitating interactions with the terminating ribosome. Enhanced association of any 

individual pro-NMD factor could similarly increase the probability of decay, as evidenced 

by the ability of many NMD factors to promote decay when artificially tethered to mRNAs 

(Nicholson et al. 2018; Lykke-Andersen, Shu, and Steitz 2000; Unterholzner and Izaurralde 

2004; Nicholson, Joncourt, and Mühlemann 2012; Cho, Kim, and Kim 2009; Loh, Jonas, 

and Izaurralde 2013; Ivanov et al. 2008; Boehm et al. 2016).

Conclusion

In this review, we have outlined a picture of NMD as a pathway that is mechanistically and 

functionally flexible, yet constrained in important ways by the need to maintain 

evolutionarily conserved regulatory and surveillance functions. The flexibility of the 

pathway allows different organisms and cell types to adapt the core quality control 

machinery to distinct regulatory aims in ways that are only beginning to be appreciated. 

Future efforts to explore NMD in diverse systems will certainly offer new surprises about the 

functional consequences of NMD, both beneficial and deleterious. Along with expansion of 

studies of NMD to new biological and disease contexts, better experimental and 

bioinformatic approaches are needed to unambiguously identify direct and indirect targets of 

NMD, including the use of metabolic labeling techniques to assess transcript stability (Tani 

et al. 2012). Developing a better understanding of the manifold functions of NMD will in 

turn aid the elucidation of NMD mechanisms.

There is much to be discovered, but the known diversity of NMD targets and mechanisms 

has already given rise to a many models for NMD target selection and decay. In part, this 

likely reflects a complex biological reality in which NMD is the product of dynamic, 

reversible, and frequently redundant interactions rather than a strictly ordered pathway. The 

view of NMD as an ensemble of possible mRNP states with a gradient of decay probabilities 

outlined here implies that many of the outstanding mechanistic questions in the field require 

approaches that allow analysis at the level of the RNP. It is of particular importance to 

understand how specific RNA features, the translation apparatus, and NMD factors combine 

as components of large RNA-protein assemblies to generate coherent regulatory outputs. 

Efforts to approach these questions will require methods capable of accounting for the 

activities of multiple factors in time and space, as the RNP makes the journey from 

translation to decay.
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Figure 1: The ribonucleoprotein (RNP) configuration of the 3’UTR of a message influences 
substrate selection for NMD.
Transcripts identified as decay substrates by the NMD machinery may contain errors or may 

be a part of a cellular regulatory program. The trigger for decay, however, is not determined 

by the process that generates a transcript but rather its 3’UTR RNP composition. Left, 

colored boxes indicate exons where narrow sections represent the 5’ and 3’ UTRs, while 

wide sections represent the coding sequence (CDS). Typical termination codons are at the 

point where a wide box transitions to a narrow box. Chevrons indicate introns. Right, 

various input transcripts have been distilled to the common RNP elements directing decay. 

Transcripts that have exon junction complexes (EJCs) downstream of a termination codon 

are efficiently degraded by NMD. This configuration may arise when the termination codon 

is positioned upstream (asterisk) from the typical termination codon or is in its native 

position but is still upstream of an EJC. A second signal that could activate the machinery is 

a long 3’UTR. The 3’UTR could be defined by a termination codon in its typical position, or 

a premature termination codon (PTC) in the last exon. In either case, UPF1 molecules 

accumulate downstream of the terminating ribosome in a length-dependent manner, 

enhancing the probability of decay. Specific molecules are labeled in the figure key.
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Figure 2: In order to simultaneously regulate and safeguard the transcriptome, NMD pathway 
functionality must balance multiple parameters.
As NMD efficiency increases, the protein products from PTC-containing and other NMD-

regulated mRNAs will be strongly down-regulated, but mRNAs that are not normally NMD 

targets may also become susceptible to decay. Thus, aggressive clearance of aberrant 

transcripts may come at the cost of sacrificing beneficial mRNAs. Conversely, increased 

specificity could prevent targeting of all but mRNAs with the strongest NMD-promoting 

features. Further, an intermediate level of NMD efficiency may be optimal to simultaneously 

influence the function of multiple cellular pathways, as illustrated by hypothetical values of 

“regulatory flexibility” across the spectrum of NMD efficiency. Optimal NMD efficiencies 

to maintain regulatory flexibility are expected to vary according to cell type and 

physiological conditions.
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Figure 3: UPF1 integrates information about mRNP configuration to define NMD substrates.
UPF1 occupies a central position in the NMD pathway due to its role in directly or indirectly 

sensing features of the mRNP. These signals include the length of the 3’UTR, the positions 

of EJCs, the presence of protective or recruitment factors, and the timing of translation 

termination. Integration of these signals will influence UPF1 phosphorylation, an important 

mark for recruitment and activation of decay factors. UPF1 molecules persistently associated 

with mRNPs are more likely to be highly phosphorylated. Specific molecules in the figure 

are labeled in the figure key.

Kishor et al. Page 33

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Peripheral EJC factors influence NMD substrate selection.
ICE1-mediated assembly of the EJC with UPF3B leads to transcripts that are more likely to 

be targeted for decay. EJC-enhanced decay can be disrupted by UPF3A, which effectively 

competes with UPF3B for UPF2 binding. Additionally, replacement of RNPS1 with CASC3 

may reduce the likelihood of NMD targeting, through a mechanism that remains to be 

elucidated but may involve altered association of NMD factors. Transcripts more likely to be 

degraded are over a red background while transcripts less likely to be degraded are over a 

green background.
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Figure 5: Reversible RNP assembly and modification states may determine the probability of 
NMD.
NMD requires concurrent translation termination (the left side of figure indicates the state of 

the terminating ribosome, and the bracket represents the critical window of opportunity for 

NMD activation) and occupancy of NMD proteins on the transcript. Assembly of these 

components, however, does not have to be a linear process. Instead, many binding events 

may be reversible, and modifications such as UPF1 phosphorylation may be undone by the 

activity of phosphatases. This model highlights the heterogeneity of possible RNP 

configurations that may ultimately lead to decay. Specific molecules in the figure are labeled 

in the figure key.
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