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Abstract

Nonsense-mediated mRNA decay (NMD) is a eukaryotic surveillance mechanism that monitors 

cytoplasmic mRNA translation and targets mRNAs undergoing premature translation termination 

for rapid degradation. From yeasts to humans, activation of NMD requires the function of the three 

conserved Upf factors: Upf1, Upf2, and Upf3. Here, we summarize the progress in our 

understanding of the molecular mechanisms of NMD in several model systems and discuss recent 

experiments that address the roles of Upf1, the principal regulator of NMD, in the initial targeting 

and final degradation of NMD-susceptible mRNAs. We propose a unified model for NMD in 

which the Upf factors provide several functions during premature termination, including the 

stimulation of release factor activity and the dissociation and recycling of ribosomal subunits. In 

this model, the ultimate degradation of the mRNA is the last step in a complex premature 

termination process.
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INTRODUCTION

Nonsense-mediated mRNA decay (NMD), one of several cytoplasmic surveillance 

mechanisms that monitor mRNA translation in eukaryotes, targets mRNAs containing a 

premature termination codon (PTC) for rapid degradation (109, 140, 201). The pathway was 

initially recognized in Saccharomyces cerevisiae and Caenorhabditis elegans (126, 174, 

180), but NMD exists in all eukaryotic cells examined and the core NMD machinery is 

conserved from yeast to humans (18, 109, 193, 194). NMD’s function was originally 

thought to be limited to quality control, i.e., the elimination of mRNAs derived from genes 

harboring nonsense mutations to prevent the accumulation of potentially deleterious 

truncated polypeptides (84, 180). However, the pathway’s substrates include not only PTC-

containing mRNAs but also a significant fraction of apparently normal and physiologically 
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functional wild-type mRNAs (194). NMD thus serves as both a surveillance system and a 

fundamental post-transcriptional regulatory mechanism for eukaryotic gene expression. In 

the latter mode, NMD function is linked to diverse cellular processes, including cell growth 

and proliferation (12, 138, 221), development and differentiation (24, 70, 147, 148, 151, 

231), innate immunity (68), antiviral or stress responses (13, 60, 189), and neuronal activity 

or behavior (39, 66).

Multiple aspects of NMD have substantial clinical significance. Mutations in human genes 

that regulate NMD can cause serious neurodevelopmental disorders, predispose patients to 

such disorders, or associate with specific tumor types (101, 135, 160, 161, 212, 232). 

Further, nonsense mutations are responsible for ~15% of the single base-pair mutations that 

cause inherited disorders, and some disease genes have considerably higher nonsense 

mutation frequencies (156). Patients with nonsense mutations tend to have more serious 

disease than those with missense mutations, presumably because of marked reductions in 

specific gene expression (115). Variations in NMD efficiency also appear to lead to 

significant differences in disease pathology and outcome (15, 57, 87, 111, 152). In addition, 

because all diseases caused by nonsense mutations generally share two key gene expression 

problems, premature translation termination and mRNA reduction through NMD, 

therapeutic approaches to both problems are being investigated, with the understanding that 

a single drug has the potential to treat a large number of different disorders (107, 175).

The onset of NMD for a particular transcript is linked to premature translation termination 

(109), but NMD activation by a PTC stands in striking contrast to events occurring during 

stop codon recognition by the ribosome at the end of each round of normal translation. 

Accordingly, a mechanistic understanding of NMD depends on elucidating the differences 

between premature and normal termination, determining how premature termination is 

coupled to accelerated mRNA decay, and defining the roles and functional order for factors 

that activate and execute these processes.

SUBSTRATES OF NONSENSE-MEDIATED DECAY

NMD targets both PTC-containing and apparently wild-type transcripts in eukaryotic cells. 

Depending on the organism or cell type, approximately 5% to 20% of the transcripts in a 

typical transcriptome are substrates of the NMD pathway (83, 131, 150, 151, 183–185, 210, 

221, 222, 231, 237). Transcripts degraded by the NMD pathway can be classified into 

several general categories. One category, exemplifying typical NMD substrates, includes 

mRNAs with a destabilizing PTC in their coding region. These transcripts are generated 

from endogenous genes harboring nonsense or frameshift mutations (83), pseudogenes (83, 

146), nonproductively rearranged genetic loci (134), or alternative splicing events that lead 

to intron retention or inclusion of a PTC-containing exon (62, 97, 122, 143, 162, 222). A 

second category contains mRNA-like transcripts with limited or no apparent coding 

potential, e.g., long noncoding RNAs (117, 143, 211), small RNAs derived from intragenic 

regions (206, 215), and transcripts of inactivated transposable elements (83). A third 

category contains a subset of physiologically relevant transcripts that appear to be normal, 

such as mRNAs with upstream open reading frames (uORFs) (10, 59, 83, 167, 185), 

atypically long 3′-UTRs (untranslated regions) (106, 108, 204, 238), and mRNAs coding for 
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selenoproteins (155, 196). Only some mRNAs with uORFs are degraded by the NMD 

pathway (59, 83, 167, 185). Those that are resistant to NMD appear to have diminished 

nonsense codon occupancy by the ribosome (59) or contain downstream sequences that 

inactivate NMD (187, 188). Termination codons flanked by atypically long 3′-UTRs also 

elicit NMD (106, 108, 204, 238), an observation implying that termination context can 

influence mRNA susceptibility to NMD (4) (see below).

The broad range of NMD substrates indicates that NMD has substantial biological impact on 

eukaryotic gene expression; not only does NMD ensure removal of junk (e.g., some by-

products of transcription and alternate splicing or pseudogene mRNAs), but it also 

effectively renders most nonsense alleles as null alleles (42, 152) and has been co-opted to 

regulate the levels and locations of specific proteins (39, 66, 99, 125).

THE NONSENSE-MEDIATED DECAY MACHINERY

NMD is a translation-dependent process triggered by the presence of a premature stop codon 

in the A site of an elongating ribosome (109, 140, 193). The NMD machinery identifies 

unique features in the prematurely terminating messenger ribonucleoprotein (mRNP), targets 

PTC-containing transcripts for rapid degradation, and includes the conserved Upf factors, 

the regulators and effectors of the Upf factors, and, most likely, the factors directly involved 

in translation termination.

Core Upf Proteins

From yeast to humans, activation of NMD requires a set of conserved core regulatory 

factors, the Upf1-3/Smg2-4 proteins (41, 61, 78, 80, 109, 126, 141, 163, 165, 176). Upf1 and 

Upf2 are localized primarily in the cytoplasm, whereas Upf3 shuttles between the nucleus 

and the cytoplasm (141, 195). Upf1, Upf2, and Upf3 interact with each other, the ribosome, 

and multiple mRNA decay and translation factors, but their exact roles in NMD, as well as 

their mechanism of association with a premature termination complex that includes an 

mRNA, an 80S ribosome, and numerous factors, remain to be clarified (109).

Upf1 is a superfamily I RNA helicase with two major domains: an N-terminal cysteine- and 

histidine-rich (CH) domain and a helicase domain toward its C terminus (3, 29, 38, 114, 

127). Purified Upf1 binds ATP and RNA and manifests RNA-dependent ATPase and 5′-to-3′ 

RNA helicase activities (20, 44). Upf1’s ATP-binding and hydrolysis activities are critical 

for activation of NMD, as mutations that eliminate these activities abolish NMD activity in 

vivo (226–228), and Upf1 proteins that lack these activities are defective in association with 

the 40S ribosomal subunit (153), disassembly of a terminating mRNP (56), and recycling of 

components of the protein synthesis and NMD machineries (65). Maximal in vitro activation 

of Upf1’s ATPase and helicase activities requires both Upf2 and Upf3 (30). The CH domain 

of yeast Upf1 binds to the C-terminal region of Upf2 (78), the ribosomal protein Rps26 

(153), and the decapping enzyme subunit Dcp2 (80, 82), and also self-associates (79), 

suggesting that it may play a role in sequential molecular interactions during execution of 

NMD. Metazoan Upf1 contains extra conserved extensions at both its N and C termini. The 

N-terminal extension is rich in proline/glycine residues, and the C-terminal extension is rich 

in serine/glutamine residues (8, 176). In human Upf1, these N- and C-terminal extensions 
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contain multiple phosphorylated serine or threonine residues (169, 236) and exhibit both 

phosphorylation-dependent and phosphorylation-independent interactions with Smg5, 

Smg6, and Smg7 (28, 164, 168, 169). Human Upf1 also interacts with Dcp2 (54, 139). In 

contrast to yeast Upf1:Dcp2 interaction, human Upf1:Dcp2 is mediated primarily by Upf1’s 

N-and C-terminal extensions (136).

Upf2 is commonly thought to be a molecular bridge between Upf1 and Upf3, but its function 

has additional complexity. The N-terminal two-thirds of Upf2 contains three conserved 

eIF4G-like (MIF4G) domains (9, 37, 103, 179), the most C terminal of which (MIF4G-3) 

interacts with the central RRM (RNA recognition motif) in Upf3 (Upf3b in metazoans) (78, 

103) and the C-terminal domain of Smg1. In vitro, the Upf2 MIF4G-1 and -3 domains both 

bind RNA (55, 103). The C terminus of Upf2 binds to the CH domain of Upf1 (38, 77), and 

Upf2 binding to Upf1 switches Upf1 from RNA clamping to RNA unwinding and promotes 

Upf1’s RNA helicase activity (29, 30).

Upf3 is a basic protein. A single isoform of Upf3 exists in Saccharomyces cerevisiae and 

Caenorhabditis elegans, but two isoforms (Upf3a and Upf3b) are present in human cells 

(141, 195). The two Upf3 isoforms exhibit different expression and regulation patterns (31), 

as well as different NMD-inducing activities (116). For both Upf3a and Upf3b, the central 

RRM domain binds to Upf2 (103, 195) and the C-terminal domain binds to a composite 

surface on the exon junction complex (EJC) (25, 64).

Additional Smg Proteins

In addition to the core Upf factors, activation of NMD in multicellular organisms also 

requires the function of additional proteins, Smg1 and Smg 5–9 (109, 194, 233). 

Collectively, these Smg proteins control the phosphorylation and dephosphorylation of Upf1 

and in some cases also function as effectors of Upf1 by activating or recruiting specific 

mRNA decay activities.

Smg1, Smg8, and Smg9 form a kinase complex that catalyzes Upf1 phosphorylation, a rate-

limiting step of NMD in metazoans (76, 104, 235, 236). Smg1-mediated Upf1 

phosphorylation occurs in the decay-inducing complex (DECID), and this process also 

requires Upf2, Upf3, and components of the EJC (104). Smg5, Smg6, and Smg7 are 

structurally related proteins (61) that function in Upf1 dephosphorylation (170, 233) and 

also act as effectors of Upf1 (51, 90, 136, 216). Each of these proteins contains a 

phosphopeptide-binding 14-3-3-like domain and binds to phosphorylated Upf1 (28, 58, 102, 

168, 169). Smg5 and Smg6 each contain a C-terminal PilT N-terminus (PIN) domain, which 

is related to the RNase H family (67). Smg5 and Smg7 form a heterodimer with their 

14-3-3-like domains (7, 102), and the resulting complex acts through Smg7 to recruit the 

CCR4-NOT deadenylase complex and promote mRNA deadenylation and decapping (136, 

216). Smg5 interacts with the structural and catalytic subunits of the PP2A phosphatase (7, 

168). Smg6 is monomeric in solution and can also bind the Upf1 helicase domain and C-

terminal extension in a phosphorylation-independent manner (28, 164). The C-terminal PIN 

domain of Smg6 exhibits nuclease activity in vitro (67), and, in vivo, Smg6’s endonuclease 

activity cleaves NMD substrates (22, 51, 90, 143, 192). Upf1 phosphorylation is also 

observed in yeast (47, 123, 218), but these cells lack an ortholog of the Smg1 kinase, and 
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yeast Upf1 also lacks the regions targeted by Smg1. Currently, there is no direct evidence 

that links Upf1 phosphorylation to NMD regulation in yeast (123, 218).

Release Factors

NMD is functionally and physically linked to the activities of the eukaryotic release factors 

eRF1 and eRF3 (Sup45 and Sup35, respectively, in yeast). All three Upf proteins interact 

with the release factors, and these interactions may function to recruit the NMD machinery 

to prematurely terminate mRNPs and launch the NMD process. Upf1 interacts with both 

eRF1 and eRF3 (43, 95, 104, 204), and in human cells this leads to formation of the SURF 

(Smg-1-Upf1-release factor) complex (104, 235). Yeast Upf2 and Upf3 interact with eRF3 

and may compete with eRF1 for a specific eRF3 interaction domain (219). Upf1 binding to 

eRF1 and eRF3 inhibits Upf1’s ATPase activity (43), a result supporting the notion that 

Upf1 is initially recruited to a prematurely terminating ribosome in an inactive form and is 

subsequently activated by interaction with a Upf2:Upf3 complex (30).

Exon Junction Complex

In mammalian cells, nuclear pre-mRNA splicing deposits a protein complex 20–24 nt 

upstream of an exon-exon junction (128). The core of this complex is formed by four 

conserved proteins: eIF4AIII, Y14, Magoh, and MLN51 (23). Dubbed the EJC, this group of 

proteins associates with spliced mRNA, travels with it to the cytoplasm, and controls several 

aspects of mRNA function, including nuclear export and cytoplasmic localization, 

translation, and decay (129). A role for the EJC in the activation of NMD was suggested by 

several observations, including those noting that (a) mammalian NMD is often enhanced by 

an exon-exon junction 50–55 nt downstream of a PTC (159, 214, 239); (b) the NMD factor 

Upf3 associates with the components of the EJC (112, 142); (c) tethering of EJC factors 

downstream of a termination codon can trigger mRNA degradation by NMD (63, 64, 142); 

and (d) elimination of core EJC components can selectively stabilize the PTC-containing 

mRNAs (64, 172, 198). In spite of these tantalizing observations, the exact role of the EJC in 

NMD is still unclear. Because EJCs promote the translational efficiency of spliced mRNAs 

(32, 144, 166), and because NMD is absolutely dependent on recognition of a PTC by the 

ribosome (19, 59, 73, 137, 224, 240), the observed effects of EJC components on NMD may 

be indirect, reflecting the consequences of EJCs on mRNA translation. Further blurring this 

issue and the interpretation models for EJC function in NMD (93, 193), recent genome-wide 

analyses revealed that EJC occupancy on spliced mRNAs exhibits significant heterogeneity, 

with a large fraction (20%) of splicing events not resulting in EJC deposition and 

approximately 40–50% of EJCs in human cells binding to noncanonical regions of spliced 

mRNAs (191, 203).

NONSENSE-MEDIATED DECAY AND TRANSLATION TERMINATION

As noted above, NMD and translation termination are linked because nonsense codon 

recognition by the translation apparatus is a requirement for NMD (19, 59, 73, 137, 224, 

240). Although both premature and normal translation termination occur in response to a 

stop codon in the ribosomal A site, at least some aspects of the ensuing events are different, 

as PTCs, but not NTCs, activate NMD (Figure 1). At a minimum, premature termination is 

He and Jacobson Page 5

Annu Rev Genet. Author manuscript; available in PMC 2016 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



considerably less efficient than normal termination (4, 173), a difference that may be a key 

to understanding NMD.

Normal Translation Termination

In eukaryotes, termination at UAA, UAG, or UGA codons requires the coordinated functions 

of the release factors eRF1 and eRF3 (2) (Figure 1a). eRF1 recognizes nonsense codons in 

the ribosomal A site and induces hydrolysis of peptidyl-tRNA (2, 33, 208). eRF3 is a 

GTPase that stimulates eRF1 activity on the ribosome and links GTP hydrolysis to efficient 

peptide release (96, 190). After peptide release, eRF1 remains bound to the post-termination 

complex, recruits the ATP-binding cassette protein ABCE1 (Rli1 in yeast), and together with 

ABCE1 dissociates the complex into free 60S subunits and tRNA- and mRNA-associated 

40S subunits (14, 16, 178). The subsequent dissociation of tRNA and mRNA from the 40S 

subunits is carried out by the combined actions of translation initiation factors eIF3, eIF1, 

eIF1A, and eIF3j (177, 178), and all components are thus rendered ready to be recycled for 

new rounds of translation. In vitro, Rli1 can also stimulate the peptide hydrolysis activity of 

eRF1, and this stimulatory activity is inhibited by eRF3, suggesting that efficient peptide 

release in vivo may involve the sequential actions of both the release factor eRF3 and the 

recycling factor ABCE1 (200). Using nonsense codon read-through as an assay, several 

other proteins, including poly(A)-binding protein (Pab1 in yeast; PABPC1 in humans), have 

been shown to influence translation termination. Pab1-eRF3 interaction is thought to play a 

role in the formation of an mRNP complex favorable to normal translation termination (6, 

40, 85, 88), and overexpressing or deleting Pab1, respectively, enhances or reduces 

termination efficiency in yeast or human cells (40, 88, 95). Recent Pab1 tethering 

experiments suggest that the Pab1-eRF3 interaction functions mainly to promote the 

recycling of ribosomal subunits to the 5′ end of a translating mRNA (53).

Premature Translation Termination Is Aberrant

Although all termination events (and NMD) begin with a nonsense codon in the ribosomal A 

site, several observations indicate that the subsequent process appears to be mechanistically 

different for normal and premature translation termination (Figure 1b): (a) normal 

termination events do not trigger NMD; (b) yeast ribosomes recognizing normal termination 

codons (NTCs) in vitro do not yield toe prints unless eRF1 is inactivated by a temperature-

sensitive lesion (4), but ribosomes at PTCs readily yield toe-print signals without eRF1 

inactivation (4), and comparable results have been observed for termination at a PTC versus 

NTC of human β-globin mRNA (173); and (c) although some NTCs allow nonsense codon 

read-through (49, 72), PTCs are, in general, much more susceptible to read-through than 

NTCs (21, 48, 69, 75, 107, 120, 132, 133, 175, 223, 241). Thus, although translation 

termination at NTCs and PTCs are both triggered by the presence of a stop codon in the A 

site, the kinetics and the efficiency of the termination events at NTCs and PTCs are 

markedly different. The diminished efficiency of premature termination suggests that at least 

some aspects of termination events at PTCs may have fundamentally different kinetics than 

those at NTCs. The potential differences at PTCs may include the delayed recruitment and 

action of the release factors due to lack of the stimulatory activity of Pab1. As a consequence 

of such potential differences in kinetics, premature termination may use a different 

mechanism to dissociate and recycle the components of terminating mRNPs (Figure 1b).
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MOLECULAR MECHANISMS OF NONSENSE-MEDIATED DECAY

NMD selectively targets mRNAs undergoing premature translation termination or the 

contextual equivalent of premature termination. An understanding of the molecular 

mechanisms of NMD requires answers to four key questions. First, what are the unique 

molecular features or events that distinguish premature termination from normal termination 

and make the premature termination process susceptible to NMD? Second, when and how 

are the key NMD factors targeted to prematurely terminating mRNPs? Third, how are the 

targeted mRNAs degraded? And, finally, in addition to their decay-promoting activities, 

what are the ancillary roles of the NMD factors and what insights do these roles provide 

about the differences between premature and normal termination?

Defining Features of Prematurely Terminating mRNPs

Three principal models describe unique or defining features of mRNPs undergoing 

premature translation termination and propose the ways in which these features might 

trigger NMD. These include the EJC model, the Upf1 3′-UTR sensing and potentiation 

model, and the faux 3′-UTR model. All three models invoke the importance of an mRNA’s 

3′-UTR in initiating NMD but propose significantly different roles for the 3′-UTR. The EJC 

and the Upf1 3′-UTR sensing and potentiation models propose that the long 3′-UTR of a 

PTC-containing mRNA contains specific mRNP structures that can induce or potentiate 

NMD. In contrast, the faux 3′-UTR model proposes that a long 3′-UTR creates an mRNP 

structure that has diminished stimulatory activity for translation termination, leading to 

aberrant termination.

Exon Junction Complex Model

The EJC model is principally applicable to the mechanism of NMD in mammalian cells, yet 

it follows from an initial observation in yeast. The latter indicated that degradation of PTC-

containing PGK1 mRNA requires both a downstream cis-acting element and a trans-acting 

factor (Hrp1) that binds to this element (71). Analogous principles in mammalian cells 

followed from several important observations pertaining to the role of pre-mRNA splicing in 

NMD, including those showing that (a) the vast majority of mammalian genes contain 

introns, and nuclear pre-mRNA splicing deposits EJCs on spliced mRNAs (128); (b) the 

normal stop codons for the vast majority of mammalian genes are located in the last exon, 

and mammalian NMD is often enhanced by a splicing event downstream of the PTC (159, 

239); and (c) EJCs travel with spliced mRNAs to the cytoplasm and associate with the NMD 

factor Upf3 (112, 142). These and other observations led to a model proposing that during 

the initial or pioneer round of translation, elongating ribosomes displace EJCs from an 

mRNA unless the mRNA contains a PTC, in which case EJCs downstream of the PTC 

remain mRNA-associated. A PTC would then promote NMD because Upf1 is thought to be 

recruited to the prematurely terminating ribosome by the release factors eRF1 and eRF3, and 

then activated by Upf2 and Upf3 bound to the downstream EJC (Figure 2a). Activated Upf1, 

either by itself or through additional effectors, is then thought to recruit deadenylation, 

decapping, or endonucleolytic enzymes to the mRNA to promote transcript degradation (93, 

94, 194). However, a role for a retained EJC in Upf1 activation fails to explain NMD of 

mRNAs derived from intronless precursors (182), spliced mRNAs without EJC components 
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(225) or proper EJC spacing (217, 239), or viral unspliced mRNAs (124, 181). In addition, 

the EJC model is also challenged by recent experimental evidence showing that in human 

cells, NMD targets not only cap-binding protein (CBP)-bound mRNAs during the pioneer 

round of translation but also eIF4E-bound mRNAs during subsequent rounds of translation 

(50, 186).

Upf1 3′-UTR Sensing and Potentiation Model

PTCs usually create long 3′-UTRs, and some wild-type mRNAs with long 3′-UTRs also 

trigger NMD. Recognizing the NMD-promoting role of such UTRs, Hogg & Goff (86) used 

an RNA-based affinity tag to isolate and then characterize the proteins associated with 

several reporter mRNAs with long 3′-UTRs. They observed that (a) Upf1 preferentially 

associates with transcripts containing NMD-inducing 3′-UTRs; (b) the site of Upf1 

association with such transcripts was the 3′-UTR, and this binding was dependent on the 3′-

UTR length but not the sequence; (c) Upf1’s association with NMD-inducing long 3′-UTR 

transcripts was independent of translation but disrupted by frequent ribosome read-through 

events; and (d) infrequent ribosome read-through events preserved Upf1 binding to the 

mRNA but prevented the activation of NMD. In the Upf1 3′-UTR sensing and potentiation 

model that is based on these observations, NMD is thought to be activated through a two-

step mechanism (Figure 2b). In the first step, Upf1 is proposed to bind to 3′-UTRs and sense 

their lengths. Upf1 binding to long 3′-UTRs is then hypothesized to prime transcripts for 

decay, with another yet unidentified mRNP structure or termination event bearing 

responsibility for triggering Upf1 activation and promoting decay. This model and the 

general notion of Upf1 association with 3′-UTRs are supported by several genome-wide 

Upf1 CLIP (cross-linking and immunoprecipitation)-seq experiments (74, 91, 118, 242). 

However, length-dependent but sequence-independent Upf1 binding is difficult to reconcile 

with preferential binding of Upf1 to NMD-inducing, but not to non-NMD-inducing, long 3′-

UTRs (86). Further, the translation-independence of Upf1 binding to NMD-inducing 3′-

UTRs conflicts with earlier observations that, at steady state, the majority of yeast and 

human Upf1 is associated with polyribosomes (11, 171). The key experimental evidence for 

length-dependent Upf1 binding to NMD-inducing 3′-UTRs was based on quantitative 

coimmunoprecipitation of 3′-UTR fragments by Upf1 antibodies after RNase H-mediated 

cleavage (86). However, given the extensive molecular interactions thought to occur between 

mRNA 5′ and 3′ ends during translation (5, 207), a single cleavage site in an mRNP may not 

generate two independent mRNP domains, i.e., it is possible that coprecipitation of 3′-UTR 

fragments is mediated through the 5′-mRNP domain and its translating ribosomes. 

Consistent with this interpretation, both general translation factors and ribosomal proteins 

were present in the purified mRNP fraction (86). In addition, the DNA probe used to assess 

the efficiency of Upf1 association with different 3′-UTR fragments was capable of more 

extensive hybridization to longer 3′ cleavage products than to shorter ones (86), thus 

complicating quantitative interpretations of the relationship between UTR length and Upf1 

binding.

Faux–Untranslated Region Model

The faux-UTR model was originally proposed to explain NMD in yeast cells (4), but its 

principal tenets were subsequently supported by results in other systems, including fly, plant, 
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and human cells (17, 108, 204). This model integrated several important observations 

pertinent to both NMD and translation termination, namely that (a) PTCs that trigger NMD 

usually create long 3′-UTRs; (b) artificial extension of an mRNA’s 3′-UTR can trigger 

NMD (158); and (c) compared with termination at NTCs, termination at PTCs is 

intrinsically inefficient (4). The faux-UTR model posits that efficient translation termination 

depends on interactions between the release factors and proteins bound to a normal 3′-UTR. 

Accordingly, the mRNP structure associated with a 3′-UTR created by a PTC is thought to 

lack at least one critical factor that normally enhances termination (4, 6, 109). Upf1 

involvement follows from the hypothesis that its association with a prematurely terminating 

ribosome could be favored in the faux 3′-UTR mRNP context, owing either to the loss of 

effective interaction between one of the release factors and a protein normally associated 

with the 3′-UTR, or to at least one kinetically delayed step during termination (109) (Figure 

2c). In support of this model, artificial tethering of poly(A)-binding protein Pab1 (or 

PABPC1) downstream of a PTC, or shortening the distance between a PTC and the poly(A) 

tail by restructuring the 3′-UTR, can antagonize NMD (4, 17, 52, 95, 110, 202). In contrast 

to the model, some mRNAs that lack poly(A) are still subject to NMD regulation (197) and 

some mRNAs with long 3′-UTRs can evade NMD (124, 181, 204). In at least one instance, 

an mRNA in the latter class appears to contain a specific cis-acting element downstream of 

the termination codon that counteracts NMD activity (220, 230). If the faux-UTR model is 

correct, such elements may inhibit NMD by promoting efficient translation termination.

Upf1 Recruitment to Targeted mRNAs

Upf1 is the central regulator of NMD from yeasts to humans, and an understanding of the 

timing and means by which it is recruited to its target mRNAs is critically important for 

deciphering the molecular mechanisms of NMD. As might be expected, this is a contentious 

issue (118, 243). In the EJC and faux-UTR models, Upf1 is thought to be selectively 

recruited to NMD-targeted mRNAs during translation, most likely through interactions with 

the release factors eRF1 and eRF3 located on prematurely terminating ribosomes. This mode 

of Upf1 targeting is supported by substantial experimental evidence, including observations 

that (a) NMD requires mRNA translation (109); (b) the bulk of yeast and human Upf1 is 

associated with polyribosomes at steady state (11, 171) and yeast Upf1 copurifies with 

ribosomal 40S subunits (153); (c) Upf1 interacts with eRF1 and eRF3 (43, 95, 104, 204); 

and (d) Upf1 preferentially associates with NMD-targeted mRNAs (45, 98, 100, 118, 119). 

Nevertheless, translation-dependent Upf1 targeting of NMD substrate mRNAs has been 

challenged by the results of mRNP purification (86) and Upf1 CLIP-seq experiments (74, 

91, 242), both of which imply that Upf1 associates with mRNA 3′-UTRs independently of 

mRNA translation. Although the mRNP purification experiments indicated selective Upf1 

binding to NMD-inducing long 3′-UTRs, the CLIP experiments suggested that Upf1 targets 

the 3′-UTRs of both NMD-sensitive and NMD-insensitive transcripts (74, 91, 242). In 

addition, because inhibiting translation with cycloheximide or puromycin enhanced Upf1 

binding to mRNA coding regions in the CLIP experiments, it has also been suggested that 

Upf1 may target most mRNAs prior to their translation, only to be displaced from mRNA 

coding regions by elongating ribosomes (242, 243). Complicating the matter further, an 

indiscriminate, translation-independent mode of Upf1 targeting is inconsistent with results 

obtained in Upf1 RNA immunoprecipitation (RIP) experiments in multiple experimental 
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systems (98, 100, 118, 119, 202). All of these RIP experiments demonstrated selective Upf1 

binding to NMD-targeted mRNAs, in some cases showing that Upf1 binding to the target 

mRNAs is dependent on translation (118, 119).

These discrepancies are substantial and complicate the likelihood of finding a common 

model, thus warranting a careful examination for possible technical differences that may 

explain the inconsistencies. Upf1 CLIP-seq and Upf1 RIP experiments differ significantly in 

the method of final RNP sample preparation and the CLIP approach appears to 

underestimate Upf1 association with polyribosomes. The CLIP experiments involve size 

selection of RNP complexes by gel electrophoresis and thus are biased against large RNP 

complexes that would include ribosomes. The RIP experiments [followed by either 

microarray analysis (98) or deep sequencing (118)] largely overcame this limitation and 

appear to have captured ribosome-associated mRNAs. Concerns about the recovery of 

polysome-associated mRNAs extend as well to data analysis. Current analysis pipelines for 

deep sequencing data include a potential bias against ribosome-associated proteins that may 

have cross-linked to rRNA. In most data analyses, an early step is the elimination of rRNA 

reads. For example, more than 75% of the sequencing reads from one CLIP-seq experiment 

were discarded (242). The RIP-seq and mRNP purification experiments overcome this 

limitation, with both protocols likely to encompass ribosomal complexes. In fact, the 

purified mRNP fraction contains ribosomal proteins and translation factors (86). The 

indiscriminate Upf1 binding to 3′-UTRs seen in CLIP experiments may thus reflect a direct 

interaction with mRNA that is independent of NMD. It is worth noting that the CLIP-seq 

experiments also reveal Upf1 association with some noncoding RNAs (MALAT1 and 

GAS5). Interestingly, these RNAs appear to contain cis-acting, translation-enhancing 

elements (229), are associated with translating ribosomes (92), and are subject to NMD 

(143). In contrast to an earlier proposition (242), these noncoding RNAs are also likely 

targeted by Upf1 through a translation-dependent mechanism. Collectively, these 

considerations lead us to speculate that Upf1 targets PTC-containing mRNAs through 

terminating ribosomes. One likely scenario is that Upf1 associates transiently with 

elongating ribosomes of all translating mRNAs but is activated only by the unusual 

termination events occurring at PTCs, such as the delayed recruitment and action of eRF1 

and eRF3, or lack of ABCE1 activity (Figure 2d).

Roles of Upf1’s ATPase/Helicase Activities in Nonsense-Mediated Decay

Yeast and human Upf1 manifest RNA-dependent ATPase activity in vitro (20, 29, 30, 44). 

This ATPase activity is essential for NMD, as mutations that eliminate Upf1’s RNA binding, 

ATP-binding, or ATP hydrolysis functions all abolish NMD in vivo (104, 226–228). 

However, the function, site of action, and mechanism of activation of the Upf1 ATPase 

activity remain unclear. Genetic analyses in yeast suggest that the Upf1 ATPase activity 

likely promotes some steps during premature translation termination, including peptide 

release and ribosomal subunit dissociation or recycling (109). This conclusion is supported 

by several lines of evidence. First, deletion of UPF1 causes high levels of translation read-

through at PTCs (145, 219, 227), only some of which is attributable to indirect effects (79, 

99). Second, although upf1 mutants deficient in ATP-binding or ATP hydrolysis fail to 

promote NMD, these mutants prevent nonsense codon read-through as efficiently as the 
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wild-type UPF1 allele (79, 226). Third, deletion of UPF1 also results in defects in translation 

reinitiation in vivo and ribosome recycling in vitro (65). Recent functional analyses of 

ATPase-deficient Upf1 mutants in human cells suggest that Upf1 is also required for the 

final step of NMD, i.e., Xrn1-mediated exonucleolytic decay, and that the ATPase activity 

promotes mRNP disassembly, including the dissociation of NMD factors (56). Several 

important observations support this conclusion; for example, (a) ATPase-deficient hUpf1 

causes the accumulation of 3′ decay intermediates of NMD-targeted mRNAs in vivo; (b) 

ATPase-deficient hUpf1 and additional NMD factors accumulate on 3′ decay intermediates; 

and (c) the 3′ decay intermediates that accumulate in vivo are resistant to Xrn1 digestion. 

Although the timing and function of the yeast and human Upf1 ATPase activities in NMD 

appear to differ, these differences can be accommodated by a unified model and a single site 

of Upf1 action. In this model, Upf1 functions at prematurely terminating ribosomes, and its 

ATPase activity promotes conformational and compositional transitions in the terminating 

mRNPs that are essential for both the initiation and completion of NMD. ATPase-deficient 

Upf1 is unable to promote these transitions, causing the terminating mRNPs to stall at an 

intermediate step. ATPase-deficient Upf1 associated with the stalled mRNP could still 

recruit decay factors to initiate NMD but is unable to promote key transitions in the 

terminating mRNPs, thus causing the accumulation of 3′ decay intermediates. Alternative 

models for the function of Upf1 ATPase activity propose that Upf1 functions mainly as an 

RNA helicase after translation termination, using its ATPase activity to scan the RNP 

components in mRNA 3′-UTRs (149, 199). The experimental evidence for these models is 

still very limited.

Roles of Upf1 Phosphorylation Cycle in Nonsense-Mediated Decay

In metazoans, Upf1 function in NMD is also controlled by a cycle of phosphorylation and 

dephosphorylation (168, 170). Upf1 phosphorylation occurs after its targeting to PTC-

containing mRNAs and while it is associated with prematurely terminating ribosomes. The 

modification is carried out by the Smg1 kinase and also requires the functions of Upf2, 

Upf3, and some EJC components (46, 76, 104, 236). Upf1 dephosphorylation most likely 

occurs after Upf1 dissociation from targeted mRNAs, and this step is dependent on the 

functions of Smg5, Smg6, and Smg7, and also requires the activity of the protein 

phosphatase PP2A (7, 168–170). Upf1 phosphorylation creates a set of binding sites for its 

downstream effector molecules. The new molecular interactions created by Upf1 

phosphorylation probably coordinate mRNP remodeling events during NMD and may also 

control the mechanisms of degradation for different PTC-containing mRNAs. For example, 

phosphorylation of threonine 28 at the N-terminal extension of hUpf1 enhances Upf1 

interaction with the endonuclease Smg6 (169). In contrast, phosphorylation of serine 1096 

and 1116 at the C-terminal extension of hUpf1 promotes Upf1 binding of the Smg5-Smg7 

heterodimer (28, 102, 169). In addition, hyperphosphorylated Upf1 also exhibits preferential 

binding to the decapping factors Dcp1 and human proline-rich nuclear receptor PNRC2 (36). 

Yeast Upf1 also contains several phosphorylated residues. However, there is no evidence that 

links these Upf1 phosphorylation events to functions in NMD (123, 218), suggesting that the 

function of Upf1 phosphorylation in NMD evolved in metazoans to deal with the increased 

complexity in mRNP and ribosomal structures, or the translation termination process.
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Mechanisms of Nonsense-Mediated Decay–Targeted mRNA Degradation

In yeast or human cells, the actual degradation of NMD-targeted mRNAs occurs through 

multiple mechanisms. In yeast cells, NMD-targeted mRNAs are degraded predominantly 

through a deadenylation-independent decapping mechanism involving decapping by the 

Dcp1/Dcp2 decapping enzyme and 5′-to-3′ exonucleolytic digestion by Xrn1 (81, 157) 

(Figure 3a). In this 5′-to-3′ decay pathway, the decapping enzyme is recruited to the targeted 

mRNAs by direct Upf1:Dcp2 interaction (80), possibly when the mRNA is still associated 

with the terminating ribosome (89). NMD-targeted mRNAs can also be degraded by a 3′-

to-5′ decay mechanism involving deadenylation and by 3′-to-5′ digestion by the cytoplasmic 

exosome. This pathway appears to be preferred in cells lacking decapping activity (26, 154, 

209). In human cells, NMD-targeted mRNAs are degraded by endonucleolytic cleavage (51, 

90), deadenylation-dependent decapping (130, 136, 139, 216, 234), and exosome-mediated 

3′-to-5′ decay (130) (Figure 3b). Initiation of both the endonucleolytic decay and 

deadenylation-dependent decapping is mediated by Upf1. In the endonucleolytic decay 

pathway, Upf1 recruits the endonuclease Smg6 to targeted mRNAs through both 

phosphorylation-dependent and phosphorylation-independent interactions (28, 164, 169). 

Smg6 cleaves its substrate mRNAs in the vicinity of PTCs and the resulting 5′ and 3′ 

fragments are degraded by the exosome and Xrn1, respectively (22, 51, 90). In the 

deadenylation-dependent decay pathway, phosphorylated Upf1 recruits the Smg5-Smg7 

heterodimer to the targeted mRNAs. Subsequently, Smg7, via an interaction between its C-

terminal domain and Pop2, recruits the Ccr4-Not deadenylase. After deadenylation, mRNAs 

are decapped by the Dcp2 decapping enzyme and finally degraded 5′ to 3′ by Xrn1 (136, 

216). Human Upf1, through its N-and C-terminal extensions, also interacts directly with 

Dcp2, and this Upf1:Dcp2 interaction may promote both deadenylation-dependent and 

deadenylation-independent decapping of targeted mRNAs (136, 216). The question of how 

the cytoplasmic exosome is recruited to NMD-targeted mRNAs remains unanswered (130). 

Recent genome-wide 5′ end-seq [or PARE (parallel analysis of RNA ends)] analyses reveal 

that Smg6-mediated endonucleolytic decay targets thousands of transcripts in the human 

transcriptome and is the major decay-initiating event in mammalian NMD (143, 192). 

Deadenylation-dependent or independent decapping serves mostly as a backup for the Smg6 

endonucleolytic decay pathway but also preferentially targets a specific set of mRNAs (143, 

192). Further, although Smg6 usually cleaves targeted mRNAs at several locations in the 

vicinity of PTCs, the actual cleavage sites exhibit significant sequence specificity (192).

PNCR2 was isolated based on its interaction with human Upf1 in a yeast–two hybrid screen; 

it also interacts with Dcp1 (36). On the basis of these observations and other results, it was 

suggested that PNCR2 plays an essential role in mammalian NMD (34, 36), but that notion 

has recently been challenged (136). PNCR2 is a small proline-rich polypeptide that interacts 

strongly with Dcp1 (121) but is, at best, a very weak interactor with Upf1 (136). Tests for 

direct interaction between PNCR2 and Upf1 have been attempted but never demonstrated, 

and the proposed Dcp1 and Upf1 binding sites on PNCR2 are close to each other (<20 

amino acids apart) (121). Thus, it is possible that the originally observed two-hybrid 

interaction between hUpf1 and PNCR2 may be indirect and bridged through the yeast 

decapping enzyme, i.e., PNCR2 may have a more general function in mRNA decapping but 
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probably does not function as a NMD factor. Consistent with this interpretation, PNCR2 is 

also involved in Staufen1-mediated mRNA decay (35).

UPF1 FUNCTIONS OUTSIDE OF NONSENSE-MEDIATED DECAY

In addition to its central role in NMD, Upf1 is also involved in several seemingly unrelated 

cellular processes. Upf1 is recruited by mammalian Staufen1 to specific mRNA 3′-UTRs to 

elicit mRNA decay (113), and it is also recruited by the stem-loop binding protein (SLBP) to 

replication-dependent histone mRNA 3′-UTRs to promote degradation of those mRNAs 

(105). Upf1 is a component of HIV-1 RNPs and depletion of Upf1 attenuates HIV-1 

genomic RNA levels and protein expression (1). Upf1 is also a component of L1-RNPs 

generated from human active LINE-1 retrotransposable elements that limits L1 mRNA 

expression (213). All these Upf1 functions appear to be independent of the other NMD 

factors. Because human Upf1 also forms complexes with the Dcp2 decapping enzyme (54, 

139), it is possible that these Upf1 activities are mediated by the presence of Upf1 in 

decapping complexes, i.e., they are independent of Upf1’s functions at terminating 

ribosomes during NMD.

A NEW MODEL FOR NONSENSE-MEDIATED DECAY

NMD is triggered by a PTC in the A site of the ribosome. From yeast to humans, NMD 

requires a set of conserved Upf factors, Upf1, Upf2, and Upf3, indicating that the 

fundamental mechanism of NMD has been conserved during eukaryotic evolution. Although 

the eventual outcome of NMD is the accelerated degradation of a targeted mRNA, much of 

the NMD mechanism is intimately entangled with the process of premature translation 

termination. This conclusion follows most easily from several observations in yeast. First, 

deletion of the genes encoding Upf1, Upf2, or Upf3 promotes translation read-through at 

PTCs (145, 219). Although complicated to some extent by being partially attributable to an 

indirect effect on intracellular Mg2+ levels (99), this observation indicates that Upf1, Upf2, 

and Upf3 may act at an early stage of the premature termination process, possibly having a 

role in enhancing the recruitment of the release factors to the terminating ribosome or 

stimulating release factor activities. Second, deletion of the genes encoding Upf1, Upf2, or 

Upf3 also causes a deficiency in translation reinitiation in vivo, a defect in ribosome 

recycling, and loss of aberrant toe prints associated with premature termination in vitro (4, 

65). These observations indicate that Upf1, Upf2, and Upf3 also act at a late stage of the 

premature termination process, possibly in the dissociation and recycling of ribosomal 

subunits. Finally, the functions of the Upf factors in preventing translation read-through and 

promoting mRNA decay appear to be distinct. The former function can bypass Upf2 and 

Upf3, and is independent of Upf1’s ATPase activity (79, 145). In contrast, the latter function 

requires Upf2 and Upf3, and is dependent on Upf1’s ATPase activity (79, 226). Based 

largely on these observations, we propose a new model for NMD (Figure 1b). In this model, 

Upf1 normally associates transiently with elongating ribosomes on all translating mRNAs 

via 40S subunit interaction (153). Upf1 association with a prematurely terminating ribosome 

is thought to be stabilized if Upf2 and Upf3 also associate, with the latter event occurring 

because of the delayed recruitment of the release factors (eRF1 and eRF3) or an atypical 

conformation for a terminating ribosome. Ribosome-associated Upf1, Upf2, and Upf3 would 
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then control several aspects of the premature termination process. At the early stage, these 

factors could either recruit the release factors to the terminating ribosome or stimulate 

release factor activities to promote peptide release. After peptide release, the Upfs would 

promote the dissociation and recycling of the terminating ribosome by activating the Upf1’s 

ATPase activity. After ATP hydrolysis by Upf1, the 60S subunit and the deacylated tRNA 

are thought to be released from the terminating mRNP, but Upf1 continues to be associated 

with the 40S subunit still bound to the mRNA. Upf1 on the 40S ribosomal subunit would 

then, directly or via effector molecules, recruit mRNA decay activities to the targeted mRNA 

to promote mRNA degradation (Figure 3).

OPEN QUESTIONS

Work over the past two-and-a-half decades has provided substantial insights into the 

multifaceted aspects of NMD. The core NMD factors and their major regulators or effectors 

were identified and characterized in several model organisms, substrates of the pathway 

were delineated, and decay-initiating events were illuminated in diverse cell types. In 

addition, we also learned a considerable amount about Upf1’s biochemical activities, 

structure, and regulation. To move to the next step and gain a better mechanistic 

understanding of NMD, several key questions remain to be addressed. First, NMD is linked 

to translation termination, yet the termination events that discriminate premature termination 

from normal termination are still unknown. Second, NMD requires the functions of the core 

Upf factors, yet the timing and the location of the association of these factors with 

terminating ribosomes remain obscure. Third, Upf1’s ATPase/helicase activity is essential 

for NMD and, in metazoans, Upf1’s function in NMD is also controlled by a cycle of 

phosphorylation and dephosphorylation. However, the target of Upf1’s ATPase/helicase 

activity and the relationship between this Upf1 activity and its phosphorylation status are 

also not clear. Finally, we have little understanding of the ways that NMD activity appears to 

be dictated by the length of translated regions (45) or is dependent on the specific positions 

of PTCs (27, 174, 217). Answers to all of these questions are required and our understanding 

of this process would be enhanced by structures of the Upfs in association with each other 

and their interactors (including the ribosome), as well as development of in vitro systems 

capable of carrying out at least some of the multiple steps in NMD.
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Figure 1. 
Possible mechanistic differences between normal translation termination and premature 

translation termination. (a) An overview of normal translation termination. Here, the release 

factors eRF1 and eRF3 are thought to be efficiently recruited to the A site of the terminating 

ribosome, thereby preventing Upf2 and Upf3 from associating with the termination complex 

and precluding the stable association of Upf1 with the 40S subunit. The ordered and 

coordinated actions of eRF1, eRF3, and ABCE1 promote efficient peptide release, after 

which ATP hydrolysis by ABCE1 and the combined actions of initiation factors eIF1, 

eIF1A, and eIF3j promote the dissociation and recycling of the ribosomal subunits. (b) An 

overview of premature translation termination. Owing to the lack of a 3′-UTR-based 

stimulatory activity, the release factors eRF1 and eRF3 are inefficiently recruited to the A 

site of the prematurely terminating ribosome. The delayed recruitment of the release factors 
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or a particular structural feature of a premature termination complex triggers the binding of 

Upf2 and Upf3 to the terminating ribosome. The joining of Upf2 and Upf3 stabilizes Upf1’s 

binding to the premature terminating ribosome and, collectively, the three Upf factors 

control several activities of the termination process. At the early stage, they function in 

recruiting the release factors or stimulating release factor activities to promote peptide 

release. At the next stage, they promote the dissociation and recycling of ribosomal subunits. 

The function of the Upf factors at this stage of premature termination is similar to that of 

ABCE in normal termination, but mechanistic differences must exist. For example, ABCE1 

activity at normal termination leads to complete dissociation of the ribosomal subunits from 

the mRNA, but the activity of the Upf factors at premature termination may only lead to 

dissociation of the 60S subunit. Abbreviations: CBP, cap-binding protein; PABPC1, 

poly(A)-binding protein.
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Figure 2. 
Possible modes of Upf1 recruitment and activation during nonsense-mediated mRNA decay 

(NMD). Four different modes of Upf1 recruitment and activation during NMD are 

described. (a) Upf1 recruitment and activation based on the EJC (exon junction complex) 

model. (b) Upf1 recruitment and activation based on the Upf1 3′-UTR (untranslated region) 

sensing and potentiation model. (c) Upf1 recruitment and activation based on the faux 3′-

UTR model. (d) Upf1 recruitment and activation based on stochastic binding of Upf1 and 

activation by Upf2 and Upf3 binding only at a premature termination codon. Abbreviations: 

CBP, cap-binding protein; PABPC1, poly(A)-binding protein.
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Figure 3. 
Major decay events in yeast and mammalian nonsense-mediated mRNA decay (NMD). (a) 

Major decay events in yeast NMD. At the end of the premature termination process, Upf1 is 

still associated with the 40S subunit, which remains attached to the mRNA. Upf1 on the 40S 

subunit then interacts with the Dcp1/Dcp2 decapping enzyme to trigger decapping of the 

mRNA. After decapping, the mRNA is digested by the Xrn1 5′-to-3′ exonuclease. (b) Major 

decay events in mammalian NMD. At the end of the premature termination process, 

phosphorylated Upf1 is still associated with the 40S subunit, which remains attached to the 

mRNA. Phosphorylated Upf1 on the 40S subunit then interacts with the Smg6 endonuclease 

and the effector Smg5-Smg7 heterodimer to trigger either endonucleolytic cleavage in the 

vicinity of the premature termination codon or deadenylation from the 3′ end of the mRNA. 

In the endonucleolytic cleavage pathway, the 5′ cleavage product is digested by the 

cytoplasmic exosome and the 3′ cleavage product is digested by Xrn1. In the deadenylation 

pathway, the Ccr4-Not deadenylase is recruited to the mRNA through an interaction between 
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Smg7 and Pop2. After deadenylation, the mRNA is decapped by the Dcp1/Dcp2/Edc4 

complex and then digested by Xrn1.
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