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Abstract

Nonsense-mediated mRNA decay (NMD) is one of the best characterized and most evolutionarily 

conserved cellular quality control mechanisms. Although NMD was first found to target one-third 

of mutated, disease-causing mRNAs, it is now known to also target ~10% of unmutated 

mammalian mRNAs to facilitate appropriate cellular responses — adaptation, differentiation or 

death — to environmental changes. Mutations in NMD genes in humans are associated with 

intellectual disability and cancer. In this Review, we discuss how NMD serves multiple purposes 

in human cells by degrading both mutated mRNAs to protect the integrity of the transcriptome and 

normal mRNAs to control the quantities of unmutated transcripts.

Eukaryotic cells are subject to a constant battery of environmental insults, which can change 

the protein-coding potential of their DNA. To maintain the integrity of gene expression, 

mRNAs are inspected for errors before they have the opportunity to produce deleterious 

proteins in bulk. One such mechanism, nonsense-mediated mRNA decay (NMD), inspects 

mRNAs for common errors that result in the introduction of a premature termination codon 

(PTC) and cleaves and eliminates them from the transcriptome. PTCs are particularly 

problematic because they can result in the production of nonfunctional and/or dominant-

negative proteins.

In this Review, we discuss how key RNA-associated proteins are rearranged to detect and 

eliminate faulty transcripts that may differ from their wild-type counterparts by as little as a 

single nucleotide. NMD is exploited by cells also to shape the transcriptome in ways that 

promote responses to environmental changes, including those that occur during 
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development, differentiation or stress. Originally discovered in humans in the context of a 

disease (β0-thalassaemia), we also discuss problems that arise when NMD is faulty or 

transcripts otherwise escape NMD and how these problems may be remedied by therapeutics 

in the future (Supplementary Box 1).

Key NMD factors

NMD is a translation-dependent mRNA quality control pathway that selectively degrades 

mRNAs harbouring a PTC or another NMD-activating feature. NMD is an evolutionarily 

conserved process that is mediated in all tested eukaryotes by the RNA-dependent helicase 

and ATPase UPF1, which was first discovered in the budding yeast Saccharomyces 
cerevisiae1. UPF1 binds to mRNAs undergoing translation2,3 that harbour a PTC by 

interacting with the translation termination complex, which is composed of eukaryotic 

release factor 1 (eRF1) and eRF3 (REFS4–9) (FIG. 1a). UPF1 also binds promiscuously to 

any physically accessible transcript, including the ribosome-free 3′ untranslated regions 

(UTRs) of not only NMD targets but also non-NMD targets in a manner dependent on its 

ATPase and helicase activities7,10–14.

UPF1 contains two evolutionarily conserved functional domains: an amino-terminal 

cysteine- and histidine-rich (CH) domain and a carboxy-terminal RNA helicase domain. 

UPF1 hydrolyses ATP to translocate 5′-to-3′ along RNAs15–17. The ATPase-dependent 

helicase activity of UPF1 promotes the decay steps of NMD by translocating along single-

stranded RNA and interacting with NMD-activating features, unwinding structured RNA 

and disassembling messenger ribonucleoproteins to facilitate the completion of mRNA 

degradation4,17–20. In vitro, the helicase domain of human UPF1 associates with ~10 

nucleotides of RNA21,22 and exhibits slow (1.92 bp s−1 for the helicase domain on a 

structured single-stranded RNA) but highly processive translocating activity18,23 of more 

than 10 kb (REF18).

The ATPase and helicase activities of UPF1 are stimulated by interactions with two other 

NMD factors, UPF2 and UPF3X (also known as UPF3B)21,22. UPF1, which forms a closed 

intramolecular structure through interactions between its terminal domains24, is relaxed to 

an open configuration when the CH domain interacts in trans with UPF2 (REFS22,25,26). The 

UPF1–UPF2–UPF3X complex has an evolutionarily conserved role in NMD9,25–31. Of the 

three NMD factors, UPF1 is at least tenfold more abundant in either S. cerevisiae or human 

cells than UPF2 or UPF3 (REFS32,33). This suggests that UPF1 has functions that are 

independent of the other UPF proteins. In vertebrates, there are two UPF3 paralogues, UPF3 

(also known as UPF3A) and UPF3X, which differentially function in NMD to support 

embryogenesis, neurogenesis or gametogenesis29,34–37. UPF3X and UPF3, which is a poor 

activator of NMD relative to UPF3X, compete for binding to UPF2, indicating that the 

abundance of UPF3 serves as a molecular rheostat that fine-tunes NMD34,37 (TABLE 1). We 

note that different pathways of NMD have been described: all require UPF1, but each has 

different requirements for some other NMD factors38–41.
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Target choice and activation of NMD

NMD selectively degrades mRNAs harbouring a PTC (FIG. 1a) or another NMD-activating 

feature, such as an unusually long 3′ UTR (FIG. 1b). One long-standing question is how 

cells discriminate target mRNAs from nontarget mRNAs. Recent transcriptome-wide 

analyses indicate that UPF1 exists on both NMD targets and mRNAs that are not 

targets10,12,14,42. This contradicts an old model of NMD, in which UPF1 is recruited only to 

NMD targets. Instead, at least two different mechanisms have been proposed for target 

discrimination: 3′ UTR exon junction complex (EJC)-dependent NMD and 3′ UTR EJC-

independent NMD; the latter is also known as long 3′ UTR-mediated NMD or EJC-

independent NMD. Generally, a 3′ UTR EJC mediates the most efficient NMD.

3′ UTR EJC-dependent NMD.

Splicing involves the deposition of a large protein complex called the EJC approximately 

20–24 nucleotides upstream of most (~80%) spliced exon–exon junctions without any 

sequence preference43–46. Transcriptome-wide analyses estimate that ~30–35% of pre-

mRNA splicing events in human and mouse cells routinely introduce PTCs that are 

predicted to trigger NMD47–49. It is also reported that ~50% of human transcripts contain at 

least one upstream open reading frame (uORF) that ends with a PTC that can trigger NMD 

when the uORF is used50,51. The core of the nuclear EJC is composed of eukaryotic 

initiation factor 4A3 (eIF4A3), which is a helicase that anchors the EJC to the RNA, RNA-

binding protein 8A (RBM8A; the human homologue of Y14) and MAGOH52. This core is 

joined by other proteins, including UPF3X and RNA-binding protein with serine-rich 

domain 1 (RNPS1)45,46,52. Notably, EJCs are compositionally heterogeneous: besides 

containing either UPF3X or UPF3, other components can undergo a switch, for example, 

RNPS1 with metastatic lymph node 51 (MLN51; also known as CASC3) after export to the 

cytoplasm46,52. Variations in EJC composition regulate its roles in alternative splicing53–55, 

mRNA export43,56 and mRNA translation57–59. When positioned downstream of a 

termination codon, the best-characterized role of the EJC is the targeting of mRNAs for and 

strongly activating NMD41,60,61 (FIG. 1a).

During translation, proteins associated with 5′ UTRs or with coding regions are generally 

removed by processive translocation of, respectively, 40S or 80S ribosomes (FIG. 1c). As 

active ribosomes do not transit through 3′ UTRs but dissociate once translation terminates, 

proteins associated with 3′ UTRs remain associated with the mRNA62,63. This distinction 

forms the basis of the ‘50–55 nucleotide rule’: NMD occurs if a PTC is located ≥50–55 

nucleotides upstream of an exon–exon junction64,65 (FIG. 1a). In these cases, the leading 

edge of the terminating ribosome falls short of physically removing the EJC. After the first 

round of translation terminates, UPF3X in complex with UPF2, at what is effectively a 3′ 
UTR EJC22,66–68, recruits UPF1 from the termination complex to the EJC so that it 

stimulates UPF1 helicase activity21,22. Subsequently, the serine/threonine kinase SMG1 

phosphorylates UPF1 (REFS6,12,69) (see below). The deposition of EJCs and their 

differential association with auxiliary factors are crucial modulators of NMD. For example, 

EJC-associating factors such as RNPS1 (REFS61,70), MLN51 (REFS41,70), SRSF138,71,72, 
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CWC22 (REFS73–75) and ICE1 (REF76) interact with core EJC proteins and can influence 

the sensitivity of bound transcripts to NMD.

SMG1 is a phosphatidylinositol 3-kinase-related kinase that preferentially phosphorylates 

serine and threonine residues upstream of glutamine residues (S/TQ motifs), which are 

enriched in the amino terminus and carboxy terminus of UPF1 (REFS69,77,78). Translation 

termination at normal termination codons involves eRF1 and eRF3 binding to the A site of 

the 80S ribosome, where they promote the release of the nascent peptide. During translation 

termination of the type that triggers NMD, both UPF1 and SMG1 are recruited to the eRF1-

eRF3 translation termination complex to form the SMG1–UPF1–eRFs (SURF) complex6. 

SURF promotes UPF1 phosphorylation by SMG1 through the interaction with, possibly 

through bridging, the downstream 3′ UTR EJC to form the decay-inducing (DECID) 

complex6 (FIG. 1a). In humans, until the SMG1–UPF1 complex joins the EJC79–82, SMG1 

is in a complex (SMG1c) with SMG8 and SMG9, and its kinase activity is inhibited, likely 

because, once UPF1 is phosphorylated, the bound mRNA is committed to 

degradation6,12,78,83,84. Phosphorylation is likely preceded by the action of the RNA 

helicase DEAH box polypeptide 34 (DHX34), which associates with the SMG1c complex85. 

In the context of EJC-mediated NMD, DHX34 promotes the association of UPF1 with EJC-

bound UPF2 to form the DECID complex. One model of 3′ UTR EJC-mediated NMD 

posits that the helicase activity of UPF1 reels in the RNA intervening between the PTC and 

the EJC20. In the case of normal translation termination, in which the termination codon is 

located in the final exon or is upstream of but sufficiently close to a 3′ UTR EJC such that 

the terminating ribosome removes the EJC, no EJC remains to join UPF1, and thus, NMD is 

not triggered.

Recently, another layer of complexity has been added to the role of translation termination in 

NMD following the observation that UPF3X directly interacts with eRF3 in vitro86, thereby 

raising the possibility that the interaction of UPF1 with eRF1-eRF3 is indirect rather than 

direct5,8. At least in vitro, UPF3X was found to inhibit translation by decreasing the 

efficiency of peptidyl-tRNA hydrolysis, which fits with a model proposed for S. cerevisiae 
and extended to humans in which aberrant translation termination allows time for NMD to 

ensue87. The most extreme interpretation of the in vitro data88 is that, because UPF1 is not 

present, UPF1 is not involved at all in termination but instead is needed to promote target 

mRNA cleavage and remodelling of the 3′-cleavage fragment (see below). These 

observations do not seem to fit with current models of NMD, and potential caveats apply 

given that these in vitro assays used limiting amounts of eRF1 and eRF3, so that termination 

was inefficient, and saturating amounts of UPF3X. A more recent study, also performed in 

vitro, reported that UPF1 has no function in ribosome elongation, translation termination or 

ribosome recycling89.

NMD generally occurs in association with the nucleus, during or immediately after nuclear 

export of the mRNA90–92 and while the mRNA is bound at its 5′-cap by the cap-binding 

protein (CBP) heterodimer CBP20-CBP80 (REFS60,93). Thus, the first round of translation 

and 3′ UTR EJC-mediated NMD often take place efficiently and quickly once an mRNA 

can be accessed by cytoplasmic ribosomes94–96. It is during this ‘pioneer round’ of 

translation, which is defined as the translation of CBP20-CBP80-bound mRNA, that 3′ 
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UTR EJC-mediated NMD largely occurs97. Notably, mRNAs can be bound during this 

round by more than one ribosome, depending on the frequency of translation initiation and 

the size of the ORF, as evident from polysome profiling98, biochemical analyses7 and the 

finding that subsequent translation initiation events on an NMD target need to be prevented 

for the decay steps of NMD to occur59. During NMD, CBP80 interacts with and chaperones 

UPF1 together with SMG1 to the terminating ribosome to promote SURF formation99 and 

subsequently to promote UPF1 and SMG1 binding to the EJC99.

Once CBP20–CBP80 has been replaced by the steady-state cytoplasmic CBP eIF4E at the 

5′ caps of NMD targets, 3′ UTR EJC-mediated NMD is largely over — mRNAs become 

relatively insensitive to NMD and manifest half-lives equal to those of their PTC-free 

counterparts90–92,96. This is because CBP8099 and the EJCs, both of which promote NMD, 

have been largely removed before or concurrently with eIF4E binding100. Although eIF4E-

bound NMD targets may also be subject to 3′ UTR EJC-mediated NMD101,102, what 

fraction of eIF4E-bound mRNAs relative to CBP20–CBP80-bound mRNAs is targeted for 

NMD remains unknown. Notably, like NMD in S. cerevisiae103, long 3′ UTR-mediated 

NMD (EJC-independent NMD) continues beyond the pioneer round of translation, thus 

targeting both CBP20–CBP80-bound and eIF4E-bound mRNAs60.

EJC-independent NMD.

Transcripts without a 3′ UTR EJC may also be targeted for NMD, although the molecular 

mechanism of this process is less well understood than it is for 3′ UTR EJC-dependent 

targets (FIG. 1b). In S. cerevisiae, although only a small proportion of transcripts (<5%) are 

subject to pre-mRNA splicing104,105, ~50% of transcripts are routinely targeted for NMD 

owing to transcriptional and translational errors106,107. Thus, most NMD is not due to the 

presence of an EJC. Likewise, in human cells, some NMD targets do not follow the ≥50–55 

nucleotide rule and are targeted for decay in an EJC-independent manner8,39,108–111. For 

these targets, cells may perceive translation termination as faulty and recruit UPF1 because 

one or more proteins that promote NMD outcompete proteins that stimulate translation 

termination8,87,112. Studies in both S. cerevisiae and human cells demonstrate that 

shortening the physical distance between a termination codon and the poly(A) tail of an 

mRNA reduces not only UPF1 binding to the mRNA7,10,11 but also the sensitivity of the 

mRNA to NMD8,112,113. Normally, binding of the mostly cytoplasmic114 polyadenylate-

binding protein 1 (PABPC1) to the poly(A) tail stimulates recruitment of eRF1 and eRF3 to 

the terminating ribosome115 to promote timely and efficient translation termination. In line 

with this, tethering PABPC1 between a PTC and the poly(A) tail stabilizes PTC-containing 

mRNAs8,112,113, possibly by mimicking a shorter 3′ UTR and thus promoting proper 

translation termination over NMD. Likewise, tethering PABPC1-interacting partners such as 

eRF3 or translation initiation factor eIF4G between a PTC and the poly(A) tail suppresses 

NMD116,117. There is molecular evidence that SURF complex formation, and specifically 

the eRF3–UPF1 interaction, competes with the eRF3–PABPC1 interaction118,119, suggesting 

that a cellular balance between NMD-promoting proteins or complexes and NMD 

antagonists can determine the efficiency of mRNA targeting for NMD.
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Interestingly, mRNAs can assume a ‘loop’ configuration, in which simultaneously poly(A)-

bound PABPC1 and cap-bound CBP80 (REF.120) or eIF4E121 directly interact with eIF4G. 

This closed-loop configuration, by placing poly(A)-bound PABPC1 in close proximity to a 

PTC residing close to the 5′ cap, may inhibit NMD despite the great distance between the 

PTC and the poly(A) tail in a linear configuration119,120,122. Alternatively, NMD resistance 

could result from translation reinitiation downstream of the PTC, which represents a 

different type of competition between translation and DECID complex formation123,124. An 

additional indication that a closed-loop configuration does not generally influence the 

efficiency of NMD is that, in S. cerevisiae, NMD is more efficient the closer a PTC is to the 

5′ cap125.

In mammals, EJC-independent NMD is often observed at endogenous nonmutated 

transcripts with longer (>1 kb) 3′ UTRs8, even though they do not undergo translation 

termination at a PTC. Given the positive correlation between 3′ UTR length and UPF1 

binding7,10,11, EJC-independent NMD is often termed long 3′ UTR-mediated NMD. In 

yeast, most mRNAs (>90%) harbouring a longer-than-average 3′ UTR are targeted by 

NMD126. However, in mammalian cells, both NMD and 3′ UTR structures are more 

complicated. Transcriptome-wide analyses measuring mRNA abundance and half-life 

indicate that 3′-UTR length and susceptibility to NMD do not strongly correlate in either 

human or mouse cells, confounding predictions of NMD susceptibility11,127. This could be 

because mammalian mRNA 3′ UTRs contain various cis-acting regulatory elements that 

directly or indirectly inhibit NMD128. For example, 3′ UTR binding by NMD-inhibitory 

factors such as the cytidine deaminase APOBEC1 complex, which converts a CAA 

glutamine codon into a UAA termination codon, polypyrimidine tract-binding protein 1 

(PTBP1) or hnRNPL can inhibit NMD of cellular, viral or both types of transcript provided 

that APOBEC1, PTBP1 or hnRNPL binds immediately downstream of the termination 

codon to shield the 3′ UTR from binding UPF1 and prevent recognition of the mRNA as an 

NMD target129–131 (see below).

Transcriptome-wide analysis in human cells of phosphorylated UPF1, which is the activated 

form of UPF1, indicates it is enriched not only on 3′ UTR EJC-mediated NMD targets but 

also on the 3′ UTRs of EJC-independent NMD targets12,132. How is bound UPF1 

phosphorylated without forming the DECID complex (DECID cannot form because a 

downstream EJC is not present)? Recent biochemical and biophysical studies indicate that 

UPF1 binding is promiscuous: it is present on most cellular mRNAs, but UPF1 dissociates 

from nontarget mRNAs in a manner dependent on its ATPase and helicase activities12,13 

(FIG. 2). Presumably, a long 3′ UTR increases the probability of UPF1 occupancy and 

thereby the chance that occupied UPF1 will undergo phosphorylation. Furthermore, UPF1 is 

frequently observed bound to G-rich sequences11 and GC-rich sequences132 that are 

predicted to form stable secondary structures. Data indicate that these structures stall UPF1 

translocation and thus increase the chance of UPF1 phosphorylation and recruitment of other 

decay-inducing factors132. That NMD can be activated independently of a 3′ UTR EJC is 

also supported by experiments that artificially tethered UPF1 to 3′ UTRs, resulting in 

mRNA decay29,60. Furthermore, a 3′ UTR EJC is dispensable for subsets of NMD targets, 

as indicated by the finding that UPF1 can trigger mRNA decay when it is recruited to 3′ 
UTRs by the double-stranded RNA-binding protein staufen, thereby triggering staufen-
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mediated mRNA decay133, or when it is recruited by stem-loop-binding protein, thereby 

triggering the decay of cell-cycle-regulated histone mRNAs134. Notably, unlike 3′ UTR 

EJC-dependent NMD, which is activated during the pioneer round of translation, these types 

of decay and EJC-independent NMD can also be activated later, during the steady-state 

rounds of translation60,135,136.

Degradation of the NMD target

UPF1 phosphorylation by SMG1 is a prerequisite for and represents a commitment step in 

NMD12,45,59 (FIG. 3). Phosphorylation of UPF1 at multiple residues within its amino-

terminal and carboxy-terminal regions prevents further rounds of translation initiation by 

promoting its interaction with eIF3 and is crucial for mRNA decay59, serving as a platform 

for recruitment of RNA degradation enzymes6,12,78,83,84.

RNA degradation can proceed through several pathways. Phosphorylated UPF1 can directly 

recruit SMG6 (also known as EST1A), an endonuclease with a PilT amino-terminal domain, 

which cleaves target mRNA in the vicinity of the termination codon27,137–139 (FIG. 3). This 

generates a 5′-cleavage product that is likely degraded 3′-to-5′ not only by the exosome140 

but also by DIS3-like exonuclease 2 (DIS3L2)141 independently of the exosome142 and a 3′-

cleavage product bearing UPF1 and, if present, one or more EJ Cs. The 3′-cleavage product 

must be stripped of its protein components by the helicase activity of UPF1 to provide 

access to the 5′-to-3′ exoribonuclease XRN1 (REF19) (FIG. 3). The RNA helicase Moloney 

leukaemia virus 10 (MOV10) was also reported to facilitate mRNA decay by remodelling 

the 3′ UTR42.

Alternatively to recruiting SMG6, phosphorylated UPF1 can directly recruit the SMG5–

SMG7 heterodimer, which in turn recruits the CCR4–NOT deadenylation complex through 

an interaction between SMG7 and the POP2 (also known as CNOT8) subunit143–145 (FIG. 

3). CCR4–NOT then removes the poly(A) tail and recruits the decapping complex member 

mRNA-decapping enzyme 2 (DCP2)144,145. Phosphorylated UPF1 and SMG5 can 

additionally directly recruit the decapping complex and the decapping enhancer PNRC2 

(REFS45,146–149) (FIG. 3). The decapped and/or deadenylated mRNA is then subject to 5′-

to-3′ and/or 3′-to-5′ decay, respectively. In S. cerevisiae, a complex of Upf1, Dcp1, Dcp2, 

Nmd4 and Ebs1 has been identified, of which the latter two factors may be similar to SMG5 

and SMG7 (REF.150), pointing to possible overall similarities in NMD components between 

yeast and humans. In Caenorhabditis elegans, NMD has been shown to interact with 

components of nonstop RNA decay, which degrades mRNA lacking a stop codon, to 

complete mRNA degradation and ribosome recycling151. Conceivably, this coupling of 

processes may also apply to mammals.

The SMG6 and SMG5–SMG7 pathways seem to be partially redundant because, at least in 

human HeLa cells, they act on the same cohort of transcripts143,152. Nevertheless, the extent 

to which a particular transcript is targeted by one decay pathway over the other may vary in 

different cell types and even different sources of the same cell type owing to differences in 

passaging conditions139,141. It should also be noted that deadenylation and exosome-

mediated decay of the 3′ ends of decay intermediates are accompanied by the addition of 

Kurosaki et al. Page 7

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2019 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nontemplated nucleotides, which are largely uridines appended by terminal 

uridylyltransferase 4 (TUT4) and TUT7 and removed by DIS3L2 (REF141) (FIG. 3). 

Whereas the addition of non-uridine residues to decay intermediate 3′ ends inhibits decay, 

addition of uridine promotes 3′-to-5′ decay by DIS3L2 (REF141). Following degradation, 

phosphorylated UPF1 is dephosphorylated by the protein phosphatase 2A (PP2A) 

holoenzyme, which is recruited by SMG5–SMG712,83,153,154 (FIG. 3).

There has been some controversy regarding the sub-cellular location of the decay steps of 

NMD. As NMD factors colocalize with cytoplasmic processing body (P-body) components, 

NMD was proposed to occur in P-bodies, which are indeed cytoplasmic compartments 

where decapping and 5′-to-3′ degradation machineries are enriched155. However, genetic 

evidence strongly refutes that P-bodies are necessary for NMD. For example, depletion of 

Ge-1, which is a protein required for P-body maintenance, has little impact on NMD156,157. 

Recent evidence from mammalian cells demonstrates that, as in S. cerevisiae158, the decay 

steps of NMD are initiated while the mRNA target is bound by ribosomes141. Additionally, 

as in S. cerevisiae158, mammalian-cell NMD decay intermediates have not been detected in 

ribosome-free fractions, in which P-bodies should reside141. As in the case of RNAi in 

fruitfly cells, where polysome-free, partially degraded mRNAs are sent to P-bodies156, P-

body formation may involve late steps of mRNA decay rather than represent the site where 

NMD is initiated.

Physiological roles of NMD

In addition to its quality control function, which usually involves mRNA degradation, NMD 

also controls the abundance of ~10% of the cellular transcriptome. Features that explain why 

at least some transcripts are recognized by the NMD machinery (FIG. 4a) include an 

unusually long (>1 kb) 3′ UTR (FIG. 4b); an uORF with a termination codon that resides 

≥50–55 nucleotides upstream of an exon–exon junction (FIG. 4c); regulated alternative 

splicing that introduces a PTC (FIG. 4d); regulated alternative 3′-end formation that results 

in normal termination codons triggering 3′ UTR EJC-dependent NMD (if an alternative 

poly(A) site is chosen that positions a splice site properly downstream of the termination 

codon) or EJC-independent NMD (FIG. 4e); or a UGA codon encoding selenocysteine that 

is recognized as a PTC when selenocysteine concentrations are low, and selenocysteine 

cannot be efficiently incorporated (FIG. 4 f). Furthermore, although some nonmutated 

endogenous transcripts may not have identifiable features that mark them as NMD targets, 

disruption of cellular NMD through depletion of an NMD factor or treatment with a small-

molecule NMD inhibitor prolongs their half-lives, indicating that they are NMD targets. 

Thus, it is not surprising that NMD has the capacity to co-regulate the abundance of entire 

groups of genes47,159–162. Furthermore, as a post-transcriptional mechanism, NMD can be 

used to support speedy cellular responses to various stimuli. These features are used by cells, 

for example, both during development and when stressed, or are circumvented by infecting 

viruses (Supplementary Box 1).
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Adaptation to stress and environment.

A number of stresses including hypoxia163, amino acid deprivation160 and the production of 

reactive oxygen species (ROS)164 can blunt NMD (TABLE 1). These stresses lead to 

activation of the integrated stress response (ISR) with the aim of re-stablishing 

homeostasis165 (FIG. 5a). The ISR induces eukaryotic translation initiation factor 2α 
(eIF2α) phosphorylation, which decreases protein synthesis, in general, but promotes both 

the stability and translation of the mRNA encoding activating transcription factor 4 (ATF4). 

ATF4, in turn, upregulates the expression of the transcription factors CCAAT-enhancer-

binding protein homologous protein (CHOP; also known as DDIT3) and ATF3, which 

together orchestrate the production of effectors of the ISR. ATF4, CHOP and ATF3 are all 

encoded by natural NMD targets, thereby explaining how cells use NMD to keep the ISR at 

bay until stress of sufficient magnitude promotes ISR activation and NMD suppression.

During amino acid starvation, NMD suppression leads to the upregulation of a suite of 

genes, some of which produce mRNAs that have NMD-inducing features and/or encode 

proteins involved in maintaining amino acid homeostasis160. During starvation, NMD 

suppression also leads to the induction of autophagy, partly through stabilizing the ATF4 

mRNA162. During autophagy, cells engulf their proteins (and other macromolecules) in 

double-membraned vesicles called autophagosomes in order to recycle the proteins back into 

amino acids162.

Cells cope with the damaging production of ROS by producing ROS scavenger molecules 

such as glutathione. When the oncoprotein MYC is constitutively active, ROS are generated, 

eIF2α is phosphorylated and NMD is suppressed164. This results in the stabilization of 

mRNA encoding the cystine/glutamate exchanger SLC7A11, which facilitates the import of 

cystine into cells to produce glutathione and reduce ROS levels (FIG. 5b).

A well-studied cellular stress is endoplasmic reticulum (ER) stress, which occurs when the 

capacity to fold secretory proteins in the ER is insufficient and leads to the accumulation of 

unfolded or misfolded proteins. ER stress is detected by a suite of sensor proteins in the ER, 

including PRKR-like endoplasmic reticulum kinase (PERK; also known as eIF2α kinase 3), 

IRE1α and ATF6, which monitor the abundance of chaperone proteins relative to their client 

proteins166. PERK phosphorylates eIF2α, thereby decreasing protein synthesis and thus the 

protein-folding load and activating ATF4 synthesis166. IRE1α autoactivation of its nuclease 

activity is required for the noncanonical splicing of an intron from the cytoplasmic mRNA 

XBP1, thereby producing a transcription factor that increases chaperone production166. 

Activation of plasma-membrane-bound ATF6 results in its cleavage and the release of an 

ATF6 fragment that functions as a transcription factor, thereby also boosting chaperone 

production166. The transcriptional output of these sensors collectively amounts to the 

unfolded protein response (UPR), which is aimed at restoring ER homeostasis. NMD is 

suppressed during ER stress, leading to the stabilization of a number of transcripts encoding 

UPR factors such as ATF4, ATF3, CHOP, ATF6, FSD1L, HERP, IRE1α, PERK, PRDG1, 

TNRC1 and TRAF2 (REFS160,163,167). As in the case of the ISR, NMD is involved in 

setting the threshold of UPR activation: low-level stresses should not activate the UPR, 

whereas moderate stresses should temporally activate the UPR. IRE1α, which is a master 

regulator of the UPR, is encoded by an mRNA with a long 3′ UTR that is subjected to 
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NMD such that NMD normally suppresses the UPR167 (FIG. 5c). However, once the UPR is 

activated, eIF2α phosphorylation by PERK suppresses NMD. This feedback loop ensures 

that the UPR is not activated prematurely because NMD inhibits the UPR; when the UPR is 

activated, UPR-mediated production of its effectors proceeds fully because the UPR inhibits 

NMD, and the UPR resolves after the stress ceases, because NMD is resumed.

NMD is also involved in the cellular decision to undergo apoptosis when exposed to stress 

levels that preclude cellular adaptation. For example, challenging cancer cells with 

concentrations of chemotherapeutics known to elicit apoptosis results in suppression of 

NMD168,169. When apoptosis is activated, caspases (the proteases that mediate apoptosis) 

cleave part of UPF1 to yield a dominant-negative protein that reduces the efficiency of 

NMD. As a consequence, a number of apoptotic genes that produce NMD targets are 

upregulated.

Development and differentiation.

NMD is conserved throughout evolution, from yeast to humans. Although not essential in S. 
cerevisiae, knockout of UPF1 (REF170), UPF2 (REF161), SMG1 (REF171) or SMG6 

(REF172) is embryonic lethal in mice. For example, SMG6-knockout embryonic stem cells 

(ESCs) can be generated172, but these cells fail to differentiate in vitro and in vivo. The 

failure to differentiate is mediated by high levels of MYC, which is encoded by a natural 

NMD target and promotes stemness in ESCs. This differentiation defect was also seen 

following the depletion of UPF1, UPF2, SMG1 or SMG5. The inability of ESCs to 

differentiate when NMD is compromised could explain why NMD factors are essential in 

mammalian development. In Drosophila melanogaster, NMD is also essential for viability 

through its control of a single transcript encoding growth arrest and DNA damage 45 

(Gadd45)173. Gadd45 promotes apoptosis by upregulating the mitogen-activated protein 

kinase signalling pathway.

During cell differentiation, NMD must be tuned in order to promote the proper timing and 

expression of NMD targets (TABLE 1). In humans, differentiation of the endoderm layer is 

accompanied by strong downregulation of many NMD factors174, and enforced expression 

of UPF1 or UPF3X inhibits endoderm-directed differentiation. Another example of NMD 

downregulation during differentiation is the brain-specific microRNA, miR-128, which is 

expressed during neural differentiation and targets the mRNAs encoding UPF1 and the EJC 

component MLN51 (REF175), stabilizing a number of NMD targets involved in promoting 

neural differentiation176 (FIG. 5d). NMD supports the maintenance of mouse neural stem 

and progenitor cells by promoting TGFβ signalling through destabilization of mRNAs 

encoding negative regulators of TGFβ signalling, such as Smad7 (REF176). Thus, in order to 

differentiate, NMD must be downregulated through transcriptional upregulation of miR-128. 

Additionally, miR-128 downregulates Upf3x, as do miR-124 and miR-9 (REF176). NMD is 

also important for haematopoiesis. Conditional ablation of mouse UPF2 in the 

haematopoietic compartment led to complete loss of all stem and progenitor cells, whereas 

ablation in mature cells had less effect, suggesting that NMD functions during the 

developmental transitions of haematopoiesis161.
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Not all developmental transitions involve the tuning of NMD activity. Some pathways 

exploit NMD to prune out of the transcriptome mRNAs involved in differentiation by 

ensuring that NMD-inducing features are included in those transcripts. During the 

production of granulocytes, progenitor cells called promyelocytes differentiate to mature 

granulocytes. Through intron retention, a battery of transcripts that must be destroyed to 

permit granulocyte differentiation is targeted for NMD177. Genes such as that encoding the 

nuclear membrane protein lamin B1 are expressed with a retained intron containing a PTC 

and are thus targeted for NMD, thereby permitting transition to a granulocyte nuclear 

morphology.

Proper positioning of commissural neurons relative to the spinal cord midline of symmetry 

in the central nervous system is crucial to neural development. ROBO3, which is a key 

receptor in commissural neurons, receives guidance cues in the form of SLIT proteins 

secreted from the midline. The mouse Robo3 mRNA has two isoforms: Robo3.1 and 

Robo3.2, the latter of which contains an intron that subjects it to NMD. Before midline 

crossing, Robo3.2 is expressed but translationally repressed, thereby shielding it from NMD. 

However, upon midline crossing, translation repression is relieved owing to signals from the 

floorplate at the ventral midline, and Robo3.2 is subjected to NMD. This has two, coupled 

effects: ROBO3.2 protein is produced, which is followed by quick degradation of the 

mRNA, thereby ensuring only a temporary burst of protein expression. This is important 

because ROBO3.2 mediates repulsion from the midline of post-crossing commissural 

neurons. Neurons with compromised NMD — in vivo using UPF2 conditional-knockout 

embryos and in vitro using spinal cord explants electroporated with a dominant-negative 

form of UPF1 — are mislocalized, exhibiting over-repulsion from the midline178.

Eukaryotic cells have other ways to leverage NMD to control gene expression through the 

modulation of mRNA abundance. Programmed ribosomal frameshifts (PRFs) at repeat 

sequences able to cause ribosomes to ‘slip’ from one translational reading frame to another 

were originally discovered to expand the limited coding capacity of virus genomes and 

ensure proper viral-protein stoichiometries. In eukaryotes, −1 PRF (ribosome shifting 1 

nucleotide in the 5′ direction) sequences were computationally identified in up to 10% of 

genes, where they can cause premature translation termination and transcript destruction 

through NMD179. The activity of −1 PRF sequences is regulated, as exemplified by the −1 

PRF in the mRNA encoding C-C chemokine receptor type 5 (CCR5), which is also an HIV-1 

co-receptor179. The −1 PRF on the CCR5 mRNA is stimulated by the formation of a 

pseudoknot, which is stabilized by direct binding of miR-1224 and generates a PTC, 

ultimately resulting in NMD limiting the amount of CCR5 protein produced. Depletion of 

AGO1 showed that other interleukin receptors can be controlled by NMD through miRNAs, 

thereby explaining how PRF can be used in a sequence-specific manner. This mechanism, 

which demonstrates the interface of NMD with other regulatory mechanisms, may fine-tune 

cytokine responses in an effort to prevent a runaway immune response.

NMD-related human disorders

NMD is crucial in humans, and its breakdown may result in disease. The underlying causes 

of these disorders include expression of transcripts that escape NMD, expression of 
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important transcripts that are mistakenly targeted for NMD and even mutations in the NMD 

machinery.

NMD modulates inherited diseases.

NMD may have evolved to prevent the production of truncated (owing to a PTC) toxic 

dominant-negative proteins, as illustrated by the ≥50–55 nucleotide rule and its effects on 

human β-globin mRNA. Individuals with one wild-type β-globin allele and one allele 

bearing an NMD-sensitive PTC are asymptomatic (FIG. 6a). Individuals with both alleles 

bearing an NMD-sensitive PTC have severe anaemia owing to the lack of functional β-

globin protein. By contrast, in a dominantly inherited form of β-thalassaemia, individuals 

with one wild-type allele and one allele with an NMD-insensitive PTC produce a truncated 

dominant-negative β-globin protein92. This dominant-negative protein renders any 

haemoglobin complexes it forms with α-globin nonfunctional, resulting in ineffective 

erythropoiesis even though 50% of the produced β-globin protein is normal (FIG. 6b). 

Another example is of mutations in the SOX10 gene that fail to trigger NMD and produce 

toxic dominant-negative peptides that lead to a severe combination of diseases, including 

peripheral demyelinating neuropathy, central dysmyelinating leukodystrophy, Waardenburg 

syndrome and Hirschprung disease. However, individuals with mutations that trigger NMD 

and degradation of SOX10 have mild symptoms of Waardenburg and Hirschsprung 

disease180. Many other examples that illustrate this protective function of NMD have been 

documented (see REFS181,182).

The protective function of NMD may become a burden when the truncated proteins are not 

toxic. In fact, some truncated proteins have the potential to lessen the severity of disease. For 

example, most PTCs in the dystrophin gene trigger NMD, which results in Duchenne 

muscular dystrophy. However, when a PTC is located in a region that does not trigger NMD, 

a truncated polypeptide is produced that partially rescues the phenotype, instead causing the 

milder Becker muscular dystrophy183 (FIG. 6b). Again, other examples of this scenario exist 

(see REF182). Thus, whether NMD has a protective role or a disruptive role depends on the 

position of the PTC and, of course, on the physiological role of the protein.

Mutations in UPF3X cause intellectual disability in humans184,185. By sequencing genes on 

the X chromosomes of families with X-linked mental retardation, mutations in the UPF3X 
gene (so called because it is located on the X chromosome26) were identified in three 

families184 — two with Lujan–Fryns syndrome186 and one with FG syndrome187. UPF3X 

mutations have also been identified in other families with X-linked intellectual disabilities, 

and some of these families additionally manifest schizophrenia and autism spectrum 

disorder188–191. Heterozygous deletions in a region encompassing the UPF2 gene have been 

identified in 11 individuals with intellectual disabilities, and the changes in the 

transcriptome of these individuals correlate with transcriptomic changes in the individuals 

with intellectual disabilities, suggesting that NMD is important for brain development and 

function192. Furthermore, deletions in a region of chromosome 1 that includes the EJC 

protein RBM8A have been linked to intellectual disabilities and brain defects193.

Mouse models have recapitulated the patient-derived data. Upf3x-knockout mice manifest 

selective learning defects and a major defect in pre-pulse inhibition, which is common in 
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individuals with schizophrenia194. Neurons from these mice have maturation defects, and 

their neural stem cells have differentiation defects. Rbm8a-haploinsufficient mice are 

characterized by neural defects including microcephaly, which is also seen in humans 

bearing the aforementioned deletion in chromosome 1 (REF195). NMD has a role in timely 

differentiation, growth and maturation of human neuronal cells176,194,196–199, indicating that 

these are the defects underlying the phenotypes of individuals with mutations in NMD 

factors.

NMD in cancer.

A range of tumour types express key tumour-suppressor mRNAs with NMD-inducing 

mutations. These include mutations in the BRCA1 (REF.200), BRCA2 (REF.201), TP53 
(REF.202), Rb203 and WT1 (REF.204) genes. Tumour-suppressor genes have a greater 

propensity to exhibit NMD-inducing features than do oncogenes205, and degradation of 

these mRNAs by NMD may protect normal cells from toxic effects of the encoded truncated 

proteins204.

As NMD-inducing mutations exhibit a high incidence of heterozygosity205,206, how might 

NMD promote the transformation of cells that retain functional alleles of tumour 

suppressors? Analysis of matching genomic and transcriptomic data from human cancers 

revealed that tumours can select for acquired NMD-sensitive PTCs in combination with 

deletions in the other allele or for NMD-sensitive PTCs in haploinsufficient tumour-

suppressor genes to eliminate gene function206,207. Alternatively, tumours may select for 

NMD-insensitive PTCs that generate dominant-negative proteins.

Although it appears that some tumours leverage an intact NMD system to suppress tumour 

suppressors, other tumours contain disabling mutations in NMD factors. For example, 

somatic mutations in the UPF1 gene that disrupt UPF1 function are detected in pancreatic 

adenosquamous carcinomas208. In lung inflammatory myofibroblastic tumours, UPF1 is 

likewise mutated and allows the upregulation of the NMD target that encodes NF-κB-

inducing kinase (also known as MAP3K14), which promotes chemokine production that 

typifies this tumour type209. Reduction in NMD activity can also affect clinical outcomes: 

UPF1 silencing in some hepatocellular carcinomas seems to correlate with poorer 

prognosis210. Interestingly, in some hypermutable colorectal cancers with microsatellite 

instability owing to mutations in DNA mismatch repair, UPF1, UPF2, SMG1, SMG6 and 

SMG7 are overexpressed relative to their microsatellite stable tumour counterparts211. This 

may enable the microsatellite instability tumours to survive the creation of many different 

PTC-bearing transcripts because they are degraded by NMD. Indeed, experimental 

suppression of NMD led to re-expression of many PTC-bearing transcripts and to decreased 

tumour growth in a mouse xenograft model211. Targeted silencing of NMD was also shown 

to promote the expression of tumour neo-antigens to decrease tumour volumes212.

Finally, the tumour microenvironment induces a variety of stresses, such as hypoxia and ER 

stress, to which tumour cells must adapt in order to proliferate. One way to adapt to the 

tumour microenvironment is to tune NMD activity (see above). NMD is decreased during 

tumour formation in order to overcome microenvironment-related stresses213. For example, 

both control-siRNA-treated and UPF1-siRNA-treated tumour cells injected into nude mice 

Kurosaki et al. Page 13

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2019 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



grow tumours, but cells with enforced UPF1 expression grow much smaller tumours, 

presumably because they cannot overcome the stress barriers to tumour development.

Concluding remarks

Transcriptome-wide studies have revealed that NMD not only functions in the destruction of 

mRNAs harbouring PTCs but also globally shapes the transcriptome and defines the fate of 

different cell types. Our understanding of NMD has now progressed far beyond the original 

term, ‘nonsense’-mediated mRNA decay. As NMD activity varies by cell type and tissue 

type, future studies of the full inventory of NMD targets in various cells and tissues may 

help to reveal what additional roles NMD has in physiology. As the vast majority of 

transcripts are bound by UPF1 and a considerable fraction of these transcripts are subject 

NMD, it is not surprising that NMD modifies the phenotypes of different genetic disorders 

in humans. A complete understanding of the molecular mechanism of NMD will facilitate 

the development of therapies based on invoking PTC-based NMD or alternatively inhibiting 

NMD despite the presence of a PTC (Supplementary Box 1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Dominant-negative proteins

Mutated proteins that can antagonize the function of the wild-type protein, often because 

the proteins are part of a macromolecular complex, which is rendered defective by the 

presence of the mutated protein.
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β0-thalassaemia

Thalassaemia is a blood disorder causing anaemia. In the severe form of β0-thalassaemia, 

no β-globin protein is detectable in peripheral blood.
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NMD-activating feature

An mRNA feature that increases the probability of the mRNA undergoing nonsense-

mediated mRNA decay. Examples include an exon–exon junction complex deposited as a 

consequence of splicing more than ~30–35 nucleotides downstream of a termination 

codon, an unusually long (>1 kb) 3′ untranslated region or a selenocysteine codon that is 

interpreted as a stop codon.
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Upstream open reading frame

(uORF). A short ORF in the 5′ end of mRNA (upstream of the main ORF) that can 

regulate the translation of the main ORF.
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A site

The amino-acyl site on the ribosome is where charged tRNA molecules (with the 

exception of the translation-initiating charged tRNA) bind during protein synthesis.
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Peptidyl-tRNA hydrolysis

A process that occurs during translation when a water molecule attacks the bond between 

the nascent peptide and the tRNA molecule in the ribosome, thereby releasing the 

completed polypeptide.
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Staufen-mediated mRNA decay

An mRNA decay pathway in which the staufen protein recruits UPF1 to an mRNA 3′ 
untranslated region, causing translation-dependent destabilization of the mRNA.
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Exosome

A large protein complex that degrades mRNAs through its 3′-to-5′ exoribonuclease 

activities.
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Selenocysteine

An amino acid that is inserted into mRNA bearing a selenocysteine insertion sequence 

that directs its incorporation at UGA codons, which otherwise would be recognized as 

termination codons.
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Intron retention

Occurs when an intron fails to be excised out of a pre-mRNA during alternative splicing, 

giving rise to a transcript with a premature termination codon.
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Programmed ribosomal frameshifts

(PRFs). During translation, incidents of ribosome ‘slippage’ and adoption of a new 

reading frame.
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Pseudoknot

A tertiary RNA structure formed by base pairing between the loop of a stem–loop 

structure and nearby ribonucleotides. It is extremely difficult for helicases to unwind this 

structure.

Kurosaki et al. Page 36

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2019 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Waardenburg syndrome

A disease manifesting defects in tissues derived from cells in the neural crest lineage 

(neurocristopathy). Individuals with Waardenburg syndrome have defects in hair, skin 

and eye pigmentation and may suffer from hearing loss.
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Hirschprung disease

A congenital malady in which nerve cells are missing from the end of the bowel, thereby 

causing problems with passing stool.
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Lujan–Fryns syndrome

An X-linked disorder causing mild to moderate intellectual disability, facial dysmorphism 

and arms and legs that are abnormally long and slender.
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FG syndrome

An X-linked disorder characterized by intellectual disability, poor muscle tone and 

macrocephaly.
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Tumour neo-antigens

Peptides absent from normal cells that are produced by tumour-mutated genes that are 

presented to and activate the immune system.
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Fig. 1 |. Discriminating between targets and nontargets of nonsense-mediated mRNA decay.
Pre-mRNA splicing is accompanied by deposition of an exon junction complex (EJC) and 

EJC-associating nonsense-mediated mRNA decay (NMD) factors, such as UPF3X, ~24 

nucleotides (nt) upstream of each exon–exon junction. The mRNAs are exported to the 

cytoplasm and translated. a | 3′ untranslated region (UTR) EJC-mediated NMD. Should 

translation terminate at a premature termination codon (PTC) that is located ≥50–55 nt 

upstream of an exon–exon junction, the ribosome will not dislocate the EJC, which is 

effectively in the 3′ UTR. Because most termination codons are located in the final exon 

and thus downstream of exon–exon junctions, this situation is abnormal, since an EJC is 

located downstream of the termination codon. Such translation termination is inefficient, 

presumably because the EJC interferes with the interaction between polyadenylate-binding 

protein 1 (PABPC1) and eukaryotic release factor 3 (eRF3). UPF1 and the complex of 

serine/threonine kinases SMG1–SMG8–SMG9 then join the eRF1–eRF3 translation 

termination complex and form the SMG1–UPF1–eRFs (SURF) complex. Next, UPF1–

SMG1 join the downstream EJC and form the decay-inducing (DECID) complex, where 

UPF1 is activated by SMG1-mediated phosphorylation (P). UPF1 phosphorylation represses 

further translation initiation and triggers mRNA decay, which is accomplished by recruiting 

nucleases, either directly, as in the case of endonucleolytic decay by SMG6, or indirectly 

(not shown), as in the case of exonucleolytic decay through the SMG5–SMG7 heterodimer. 
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b | EJC-independent NMD. At unusually long, unstructured 3′ UTRs, PABPC1 is too 

distant from the PTC to efficiently recruit eRF1–eRF3 to initiate translation termination. The 

presence of UPF1 on the 3′ UTR increases the probability of UPF1 activation by 

phosphorylation and thus the probability of NMD. c | No NMD. Normally, translating 

ribosomes remove EJCs and any promiscuously bound UPF1 from the 5′ UTR and from the 

coding sequence (CDS) but do not travel beyond the stop codon into the 3′ UTR. PABPC1, 

through its interactions with eRF1–eRF3 or translation initiation factor eIF4G (not shown), 

is thought to preclude UPF1 from joining the termination complex. CBP, cap-binding 

protein; eIF4A3, eukaryotic initiation factor 4A3; RBM8A, RNA-binding protein 8A.
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Fig. 2 |. UPF1 binding to mRNA and activation of nonsense-mediated mRNA decay.
Cellular UPF1 is largely nonphosphorylated and promiscuously binds to and dissociates 

from accessible RNA, including mRNAs, using its ATP-dependent 5′-to-3′ RNA helicase 

activity. UPF1 bound to the mRNA 5′ untranslated region (5′ UTR) and coding sequence is 

also actively removed by translocating ribosomes, and as a result, UPF1 is relatively 

enriched on the mRNA 3′ UTR. UPF1 binding to mRNA can activate nonsense-mediated 

mRNA decay (NMD) through different mechanisms. A 3′ UTR exon junction complex 

(EJC) increases UPF1 phosphorylation (P) through protein-mediated interactions, whereas a 

long 3′ UTR (>1 kb) can increase UPF1 occupancy on the 3′ UTR and thus the probability 

of UPF1 phosphorylation. In both cases, NMD is activated by serine/threonine kinase 

SMG1-meditated UPF1 phosphorylation, which in turn results in translation repression and 

recruitment of mRNA decay factors such as SMG5–SMG7 and SMG6. eIF4A3, eukaryotic 

initiation factor 4A3; eRF, eukaryotic release factor; RBM8A, RNA-binding protein 8A.
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Fig. 3 |. Degradation of the nonsense-mediated mRNA decay targets.
Following triggering of nonsense-mediated mRNA decay (NMD) by translation termination 

through serine/threonine kinase SMG1-mediated UPF1 phosphorylation (P), phosphorylated 

UPF1 recruits either the endonuclease SMG6 or the SMG5–SMG7 complex. SMG6 cleaves 

the mRNA near the premature termination codon (PTC), whereas SMG5–SMG7 recruits the 

deadenylation complex CCR4–NOT through its subunit POP2 and the decapping complex 

mRNA-decapping enzyme 2 (DCP2)–DCP1a through its subunit PNRC2. DCP2–DCP1a 

can also be recruited by CCR4–NOT (not shown). SMG5–SMG7 also recruits protein 

phosphatase 2A (PP2A), which dephosphorylates UPF1. NMD intermediates from either 

pathway are degraded 5′-to-3′ by the exonuclease XRN1 and 3′-to-5′ by the exosome or 

the exosome-free 3′-to-5′ exonuclease DIS3-like exonuclease 2 (DIS3L2). Terminal 

uridylyltransferase 4 (TUT4) and TUT7 can append nontemplated uridines at the 3′ ends; 
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the uridylated decay intermediates are favoured for degradation by DIS3L2. eRF, eukaryotic 

release factor.
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Fig. 4 |. Features of cellular mRNAs that activate nonsense-mediated mRNA decay.
a | An exon–exon junction located ≥50–55 nucleotides (nt) downstream of either a 

premature termination codon (PTC) or a normal termination codon, with an exon junction 

complex (EJC) deposited ~24 nt upstream of the junction so that it is far enough from the 

termination codon and cannot be removed by the terminating ribosome. b | A long (more 

than ~1 kb), unstructured 3′ untranslated region (3′ UTR), which places the nonsense-

mediated mRNA decay (NMD) suppressor polyadenylate-binding protein 1 (PABPC1) too 

far from the termination codon. c | An upstream open reading frame (uORF) whose 

termination codon is interpreted as a PTC because an EJC lies ≥50–55 nt downstream of it. 

d | Alternative splicing (AS) that generates a termination codon that can function as a PTC 

with any of the above-described features. Alternative splicing may also convert a normal 

termination codon into one that triggers NMD. e | Alternative 3′-end formation that 

generates either a 3′ UTR EJC (not shown) or a long 3′ UTR. f | In the few selenoprotein-

encoding mRNAs, a UGA codon encoding selenocysteine in cis to a selenocysteine insertion 

element in a 3′ UTR. The selenocysteine insertion element normally directs the 

incorporation of selenocysteine, but when cellular selenocysteine concentrations are low, the 

process becomes inefficient and the UGA codon may be read as a termination codon, which, 

if properly placed, leads to NMD. eIF4A3, eukaryotic initiation factor 4A3; RBM8A, RNA-

binding protein 8A.
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Fig. 5 |. Physiological roles of nonsense-mediated mRNA decay.
a | Various extracellular stresses can induce the integrated stress response (ISR). During the 

ISR, eukaryotic initiation factor 2α (eIF2α) is phosphorylated (P), leading to the 

suppression of nonsense-mediated mRNA decay (NMD). NMD suppression enables the 

expression of NMD targets, including those encoding the transcription factors activating 

transcription factor 4 (ATF4), CCAAT-enhancer-binding protein homologous protein 

(CHOP) and ATF3, which coordinate the expression of proteins that alleviate the stresses. 

Following resolution of the ISR, NMD is resumed and suppresses the expression of ATF4 

and CHOP, because their mRNAs contain an upstream open reading frame (uORF), and of 

ATF3, because of a premature termination codon introduced by alternative splicing (AS), 

thereby ensuring that the ISR is only active during stress. b | Cells that constitutively express 

the oncogene MYC produce toxic reactive oxygen species (ROS), which activate the ISR 

and cause eIF2α phosphorylation and NMD suppression, thereby stabilizing SLC7A11 
mRNA. SLC7A11 encodes a transporter that imports cystine into the cytoplasm, which is 

used in the synthesis of the ROS scavenging molecule glutathione. c | Cells with increases in 

protein-folding demand in the endoplasmic reticulum (ER) induce the unfolded protein 

response (UPR) in order to increase the folding capacity of the ER (left). The UPR inhibits 

NMD, and as a result, NMD targets, such as the IRE1A mRNA, which has an unusually 

long 3′ untranslated region (3′ UTR), are stabilized. IRE1α together with the products of 

many other natural NMD targets then coordinates the UPR. When the protein-folding 

capacity of the ER matches demand (right), NMD is active and degrades the IRE1A mRNA 
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and other mRNAs encoding key UPR regulators, thereby ensuring that innocuous stresses do 

not activate the UPR. d | NMD maintains the pluripotency of mouse neural stem cells by 

targeting Smad7 mRNA, which encodes a negative regulator of TGFβ signalling. During 

neural differentiation, the brain-specific microRNA miR-128 is expressed and inhibits the 

exon junction complex (EJC) component metastatic lymph node 51 (MLN51) and UPF1. 

This suppresses NMD, enables the production of SMAD7 and facilitates differentiation.
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Fig. 6 |. Involvement of nonsense-mediated mRNA decay in disease.
Frameshift or nonsense mutations often introduce a nonsense-mediated mRNA decay 

(NMD)-sensitive or an NMD-insensitive premature termination codon (PTC). a | mRNAs 

harbouring an NMD-sensitive PTC that is located ≥50–55 nucleotides (nt) upstream of the 

last exon–exon junction (PTCs located in the thick blue bar) efficiently undergo NMD, 

which in turn prevents the production of truncated, potentially toxic proteins. As a 

consequence, these mutations are recessively inherited and cause either no or only a mild 

disease in heterozygous individuals. b | mRNAs harbouring an NMD-insensitive PTC, which 

is generally located ≤50–55 nt upstream of the last exon–exon junction (not shown) or in the 

last exon (located in the thick red bar), fail to trigger NMD and produce truncated proteins. 

These truncated proteins could be stable and toxic, as in the case of some β-globin gene 

mutations (pink). Such mutations can be dominant and patients show a severe disease 

phenotype, even with one normal allele. However, in some diseases, as illustrated by Becker 

muscular dystrophy (purple), the truncated protein shows some residual activity, thereby 

causing milder symptoms than seen in Duchenne muscular dystrophy, in which NMD-

sensitive PTCs eliminate dystrophin protein expression.
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