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Abstract

Nonsense-mediated RNA decay (NMD) represents an established quality control checkpoint for
gene expression that protects cells from consequences of gene mutations and errors during RNA
biogenesis that lead to premature termination during translation. Characterization of NMD-
sensitive transcriptomes has revealed, however, that NMD targets not only aberrant transcripts but
also a broad array of mRNA isoforms expressed from many endogenous genes. NMD is thus
emerging as a master regulator that drives both fine and coarse adjustments in steady-state RNA
levels in the cell. Importantly, while NMD activity is subject to autoregulation as a means to
maintain homeostasis, modulation of the pathway by external cues providesa means to reprogram
gene expression and drive important biological processes. Finally, the unanticipated observation
that transcripts predicted to lack protein-coding capacity are also sensitive to this translation-
dependent surveillance mechanism implicates NMD in regulating RNA function in new and
diverse ways.
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Introduction

The accurate transmission of genetic information from DNA to protein is crucial for cell
survival. Due to its importance, surveillance mechanisms have evolved to monitor various
steps throughout the gene expression pipeline and to detect and eliminate intermediates that
lack integrity or functionality. One particular quality control checkpoint identifies mMRNAs
that terminate translation prematurely, such as those harboring nonsense codons within their
open reading frames (ORFs). mRNAs identified during this process, termed the nonsense-
mediated RNA decay (NMD) pathway, are targeted for rapid degradation thereby preventing
accumulation of truncated polypeptides that likely lack activity or could have deleterious
consequences for the cell [1, 2].
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Recognition and targeting of nonsense-containing mRNA by the NMD pathway requires
three proteins, UPF1 (UP-Frameshift 1), UPF2, and UPF3, all of which have close homologs
throughout eukarya [3]. In addition to this core machinery, several SMG (Suppressor with
Morphogenetic effect on Genitalia) proteins are also required for NMD in metazoa and
function primarily to regulate the phosphorylation status of UPF1 during substrate
recognition and targeting [3]. How these factors coordinate their activities to distinguish
premature translation termination from normal termination and induce degradation of target
RNAs continues to be the focus of intense study and is discussed in several excellent recent
reviews [4, 5]. Despite incomplete mechanistic detail, it is generally agreed that NMD
substrate recognition relies upon differences in mMRNA ribonucleoprotein (MRNP)
composition between normal mRNASs and those harboring a premature termination codon
(PTC). To date, three main mRNP features have been distinctly implicated in promoting
NMD (Fig. 1). First, multi-protein exon junction complexes (EJCs) deposited on transcripts
during pre-mRNA splicing in higher eukaryotes can enhance association and/or activity of
UPF1 on an mRNA when they fail to be displaced by ribosomes that terminate prematurely
and upstream of the last exon-exon junction [6]. Second, for organisms or MRNAS in which
EJCs are absent or do not contribute to NMD substrate recognition, premature translation
termination has been posited to be distinct due to an absence of termination promoting
signals from the 3’ UTR, specifically from poly(A)-binding protein PAB1 [7-9]. This
scheme, referred to as the faux 3’ UTR model, envisions that a compromised interaction
between PAB1 and a prematurely terminating ribosome results in less efficient termination,
ribosome pausing, and enhanced interaction between UPF1 and translation release factors
(eRFs) that then promote downstream events that drive NMD [10]. Substrate discrimination
by NMD, however, can occur independently of PAB1 or its interaction with eRFs in yeast
[11-13], indicating that additional features of the mRNP contribute to the mMRNA being
recognized by the NMD machinery. Indeed, recent evidence indicates that UPF1, an RNA
binding protein, itself interacts directly with mRNA and that failure of ribosomes to remove
UPF1 from the coding region due to premature termination constitutes an important (and a
third) mRNP distinction between normal and PTC-containing mRNA [14-18]. Future
studies are required to determine how UPF1 bound to mRNA might initiate events leading
to NMD and whether additional MRNP components (including EJCs and PAB1) contribute
to UPF1 function in this capacity.

While initially branded as a surveillance mechanism to eliminate aberrant mRNA from the
cell, recent observations indicate that NMD modulates steady-state levels of a large subset
of endogenous transcripts, and that the coupling of NMD to regulated alterations in mMRNA
transcription, processing, and translation provides a robust approach to rapidly and broadly
modulate gene expression. Herein, we describe events during gene expression that lead to
production of mRNA isoforms with distinct sensitivities to the NMD pathway, and discuss
how NMD might contribute to the function of a new and unexpected class of substrates,
long noncoding RNA (IncRNA,; highlighted in Box 1). Finally, we discuss how NMD
functions to both switch-off and fine-tune mMRNA levels to alter gene expression in response
to signals and under conditions in which NMD itself is modulated.
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RNA expressed from both mutant and wild-type genes is targeted to NMD

NMD was originally characterized from observations in budding yeast and nematodes that
transcripts expressed from genes harboring nonsense or frameshift mutations are rapidly
degraded, and that inactivation of a number of UPF or SMG genes selectively stabilizes
these MRNAs [2, 19, 20]. These findings were consistent with earlier studies reporting
accelerated degradation of PTC-containing b-globin mRNA from thalassemia patients [21],
and suggested that a mechanism to recognize mRNASs in which translation of the entire
length of the protein coding region is prevented was highly conserved. Classical NMD
substrates thus represent transcripts expressed from genes harboring either nonsense
mutations in the annotated ORF or nucleotide insertions/deletions that shift the translation
reading frame and redirect translation termination to occur upstream of the natural stop
codon (Fig. 2A).

In addition to being genetically encoded, PTCs can be introduced into an mRNA co-
transcriptionally as a consequence of nucleotide misincorporation by RNA polymerase 11
(Fig. 2A). While rare, errors in nucleotide addition during transcription occur at an estimated
frequency of 1073-10~4 and would be predicted to introduce a PTC into the ORF of a small
percentage (<0.5%) of transcripts expressed from each gene [22]. Importantly, in contrast to
genetic mutations in which 100% of expressed transcripts would harbor a PTC, degradation
of these transcripts by the NMD pathway would alter steady-state mMRNA levels only
minimally and without anticipated biological consequence.

While initial studies implicated NMD in degrading transcripts expressed from aberrant
genes, additional classes of NMD targets where premature translation termination occurred
not due to gene mutation but rather as a consequence of alterations in mRNA processing or
translation were promptly uncovered (discussed in detail below). The identification of NMD
targets has been greatly facilitated by global gene expression profiling, and studies in a
number of model eukaryotes have revealed that up to 10% of genes express transcripts
whose steady-state levels change as a consequence of inhibition of the NMD pathway [23,
24]. Critically, these analyses indicate that a majority of substrates targeted to NMD lack
mutations in the protein-coding region of their corresponding annotated gene.

Initial transcriptome-wide studies to identify NMD substrates employed microarrays to
monitor RNA abundance changes in response to NMD inactivation. Presently, high-
throughput RNA sequencing approaches are being employed which provide increased
sensitivity in quantifying changes in transcript levels, and the ability to classify RNA at
nucleotide resolution and distinguish distinct isoforms expressed from single genes. Despite
advances in identifying RNAs whose levels respond to NMD inhibition, steady-state
analysis is unable to distinguish mRNAs that are primary substrates of the pathway from
secondary targets whose levels change in response to perturbations in RNAs directly
targeted to NMD. To overcome this limitation and bias identification towards direct NMD
targets, RNAs whose levels are initially and rapidly down-regulated upon re-activation of
NMD [25, 26] or which physically associate with UPF1 [15, 16, 18, 25, 27, 28] have been
characterized. Additional studies have measured mRNA stability to classify transcripts
whose decay rate slows in the absence of NMD—the gold standard for establishing an
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MRNA as an NMD substrate [28, 29]. Interestingly, these studies have identified a number
of RNAs whose stability increases in the absence of NMD despite unchanged steady-state
levels [26, 28], highlighting that analyses based solely on mRNA abundance measurements
not only over-estimate the number of NMD substrates (by identifying both direct and
indirect targets), but also fail to identify bona fide targets of the pathway. To aid in the
assembly of a comprehensive list of NMD substrates, transcript profiling has recently been
coupled to additional global analyses. For example, transcript-wide UPF1 binding sites have
been identified in mammalian cells using cross-linking and immunoprecipitation [15, 16,
18], while analysis of ribosome association and translation by ribosome profiling [30] has, in
some cases, provided insight into the molecular rationale for NMD target recognition [15,
31].

Transcript 5" and 3’ end heterogeneity generates substrates for NMD

Alternative gene promoter usage by RNA polymerase Il during transcriptional initiation
produces RNA isoforms with 5" untranslated region (UTR) sequences of distinct lengths and
nucleotide composition (Fig. 2B). Variation in 5 UTR identity can, in turn, influence
mRNA association with the translation machinery, the site of translation initiation, and the
frame read by translating ribosomes. Genome-wide approaches to characterize mMRNA &/
ends, including cap analysis of gene expression (CAGE; [32]) and transcript-leader
sequencing [33], have identified transcriptional start sites at nucleotide resolution in a
number of organisms and revealed that substantial heterogeneity exists at the 5’ end of
MRNAs expressed from many eukaryotic genes. Ribosome profiling and polyribosome
association have, moreover, shed light on how 5 UTR length impacts the engagement of
mRNA by ribosomes [15, 34-38]. Specifically, short 5 UTRs promote inefficient use of 5’
proximal AUG codons resulting in initiation biased towards downstream AUG codons and
translation in alternative reading frames [33]. Alternatively, mRNAs with extended 5/
leaders often encode upstream ORFs (UORFs) which, when engaged by the translation
machinery, may lead to targeting of the transcript by NMD [25, 33-35, 39, 40]. Thus, 5
UTR length and composition can dramatically alter the association between the translation
machinery and mRNA, and lead to translational recoding and targeting of the mRNA to
NMD. Critically, promoter usage and transcriptional start site selection respond to a variety
of external cues [40, 41], suggesting that when coupled to NMD, alterations in this early
event in MRNA biogenesis can have profound effects on mMRNA expression post-
transcriptionally.

Cleavage and polyadenylation site choice during 3’ end processing of nascent transcripts
also generates heterogeneity in the form of mMRNA isoforms with different 3’ UTR lengths
that display distinct sensitivities to the NMD pathway (Fig. 2B). Indeed, mutations which
alter cis-acting cleavage and polyadenylation signals were first shown in yeast and
nematodes to result in mMRNASs with extended 3’ UTRs that are rapidly degraded by NMD,
despite termination by ribosomes at the natural stop codon [2, 42]. The increased sequence
length between the stop codon and 3’ end of the RNA is thought to redefine the natural
termination event as premature, perhaps by providing a platform for distinct mRNP
associations with the mRNA.. Consistent with this, mRNAs with naturally occurring but
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atypically long 3’ UTRs are targeted by NMD in a number of eukaryotes [15, 26, 27, 39, 43—
46].

Although 3’ UTR length represents a common mRNA feature that increases the sensitivity
of a transcript to NMD, no straightforward linear correlation between length and mRNA
destabilization has emerged, and a number of mMRNAs with long 3’ UTRs are immune to
NMD [9, 39, 43, 45]. While it is unclear how these transcripts evade recognition by the
NMD pathway, recent findings in yeast have revealed that ORF length inversely correlates
with sensitivity of an mRNA with a long 3/ UTR to NMD [47]. Additionally, viral RNA
structural elements such as the Rous Sarcoma Virus RNA Stability Element provide a means
for mMRNAs to evade detection by the NMD pathway (reviewed in [48]). In both cases,
mechanistic details of how mRNAs with long 3’ UTRs escape recognition by NMD are
lacking, and further investigation into this subclass of mMRNAs is needed.

Mutation of a canonical 3’ cleavage and polyadenylation site that leads to transcriptional
readthrough and production of mRNA isoforms with lengthened 3’ UTRs represents a case
of aberrant 3’ UTR variation. Alternative cleavage and polyadenylation site usage (APA), in
contrast, represents a highly regulated RNA processing event in eukaryotes that significantly
contributes to mMRNA 3’ UTR length heterogeneity. Indeed, genome-wide analyses suggest
30-70% of genes undergo APA during transcription termination to produce mRNA isoforms
that differ in 3’ UTR length (reviewed in [49]). It has been proposed that APA provides an
important strategy for temporal and cell-specific regulation of large subsets of mMRNA by
modulating inclusion of binding sites in the 3’ UTR for microRNAs and regulatory RNA
binding proteins (reviewed in [50, 51]). However, because long 3’ UTRs can trigger NMD,
mRNA isoforms with extended 3’ UTRs generated by this processing event would be
predicted to have increased sensitivity to NMD, leading to down-regulation when distal
cleavage and polyadenylation sites are used. Global shortening of mMRNA 3’ UTR length by
APA observed in tumorigenic or highly proliferative cells [52] may, in contrast, provide a
means for mMRNASs to circumvent targeting by NMD and promote cellular proliferation
and/or disease. Conceptually, the coupling of APA and NMD provides a clear course to
regulate gene expression, however, few specific instances of a single gene producing
multiple 3" UTR isoforms with differential sensitivity to NMD have been documented [53].
Additional studies will therefore be needed to extend our understanding of how APA
influences MRNA stability in general, and to appreciate the contribution of APA-associated
NMD in gene regulation [54].

Nuclear pre-mRNA splicing generates a rich pool of NMD-sensitive mRNA

isoforms

Nuclear pre-mRNA splicing provides the cell with a robust means to enhance protein
diversity; however, this step in RNA processing also commonly results in the introduction of
PTCs into spliced mRNA (Fig. 3). For example, failure of the spliceosomal machinery to
recognize and remove intervening intronic sequences, often as a consequence of weak
consensus splice sites, can lead to inclusion of entire introns [55-57]. Moreover, cryptic 5
or 3’ splice site usage often results in processed MRNA containing partial intronic sequences
[58]. Because introns exhibit a bias towards harboring in-frame nonsense codons [59],
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retention of all or part of an intron in mature mRNA routinely introduces one or more
nonsense codons leading to its targeting by NMD. Additionally, intron retention may block
export of the RNA from the nucleus, thereby preventing its recognition by NMD in the
cytoplasm but nonetheless promoting a reduction in RNA levels due to enhanced turnover
by nuclear RNA degradation pathways [39, 56, 60].

Differential incorporation of exons during pre-mRNA splicing produces transcripts lacking
single or multiple exons or isoforms with exonic sequences not typically present in the
mature mRNA; these events can lead to the introduction of a PTC into the mature mRNA in
a number of ways (Fig. 3). For example, exon skipping may cause shifts in the reading
frame that introduce PTCs and target the isoform to NMD. Alternatively, inclusion of a
cassette exon harboring an in-frame nonsense codon—commonly referred to as a poison
exon—generates mMRNA isoforms efficiently recognized by the NMD pathway when
included upstream of the last exon [61].

Although once believed to serve only to eliminate unproductive RNAs generated as a
consequence of stochastic errors in splicing, the targeting of mMRNA isoforms generated by
alternative splicing to NMD is now thought to provide the cell with a potent means for
down-regulating gene expression in response to developmental, environmental, or cell-type
specific cues (reviewed in [61, 62]). Indeed, the coupling of regulated alternative splicing
and NMD (AS-NMD) has been shown to play an important role in mRNA isoform-specific
expression across metazoa [39, 45, 60, 63-70]. Alternative pre-mRNA splicing may, in fact,
represent the most prominent means of generating NMD substrates in higher eukaryotes,
with an estimated one-third of all alternative splicing events producing an mRNA isoform
containing an in-frame PTC [67, 71].

Interestingly, a number of splicing factor mRNAs are themselves targets of regulation by
AS-NMD as part of an auto-regulatory cycle conserved throughout metazoa that enables
NMD to broadly impact expression of alternative splice isoforms indirectly (reviewed in
[72]) [44-46, 63, 66, 67, 69, 73]. For example, transcripts for several SR (serine/arginine-
rich) proteins mediating alternative splicing harbor poison cassette exons encoded within
ultraconserved elements which, when maintained in the mature RNA due to elevated SR
protein levels, lead to targeting of the isoform to NMD and down-regulation of protein
expression [69, 74]. Moreover, the tissue-specific splicing regulators PTBP1 and PTBP2
participate in alternative splicing of their own transcripts and promote production of mMRNA
isoforms targeted to NMD [75, 76]. The regulation of splicing factor expression by AS-
NMD reveals that the NMD pathway is an important participant in a negative feedback
circuit that buffers the overall extent of alternative splicing in the cell.

Translational recoding alters the site of translation termination

Translation of a reading frame distinct from the annotated protein-coding region within an
mMRNA can be established during either translation initiation or ribosome elongation, and
almost invariably directs ribosomes to terminate translation prematurely relative to the
position of the natural stop codon (Fig. 4). Initiation of translation at an out-of-frame start
codon may occur either upstream or downstream of the annotated start. Indeed, high GC
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content within 5 UTRs can promote initiation at upstream, non-AUG codons due to slowed
48 S ribosomal complex scanning caused by RNA secondary structure [77]. Alternatively,
scanning 48 S complexes may fail to recognize and initiate translation at the most 5/
proximal AUG as a consequence of a weak or unfavorable nucleotide context surrounding
the start codon, a process termed leaky scanning [78]. Ribosome profiling has recently
revealed that mMRNAs from >1% of human genes are translated in more than one reading
frame, a frequency much higher than previously appreciated [34, 36]. Whether mRNA
decoding in alternative reading frames occurs due to initiation at out-of-frame AUG start
codons or through the use of near cognate, non-AUG codons, which has been suggested to
be prevalent in yeast and mammalian cells [34, 35, 38], remains unclear. In light of the
consideration that translation of alternative ORFs commonly results in premature translation
termination and targeting of the transcript for rapid decay by NMD, experimental detection
of dual decoding events by ribosome profiling is likely hampered by low steady-state levels
of these MRNAs. Translation initiation in alternative reading frames may, therefore, still be
under-estimated and represent a relatively prevalent mechanism for targeting mRNA to the
NMD pathway.

Translation may also initiate at alternate ORFs encoded within 5 UTRs of mRNA (i.e.,
UORF; Fig. 4). uORF translation provides a mechanism to modulate expression of the
downstream annotated ORF through a variety of means (reviewed in [79]), including
decreased mRNA stability through NMD. Since uUORF decoding leads to translation
termination upstream of the natural stop codon, it is perhaps unsurprising that UORF-
containing mRNAs are enriched as NMD substrates throughout eukaryotes [15, 29, 44, 46,
64, 66, 68, 70, 80, 81]. Interestingly, it is likely that the number of regulatory uUORFs
encoded within mMRNA 5" UTRs has also been underestimated, since these reading frames
have traditionally been defined based on translation initiation at canonical AUG start
codons, which does not account for translation initiation at near-cognate start codons [34,
35, 38].

In addition to initiating translation in an alternate frame, translational recoding can occur
during ribosome elongation though programmed ribosomal frameshifting (PRF; Fig. 4). In
the most well-documented form of PRF, elongating ribosomes stall and shift backwards a
single nucleotide into the —1 frame as a consequence of two cis-acting RNA signals that
include a “slippery sequence” and downstream pseudoknot structure [82]. —1 PRF signals
are common within eukaryotes, with recent predictions indicating 8-12% of genes contain at
least one set of —1 PRF signals [83]. Critically, the vast majority of eukaryotic -1 PRF
events direct translation termination to occur upstream of the natural stop codon [84]
causing destabilization of the mRNA through NMD [85-87]. While computational
prediction of —1 PRF signal motifs identifies transcripts with increased likelihood of
promoting translational frameshifting, ribosome profiling is being used to facilitate
identification of signals that function in vivo and provide insight into the fraction of
ribosomes which shift in response to these signals and under varying conditions [36, 86].
This latter information is critical for estimating the proportion of transcripts from a gene
harboring a —1 PRF signal that will be targeted to the NMD pathway.
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Finally, in contrast to examples where the frame read by elongating ribosomes is altered,
translational recoding also occurs when a stop codon directs incorporation of an amino acid
rather than serving as a translation termination signal. For selenocysteine-containing
proteins, an early UGA stop codon within their mMRNAs—in conjunction with additional cis-
and trans-acting factors—serves redundantly to also direct incorporation of the non-standard
amino acid selenocysteine (Sec; Fig. 4). Under conditions when environmental selenium is
readily available, charged selenocysteine tRNA (Sec-tRNA) is abundant and efficiently
competes with translation release factors to decode UGA and suppress early termination. In
contrast, in low selenium conditions, limiting charged Sec-tRNA levels result in increased
translation termination and enhanced targeting of the mRNA to NMD [88, 89]. The
proportion of a selenoprotein MRNA sensitive to NMD, therefore, is modulated by
competition between translation termination and selenocysteine incorporation, dictated by
selenium levels in the environment and the abundance of charged Sec-tRNA in the cell.
Importantly, stability of selenoprotein mRNA is influenced largely by the position of the Sec
UGA codon within the mRNA ORF, and mRNAs display the greatest sensitivity to NMD
when the UGA is present upstream of the last exon-exon junction [89]. Indeed, differential
sensitivity of selenocysteine mMRNAs to NMD based on Sec UGA codon position contributes
to preferential expression of a subset of selenoproteins in conditions of low selenium. These
largely NMD-insensitive mRNAs thus maintain a high relative steady-state level, facilitating
competition for limiting Sec-tRNA and favoring expression of selenoproteins whose
function may be most needed by the cell [89].

Box 1
Long noncoding RNAs emerge as an unexpected class of NMD substrates

Recent genome-wide expression studies to elucidate NMD substrates have led to the
surprising observation that the NMD pathway also modulates levels of a number of long
noncoding RNAs (IncRNAs). As a class of RNA predicted to lack protein-coding
capacity [106], IncRNAs were a priori anticipated to avoid engagement with the
translational machinery and therefore escape translation-dependent surveillance by
NMD. In contrast to this expectation, a number of studies profiling polyribosome-
associated RNAs and ribosome binding have revealed that many IncRNAs do, in fact,
associate with the translation machinery in a number of organisms including budding
yeast [31, 35, 107, 108], fission yeast [37], Arabidopsis [104], Drosophila [109],
zebrafish [110, 111], mouse [34], and human [111-113]. Although it has been debated
whether ribosome binding, particularly as detected by global ribosome profiling, provides
conclusive evidence for active translation [114], the most recent study to specifically
address this concern support the presence of ribosomes actively engaged in translation on
IncRNA transcripts [115]. Moreover, several studies have provided experimental
evidence of productive translation through biochemical detection of polypeptides
predicted by ribosome profiling to be expressed from IncRNAs [31, 109, 115].

Based on findings that a subset of INCRNAs are translated, it is perhaps not surprising that
the steady-state level of a number of these transcripts responds to inhibition of the NMD
pathway. Indeed, a small number of individual INcRNAs in yeast [116, 117] and
mammals [118] were previously shown to be sensitive to NMD. What was perhaps
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unanticipated are findings from genome-wide analyses indicating that as many as 17% of
IncRNAs in Arabidopsis, budding yeast, and mouse embryonic stem cells are modulated
by NMD [15, 31, 104]. Inspection of NMD-sensitive INcCRNAs indicate that many harbor
short 5’ roximal ORFs with long regions downstream of the stop codon unprotected by
ribosomes [31, 104]. Given that a long 3’ UTR represents a feature sufficient to target
MRNA to NMD, translation termination upstream of long ribosome-free regions provides
a mechanistic explanation for how these INcRNAs are recognized and targeted by the
NMD pathway.

The discovery that a substantial fraction of INCRNAs actively engage the translation
machinery has spurred a number of studies aimed at characterizing these RNAs and
determining whether their putative protein products have biological roles in the cell.
Although experimental validation of protein expression is lacking for a majority of
IncRNAs predicted to encoded ORFs, several individual annotated INcRNAs in
Drosophila and zebrafish express peptides with documented roles in signaling and
development [119-121], providing precedent for functional protein expression from
IncRNAs. For these IncRNAs, reclassification of the gene locus as protein-coding may be
warranted (see accompanying Figure) [122], and it is likely that future studies will
expand this list as biological roles for peptides predicted to be encoded within additional
IncRNAs are uncovered.

For IncRNAs whose levels are modulated by NMD, regulation by this pathway will have
distinct consequences depending upon the role translation plays in the life of the RNA
(see accompanying Figure). For example, for IncRNAs expressed as a consequence of
spurious or “noisy” transcription, NMD may work alongside other cellular decay
pathways to clear these unproductive transcripts from the cell. In the absence of an active
mechanism for retaining these RNAs in the nucleus, the transcripts would be expected to
be transported to the cytoplasm and stochastically engage the translation machinery as a
consequence of their structural similarity to mRNA [i.e., a 5’ cap structure and 3’ poly(A)
tail]. In contrast, the coupling of translation and NMD may serve to modulate the
cytoplasmic level and function of a subclass of IncRNAs. For example, mammalian
GASS5 IncRNA is constitutively ribosome associated and sensitive to NMD. Inhibition of
NMD, however, results in stabilization of GAS5 IncRNA and an increase in its function
in growth arrest [118]. In light of observations that the translation status of a IncRNA
may be regulated, such as during meiosis in budding and fission yeast [35, 37], a shift in
translation would alter the fraction of a IncRNA species targeted to NMD and provide a
mechanism to fine-tune its steady-state level. For these IncRNAs, regulation of
translation could provide an important means to maintain low basal levels of the RNA in
the cytoplasm until its activity is required by the cell, or as a means for clearing the cell
of a large percentage of the INcCRNA transcripts rapidly and simultaneously [35, 37].
Finally, for some IncRNAs, NMD may help limit accumulation of nonfunctional or
deleterious peptides produced during de novo evolution of protein-coding genes [107,
108]. Translation of IncRNAs and their targeting to NMD may permit sampling of new
ORFs but with the benefit of minimizing the accumulation of deleterious cryptic
peptides.
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Finally, NMD may provide an important mechanism to ensure that a IncRNA functions
strictly as a regulatory RNA in the nucleus (see accompanying Figure). For IncRNAs
whose biological role it is to modulate gene expression though mechanisms such as
transcriptional control or chromatin modification, targeting these transcripts for rapid
decay by NMD provides an efficient means to reduce steady-state RNA levels in the
cytoplasm. NMD would, in effect, limit their accumulation outside the nucleus and
establish a concentration gradient in the cell that reflects the molecular function of the
transcript [106, 123]. Consistent with the establishment of a gradient, transcriptome
analysis of cellular fractions has demonstrated that NMD-sensitive mMRNA isoforms are
enriched in nuclear versus cytoplasmic compartments relative to normal mRNAs [124].
Rapid degradation of cytoplasmic IncRNAs would, moreover, ensure that a IncRNA
population remains predominantly noncoding.

The shaping of gene expression by NMD is both protective and regulatory

The NMD pathway provides cells with an efficient and rapid mechanism to eliminate
aberrant mMRNA and prevent accumulation of potentially deleterious truncated protein
products. In cases where the aberrant mMRNA is expressed from a mutant gene, 100% of
transcripts will harbor the NMD targeting feature and their degradation acts as a switch to
abrogate expression (Fig. 5A). While NMD inarguably plays an important role in mRNA
surveillance, aberrant transcripts generated as a consequence of mutation or errors during
gene expression are believed to represent only a small percentage of the total cellular pool of
transcripts in the cell, and, as is now recognized, only a minority of RNA whose levels are
modulated by NMD [26, 46]. Rather, growing evidence indicates that NMD contributes
broadly to regulating the expression level of many genes in response to developmental or
environmental cues, strongly suggesting that another major role for NMD is to fine-tune
gene expression by targeting a subset of transcripts expressed from a single gene. Indeed,
the repertoire of RNAs expressed from a gene can be extensively heterogeneous due to
variations in expression and/or processing, as described above. Due to this heterogeneity,
only a proportion of expressed mRNA will include features that confer sensitivity to NMD
(Fig. 5A). Based on the complexity of the gene expression pipeline, it is likely that the
majority of eukaryotic genes express some population of mMRNAs targeted to NMD, but that
the impact of this pathway on transcript levels will be different for each gene, dependent
upon the proportion of transcripts that are NMD-sensitive. Modulation of gene expression
by NMD is also influenced by the penetrance of the NMD-inducing feature (Fig. 5A). For
example, even though 100% of mRNA encoding cis-acting regulatory elements that direct
frameshifting are potential targets for NMD, -1 PRF elements often function inefficiently,
directing only a proportion of the mRNA population to undergo frameshifting and
subsequent premature termination. The efficiency of —1 PRF therefore dictates the level of
regulation by NMD [85, 87], and can itself be modulated, as recently shown by microRNA
stimulation of =1 PRF in the human HIV-1 co-receptor CCR5 [86]. In this case, fine-tuning
of CCR5 expression involves a balance between -1 PRF and NMD that is influenced by
cell-specific or temporal changes in microRNA levels.
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An interesting and yet unresolved observation is the unequal influence of NMD on mRNA
levels based on the location of the nonsense codon within the ORF. Critically, nonsense
codons in a number of eukaryotes exhibit polarity based on position, with premature stop
codons proximal to the 5’ end of the mMRNA causing a larger reduction in steady-state levels
and faster decay of the transcript [2, 8, 19, 90-93]. In contrast, 3’ proximal nonsense codons,
including those located in the terminal exon or at the extreme 3’ end of an ORF often have
little or no impact on mRNA levels [6]. Although it is unclear through what mechanism the
relative position of a nonsense codon affects targeting by NMD, computational modeling
coupled with reporter mRNA analysis in yeast has suggested that transcripts with nonsense
codons at different positions are each effectively distinguished from normal mRNA, but are
degraded by 5’ decapping at position-dependent rates [90]. Recent observations
demonstrating UPF1 association with nonsense codon-containing mRNAs ina 3’ UTR
length-dependent manner might also provide a basis for nonsense codon-position effects on
NMD substrate recognition and/or degradation [14, 15, 17].

Differences in the production of NMD-sensitive mRNA isoforms and their targeting to rapid
decay can thus have a broad range of effects on gene expression depending on the
proportion of the mMRNA population targeted (Fig. 5B). In situations where NMD is acting
essentially as a surveillance mechanism to clear products of stochastic errors in mMRNA
transcription or processing, only a small percentage of all expressed transcripts will be
down-regulated and the overall impact on gene expression will be low (and perhaps below
experimental detection). In contrast, for genomically-encoded mutations that result in
premature translation termination, 100% of the expressed transcripts are substrates for NMD
and efficient dampening of expression from the affected gene locus results. Between these
two extremes lie many endogenous genes for which an intermediate fraction of expressed
transcripts are sensitive to NMD, due to regulated RNA processing events or variable
penetrance of the NMD-inducing feature. It is in this range where NMD may primarily serve
a regulatory function, either because a substantial percentage of MRNAs expressed from a
gene are targeted by NMD or because the level of expression from a gene sits near the
threshold of biological impact such that a slight fine-tuning can result in dramatic
phenotypic changes. A similar strategy has been proposed for microRNA regulation in
higher eukaryotes [94], suggesting that the cell utilizes multiple approaches to modulate
gene expression post-transcriptionally as a means to alter biological fate.

The activity of the NMD pathway is subject to external cues and

autoregulation

Considering the broad role NMD has in both RNA surveillance and modulating endogenous
gene expression, it is not surprising that the NMD machinery itself is exquisitely controlled
through both autoregulatory feedback and external cues (reviewed in [72, 95]). Specifically,
in a number of metazoans including nematodes, zebrafish, and mammals, transcripts
encoding most NMD factors harbor features recognized by the pathway—including long 3’
UTRs, UORFs, or spliced mRNA isoforms with PTCs—and are themselves down-regulated
by NMD [46, 96, 97]. Negative feedback regulation of NMD factor expression has been
suggested to provide a buffering system to maintain homeostasis of gene expression under
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conditions of environmental or genetic insults [95, 96], and underscores the importance of
maintaining a constant magnitude of NMD for normal cellular function.

Despite the tight control of NMD activity, evidence exists that this pathway is modulated
under specific cellular conditions (reviewed in [72, 95]). For example, during hypoxia and
other stresses, NMD activity is inhibited and, as a consequence, the levels of NMD
substrates important for stress response are elevated [72, 98]. Modulation of NMD activity
has also been observed during development of the nervous system in vertebrates, likely as a
result of direct regulation of the core NMD factor UPF1 by tissue-specific and
developmentally-regulated microRNA-128 [99, 100]. In this context, the regulation of NMD
impacts expression of a broad range of NMD targets important for appropriate neural
differentiation.

While modulation of NMD occurs naturally under certain conditions, inhibition of NMD
activity and nonsense-codon recognition has recently been examined as a therapeutic option
for a number of diseases. These therapies take two contrasting approaches to modulate
NMD, either through inhibition of the activity of the pathway directly [101] or by decreasing
the efficiency of translation termination at the PTC [102, 103]. As an example of the former,
down-regulation of UPF2 or SMGL1 in transformed cells and in vivo tumor mice models has
been used to stabilize the heightened number of nonsense-containing mRNA isoforms
generated due to genomic dysregulation associated with cancer but which are normally
cleared from the cell. Translation of these stabilized mMRNAs produces a multitude of novel
truncated polypeptides that can act as potent antigens to induce an immune response and
inhibit tumor growth [101]. In contrast, pharmacological agents that decrease translational
fidelity and/or enhance readthrough at a PTC cause suppression of early translation
termination without impacting the NMD pathway directly [102]. This latter approach has
resulted in sufficient up-regulation of full-length protein expression and the alleviation of
symptoms for cystic fibrosis and muscular dystrophy patients with genetically encoded
nonsense mutations in the CFTR or dystrophin genes, respectively [103]. These examples
indicate that modulating recognition of mMRNAs by the NMD pathway represents a
promising therapeutic approach to combat a broad range of human diseases [1, 103].

Conclusions and perspectives

Although NMD has been largely characterized as a surveillance pathway which rapidly
eliminates aberrant mMRNA species from eukaryotic cells, emerging evidence points to a
critical role for NMD in broadly regulating expression of a large percentage of endogenous
RNAs. Although it remains unclear which of these activities represents the primary role of
NMD in the cell, they are not mutually exclusive, and both are likely important for optimal
cellular fitness. As discussed here, the gene expression pipeline provides numerous ways to
alter the ratio of NMD-sensitive RNA produced from a single gene locus, allowing the
NMD pathway to work as a rheostat to maintain appropriate gene expression for hundreds if
not thousands of genes under various conditions. Future studies aimed at identifying
substrates of NMD and characterizing the consequences of their targeting will continue to
shed light on the biological importance of regulating gene expression through this pathway.
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Despite the growing list of substrates and transcript features that play a role in targeting
RNAs to NMD, additional targets for this specialized surveillance pathway may exist that
have yet to be uncovered. This is highlighted by recent work revealing IncRNAs as a novel
category of cellular RNA species regulated by NMD [15, 31, 104] (see also Box 1) and the
role of this pathway in restricting viral replication in mammals [105]. The emergence and
refinement of technologies to evaluate RNA expression levels at greater sensitivity and
translation at nucleotide resolution will be critical for illuminating the complex dynamics
between transcription, translation, and mRNA decay, and will greatly increase our ability to
identify and classify the entire repertoire of RNA transcripts regulated by NMD. In order to
fully appreciate the role of the NMD pathway in shaping gene expression and biological
function, however, it will be necessary to expand our survey of NMD-sensitive
transcriptomes to a larger range of cells (and organisms) exposed to a multitude of
conditions.
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Figure 1.
mRNP composition influences NMD substrate recognition. A: Translation of the entire

protein-coding region of a normal MRNA by ribosomes serves to remodel the mRNP and
clear RNA-binding proteins from this region of the RNA. Termination proximal to the
poly(A) tail and poly(A) binding protein PAB1 is postulated to provide positive signals
indicating termination is occurring within an appropriate mRNP context. B: mRNASs
harboring an early stop codon undergo premature translation termination and, as a
consequence, have an increased length of RNA downstream that fails to be remodeled and
serves as a platform for a multitude of RNA binding proteins including several known to
influence NMD substrate recognition, including the multi-protein exon junction complex
deposited at exon junctions (fusion point of green and orange boxes) during pre-mRNA
splicing (1) and the NMD factor UPF1 (2). Additionally, ribosomes terminating prematurely
and distal to the poly(A) tail and PAB1 would fail to receive termination promoting signals
thus indicating that termination is aberrant (3).
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Figure2.
Nonsense codons can be introduced by genetic mutation or by errors or variation in

transcription by RNA polymerase 11. A: Genomic mutation (red bar) resulting in the
introduction of a nonsense codon or frameshift in the open reading frame (ORF; green box)
leads to 100% of the mRNA expressed from that locus containing a PTC at a fixed position
(left). In contrast, nucleotide misincorporation during transcription by RNA polymerase 11
generates MRNA harboring PTCs at a frequency of <0.5% at variable positions within the
mRNA ORF. B: Variations in transcription initiation site (left) create heterogeneity in the
length of the mMRNA 5" UTR, impacting translation initiation and reading frame choice
(discussed in detail in the text and see also Fig. 4). Similarly, the use of alternative 3’ end
formation sites (right), due to mutations in cleavage and polyadenylation signals or regulated
alternative polyadenylation (APA), generates heterogeneity in 3’ UTR length and
differential susceptibility of the mRNA to NMD.
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Figure 3.
Alternative pre-mRNA splicing generates substrates for NMD by a variety of means. Exon

skipping during pre-mRNA splicing generates an mRNA void of early nonsense codons and
whose ORF is fully translated (top). Intron retention commonly results in inclusion of an in-
frame PTC into the mature mRNA (1). Similarly, alternative 5’ or 3’ splice site usage leads
to partial intron retention (2) and/or shifts in the translational reading frame that result in
premature translation termination. Skipping (3) or inclusion of an exon of a nucleotide
length that is not divisible by 3 results in frameshifts and premature termination. Finally,
inclusion of a PTC-containing exon (i.e., a poison cassette exon) introduces a genomically-
encoded premature termination codon and targets the splice variant for NMD (4).
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Figure4.
Translational recoding can impact the position of translation termination. The position of

translation initiation by 80 S ribosomes can be influenced by a variety of means and impacts
the frame read by the translational machinery (left). The use of upstream, non-AUG codons
for translation initiation (1) or downstream AUG codons due to leaky scanning (2), can
result in translation of alternative reading frames and termination upstream of the natural
stop codon. Additionally, translation of upstream open reading frames (UORFs) within the &/
UTR (3) also leads to premature termination and targeting of the mRNA to NMD.
Translational recoding during translation elongation (right) can occur as a consequence of
programmed ribosomal frameshifting (1) or incorporation of selenocysteine at upstream
UGA in selenoprotein mRNAs (2). The former event often directs translating ribosomes to
nonsense codons in the —1 reading frame, while the latter facilitates bypass of the PTC and
averts targeting of the mRNA to the NMD pathway. The extent by which translational
recoding influences the susceptibility of an mMRNA to NMD will depend on the frequency of
the recoding event.
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Figure5.
NMD acts as a switch and a dial to modulate gene expression. A: One-hundred percent of

transcripts expressed from genes harboring nonsense or frameshift mutations harbor PTCs
and are potential substrates for NMD; efficient targeting of these RNASs to this surveillance
pathway serves as an effective means to eliminate them from the cell (left; targeted
transcripts shaded in gray). In contrast, when only a fraction of expressed transcripts harbor
PTCs or are targeted to NMD, the pathway serves to eliminate only a subset of the RNA.
Variation in the proportion of an mRNA population targeted to NMD may result from
heterogeneity in 5" or 3’ UTR length or the nature of the spliced isoform (middle), or due to
the incomplete penetrance of an NMD feature (right). B: The overall impact of NMD on
gene expression (bottom) is dependent upon the fraction of MRNA targeted for degradation
(top). When a large percentage of expressed transcripts are targeted, such as for genomic
mutations, NMD serves as a switch to ensure minimal expression from the aberrant gene.
For stochastic errors in transcription or processing, the overall impact of NMD on gene
expression is small and perhaps even experimentally undetectable. In contrast, targeting of
MRNA between these extremes provides an important mechanism for fine-tuning gene
expression that will have variable phenotypic consequence depending on the gene and
overall levels of mMRNA (and expressed protein) required by the cell.
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Trangation of IncRNAs can have different outcomes depending on the biological function of the
transcript

Translation of INCRNAs can produce biologically important peptides (1), suggesting that the
genes expressing these transcripts warrant reannotation as protein-coding. INcRNA resulting
from spurious transcription are predominantly cleared from the cell through degradation in
the nucleus but can be targeted to surveillance by NMD if they escape to the cytoplasm and
engage the translation machinery (2). For IncRNAs with regulatory functions in the
cytoplasm, translation and targeting to NMD may act to modulate steady-state levels and
activity of the RNA; in the absence of targeting by NMD, RNA levels are elevated, favoring
enhanced function of that IncRNA (3). For IncRNAs whose function is to regulate gene
expression in the nucleus, translation and rapid degradation by NMD in the cytoplasm
would establish and maintain a concentration gradient that ensures the INcRNA population is
principally nuclear and predominantly noncoding (4). Finally, NMD can assist in clearing
the cell of IncRNASs that are sampled by the translation machinery in the process of de novo
evolution of protein-coding genes (5). While INcRNA translation is necessary for the
sampling of new peptides, rapid elimination of transcripts expressing nonfunctional products
is important to protect the cell against deleterious effects.
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