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Abstract

Nonsense-mediated mRNA decay (NMD) is a conserved translation-coupled quality control
mechanism in all eukaryotes that regulates the expression of a significant fraction of both the
aberrant and normal transcriptomes. In vertebrates, NMD has become an essential process owing
to expansion of the diversity of NMD-regulated transcripts, particularly during various
developmental processes. Surprisingly, however, some core NMD factors that are essential for
NMD in simpler organisms appear to be dispensable for vertebrate NMD. At the same time,
numerous NMD enhancers and suppressors have been identified in multicellular organisms
including vertebrates. Collectively, the available data suggest that vertebrate NMD is a complex,
branched pathway wherein individual branches regulate specific mMRNA subsets to fulfill distinct
physiological functions.

Introduction

Genetic pathways are governed by fidelity mechanisms that perform proofreading functions
to limit errors during information flow. NMD is one such mechanism that is conserved
across all eukaryatic cells, and rapidly degrades mRNAs with nonsense mutations to
maintain fidelity during protein synthesis. In addition to its RNA surveillance function,
NMD also serves a regulatory role by degrading a significant fraction of transcripts arising
from mutation-free genes. For example, NMD regulates ~10% of the transcriptome in
mammals [1,2]. Work on diverse model systems suggests that the NMD pathway has
acquired an increasing importance over the course of evolution. Although Saccharomyces
cerevisiae and Caenorhabditis elegans are viable without a functional NMD pathway [3,4],
the pathway is essential for viability in vertebrates [5-7]. This gain of essentiality with
increasing organismal complexity underscores the expansion of NMD functions from quality
control to a more sophisticated regulatory mechanism. At the heart of the pathway, three
conserved UPF (up-frameshift) proteins UPF1, UPF2, and UPF3 distinguish NMD
substrates from non-substrates [8—-10]. Surprisingly, however, evidence suggests that, unlike
in yeast, UPF3 and perhaps UPF2 are not necessary for suppression of all NMD-targeted
MRNAs in mammals [11-13]. Further, numerous NMD enhancer and suppressor proteins
have been identified in multicellular organisms that play a crucial role in NMD, albeit only
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for a subset of target mMRNAs (e.g., [14,15]). Based on these observations, NMD in complex
organisms such as vertebrates can be conceptualized as a branched pathway in which
parallel branches regulate distinct sets of transcripts. This review focuses on the evidence,
possible mechanisms, and biological implications of the branched nature of the vertebrate
NMD pathway.

Current State of NMD: Signals and Mechanisms

We begin with a brief summary of mRNA features, key protein factors, and molecular events
that trigger NMD. Several excellent reviews provide a more detailed view of the NMD
mechanism [10,16-20].

NMD Recognizes a Variety of Substrates during Translation

The first event in initiation of NMD is recognition of translation termination as an abnormal
or ‘aberrant’ event. Such termination can be premature if it occurs at premature termination
codons (PTCs), which can arise from mutations or from transcriptional or mMRNA processing
errors. In other cases, termination at normal stops can be sensed as “aberrant’ owing to the
presence of naturally occurring features such as long 3" untranslated regions (3'-UTRs),
exon—exon junctions downstream of stop codons, and upstream open reading frames
(UORFs) (see Glossary) [21] (Box 1). Mammalian NMD occurs during the early rounds of
translation of transcripts that remain associated with the nuclear cap-binding complex
(CBC) [22], or where the CBC has been replaced by the cytoplasmic cap-binding protein
EIF4E [23,24]. An elegant investigation in human cells using single-molecule microscopy of
NMD reporter RNAs further confirms this view, and even shows that each ribosome
terminating translation at a PTC exhibits an equal and unexpectedly low probability of PTC
recognition and NMD execution [25]. NMD-promoting features such as extended 3"-UTRs
or 3’-UTR exon-exon junctions may function by increasing the likelihood that a termination
event is recognized as aberrant during each round of translation.

When a ribosome encounters a termination codon (either normal or premature), polypeptide
release factor eRF1 enters the ribosome A-site to recognize the codon, and another release
factor eRF3a (referred to here as eRF3) promotes polypeptide release to accomplish
termination. Normal and aberrant translation termination events may have intrinsic
differences, as suggested by a higher likelihood of trandational readthrough at PTCs than
at normal termination codons [10]. Earlier reports suggested that the ribosome pauses at
PTCs significantly longer than it does at normal termination codons [26,27], although a
recent study found no detectable difference in ribosomal stalling at premature versus normal
stop codons [28]. The molecular details of the events that define aberrant (i.e., NMD-
inducing) termination remain to be fully understood.

Core NMD Factors Recognize mRNAs Undergoing Premature Termination

UPF1, UPF2, and UPF3 are a conserved set of core NMD factors that distinguish mRNAs
undergoing aberrant termination [10]. Two mutually non-exclusive models describe how

UPF1 can differentiate between transcripts undergoing aberrant versus normal termination
(Figure 1). In one model, the introduction of a PTC prevents displacement of RNA-bound
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UPF1 from a stretch of coding sequence (CDS) during translation [29-31], causing UPF1
accumulation on RNA, more frequent engagement of UPF1 with the termination machinery,
and hence abnormal termination (Figure 1A). The other model posits that an interaction
between poly(A)-tail-bound poly(A)-binding protein (PABP) and ribosome-bound release
factor eRF3 is crucial for efficient ribosome termination [32]. However, a longer 3’-UTR
disfavors PABP-eRF3 interaction, and 3"-UTR-bound UPF1 outcompetes PABP for eRF3
interaction, thereby causing inefficient translation termination [26,27,33-36] (Figure 1B). In
either model, UPF1 engaged with the terminating ribosome is then activated by UPF2 and
UPF3, and NMD ensues (Figure 2A). Additional NMD enhancers such as the 3'-UTR-
bound exon-junction complex (EJC), a multi-subunit complex deposited upstream of exon—
exon junctions during pre-mRNA splicing [37-39], can further enhance the recruitment and
activation of UPF factors on specific mRNAs (Figure 2B) (see below).

UPF1 is highly conserved throughout eukaryotic evolution from fungi to humans [40], and
consists of a cysteine/histidine (CH)-rich domain connected via a flexible linker to a RecA-
like helicase domain. The RecA helicase domain exhibits RNA binding, AT Pase, and RNA
helicase activities [10,16,41]. UPF1 undergoes cycles of ATP binding and hydrolysis, and a
nucleotide-induced conformational switch that converts it from a ‘loosely” RNA-bound state
to more ‘intimately’ RNA-bound form [42,43]. The intramolecular protein—protein
interaction between the CH domain and the helicase domain further augments UPF1 RNA
binding, and at the same time diminishes its ATPase and helicase activities, thus acting as a
key regulator of the UPFL1 catalytic engine [42,43]. UPF1 ATPase and helicase activities are
essential for NMD [44,45]. The ATPase activity promotes UPF1 disassociation from non-
NMD target RNAs, and hence mediates target discrimination [46]. This activity is also
necessary to release UPF1 and other NMD factors from cleaved RNA fragments to allow
completion of transcript degradation [45].

UPF2 is the next most conserved NMD factor that is maintained in almost all eukaryotes
examined [40]. UPF2 interacts with UPF1 CH domain via its C-terminal intrinsically
disordered region (IDR) and with UPF3 via one of its three MIFAG domains [47,48].
Simultaneous UPF2 association with both UPF1 and UPF3 mediates assembly of the UPF1-
UPF2-UPF3 complex [43,49]. However, UPF2 is much more than a bridge between UPF1
and UPF3. When UPF2 engages the UPF1 CH domain, it relieves the inhibitory role of the
CH domain and thus activates UPF1 ATPase and helicase activities [42,43]. Interestingly,
UPF2 can also interact directly with eRF3, although the significance of this interaction for
NMD remains unclear [50].

UPF3 is the third core NMD factor but is the least conserved of the three, and is even
undetectable in several eukaryotes [40]. Mammalian genomes encode two UPF3 paralogs,
UPF3A and UPF3B, which share a well-conserved N-terminal RNA-recognition motif-like
domain that interacts with UPF2 [47,51], and a C-terminal domain for EJC interaction
[52,53]. Thus, by connecting the UPF proteins with the EJC, UPF3 links translation
termination with the downstream exon—exon junctions [16,17,19,20]. Compared with
UPF3B, UPF3A exhibits weaker EJC binding affinity and hence weaker NMD activity [54].
UPF3A could even serve as an NMD suppressor potentially by sequestering UPF2 away
from UPF3B and the NMD complex [55]. Thus, UPF3B is likely to provide the major

Trends Genet. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yietal.

Page 4

NMD-activating function, whereas UPF3A can act as a weak NMD activator or as a
suppressor [54,55]. Although the full picture of UPF3 biochemical functions remains
elusive, UPF3B can enhance the ability of UPF2 to promote UPF1 ATPase and helicase
activities [43]. Human UPF3B can also interact directly with eRF3 and influence different
stages of translational termination reaction /n vitro [56], with unknown consequences for
NMD.

An essential step in NMD is UPF1 phosphorylation at its several serine/threonine-glutamine
motifs [(S/T)Q], which is carried out in mammals (and most eukaryotes) by SMG1, a
phosphatidylinositol 3-kinase-related protein kinase [57-60]. Because UPF1
phosphorylation licenses the mRNA for degradation, a series of events govern this crucial
step (Figure 2). Phosphorylated UPF1 binds to EIF4E to inhibit new cap-dependent
translation [61], and serves as a binding platform for SMG5/SMG7 and SMG6 [62,63], the
effectors that initiate mMRNA decay and mediate UPF1 dephosphorylation via PP2A
phosphatase [61,62]. Overall, a complex series of events recruit and activate UPF1 to
distinguish aberrant from normal termination events, and then recycle UPF1 and other
factors such that translation termination is continuously monitored.

Multiple Parallel Routes to Activate UPF1

We turn next to observations that suggest gain of additional regulators and a surprising loss
of full dependence on some core NMD factors in the vertebrate NMD pathway. An emergent
view is that the NMD pathway, at least in the vertebrates, can be conceptualized as a
branched network that converges at UPF1.

EJC-Enhanced NMD Is a Major Branch of the Pathway

In addition to the core NMD pathway dictated by the UPF proteins (Figure 2A), a prominent
branch of the vertebrate NMD pathway is activated when exon junctions are present in 3”-
UTRs (Figure 2B) [16,17,19,20]. This branch of NMD is enhanced by the EJCs, which are
assembled during splicing as a trimeric core composed of EIF4A3, MAGOH, and Y14 (also
known as RBM8A) (Figure 3A) [37-39], and mark the position of exon—exon junctions until
they are removed in the cytoplasm by the translating ribosome. If the ribosome terminates
translation (either at PTCs or at normal termination codons) >50 nt upstream of the last
exon—exon junction [21], or sometimes even closer [64], 3"-UTR-bound EJC(s) can activate
NMD. Although the core EJC proteins are widely conserved in eukaryotes, the EJC function
in NMD has been confirmed mainly in vertebrates, where the EJC proteins are also essential
for viability [64—66]. The trimeric EJC core provides a composite surface for binding
UPF3B (or UPF3A) [53]. Current models of EJC-dependent NMD state that the EJC
downstream of a terminated ribosome recruits UPF3B and UPF2 to the vicinity of the
terminated ribosome (Figures 2B and 3A), enhancing the formation of the UPF complex and
UPF1 phosphorylation. In addition, EJCs, both upstream and downstream of stop codons,
can stimulate NMD indirectly by enhancing translation [25,67]. Because the vast majority of
vertebrate genes contain introns, sometimes even in 3’-UTRs [64,68], and because
alternative pre-mRNA splicing is widespread in these organisms [69], the EJC-dependent
NMD branch regulates a large fraction of NMD substrates.
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NMD Can Occur via UPF3- and UPF2-Independent Branches

An interesting development in the NMD field has been the discoveries that, although UPF2
and UPF3 are required for all NMD in S. cerevisiae [3,70], at least to some extent,
mammalian NMD can occur without UPF3B, and possibly even without UPF2 (e.g.,
[11,13,71]). The most convincing evidence is for UPF3B dispensability. The non-essential
nature of UPF3B is underscored by mutations in human UPF3B in individuals with X-linked
mental retardation, some of whom almost completely lack UPF3B protein and suffer from a
range of neurological disorders such as autism and intellectual disabilities [12,72—74]. Thus,
UPF3B deficiency in mammals seems to be tolerable for viability but preferentially affects
neuronal function [75-77]. Consistently, only a small subset of known NMD targets are
upregulated in mice depleted of UPF3B via antisense oligonuclectide (ASO)-mediated
knockdown [78], in UPF3B-lacking human patient cells [12,79], and in UPF3Bdepleted
HeLa cells [71] (Figure 3B). Thus, it appears that UPF3B-independent NMD is likely a
prominent branch in mammals, whereas UPF3B-dependent NMD may have a more
specialized function.

How does the UPF3B-independent NMD pathway operate mechanistically? In a simplest
scenario, UPF3A may activate NMD in the absence of UPF3B, at least on a subset of NMD
targets [54,80]. Interestingly, many UPF1-sensitive NMD targets in HeLa cells can still
undergo efficient NMD when both UPF3A and UPF3B are depleted [71], suggesting that
some human NMD targets are likely to be independent of both UPF3A and UPF3B.
Supporting this idea, in Drosophila, UPF3 is dispensable both for viability and for NMD of
several mMRNAs [81]. Other mechanisms of UPF3B-independent NMD may operate via
NMD enhancers within the EJC. 3’-UTR tethering of RNPS1, a peripheral EJC protein,
elicits strong decay of a reporter mRNA, even when UPF3B is depleted from cells (Figure
3B) [11]. In addition, the UPF3B requirement in NMD could be dictated by its function in
translation termination [56]. It remains to be tested whether the UPF3B-dependence (or
UPF3B-independence) of NMD is governed by distinct transcript-specific features that
modulate translation.

Unlike UPF3B, UPF2 is indispensable for embryonic development in mice, and its
homozygous loss leads to lethality by embryonic day 9.5 [6]. Conditional Upf2knockouts in
mice result in strong NMD inhibition and developmental defects in almost all tissues
examined [6,13,82,83], suggesting an essential role for UPF2 during development.
Surprisingly, conditional Upf2knockout in mouse spermatocytes shows no global
upregulation of PTC-containing transcripts, whereas transcripts containing long 3"-UTRs
are preferentially upregulated [13]. Identification of partial UPFZ2loss-of-function mutations
in individuals with neurological deficits suggest that different cell/tissue types may have
variable UPF2-dependence [84,85]. These genetic data hint at a dispensable function of
UPF2 under specific conditions and/or cell types. Interestingly, in HeLa cells some NMD-
targeted MRNASs are almost insensitive to UPF2 knockdown, suggesting that their NMD
might be UPF2-independent or insensitive to its reduced levels [11]. Moreover, in these
cells, a UPF1 mutant protein lacking UPF2-binding ability can still be phosphorylated by
SMG1, and can almost completely substitute for wild-type UPFL1 for efficient NMD of a p-
globin reporter mRNA [36]. Consistently, there is evidence for the assembly and activation
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of UPF2independent NMD complexes (Figure 3C). Tethering of UPF3B or the EJC factor
CASC3 (also known as MLN51 or BTZ) downstream of a stop codon triggers strong UPF1-
dependent downregulation of the reporter RNA in UPF2-depleted HelLa cells [11]. Along
these lines, UPF2 interaction-deficient UPF1 mutants can interact with UPF3B and CASC3
[36,86]. Further, a direct UPF3B-UPF1 interaction has been observed in vitro [56]. It
remains unknown whether UPF1 ATPase and helicase activities can be activated without
UPF2.

Overall, although genetic studies based on the complete loss-of-function of UPF3B [12,77]
and UPF2 [13] lend strong support for their dispensability during NMD, some key evidence
for this idea comes from partial protein knockdown experiments, which remains an
important caveat (Box 2).

EJC/UPF Enhancers Further Branch the NMD Pathway
EJC Composition Splits the EJC-Dependent NMD Branch

The EJC is a dynamic complex in which its core remains the same but its complement of
peripheral proteins changes during the mRNA life-cycle [37-39]. The earliest hints that EJC
composition can influence NMD came from experiments noted above where mRNA
tethering of the EJC proteins including RNPS1 and CASC3 suggested that there are UPF2-
and UPF3B-independent routes of NMD [11]. The recent discovery that RNPS1 and CASC3
define two mutually exclusive or alternative EJC compositions in mammalian cells further
explains the non-overlapping roles of these two factors in NMD [87].

Owing to the mutually exclusive nature of RNPS1- and CASC3-containing EJCs, the EJC-
dependent NMD branch can now be viewed as at least two distinct branches (Figure 3A-C).
The distinctive features of NMD targets that shunt them to one or the other EJC-dependent
branches remain to be identified. mMRNAs preferentially bound by the RNPS1-EJC as
compared with the CASC3-EJC in HEK293 cells are enriched in binding sites of serine/
arginine-rich (SR) proteins, which exclusively associate with RNPS1-EJC [87]. It remains to
be seen whether mRNAs enriched in SR protein binding sites are preferred targets of the
RNPS1-dependent NMD branch. Although no distinctive features of CASC3-bound mRNAs
are known, a limited effect of CASC3 knockout on NMD targets in HeLa cells confirms that
CASC3 is required for efficient NMD of only a subset of NMD-targeted mRNAs [88]. How
do RNPS1 and CASC3 enhance NMD? RNPSL1 interacts with the EJC indirectly via the
ASAP-PSAP complex [89,90]. It is possible that it enhances NMD either indirectly by
promoting deposition and/or stable binding of the EJC, or more directly via interactions with
the EJC/UPF proteins. Unlike RNPS1, CASC3 directly binds to EIF4A3 [91,92] and shows
a strong association with UPF3B [87], as well as a UPF2independent link to UPF1 [86].
Whether CASC3 can engage with UPF proteins independently of the EJC core factors
remains unknown.

As per current evidence, the RNPS1-containing EJC likely represents a predominantly
nuclear and early cytoplasmic stage of the EJC that switches to a CASC3-containing EJC
either before or during translation [87]. Therefore, the dependence of NMD targets on
RNPS1-versus CASC3-EJC will potentially be influenced by the rate of the EJC
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compositional switch on individual mMRNAs, and the rate of mMRNA entry into the translation
pool. mRNAs that enter translation soon after their export may depend on RNPS1, whereas
those that spend an extended time as pre-translation mMRNAcontaining ribonucleoproteins
(mRNPs) may depend on CASC3. Whether this compositional switch also affects UPF2/
UPF3-dependence remains to be investigated.

SR Proteins Can Enhance EJC-Dependent and -Independent NMD Branches

Since the first report that overexpression of canonical SR proteins enhances NMD of
reporter transcripts [15], several lines of evidence have emerged that support their role in
NMD. Both nucleocytoplasmic shuttling SR proteins (e.g., SRSF1) [93] and the nucleus-
retained SRSF2 [94] can enhance NMD. Thus, SR proteins likely promote NMD via
multiple mechanisms. First, these proteins can act in concert with the EJC to enhance NMD.
With the exception of SRSF2, all canonical SR proteins interact with the EJC [95,96],
specifically the RNPS1-EJC [87]. SR proteins and EJC could stabilize each other’s binding
to spliced RNAs to thereby enhance NMD (Figure 3A,B). Such a model is supported by the
enrichment of SR protein binding sites at noncanonical EJC binding positions close to the
EJC deposition site [87,95,96], and by the enhancement of EJC deposition by nucleus-
retained SRSF2 [94]. Second, SRSF1 can interact with UPF1 in both the nucleus and
cytoplasm, and a direct interaction has been reported between the proteins /n vitro [93].
Thus, SRSF1 can enhance NMD independently of the EJC, and even independently of UPF2
and UPF3B (Figure 3D). SRSF1 may also potentially enhance UPF1 activity by recruiting
phosphatase PP2A [93]. Lastly, overexpression of SRSF1 can alter the location of NMD and
the pioneer round of translation from cytoplasm to nucleus-associated [97], suggesting
another potential mechanism of NMD regulation by enhancing translation. Although it is
clear that SR proteins act as NMD enhancers, much remains to be learned about their
function in NMD.

Multiple Routes to mRNA Degradation

Following UPF1 phosphorylation, the NMD pathway enters the mRNA degradation phase,
which can also proceed via multiple routes. The key functions in this phase are carried out
by the three SMG proteins — SMG5, SMG6, and SMG7 (Figure 4). Each of these proteins
can bind to phosphorylated UPF1 via their 14-3-3 domain but can also interact with UPF1
in a phosphorylation-independent manner [98,99]. SMG6 cleaves the mRNA into two
fragments [100], at or immediately downstream of the PTC [101,102], via the endonuclease
activity of its PIN domain. SMG5/SMG? are recruited to UPF1 as a heterodimer, and a
direct interaction between SMG7 and CNOT8 (also known as POP2) can connect the target
MRNA to the CCR4/NOT deadenylation complex (Figure 4A) [103,104]. Recruitment of
the CCR4/NOT complex to NMD-targeted mRNASs can initiate rapid deadenylation,
followed by mRNA decapping and degradation by XRN1, the 5'-3" exonuclease (Figure
4A).

The relative flux of NMD through mRNA degradation routes and their target specificity is
not yet completely understood. Earlier reports based on SMG6 and SMG7 knockdown
suggested that the SMG5/SMG7 and SMG6 routes act essentially on the same set of
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transcripts and thus may work in a partially redundant and independent manner [105]. This
view is also supported by an increase in decapped mMRNA, and hence the increased flux
through SMG5/SMG?7 route, under SMG6 limiting conditions [102,106]. Consistently,
Smgé is essential for mouse embryonic stem cell (ESC) differentiation but Smg6 knockout
does not affect somatic cell viability [107], suggesting redundant roles of SMG6 versus
SMG5/SMG?7, at least in some cell types. Interestingly, mRNAs targeted for NMD because
they contain PTCs appear to be more sensitive to SMG6 levels [108], and the addition of
EJCs to a long 3’-UTR leads to much more efficient SMG6-mediated cleavage of mRNAS
[101]. Thus, the presence of downstream EJCs may confer increased sensitivity to decay via
the SMG6 route.

A recent study has challenged the complete independence of SMG5/SMG7 and SMG6
functions within the NMD pathway [109]. Under SMG7 loss-of-function conditions, SMG6-
mediated cleavage was found to be inactivated, suggesting that SMG6 function depends on
SMG5/SMG?7. The essential nature of the SMG5-SMG?7 interaction for the NMD pathway
further underscores this dependence, whereas the SMG7—-CNQOTS8 interaction is dispensable
for NMD. Interestingly, in Smg7 deletion cells, UPF1 phosphorylation is altered and its
release from non-target mMRNAS is also impaired, possibly because of disruption of PP2A-
mediated UPF1 dephosphorylation. Thus, it appears that, even though SMG5/SMG7 and
SMG6 are capable of defining independent mMRNA decay routes, their functions within the
NMD pathway are more intertwined such that SMG5/SMG?7 perform additional functions to
authenticate and allow SMG6-mediated decay to proceed.

Phosphorylated UPF1 can also be linked to mRNA decay proteins via a third possible route
in which UPF1 interacts directly with the decapping complex components DCP2 and
PNRC2 [103,104]. However, this route may play only a minor role because NMD reporter
RNAs are unaffected by PNRC2 knockdown [104].

Implications of the Branched Nature of the NMD Pathway

The alternative routes to initiate and execute the NMD pathway (Figure 5) provide
opportunities for regulating specific MRNAs in particular cells/tissues, cellular states, and
subcellular locations, and can also boost the robustness of the pathway in the face of genetic
variation imposed by intrinsic and extrinsic factors. The branched nature of the pathway also
provides an opportunity to specifically target a particular NMD branch for developing
therapeutic interventions (Box 3).

Regulation via the UPF3B-Dependent NMD Pathway

The UPF3B-dependent branch is the best-understood for its regulatory nature and for the
mechanisms by which its activity can be controlled. As noted above, the UPF3B-dependent
branch plays an essential role in neuronal tissues [12,75-77], although the underlying basis
remains to be understood. It is possible that some neuron-specific transcripts that are
important for the identity/function of these cells have specific features, so far unknown, that
confer UPF3B dependence. Alternatively, such cells could be more reliant on a ubiquitous
UPF3B function (e.g., regulation of unfolded protein response (UPR) [110]).
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Various mechanisms can limit UPF3B function to select cells/tissues. A simple mode may
be to regulate UPF3B expression levels to tune the NMD flux through this branch.
Compared with pluripotent cells, UPF3B mRNA levels are ~twofold lower in non-
pluripotent cells [111], suggesting that UPF3B-dependent NMD is dampened as cells exit
from the pluripotent state to differentiate. Intriguingly, when C2C12 cells undergo
myogenesis, Staufen-mediated MRNA decay competes with NMD for UPF1, and perhaps
UPF2 [112,113], and slows down NMD [112]. Under these conditions, UPF3B becomes
upregulated, with consequent downregulation of UPF3B-dependent targets. The UPF3B-
dependent NMD branch can also be regulated by the antagonistic activity of UPF3A to
repress UPF3B function [55]. During mouse spermatocyte maturation, the UPF3B-to-
UPF3A ratio decreases dramatically, leading to NMD suppression which is crucial for male
germ cell development [55]. Interestingly, the UPF3A:UPF3B ratio is also regulated by
negative feedback regulation of UPF3A by UPF3B [80], which may fine-tune UPF3-
dependent NMD. Another frans-acting factor that can stimulate the UPF3B-dependent NMD
branch is ICE1, which interacts with the EJC via its putative MIFAG domain [114].
Although ICE1 does not stably associate with any NMD factors, normal levels of ICE1 are
necessary for efficient association of UPF2/UPF3B with the EJC and for maintaining
sufficient cytoplasmic UPF3B levels [114]. It will be interesting to test whether ICE1
function in NMD shows any variation in a transcript/cell/tissue-specific manner.

Regulation via the EJC-Dependent NMD Pathway

Several mechanisms are emerging whereby the EJC-dependent NMD branch could be
regulated. One such mechanism acts via phosphorylation of EIF4A3 at threonine 163 by
CDK1 and CDK2 [115], thereby inhibiting EIF4A3 RNA binding and hence its assembly
into the EJC. Moreover, the level of EIF4A3 phosphorylation changes during the cell cycle
and negatively correlates with NMD efficiency. Several other EJC factors are post-
translationally modified (e.g., Y14 [116,117] and RNPS1 [118]), although the significance
of these modifications on EJC function during NMD remains unknown. Modulation of the
two alternative EJC factors RNPS1 and CASC3 can also influence the efficiency of EJC-
dependent NMD. In different HeLa cell strains, RNPS1 levels are directly proportional to
the NMD efficiency of an EJC-dependent NMD reporter RNA [119]. Notably, like UPF3B,
RNPSI mRNA levels are downregulated ~twofold in non-pluripotent cells compared with
pluripotent cells [111]. Further, Casc3 mRNA levels are much lower than those of the other
core EJC factors in several murine tissues [120], and CACS3 overexpression modestly slows
down NMD in HeLa cells [87]. Because the RNPS1- and CASC3-dependent phases of
NMD are non-overlapping, the RNPS1-to-CACS3 ratio could also tune NMD efficiency.
Regulation of CASC3mRNA by miR-128 in neural cell types [121], and assembly of
CASC3 protein into stress/cytoplasmic granules upon stress [122,123], exemplify other
regulatory modes that may affect NMD. Finally, given the extensive EJC-SR protein nexus
within mRNPs [95], it is important to understand whether the EJC-dependent branch could
be regulated by signaling pathways that converge on the SR proteins [124].
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Transcript- or Location-Specific Control of NMD Branches

Branched

Cis-acting mRNA features can also modulate NMD, some of which may preferentially affect
one of the NMD branches. Some mRNAs with long 3"-UTRs evade NMD via specific 3’-
UTR sequence elements, thus exemplifying how the core NMD pathway can be regulated in
a transcript-specific manner [14,125,126]. Some of these NMD-inhibitory elements occur in
the vicinity of stop codons and are binding sites for HNRNP factors such as PTBP1 and
HNRNPL [14,126]. PTBP1 binding close to stop codons promotes UPF1 dissociation from
substrate MRNAS to inhibit NMD [127]. Notably, similar 3’-UTR binding of HNRNPL can
override NMD induction even by downstream EJCs [126]. The increased density of binding
sites of other HNRNP factors in the 3’-UTRs of mRNAs that show reduced UPF1 binding
suggests that this NMD-protective mechanism is probably a more widespread function of
HNRNP proteins [126]. Notably, HNRNPs are well-known regulators of cell- and tissue-
specific mMRNA processing and translation [128], and hence may also regulate NMD in a
context-dependent manner. In addition to 3"-UTR-based elements, mRNA features such as
translation reinitiation downstream of PTCs can cause escape from NMD [129-131].
Systematic analysis of large-scale omic datasets has confirmed these previous observations,
and has also uncovered many other potential NMD evasion strategies [21,132,133], which
remain to be further dissected to understand whether they operate in a branch-specific
manner.

Evidence suggests that the NMD pathway and its different branches can also regulate gene
expression in a spatial manner at subcellular locations. A noteworthy example is the
regulation of endoplasmic reticulum (ER) homeostasis and UPR by NMD [134,135] where
the UPF3dependent NMD branch has a prominent role in regulating the mRNAs encoding
three transmembrane UPR sensors ATF6, PERK, and IRE-a [110]. UPF3B and SMG6 have
been constitutively observed at the ER [134], and NBAS, a protein involved in ER-to-Golgi
trafficking, can directly recruit UPF1 and other SURF (SMG1-UPF1-eRF1-eRF3) complex
components to termination events at the ER [136]. Indeed, NBAS regulates a fivefold higher
number of membrane-associated mMRNAS than cytosolic mRNAs, whereas UPF2 appears to
be more specific for cytosolic mMRNASs, supporting the spatial organization of different NMD
branches.

NMD Pathways and Genetic Robustness

In multicellular organisms, transcripts encoding several NMD factors, including the three
UPF proteins and the SMG proteins, are themselves under negative feedback regulation by
the pathway [137-139]. The evolution of such a feedback mechanism has been suggested to
tune the magnitude of NMD in situations where genetic or environmental factors dampen the
pathway [20]. Interestingly, the feedback regulation of NMD factor genes is controlled by
different branches, and this also varies according to cell and tissue type [137]. For example,
the EJC-dependent branch regulates UPFI and SMGI mRNAs, whereas the other NMD
factor mRNAs are regulated by the EJC-independent branch. Among all feedback-regulated
NMD factor mRNASs, only UPFIand SMG7mRNAs are degraded by the UPF3B-dependent
branch. As the ES cells differentiate, feedback regulation of some NMD factor mMRNAS
switches from the UPF3B-independent to the UPF3B-dependent pathway. Such
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autoregulatory controls can buffer the pathway for phenotypic advantage, as suggested by
the amplification of NMD factor genes and NMD activity during tumor evolution to
suppress novel immunogenic epitopes [140]. It is reasonable to predict that the branched
organization of the pathway can further extend the robustness of these controls over
evolutionary timescales. Moreover, NMD branches may also contribute to robustness by
offering at least partial functional redundancy, which can buffer developmental reactions and
stabilize information flow networks during evolution [141,142].

Concluding Remarks

The field has made tremendous progress in understanding the roles of the NMD pathway in
MRNA quality control and in gene regulation. In this review we have discussed how, with
the acquisition of new enhancers and suppressors, and the loss of full dependence on some
core factors, NMD has evolved from a simpler pathway into a complex intricate regulatory
network (Figure 5). Further, as NMD became enmeshed within developmental pathways,
this may have brought about the evolution of autoregulatory feedback loops and its parallel
branches. We (here) and others [20] have conceptualized the parallel mechanisms as a
branched network, but it can also be viewed as an ensemble of mMRNP assembly and
modification states that determine whether a translation termination event will be labeled as
aberrant [18]. Nonetheless, many fundamental questions remain about NMD mechanism and
function (see Outstanding Questions), perhaps the most profound being how NMD and its
various branches contribute to biological and developmental outcomes.
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Alternative preemRNA splicing:
the process of creating multiple mRNA isoforms from a single pre-mRNA via different exon
combinations.

Antisense oligonucleotide (ASO):
short RNA-like oligomer that binds to its complementary sequence in the target RNA to
block RNA-protein or RNA- RNA interactions.

ATPase:
enzymes that catalyze the decomposition of ATP into ADP and inorganic phosphate, often
using the energy from ATP to alter protein conformation to perform functions.

Deadenylation:
shortening of the poly (A) tails at MRNA 3’-ends.

Decapping:
removal of the m’GpppN cap at mMRNA 5’-ends, which exposes the 5”-end for decay.
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Endonuclease:
an enzyme that cleaves the phosphodiester bond within a polynucleotide chain (DNA or
RNA).

Exonuclease:
an enzyme that cleaves nucleotides one by one from the ends (5 or 3") of a polynucleotide
chain.

Frameshift mutations:

mutations caused by insertions or deletions of nucleotides that are not a multiple of three.
Owing to the triplet nature of the genetic code, this results in the ribosome decoding the
mRNA in a different frame and completely changes the resulting protein sequence.

Intrinsically disordered region (IDR):
a stretch of amino acids within a protein that does not form a defined structure, but instead
generates an ensemble of disordered conformations.

MRNA tethering:

an experimental tool wherein a protein of interest can be attached to a desired location in an
mRNA of interest. It can be accomplished by fusing a protein of interest with a viral capsid
protein, and embedding the capsid protein RNA recognition elements in an RNA of interest.

MRNA-containing ribonucleoproteins (MRNPS):
the ribonucleoprotein (RNP) complexes formed by the assemblage of mMRNA and its bound
proteins.

Nuclear cap-binding complex (CBC):
a protein complex consisting of CBP80 and CBP20 that binds to the mRNA m’GpppN cap
in the nucleus.

Open reading frame (ORF):
the part of an mRNA sequence that is flanked by a start codon and a stop codon and that is
translated into protein.

Ribosome A-site:
the site within the ribosome where charged tRNAs bind and pair with the respective codons
on the mRNA during translation.

RNA helicase:
an enzyme that uses ATP to unwind or remodel RNA:RNA interactions or RNA:protein
complexes; such an enzyme is therefore also an ATPase.

Transglational readthrough:
the event of a ribosome translating through and beyond a stop codon.

VDJ recombination:
the process of genetic recombination in immune cells that randomly joins gene segments
(dubbed variable, V; diversity, D; and junction, J) to create novel sequences of
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immunoglobulin genes in individual B or T cells to ultimately generate a diverse repertoire
of antibodies and T cell receptors.
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Box 1.
Gene Features That Produce NMD-Susceptible Transcripts

MRNAs that are subjected to NMD can arise in a variety of ways. Genes can acquire
NMD-inducing premature termination codons (PTCs) via nonsense or frameshift
mutations, somatic recombination (e.g., VDJ recombination), or random transcriptional
errors (Figure 1A) [10,16-20]. Although the introduction of a PTC shortens the ORF, this
also lengthens the 3"-UTR, and this appears to be the primitive feature that is recognized
by the NMD machinery [8-10]. Many endogenous transcripts with normal termination
codons but longer than average 3’-UTRs are also recognized by the NMD machinery
(Figure 1B) [137,138,143], suggesting a regulatory role of NMD in degrading
endogenous transcripts. ‘Normal’ transcripts with average-length 3’-UTRs can become
NMD substrates if ribosomes undergo frameshift and encounter a PTC in another frame,
thus creating a long 3’-UTR [70]. Importantly, having a long 3"-UTR does not always
lead to NMD because protective mechanisms can override NMD [14,125,126].
Reinforcing the important role of NMD in regulating endogenous transcripts, PTCs can
also arise as a result of alternative pre-mRNA splicing that can change the mRNA open
reading frame (ORF) (Figure IC) [144]. Regulated alternative splicing events generate
mMRNA isoforms that are targeted for NMD to control gene expression, a mechanism that
is particularly widespread among genes encoding RNA-processing machineries
[144,145]. This link between splicing and NMD is particularly strong in vertebrates
where NMD is strongly enhanced when a termination codon occurs upstream of an exon—
exon junction (reviewed in [37-39]). Hence, in vertebrates, additional NMD targets
include transcripts that contain 3’-UTR introns (Figure 1D) [68]. Finally, upstream ORFs
(UORFs), short reading frames in MRNA 5’-UTRs that often serve a translation
regulatory function, can also induce NMD [17] (Figure IE). Translation termination at
UORF stop codons perhaps presents downstream sequences as extended 3”-UTRs and/or
those dotted with exon—exon junctions.
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Box 2.

Key Caveats of Experiments Supporting NMD Factor Independence in
Specific Branches

Thus far, many experiments investigating specific NMD factors and branches, including
some of the studies that suggest UPF2 and UPF3B dispensability [11,71], have relied on
RNAi-mediated knockdown of these factors. The lack of effects following NMD factor
knockdown could be either because these proteins do not target the substrates examined,
or because the residual amount of protein is sufficient to carry out its function. Thus,
insufficient protein knockdown could lead to mischaracterization of effector-dependent
substrates as effector-independent substrates. Thus, incomplete protein depletion is an
important issue to be considered in the interpretation of such results, although a
differential response of mMRNA substrates to partial knockdown of NMD factors does
suggest variable sensitivity of different substrates to key effectors. CRISPR/Cas9-
mediated complete gene knockout to create cell lines and/or animal models completely
lacking gene function could help to circumvent the insufficient protein depletion
problem. This is exemplified by the recent analysis of NMD after CRISPR/Cas9-
mediated complete SMG?7 loss-of-function, which has revealed important differences in
comparison to earlier knockdown studies [105,108,109] (see main text). Nonetheless, the
application of complete loss-of-function approaches could be limited because many
NMD factors are essential for cell viability and/or are required for early embryonic
development. In future, careful investigations using conditional knockout cell/animal
models will be crucial to address the complex nature of NMD branches.

Another caveat with NMD protein loss-of-function (partial or complete) studies is that
many NMD factors also have functions outside the pathway. An obvious and prominent
example is UPF1, which has been shown to function in a variety of mMRNA degradation
processes outside NMD (reviewed in [41]), and can even function as an E3 ligase that
targets proteins for ubiquitination [149]. Such broad activities of UPF1 might lead to
mischaracterizing of mMRNAs upregulated following UPFI knockdown as NMD
substrates even though they could also be the targets of a non-NMD-related activity of
UPFL1. Even though functions of UPF2 and UPF3 outside NMD remain largely unknown,
it is possible that both factors can carry out non-NMD-related activities. Thus, at least
some of the effects on gene expression and cell function produced by inactivation of
NMD factors could result from NMD-unrelated perturbations.
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Box 3.
Inhibition of Individual NMD Branches for Therapeutics

NMD can be a double-edged sword. Although it limits the production of truncated and
potentially harmful proteins from PTC-containing transcripts, in some cases truncated
polypeptides may still be functional. However, suppression of PTC-containing mMRNAS
by NMD can limit the amount of protein produced in such cases. For example, in cancer
cells, nonsense mutations are disproportionately enriched in tumor-suppressor genes
[150], presumably inhibiting their expression and activity via NMD. A potential
therapeutic approach is to combine inhibition of NMD of PTC-containing mRNAs with
translational readthrough to promote full-length protein expression. One problem with
such an approach however is that NMD is essential in mammals, and therefore broad
NMD inhibition would cause undesirable changes in gene expression. Alternatively, an
individual NMD branch can be inhibited to target a more limited set of genes. In one such
approach, application of NMDi-14, an NMD inhibitor that disrupts SMG7-UPF1
association [151], together with a readthrough-promoting drug G418, increases full-
length protein expression from a PTC-containing TP53 allele in N417 cell lines [151].
This restores sufficient p53 activity, resulting in p53-mediated programmed cell death.
Despite the promising outcome, NMDi-14 treatment upregulates nearly 1000 mRNASs in
human U20S cell lines [151], suggesting that SMG7 targets a relatively broad range of
NMD targets. It remains desirable to inhibit a more specific branch to block NMD of an
even smaller set of transcripts. Recently, Huang et a/. reported that ASO-mediated
inhibition of UPF3B significantly alters the expression of only ~250 genes in mouse liver
[78]. UPF3B inhibition using ASOs in hemophilia B mice model, which expresses a
human PTC-containing F/X transgene, increases £/X mRNA levels by threeto fourfold.
Combined with translational readthrough treatments (G418 and eRF3-inhibiting ASO),
FIX protein production can be increased to up to 4% of the wild-type level, compared
with <1% in untreated mice [78]. This small increase in full-length protein production
leads to a slight but significant improvement in blood coagulation. These results
underscore the promise of inhibition of specific NMD branches for developing new
therapeutics for cancers and genetic diseases. Greater understanding of the molecular
mechanisms and target mRNAs of specific NMD branches will provide more such
opportunities.

Trends Genet. Author manuscript; available in PMC 2022 February 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Yietal.

Page 24

Highlights

Core factors such as UPF3 and even UPF2 that are necessary for yeast NMD can be
dispensable for vertebrate NMD.

Vertebrate NMD is a branched pathway that converges at UPF1, wherein individual
branches target different transcript subsets.

Several NMD enhancers and suppressors have been identified that function in a branch-,
transcript-, and/or location-specific manner to provide an additional layer of NMD
regulation.

The heterogeneous composition of the exon-junction complex, a key NMD enhancer in
vertebrates, can further influence specific NMD branches.

The mRNA degradation phase of NMD proceeds via multiple parallel routes that may
function in transcript-, branch-, and/or cell/tissue-specific manner.

Inhibition of specific NMD branches can provide therapeutic avenues to treat diseases
caused by nonsense mutations by reducing toxicity caused by total inhibition of the
pathway.
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Outstanding Questions

When and how do UPF2 and UPF3 recognize and activate UPF1 following SURF
complex assembly on NMD substrates?

When and how are UPF2 and UPF3 recruited to NMD substrates during EJC-
independent NMD?

How can UPF1 activation occur in the absence of UPF2 or UPF3? Are there additional
factors that similarly activate UPF1 in UPF2- and/or UPF3independent NMD?

How is mRNA substrate specificity established within different NMD branches? What
are the contributions of trans-acting factors and RNA ciselements to such substrate
specificity?

What fraction of the NMD-regulated transcriptome is directly influenced by various
NMD enhancers (e.g., SR proteins) and suppressors (e.g., HNRNP proteins)? What are
the contributions of these factors to the EJC-dependent versus EJC-independent NMD
branches?

Do NMD suppressors and enhancers undergo dynamic regulation such that their activities
can be rapidly reversed under particular conditions to regulate NMD?

What is the relative flux through various NMD activation and execution branches? Do
these branches act in a redundant fashion?

What biological functions are governed by the individual NMD branches?
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Figure 1. Two Models of How UPF1 Differentiates Aberrant Translation Termination.
The first model suggests that, compared with short 3’-UTRs (A), long 3'-UTRs (B) provide

a greater opportunity for UPF1 binding and accumulation on RNAs, which promotes
premature termination and NMD. The second model suggests that, on short 3'-UTRs (A),
PABP- eRF3 is a more dominant interaction (thicker arrow) than UPF1-eRF3 (thinner
arrow), leading to normal termination, whereas long 3’-UTRs (B) favor UPF1-eRF3
(thicker arrow) over PABP—eRF3 (thinner arrow) interaction, leading to premature
termination and NMD. The grey shape to the left of the ribosome shows a truncated portion
of mMRNA coding sequence, and the grey line to the right of the ribosome is the 3’-UTR.
Shapes representing protein factors are labeled. Abbreviations: NMD, nonsense-mediated

decay; UTR, untranslated region.
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Core NMD pathway

Ribosome

Figure 2. Mechanism of UPF1 Activation in the Two Major NM D Branches.
(A) On mRNAs without downstream exon-exon junctions, UPF1, together with eRF1 and

eRF3, interacts with SMGL1 to form the SURF complex [146]. The SMG1 regulatory
SMG8-SMG9 heterodimer and the scaffold protein DHX34 aid in SURF complex assembly,
subsequent UPF1 phosphorylation, and interaction between the SURF complex and UPF2—
UPF3, leading to formation of the decay-inducing (DECID) complex and UPF1
phosphorylation (right) [147,148]. Ribosome, eRFs, SMG1 and its regulators may dissociate
from the RNA at this stage, and hence are shown by more transparent shapes. (B) The exon-
junction complex (EJC), a key NMD enhancer in vertebrates, when present in 3’-UTRs can
recruit UPF2/UPF3B to 3"-UTR (left) and facilitate formation of the UPF complex, and
hence DECID complex formation (right), leading to UPF1 phosphorylation and NMD
activation. Shapes representing various protein factors are labeled. Yellow circle, phosphate.
Abbreviations: NMD, nonsense-mediated decay; SURF complex, SMG1-UPF1-eRF1-
eRF3; UTR, untranslated region.
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Figure 3. L oss of Complete Dependence on UPF2/3 and Gain of Enhancers of UPF Function
L eadsto Specific NM D Branches.

(A) The EJC-dependent NMD branch. An EJC downstream of a terminated ribosome can
lead to UPF1 activation at a termination event via EJC-UPF3B-UPF2-UPF1 interaction. SR
proteins can enhance this EJC-dependent NMD by boosting EJC deposition/RNA binding.
(B) The UPF3B-independent NMD branch. Interaction between RNPS1-containing EJC and
UPF2 can cause EJC-dependent and UPF3B-independent NMD. (C) The UPF2-independent
branch. UPF3B can directly interact with UPF1 and elicit NMD. CASC3-containing EJCs
may contribute to this branch. (D) SRSF1 bound to the 3’-UTR can enhance NMD
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activation in an EJC-independent manner by interacting directly with UPF1. Abbreviations:
EJC, exon-junction complex; NMD, nonsense-mediated decay; UTR, untranslated region.
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Figure 4. Two Main Routes for mRNA Degradation after UPF1 Activation.
(A) SMG5-SMG?7 heterodimer recruited to phosphorylated UPF1 can interact with CNOT8

protein (also known as POP2) in the CCR4-NOT complex. The CCR4-NOT complex
initiates MRNA degradation by deadenylating the poly(A) tails. (B) The SMG6
endonuclease recruited to phosphorylated UPF1 acts in SMG5/SMG7-dependent manner to
cleave mRNA in the vicinity of PTCs. The action of SMG6 could further be enhanced by the
presence of downstream NMD enhancer EJC. After cleavage of mRNAs, 5" and 3’
fragments are degraded by exosomes and exonuclease XRN1 respectively. Green arrow,
initiation codon; red stop-sign, stop codon. Abbreviations: EJC, exon-junction complex;
NMD, nonsense-mediated decay; PTC, premature termination codon; UTR, untranslated
region.
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Figure5. A Schematic Summarizing the Flux of NMD Targetsthrough Possible NM D Branches.
Individual branches/routes are labeled above each shaded region. The branch requiring only

the UPF proteins may constitute the ‘core’ NMD branch that is maintained in most
eukaryotes and remains active in vertebrates. Thick arrows indicate major NMD routes in
mammals. UPF3A can serve as an NMD activator (thin arrow) or as a repressor (inhibitory
line) of UPF3B function. SRSF1 may activate UPF1 independently of the EJC, but this
constitutes only an optional nucleation point for the NMD pathway (indicated by dotted
lines). Abbreviations: EJC, exon-junction complex; NMD, nonsense-mediated decay; UTR,

untranslated region.
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