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Nonsense-mediated mRNA decay (NMD) is arguably the best-studied eukaryotic messenger
RNA (mRNA) surveillance pathway, yet fundamental questions concerning the molecular
mechanism of target RNA selection remain unsolved. Besides degrading defective mRNAs
harboring premature termination codons (PTCs), NMD also targets many mRNAs encoding
functional full-length proteins. Thus, NMD impacts on a cell’s transcriptome and is implicat-
ed in a range of biological processes that affect a broad spectrum of cellular homeostasis.
Here, we focus on the steps involved in the recognition of NMD targets and the activation of
NMD. We summarize the accumulating evidence that tightly links NMD to translation ter-
mination and we further discuss the recruitment and activation of the mRNA degradation
machinery and the regulation of this complex series of events. Finally, we review emerging
ideas concerning the mechanistic details of NMD activation and the potential role of NMD as

a general surveyor of translation efficacy.

riginally conceived as a quality control
Opathway that recognizes and specifically
degrades aberrant messenger RNAs (mRNAs)
with premature termination codons (PTCs), it
has meanwhile become clear that nonsense-
mediated mRNA decay (NMD) contributes to
posttranscriptional gene regulation in a way
that goes far beyond quality control. Exploring
in which biological contexts NMD-mediated
gene regulation plays an important role is a rel-
atively new but rapidly expanding area of re-
search that has been covered in recent reviews
(Nasif et al. 2017; Nickless et al. 2017). Here, we
summarize our current understanding regard-
ing the molecular mechanism of NMD, with the
focus on data obtained from mammalian sys-
tems. Despite more than 25 years of research

and a wealth of biochemical data characterizing
interactions between different NMD factors,
their enzymatic functions and posttranslational
modifications, the mechanism and criteria for
selection of an mRNA for the NMD pathway
are still not well understood. The slow progress
in deciphering the mechanism of NMD can
at least partially be attributed to the lack of a
suitable in vitro system that faithfully recapitu-
lates the key steps of NMD. Nevertheless, work
from many laboratories during the last few
years has provided compelling evidence that
NMD is tightly coupled to the process of
translation termination. During translation ter-
mination, it is decided whether the translated
mRNA shall remain intact and serve as a tem-
plate for additional rounds of translation or
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Figure 1. Schematic illustration of the sequential events taking place in normal translation termination and
aberrant translation termination resulting in the activation of nonsense-mediated mRNA decay (NMD). (A) The
presence of a termination codon (TC) in the A site of the ribosome provides the signal for translation termination
that is marked by recognition of the TC by eukaryotic release factor (eRF)1 and eRF3, a conformational change of
eRF1 that facilitates hydrolysis of the terminal peptidyl-transfer RNA (tRNA) bond and the release of the nascent
peptide. Subsequently, release of the ribosome from the messenger RNA (mRNA) is facilitated by ABCEI. (B)
When translation termination occurs in an unfavorable environment, UPF1 is activated by UPF2 and/or UPF3
that are free in the cytoplasm or positioned nearby on an exon junction complex (EJC). UPF1 activation involves
its phosphorylation by SMG1, whose kinase activity is controlled by SMG8 and SMG9. The fate of the stalled
ribosomes in the context of NMD activation remains unclear. Phosphorylated UPF1 (indicated by red dots)
recruits the NMD-specific SMG6 endonuclease, which cleaves the targeted mRNA nearby the TC and the SMG5/
SMG?7 heterodimer that stimulates the exonucleolytic degradation of the mRNA by recruiting the CCR4/NOT
complex. For clarity, a part of the NMD-activating complex (SMG1, UPF2, and UPF3) is depicted in gray to
highlight the factors triggering mRNA degradation in the lower part of the panel.

whether it shall be degraded by the NMD path- ~ THE MECHANISM OF EUKARYOTIC

way (He and Jacobson 2015). In a nutshell, the
current view is that NMD ensues when ribo-
somes at nonsense codons (hereafter called ter-
mination codon [TC]) fail to terminate correct-
ly. Because of the tight link between NMD and
translation termination, we begin this review
with a brief overview of eukaryotic translation
termination. For a more detailed review of the
mechanism of translation termination, see Hel-
len (2018).

TRANSLATION TERMINATION AND
RIBOSOME RECYCLING

Translation termination is signaled by the pres-
ence of one of the three TCs in the A site of the
ribosome. Canonical translation termination is
marked by three key events: (1) proper recogni-
tion of the termination signal, (2) hydrolysis of
the terminal peptidyl-tRNA bond and release of
the nascent peptide, and (3) dissociation of the
ribosome into its 60S and 40S subunits (Fig. 1A)
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(Dever and Green 2012; Simms et al. 2017). In
comparison to the initiation and elongation
steps, the step of translation termination is less
well studied and accordingly much less is known
regarding its molecular mechanism. Instead
of cognate aminoacylated (aa) transfer RNAs
(tRNAs) that get recruited to the A site of the
ribosome during elongation, eukaryotic release
factor 1 (eRF)1 binds the A site when it harbors
one of the three TCs. On terminating ribosomes,
eRF1 is found as a ternary complex with the
GTPase eRF3 and GTP. After its recruitment
to the A site, GTP hydrolysis by eRF3 stimulates
a large conformational change in eRFI that
enhances polypeptide release by engaging the
active site of the ribosome. Despite the extended
conformational change of the middle and car-
boxy-terminal parts of eRF1, the amino-termi-
nal part of the protein interacts stably with the
TC throughout the process (Alkalaeva et al.
2006; Becker et al. 2012; Eyler et al. 2013; Brown
et al. 2015; Shao et al. 2016).

Following GTP hydrolysis, eRF3 dissociates
from the termination complex, allowing for the
subsequent interaction of eRF1 with the ABC-
type ATPase ABCEI (Rlil in yeast), a factor that
stimulates the recycling of the ribosome by split-
ting the ribosomal subunits. ABCE1 contains
two nucleotide-binding domains (NBDs) and
a unique amino-terminal FeS cluster domain
aligned by two diamagnetic [4Fe-4S]*" clusters.
ATP hydrolysis by ABCE1 causes extended con-
formational changes that provide the mechani-
cal force leading to the dissociation of the 60S
from the 40S ribosomal subunit (Pisarev et al.
2010; Becker et al. 2012). Structural studies
showed that an initial closure of the NBDs
positions the FeS cluster domain toward eRF1,
exerting an immediate force that destabilizes the
intersubunit interactions (Heuer et al. 2017).
Cross-linking and mass spectrometry ap-
proaches showed that after ribosomal splitting,
ABCE1 remains bound to the translational
GTPase-binding site of the small ribosomal
subunit, establishing major contacts with the
S24e ribosomal protein mainly through NBD1
and FeS cluster domains. Structural data suggest
that ABCE1 performs a tweezer-like movement
that positions the FeS cluster domain in a cleft
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between S12 and rRNA on the small subunit
(Kiosze-Becker et al. 2016). Additionally, ABCE1
associates with the 43S preinitiation complex
(consisting of eIF1A, elF2, eIF3, and initiator
tRNA) but its role in translation initiation re-
mains to be elucidated (Heuer et al. 2017). Bio-
chemical data suggest that ABCE1 also accelerates
the rate of the peptide release by eRF1 in an
ATP-independent manner, providing a function-
al link between translation termination and ribo-
some recycling (Shoemaker and Green 2011).
Most of the information concerning trans-
lation termination originates from structural
studies and in vitro assays. The isolation of
translation termination intermediates can be
achieved by using purified components in the
presence of nucleotide analogs that trap specific
steps (Shao et al. 2016) or mutated release fac-
tors (Alkalaeva et al. 2006; Brown et al. 2015).
The biochemical dissection of translation termi-
nation was facilitated by the establishment of a
reconstituted system with mammalian compo-
nents containing purified ribosomal subunits,
translation factors, and aminoacylated tRNAs.
This in vitro translation system made possible
the stepwise investigation of the configuration of
termination complexes by using the toeprinting
technique, which allows the identification of
ribosomal positions on a reporter mRNA at
single-nucleotide resolution (Alkalaeva et al.
2006). However, the establishment of similar
approaches by using mammalian cell lysates,
as well as studies of translation termination in
living cells, remains a challenge in the field. The
development of techniques that allow studies in
living cells such as ribosome profiling and live
cell imaging already provides valuable insight
into the dynamics of translation termination
(Wang et al. 2016; Shirokikh et al. 2017).

TRANSLATION-COUPLED RNA
DEGRADATION PATHWAYS

Apart from synthesizing proteins, translation
also acts as a quality-control checkpoint for
template mRNAs, newly synthesized proteins,
and the translation machinery itself. As dis-
cussed above, accurate translation termination
occurs in the presence of an in-frame TC and
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requires the engagement of eRF1, which actsas a
TC decoding factor, and of the translational
GTPase eRF3 in the A site of the ribosome.
For mRNAs lacking a TC (nonstop decay) and
for those on which ribosomes stall inside an
open reading frame (ORF) caused by strong sec-
ondary structures or the lack of a cognate tRNA
(no-go decay), the rescue of otherwise trapped
ribosomes is essential (see Heck and Wilusz
2018). In such cases, the roles of the decoding
factor and the GTPase are performed by the
HBS1-like protein (HBS1L; Uniprot Q9Y450)
and protein Pelota homolog (PELO; Uniprot
Q9BRX2; Dom34 in yeast), respectively. When
the HBS1L/PELO complex binds a stalled ribo-
some, degradation of the corresponding mRNA
is induced by an endonucleolytic cleavage.
These ribosome rescue mechanisms may occur
at any point during the translation cycle and
require the recruitment of specific factors into
the A site of the ribosome. Unlike no-go and
nonstop mRNA decay that depend on special-
ized termination factors, NMD relies on the
canonical termination factors eRF1 and eRF3
(Naeger et al. 1992; Dever and Green 2012;
Simms et al. 2017).

NMD IS LINKED TO INEFFICIENT
TRANSLATION TERMINATION

That NMD depends on translation is well
documented (Carter et al. 1995; Thermann
et al. 1998). It was initially suggested that only
mRNAs associated with the nuclear cap-binding
complex (CBC) were sensitive to NMD, leading
to the idea that NMD can target mRNAs only
during the first round of translation, the so-
called pioneer round of translation (Maquat
et al. 2010). However, it was later shown that
NMD also targets e]F4E-bound mRNAs (Du-
rand and Lykke-Andersen 2013; Rufener
and Mihlemann 2013), consistent with data
from Saccharomyces cerevisiae (Maderazo et al.
2003; Gao et al. 2005). This led to a revised,
unified NMD model, according to which
NMD can be triggered at any aberrant transla-
tion termination event during any round of
translation (He and Jacobson 2015). This model
posits that the likelihood for a ribosome to ter-

minate correctly primarily depends on the avail-
ability of termination stimulating factors in
the immediate vicinity of the TC. For classical
NMD targets with a PTC located in a messenger
ribonucleoprotein particle (mRNP) environ-
ment lacking such factors needed for proper
translation termination, the first ribosome at-
tempting to terminate at this PTC will most
likely trigger NMD. However, the probability
for a terminating ribosome to activate NMD at
many other TCs located in more termination-
friendly environments would be smaller and the
NMD may therefore ensue only after several
ribosomes have already terminated properly.
This latter scenario might apply for most endog-
enous NMD targets and explain their mostly
moderate NMD-dependent mRNA level reduc-
tion (Colombo et al. 2017).

In contrast to no-go and nonstop mRNA
decay, which both use the specialized release
factors HBS1L and PELO to free the stalled
ribosomal subunits, translation termination on
NMD-sensitive mRNAs appears to operate with
the common release factors eRF1 and eRF3.
What, then, is the difference between a termina-
tion event that activates NMD and one that does
not? Evidence from S. cerevisiae and rabbit re-
ticulocyte lysate indicates that ribosomes reside
longer at the TC of NMD-sensitive compared
with NMD-insensitive mRNAs (Amrani et al.
2004; Peixeiro et al. 2011). Based on these
data, it was proposed that kinetically slow trans-
lation termination caused by the lack of termi-
nation-promoting factors may be the signal
triggering NMD (reviewed in Kervestin and Ja-
cobson 2012; He and Jacobson 2015). The so-far
best-characterized termination-promoting factor
is poly(A)-binding protein (PABP). Experiments
using a fully reconstituted mammalian in vitro
translation termination system showed that un-
der limiting concentrations of release factors,
PABP directly stimulates translation termination
by enhancing the recruitment of eRF3 and eRF1
to the ribosome in a GTP- and peptide release-
independent manner (Ivanov et al. 2016). Evi-
dence from both yeast and mammalian cells sug-
gests that NMD ensues when the termination
occurs in an mRNP environment that is spatially
distant from the PAPB. Accordingly, NMD can
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be antagonized when cytoplasmic PABP (Pablp
in yeast, PABPC1 in mammals) is artificially
tethered into the vicinity of an otherwise NMD-
triggering TC (Amrani et al. 2004; Behm-Ans-
mant et al. 2007; Eberle et al. 2008; Ivanov et al.
2008; Silva et al. 2008; Singh et al. 2008) and the
efficiency of suppression is correlated with
the physical distance between the TC and the
tethered PABP. Somewhat unexpectedly, given
the reported interaction of eRF1 with the car-
boxy-terminal domain of PABP, it was further
shown that the carboxyl terminus of PABPC1
is dispensable for suppression of NMD, whereas
RRMs 1-3 are sufficient and RRMs 1-2 are nec-
essary. Furthermore, abrogation of the PABPC1-
eIF4G interaction reduces NMD suppression by
PABPCI and tethering of eIF4G downstream
from an NMD-eliciting TC also suppresses
NMD (Fatscher et al. 2014; Joncourt et al.
2014). Although the nature of the termination-
promoting activity is still unknown, this finding
suggests that it might lie in the formation of the
circular structure that the mRNP is thought to
adopt by eIF4G interacting with both the 5 cap-
bound elF4E and the 3’ poly(A) tail-bound
PABP (Wells et al. 1998).

UPF1, one of the key NMD factors, has been
reported to associate with eRF1 and eRF3 (Cza-
plinski et al. 1998; Wang et al. 2001; Kashima
et al. 2006), fueling the hypothesis that UPF1
antagonizes PABPCI at termination events
that trigger NMD (Kervestin and Jacobson
2012). There is evidence from coimmunopre-
cipitation experiments that UPF1 and PABPC1
compete for association with eRF3 (Singh et al.
2008). However, a very recent study using
recombinant proteins in in vitro experiments
showed that this interaction is most likely indi-
rect, bridged by UPF3B (Neu-Yilik et al. 2017).
In addition, interactions of eIF3 with hyper-
phosphorylated UPF1 (Isken et al. 2008) and
with UPF2 (Morris et al. 2007) have also been
detected, but their roles in NMD are not clear.

KEY EVENTS IN NMD ACTIVATION:
THE PIVOTAL ROLE OF UPF1

NMD activation relies on the formation of dy-
namic protein complexes on the target mRNA
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that eventually lead to the degradation of the
mRNA. The first NMD factors were identified
by genetic screens in S. cerevisiae (Leeds et al.
1991, 1992) and Caenorhabditis elegans (Pulak
and Anderson 1993), and mammalian homo-
logs have been subsequently identified by
homology searches (Applequist et al. 1997;
Lykke-Andersen et al. 2000; Denning et al.
2001; Serin et al. 2001; Chiu et al. 2003; Reichen-
bach et al. 2003). More recently, additional
screens in C. elegans and human cells have iden-
tified several additional proteins that appear to
be needed for NMD (Longman et al. 2007;
Anastasaki et al. 2011; Alexandrov et al. 2017;
Hoque et al. 2017); but, apart from the RNA
helicase DHX34 (Longman et al. 2013; Hug
and Caceres 2014; Melero et al. 2016), their
role in NMD is not yet known. Three of the
initially identified NMD factors are conserved
from yeast to humans: UPF1, UPF2, and UPF3
(of which mammals have two very similar genes,
UPF3A and UPF3B) (Maquat 2004). SMGI,
SMG5, SMG6, and SMG7, in contrast, appear
to be present only in metazoans (Chen et al.
2008). As outlined below, some of the NMD
factors are constituents of more than one of
the biochemically characterized protein com-
plexes that form along the pathway of NMD
and also have multiple functions in NMD,
which complicates the determination of the
temporal order of events and ultimately the un-
derstanding the molecular mechanism of NMD.

UPF1, an ATP-Dependent RNA Helicase,
Is at the Heart of NMD

UPF1 is an ATP-dependent RNA helicase of the
helicase superfamily 1 (Fairman-Williams et al.
2010) and a key factor in NMD. UPF1 seems to
play a central role in substrate selection and it
forms the hub for assembling other NMD fac-
tors and recruiting the RNA decay factors. Its
helicase activity is tightly regulated and essential
for NMD in both yeast and humans (Weng et al.
1998; Franks et al. 2010). ATP binding to the
ATP-binding pocket located between the two
RecA domains (ReclA and Rec2A) reduces the
affinity of UPF1 for RNA and induces the cata-
Iytically active conformation (Bhattacharya et
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al. 2000; Cheng et al. 2007). Mammalian UPF1
contains three domains that regulate its helicase
activity: an amino-terminal domain rich in cys-
teines and histidines (CH domain); 1B and 1C
subdomains embedded within the ReclA do-
main; and a low-structured carboxy-terminal
SQ-rich domain (Cheng et al. 2007; Chakrabarti
et al. 2011; Fiorini et al. 2013). Additionally,
UPF1 is regulated by phosphorylation of multi-
ple SQ and TQ motifs located in the amino- and
carboxy-terminal parts of the protein and this
phosphorylation/dephosphorylation cycle is es-
sential for NMD in metazoans (Yamashita et
al. 2001; Ohnishi et al. 2003; Okada-Katsuhata
et al. 2012). UPF1 phosphorylation is catalyzed
by SMG1, a phosphatidylinositol 3-kinase-re-
lated protein kinase (Yamashita 2013).

Is UPF1 Binding Sufficient to Mark mRNAs for
Degradation?

The questions of when and where UPF1 binds
mRNAs and whether mere binding of UPFI is
sufficient to mark RNAs for degradation have
long been investigated and have given rise to
contradictory findings. In support of specific
UPF1 recruitment to NMD-targeted tran-
scripts, UPF1 has been found significantly en-
riched on PTC-containing mRNAs compared
with PTC-less mRNAs at steady state (Johans-
son et al. 2007; Johns et al. 2007; Silva et al. 2008;
Hwang et al. 2010; Kurosaki et al. 2014; Lee et al.
2015). On the other hand, CLIP-seq and im-
munoprecipitation experiments in human and
mouse cells showed that UPF1 is considerably
enriched on the 3’ untranslated region (UTR) of
mRNAs independently of whether or not they
are targeted by NMD (Hurt et al. 2013; Zund
et al. 2013), suggesting that UPF1 binding to
RNA is not the discriminatory step in NMD
target identification. Furthermore, it appears
that UPF1 associates with mRNA before trans-
lation starts at seemingly random positions on
the RNA and that translating ribosomes subse-
quently displace UPF1 from the ORF, resulting
in the majority of UPF1 being detected on
3'UTRs at steady state (Fig. 2) (Hogg and Goff
2010; Hurt et al. 2013; Zund et al. 2013). Based
on the available data, it is possible that transla-

tion affects UPF1-RNA association in two in-
dependent ways: (1) translation removes UPF1
from the CDS; and (2) UPF1 gets recruited by
release factors (Ivanov et al. 2008) and in yeast
cells also by ribosomal proteins (Min et al. 2013)
to the 3'UTR of NMD targets. The ATPase ac-
tivity of UPF1 was shown to be required for
releasing UPF1 from nontarget mRNAs (Lee
et al. 2015), and there is evidence that UPF1
phosphorylation occurs specifically on NMD
targets (Kurosaki et al. 2014). Thus, a plausible
scenario is that UPF1I initially binds all mRNAs
and that improper/delayed translation termina-
tion triggers phosphorylation of the remaining
RNA-bound UPF1, eventually activating NMD,
whereas ATP hydrolysis results in the release of
UPF1 from mRNAs that undergo proper trans-
lation termination. In this working model,
UPF1 functions as a time bomb that destroys
the mRNA if not removed quickly enough, an
idea that was postulated some time ago (Hilleren
and Parker 1999).

SMG1 Complex Regulates UPF1
Phosphorylation

In mammalian cells, the SMG1-mediated UPF1
phosphorylation is essential for NMD (Yama-
shita et al. 2001; Okada-Katsuhata et al. 2012)
and appears to occur in a translation-dependent
manner (Yamashita et al. 2001, 2009; Yamashita
2013). At steady state, most UPF1 of an immor-
talized cell is hypophosphorylated (Chiu et al.
2003; Okada-Katsuhata et al. 2012). The kinase
activity of SMGL1 is regulated by SMG8 and
SMG9, two proteins forming a complex with
SMGI that keeps SMG1 in a kinase-inactive con-
formation (Yamashita et al. 2009; Arias-Palomo
et al. 2011; Fernandez et al. 2011; Melero et al.
2014). SMG8 inhibits SMG1 activity in vitro but
enhances UPF1 phosphorylation in vivo (Yama-
shita et al. 2009), indicating that in addition to
regulating the kinase activity of SMGI1, SMG8
also functions in recruiting the SMG1 complex
to UPF1. UPF1 can be coimmunoprecipitated
from human cells in a complex with SMGI,
eRF1, and eRF3 (the so-called SURF complex
[Kashima et al. 2006]). These interactions support
the view that UPF1 phosphorylation occurs in
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PABPN1 NMD-insensitive mRNP
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(e.g., intron in the 3'UTR)

PABPC1
Cytoplasmic mRNPs formation:
- Replacement of CBC by elF4 and
PABPN1 by PABPC1
- Nonspecific association of UPF1
with both NMD-sensitive and NMD-
insentive mRNAs

Efficient translation termination

- Rapid ribosomal release at the
termination codon

- Cotranslational displacement of
EJCs and UPF1 from the ORF

- 3’UTR-bound UPF1 remains
inactive

PABPC1

> o= TG

Aberrant translation termination

and NMD activation

- Stalling of the ribosome at the
termination codon

- 3’'UTR-bound UPF1 is activated

- Further recruitment of UPF1 and
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Figure 2. Distribution and molecular architecture of factors that affect nonsense-mediated mRNA decay (NMD)
on NMD-sensitive and NMD-insensitive messenger RNAs (mRNAs) at various stages. NMD-insensitive (green)
and NMD-sensitive (red) messenger ribonucleoprotein particles (mRNPs) are loaded with UPF3 bound to exon
junction complexes (EJCs) before export to the cytoplasm, and it is possible (although not known) that some
UPF1 also associates with mRNA in the nucleus. In the cytoplasm, UPF1 is bound to all mRNAs independent of
their sensitivity to NMD. UPF2 interacts with UPF3 and the nuclear cap-binding complex (CBC) and the nuclear
poly(A)-binding protein (PABPN)1 are replaced by their cytoplasmic counterparts e[F4F (composed of eIF4E, G,
and A) and PABPCI, respectively. During translation, UPF1 and EJCs are displaced from the coding regions of
the mRNA by elongating ribosomes, while they remain associated on the 3" untranslated region (UTR). In the
context of normal translation termination, ribosome release is very efficient, and the corresponding mRNAs
persist. When translation termination is not efficient, however, NMD ensues by UPF1 activation and/or recruit-
ment of additional UPFI molecules to the site of termination. The presence of an EJC downstream from the
termination codon (TC) increases the concentration of UPF2 and UPF3 in the vicinity of UPF1, which is thought
to facilitate the activation of NMD.
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the context of translation termination (Fig. 1B)
(Kashima et al. 2006; Kurosaki et al. 2014).
UPF2 (see below) and DHX34 (Hug and
Caceres 2014) contribute to the activation of
SMG1-catalyzed UPF1 phosphorylation.

UPF2 and UPF3 Are Involved in NMD
Activation

UPF2 is conserved in eukaryotes and functions
as aring-like adaptor protein between UPF1 and
UPF3 (Serin et al. 2001; Chamieh et al. 2008;
Melero et al. 2012). It consists of three MIF4G
(middle fragment of eIF4G) domains, with the
first two domains providing structural support
(Clerici et al. 2009) and the third domain inter-
acting with UPF3B (Kadlec et al. 2004). UPF2’s
interaction with the CH domain of UPF1 in-
duces a large conformational change of this do-
main that triggers the helicase activity of UPF1
by switching it from an RNA-clamping to an
RNA-unwinding mode (Fig. 1B) (Chakrabarti
et al. 2011). In addition to its interaction with
UPF1 and UPF3B, UPF2 has been reported to
bind to the DEAD-box helicase Dbp6 in yeast
(DDXS51 in Homo sapiens) (Fourati et al. 2014)
and to SMGI and ribosomal proteins of both
subunits (Lopez-Perrote et al. 2016). UPF2
also directly interacts with eRF3 through a car-
boxy-terminal region that is essential for UPF3B
binding but does not interfere with UPF1 bind-
ing (Lopez-Perrote et al. 2016). Furthermore,
UPF2 forms a complex with SURF, allowing
its direct association to ribosomes in an exon
junction complex (EJC)-independent manner
(Lopez-Perrote et al. 2016). The fact that UPF2
appears to associate with some NMD-related
components simultaneously and with others in
a mutually exclusive way implies an important
role for UPF2 in orchestrating the order of
events leading to NMD activation (Lopez-Per-
rote et al. 2016). Somewhat surprisingly, given
its central role in NMD, degradation of a subset
of NMD targets has been reported to occur in-
dependently of UPF2 (Gehring et al. 2005).
UPF3 is the least conserved of the three core
NMD factors (Culbertson and Leeds 2003). At
steady state, it predominately resides in the
nucleus (Serin et al. 2001), but it is thought to

shuttle with the mRNP to the cytoplasm in
which NMD takes place (Trcek et al. 2013).
Rather than binding RNA, the conserved ami-
no-terminal putative RNA recognition motif
(RRM) appears to interact with UPF2 (Kadlec
et al. 2004). In addition, the three EJC core
factors elF4A3, MAGOH, and Y14 interact
through a composite binding site with a short
motif located at the carboxyl terminus of UPF3
(Chamieh et al. 2008). Thus, UPF3 and UPF2
bridge UPF1I to the EJC, providing a molecular
link between NMD and the EJC (Chamieh
et al. 2008). UPF3 and UPF2 together were
also shown to stimulate the helicase activity
of UPF1 (Chamieh et al. 2008). Mammals con-
tain two UPF3 paralogs, UPF3A and UPF3B
(UPF3B is located on the X chromosome and
is also called UPF3X). UPF3A and UPF3B are
similar in their amino acid sequence and both
associate with other NMD factors but UPF3A
is less efficient in destabilizing NMD reporter
mRNAs in tethering assays (Lykke-Andersen
et al. 2000; Kunz et al. 2006; Chan et al. 2009;
Hug and Caceres 2014). In mice, the conditional
knockout of UPF3A even enhanced the NMD
response of a fraction of endogenous NMD tar-
gets, suggesting that UPF3A may function as an
antagonist of UPF3B by sequestering UPF2
from the NMD machinery (Shum et al. 2016).

Degradation of NMD-Targeted mRNAs

As mentioned above, UPF1 phosphorylation
seems to be a prerequisite for the direct or indi-
rect recruitment of nucleases that degrade the
targeted mRNA (Lejeune et al. 2003; Isken
et al. 2008). Endonucleolytic cleavage in the
vicinity of the NMD-eliciting TC is mediated
by SMG6 and the SMG5/SMG7 heterodimer
recruits exonucleolytic decay activities (Miihle-
mann and Lykke-Andersen 2010). SMG6 is a
metazoan-specific NMD factor that confers its
endonuclease activity through a triad of catalyt-
ically active Asp residues in its carboxy-terminal
PIN domain (Huntzinger et al. 2008; Eberle et al.
2009). In immortalized human cells (HeLa and
HEK-293), the bulk of NMD targets appears to
be degraded by SMG6 (Boehm et al. 2014; Lykke-
Andersen et al. 2014; Schmidt et al. 2014). The
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unprotected RNA ends generated by the endo-
nucleolytic cleavage are then subjected to exonu-
cleolytic degradation by the 5'-3'exonuclease
XRN1 and by 3'-5 endonucleases (Gatfield
and Izaurralde 2004; Huntzinger et al. 2008;
Eberle et al. 2009; Franks et al. 2010). Notably,
SMG6 interacts with phosphorylated T28 of
UPF1 (Okada-Katsuhata et al. 2012) and addi-
tionally in a phosphorylation-independent man-
ner with the unique stalk protruding from the
ReclA domain of UPF1 (Chakrabarti et al.
2014; Nicholson et al. 2014). In tethering exper-
iments, SMG6 requires UPF1 and SMGI to de-
grade a reporter transcript, implying that the
SMG6 endonuclease might adopt its active con-
formation only when bound to phosphorylated
UPF1 (Nicholson et al. 2014).

SMG5 and SMG7 form a highly stable het-
erodimer (Jonas et al. 2013) that binds to phos-
phorylated S1096 of UPF1 in vivo (Ohnishi et al.
2003; Okada-Katsuhata et al. 2012) and triggers
RNA degradation when tethered to reporter
transcripts (Unterholzner and Izaurralde 2004;
Cho et al. 2013). This activity requires the
carboxy-terminal proline-rich region of SMG7,
which was shown to interact with CNOTS8
(POP2), the catalytic subunit of the CCR4-
NOT deadenylase complex (Loh et al. 2013).
Tethered SMG?7 has further been reported to
induce reporter transcript decay by DCP2-me-
diated decapping and XRN1-mediated 5'-to-3’
exonucleolytic degradation (Unterholzner and
Izaurralde 2004). These factors are presumably
recruited indirectly via the CCR4-NOT com-
plex. There is ample evidence that SMGS5/
SMG7 and SMG6 RNA degradation pathways
act in, at least partially, a redundant way. Co-
depletion of SMG6 with SMG5 or SMG?7 inhib-
its NMD much more effectively than depletion
of each of the factors alone (Luke et al. 2007;
Jonas et al. 2013; Metze et al. 2013; Colombo
etal. 2017). A transcriptome-wide approach re-
vealed that SMG6 and SMG? target essentially
the same sets of transcripts (Colombo et al.
2017), even though individual mRNAs may
have preferences for either SMG6- or SMG7-
mediated decay (Ottens et al. 2017).

Human UPF1 also interacts with mRNA
decay factors independently of SMG5/SMG7,

NMD Begins Where Translation Ends

namely, with the decapping factors DCPI,
DCP2, and PNRC2 (Lykke-Andersen 2002; Le-
jeune et al. 2003; Fenger-Gron et al. 2005; Isken
et al. 2008; Cho et al. 2009; Lai et al. 2012).
PNRC2 binds directly to DCP1 and UPF1 (Lai
et al. 2012; Cho et al. 2013). The published data
regarding whether or not SMG5 interacts with
PNRC2 and is involved in the PNRC2-depen-
dent decay pathway are contradictory and fur-
ther investigation is needed (Cho et al. 2013; Loh
et al. 2013). It is noteworthy that many NMD
factors colocalize with decapping and 5’3’ exo-
nucleolytic degradation components in process-
ing bodies (P-bodies) (Fukuhara et al. 2005;
Durand et al. 2007; Franks et al. 2010) but the
formation of detectable P-bodies in cells is not
required for NMD (Stalder and Miihlemann
2009).

NMD-INDUCING FEATURES

As outlined above, the current model posits that
NMD is stimulated when the TC occurs in a
microenvironment of the mRNP that is unfa-
vorable for translation termination. Assuming
that aberrant mRNAs with PTCs are degraded
by the same mechanism as endogenous NMD
targets with full-length ORFs, one would expect
to find common features that render mRNAs
susceptible to NMD. Transcriptome-wide ap-
proaches to identify NMD targets in cells of
different species revealed that the majority
of NMD-sensitive transcripts do not contain
PTCs but are ordinary mRNAs coding for seem-
ingly full-length functional proteins (Rehwinkel
et al. 2006; Lykke-Andersen and Jensen 2015;
Colombo et al. 2017). Despite the fact that
in most of these studies it was not possible to
distinguish between direct and indirect targets,
there is ample evidence that NMD can target
both normal and erroneous transcripts. Among
the NMD-inducing features, the presence of
the 3’-most exon-exon junction >50 nt down-
stream from the TC is the feature with the stron-
gest predictive value for NMD susceptibility
(Colombo et al. 2017). PTCs resulting from
mutations in the ORF or from aberrant or alter-
native splicing, as well as genes with an intron in
the 3'UTR mostly belong to this class of NMD

Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a032862 9


http://cshperspectives.cshlp.org/

fco;ﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo™

Downloaded from http://cshperspectives.cshlp.org/ on June 11, 2018 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

E.D. Karousis and O. Miihlemann

targets. In addition, long 3'UTRs (>1000 nt in
mammalian cells) (Buhler et al. 2006), the pres-
ence of actively translated short upstream ORFs
(uORFs) (Hurt et al. 2013), or selenocysteine
codons (UGA) in cells grown in the absence of
selenium (Moriarty et al. 1998) are also features
that can—but not always do—trigger NMD
(Fig. 3). uORF translation often inhibits trans-
lation of the main OREF, either constitutively or
in response to stress (Young and Wek 2016).
Under such circumstances, ribosomes terminate
at the TC of the uORF with usually several
EJCs remaining bound further downstream on
the mRNA, which creates an NMD-promoting
translation termination environment. Despite
all these empirically determined features, it has
so far remained impossible to computationally
predict NMD targets with high confidence.

A PTC-containing NMD-sensitive mRNAs

PTC
AUG q@ TC
— ORF

AAAAAAAAA

3UTR

AUG TC

AAAAAAAAA

3UTR

B Physiological NMD-sensitive mRNAs

AUG TC
== orr ____ JAAAAAAAAA
3UTR
AUG TC @
—1 ORF [~ JAAAAAAAAA
3UTR
AUG TC
m— | ORF _mmm ORF AAAAAAAAA

3UTR

Figure 3. Features that can render aberrant and phys-
iological mRNAs sensitive to nonsense-mediated
mRNA decay (NMD). (A) Messenger RNAs
(mRNAs) in which the open reading frame (ORF) is
truncated caused by the presence of a premature ter-
mination codon (PTC) are typically sensitive to
NMD. The presence of one or several exon junction
complexes (EJCs) downstream from the PTC is an
important NMD-enhancing feature. (B) In mRNAs
with an intact ORF coding for a full-length protein,
long 3" untranslated regions (UTRs), EJCs located in
the 3’UTR, or short upstream ORFs (WORFs) can also
trigger NMD.

Based on the aforementioned ability of PABP
to suppress NMD, it has been suggested that
the physical distance between the TC and the
poly(A) tail might be the crucial feature deter-
mining NMD sensitivity (Stalder and Miihle-
mann 2008). Because such information about
the 3D architecture of mRNPs is currently not
available, this TC-to-poly(A) tail distance is
virtually impossible to measure and predict.

The EJC as an NMD Enhancer

EJCs are multiprotein complexes organized
around a central core of four proteins: eIF4A3,
MLN51, and MAGOH/Y14, a heterodimer that
interacts with UPF3B (Buchwald et al. 2010).
The EJC core binds tightly to RNA without
apparent sequence specificity, generally ~24 nt
upstream of spliced exon—exon junctions during
the course of splicing (Le Hir et al. 2000a,b).
However, a transcriptome-wide mapping of
elF4A3 in human cells indicated that not all
splicing events result in the deposition of an
EJC and a significant fraction of eIF4A3 was
detected on mRNA in noncanonical positions
(Sauliere et al. 2012; Singh et al. 2012). EJCs are
deposited on mRNA in the nucleus during splic-
ing and accompany the mature mRNAs to the
cytoplasm, in which those EJCs located in ORFs
are thought to be removed by the first ribosome
translating the mRNA (Fig. 2). E]JCs located in
the 3'UTR of an mRNP >30 nt downstream
from the TC in contrast will remain bound to
the mRNA (Le Hir et al. 2016). The presence of
EJCs in mRNPs was shown to activate transla-
tion mediated by an interaction of MLN51 with
eIF3 subunits a and d (Chazal et al. 2013). Those
EJCs that remain bound to the mRNA after
translation has begun (i.e., those bound >30 nt
downstream of the TC) strongly promote the
activation of NMD on the corresponding
mRNAs (Buhler et al. 2006; Metze et al. 2013)
by recruiting NMD factors UPF3, UPF2, and/or
SMG6 to the mRNP (Le Hir et al. 2001; Gehring
et al. 2005; Kashima et al. 2010). A similar
NMD-promoting effect was observed by tether-
ing EJC components to the 3'UTR of reporter
transcripts (Lykke-Andersen et al. 2000; Gehr-
ing et al. 2003; Palacios et al. 2004). The presence
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of EJCs in 3'UTRs was reported to enhance the
efficiency of SMG6-mediated endonucleolysis
without altering the cleavage site (Boehm et al.
2014). This enhanced SMG6-mediated NMD
activity can be attributed to the interaction of
SMG6 with the EJC via two conserved EJC-
binding motifs (EBMs) in the amino-terminal
portion of SMG6 (Kashima et al. 2010). Inter-
estingly, the SMG6 EBMs interact with the same
surface of the EJC as UPF3B (Kashima et al.
2010), suggesting that these interactions are
mutually exclusive and may therefore occur
sequentially.

Long 3'UTRs

That mRNAs with a long 3'UTR can be targeted
by NMD has been observed in yeast, plants, and
animals (Pulak and Anderson 1993; Muhlrad
and Parker 1999; Buhler et al. 2006; Kertesz
et al. 2006; Eberle et al. 2008; Singh et al. 2008;
Hogg and Goff 2010; Hurt et al. 2013; Boehm
etal. 2014; Colombo et al. 2017) and, according-
ly, insertion of long 3'UTRs into reporter con-
structs can render them NMD-sensitive (Huang
et al. 2011; Yepiskoposyan et al. 2011). Because
the physical distance between TC and PABP
strongly affects the half-life of NMD reporter
transcripts (Eberle et al. 2008), it is very likely
that those long 3'UTRs that render mRNAs
sensitive to NMD adopt an extended 3'UTR
structure in which the poly(A) tail is too far
away from the TC to promote proper translation
termination. Consistent with this idea, intramo-
lecular secondary structures that bring a distal
poly(A) tail into close proximity with an other-
wise NMD-triggering TC effectively antagonize
NMD, even in the context of EJC-enhanced
NMD (Eberle et al. 2008). Although the NMD-
suppressing effect of PABP is well documented
(Amrani et al. 2004; Behm-Ansmant et al. 2007;
Eberle et al. 2008; Ivanov et al. 2008; Silva et al.
2008; Singh et al. 2008), the underlying mecha-
nism remains elusive. Interestingly, several en-
dogenous mRNAs with long 3'UTRs were
found to be immune to NMD (Weil and Bee-
mon 2006; Hogg and Goff 2010; Yepiskoposyan
et al. 2011; Hurt et al. 2013). A subset of these
NMD-insensitive mRNAs with long 3'UTRs

NMD Begins Where Translation Ends

contains AU-rich elements within the first
200 nt downstream from the TC, which were
shown to be necessary and sufficient to inhibit
NMD (Toma et al. 2015). However, the mecha-
nism by which this NMD protection is con-
ferred is not known. Another well-studied ex-
ample of an NMD-resistant transcript with a
long 3'UTR is the unspliced viral RNA of Rous
sarcoma virus (RSV). RSV harbors a 400-nt
RNA stability element (RSE) located immedi-
ately downstream from the gag TC, which is
required to confer NMD immunity on the viral
RNA (Weil and Beemon 2006). It has been
found that the polypyrimidine tract-binding
protein 1 (PTBP1) binds to the RSE and thereby
blocks UPF1 association with this region (Ge
et al. 2016). Insertion of PTBP1-binding sites
into NMD reporter constructs downstream of
the TC rendered these transcripts NMD-insen-
sitive (Ge et al. 2016).

OPEN QUESTIONS

Despite the fact that NMD has been an area of
intensive research for the past two decades,
many points still remain unclear. A long-stand-
ing open question is whether all eukaryotes have
NMD. Trypanosomes have homologs of UPF1
and UPF2 but UPF1 depletion showed no effect
on the RNA level of genes that were predicted
NMD targets, leading the investigators to con-
clude that a classical NMD pathway might be
absent in Trypanosoma brucei (Delhi et al.
2011). In contrast, NMD appears to function
in Giardia lamblia, another parasitic protist, de-
spite the lack of recognizable homologs of UPF2
and UPF3 (Chen et al. 2008). Although UPF3
seems to be absent from most protists, a UPF3
homolog has been found in Paramecium tet-
raurelia and it was shown to play a role in
NMD (Contreras et al. 2014). Interestingly,
however, this UPF3 variant lacks the motifs re-
quired for interacting with the EJC, indicating
that in these early-branched eukaryotes, NMD
might function independently of EJCs, similar
to S. cerevisiae, which lacks EJCs altogether.
Consistently, NMD in Tetrahymena thermo-
phila has recently been shown to be EJC-in-
dependent (Tian et al. 2017). In addition, this
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study identified a novel protozoa-specific nucle-
ase that is responsible for degrading many NMD
targets, a Smg6-like bacterial YacP nuclease
(NYN) domain-containing protein (Smg6L).
These recent findings corroborate the view that
NMD in different species can occur by several
different RNA decay pathways and that the evo-
lutionarily conserved part may be confined
to the substrate RNA selection, in which UPF1
plays a key function.

Recent ribosome profiling data in S. cerevi-
siae revealed that NMD-targeted mRNAs that
lack PTCs according to their annotated se-
quences tend to show elevated rates of out-of-
frame translation (Celik et al. 2017a). Such out-
of-frame translation would lead to premature
translation termination, which could explain
why these mRNAs are NMD targets. It has
therefore been proposed that NMD should be
considered as a probabilistic quality-control
pathway that continually detects errors through-
out the translation process (Celik et al. 2017b).
This is an interesting novel concept that needs to
be further investigated.

Apart from understanding the mechanistic
details that govern NMD activation in the con-
text of inefficient translation termination, it
would also be interesting to assess whether in-
terconnections between NMD and other trans-
lation-dependent mRNA degradation mecha-
nisms exist. Preliminary evidence supports the
notion of such cross talk at least with regard to
the mRNA degradation machinery involved.
When endonucleolytic cleavage occurs upstream
of a PTC, the resulting 5’RNA fragment was sta-
bilized on depletion of nonstop decay compo-
nents Pelota and Hbsl in Drosophila cells (Ha-
shimoto et al. 2017). Along the same lines, it was
shown in C. elegans that the degradation of PTC-
containing mRNAs as well as endogenous NMD
targets is coupled to nonstop decay (Arribere and
Fire 2018). This implies that the same mRNA
could be targeted by more than one translation-
dependent RNA surveillance pathway, allowing
for more efficient RNA degradation.

It is evident from this review that many
fundamental questions regarding the NMD
phenomenon are still unsolved. Notably, it is
currently not even clear whether what is com-

monly described as NMD constitutes one
defined biochemical pathway or maybe several
different pathways with requirements for an
overlapping set of proteins. Thus, we are still
far away from a comprehensive understanding
of the biological functions of NMD, its under-
pinning molecular mechanism(s), and the
evolutionary forces that led to the emergence
of NMD.
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