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Abstract: Nonsense-mediated mRNA decay (NMD) is probably the best
characterised eukaryotic RNA degradation pathway. Through intricate steps, a
set of NMD factors recognise and degrade mRNAs harboring translation
termination codons positioned in abnormal contexts. However, NMD is not only
part of a general cellular quality control system that prevents the production of
aberrant proteins. Indeed, mammalian cells critically depend on NMD to also
dynamically adjust their normal transcriptomes and proteomes to a given
physiological condition. In this Review we describe how NMD targets mRNAs,
the types of mRNAs that are targeted, and discuss the roles of NMD in cellular

stress, differentiation and maturation processes.

Introduction

The ability to regulate gene expression in an organised and adaptable manner is
crucial for all life. This is important not only for the execution of cellular
processes initiated by stress, cell cycle progression or differentiation, but also for
maintaining cellular homeostasis. The expression of a protein-coding gene is
controlled by balancing the synthesis, processing, translation and degradation of
its corresponding mRNA. Additionally, mature mRNAs must be of a sufficient

quality to encode a functional protein. To accomplish this, eukaryotic cells
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employ surveillance systems that scrutinise mRNA quality®2. One such system is
the translation-dependent, nonsense-mediated mRNA decay (NMD) pathway,
which recognises and eliminates mRNAs with translation termination codons
positioned in suboptimal contexts. A typical target has a termination codon
positioned more than 50-55 nucleotides upstream of the last exon-exon junction
or harbors a long 3’ untranslated region (UTR). For historic reasons NMD-
triggering translation termination codons are generically termed ‘premature
termination codons’ (PTCs), because of their initial identification in transcripts
with truncated open reading frames (ORFs). However, there are now many
examples of mRNAs encoding full-length proteins that are nevertheless targeted
by NMD3-6. Yet, here we will refer, for simplicity, to any NMD-activating codon as
a PTC.

Translation termination at a PTC leads to the dynamic assembly and activation of
a multiprotein complex. This includes the central ATP-dependent RNA helicase
up frameshift 1 (UPF1), which recruits other enzymes responsible for RNA
degradation. Increased knowledge about the inner workings of the NMD
machinery along with the use of progressively sophisticated experimental
methodologies has allowed assessment of its global impact. This points to a far-
reaching role of NMD in the dynamic regulation of gene expression via its
influence on the stability of a wide range of mRNAs. Such regulation is imposed
through controlled changes to the coding genomic DNA, pre-mRNA processing or
choice of ORF during mRNA translation, which ultimately determines whether
the translated mRNA is targeted.

Studies in eukaryotic model organisms such as Saccharomyces cerevisiae,
Caenorhabditis elegans and Drosophila melanogaster have been invaluable for the
progression of our understanding of NMD. In this Review we primarily focus on
mammalian cells while still drawing on accumulated knowledge from other
species. After outlining an up-to-date model of how NMD-targeted mRNAs are
recognised and eliminated, we proceed to discuss the impact of NMD on gene
expression and how NMD-activating features are introduced into mRNAs.
Finally, we describe the importance of NMD during differentiation and

development as well as in cellular stress responses.



mRNA-targeting by NMD

PTC recognition occurs during translation termination and requires several
proteins to ultimately degrade the mRNA. In this section we provide an overview
of the factor interactions and post-translational modifications that take place

during NMD in mammalian cells.

UPF1 — the master regulator of NMD. The proteins UPF1, UPF2 and UPF3 (which
has two mammalian paralogues: UPF3A and UPF3B or UPF3X) constitute core
NMD factors conserved in all studied eukaryotes347. UPF1 is considered to be
the principal NMD factor because it is central to most, if not all, steps from
recognition of the PTC-containing mRNAs until their degradation. The ability of
UPF1 to selectively target PTC-containing mRNAs depends on its ATPase and
helicase activities®11 as well as the phosphorylation of its amino- and carboxy-
terminal domains!?13. Additionally, activation of NMD requires that UPF1
interacts with protein partners on the targeted mRNA. As an example, UPF2
bridges an interaction between UPF1 and UPF3, forming the UPF1-UPF2-UPF3
complex!4-16. However, there are different branches leading to NMD-activation,
and degradation of some mammalian targets can proceed independently of UPF2
and/or UPF317-22,

A number of recent studies suggest that UPF1 binds RNA transiently with limited
sequence specificity and no apparent discrimination between PTC-containing
and regular mRNAs. UPF1 interactions are primarily detected in the 3" UTR of
actively translated mRNAs, but can also be observed within ORFs when
translation is inhibited, and even on non-coding RNAs!123-27 [ts indiscriminate
nature illustrates that RNA binding by UPF1 is not sufficient to activate NMD,
which presumably requires the specific recruitment of UPF1 to the terminating

ribosome?28-31,



Distinguishing PTCs from regular termination codons. The mechanism by
which NMD-activating translation termination is distinguished from regular
translation termination remains poorly understood. However, it is clear that
both processes depend on the recognition of the termination codon by the
translating ribosome in conjunction with its release factors eRF1 and eRF3 (Fig.
1a). By mimicking the shape of a tRNA molecule, eRF1 recognizes any
termination codon while in complex with the GTPase eRF3 in its GTP-bound
form. Subsequent steps include the hydrolysis of GTP by eRF3, dissociation of
eRF3, release of the nascent polypeptide and dissociation of the ribosomal
subunits from the mRNA32. Prevailing models propose that activation of NMD
initially requires the recruitment of UPF1 to the terminating ribosome via a
direct interaction with eRF3, which is avoided during efficient translation
termination3+.

A number of studies have demonstrated that juxtaposition of a termination
codon and the cytoplasmic poly(A) binding protein PABPC prevents NMD19.30,33-
36, Such proximity may allow PABPC to directly interact with eRF3 and preclude
UPF1-eRF3 complex formation on the terminating ribosome36-3° (Fig. 1a).
However, recent reports have shown that the NMD-suppressive effect of PABPC
depends critically on its interaction with the translation initiation factor elF4G,
and that elF4G itself antagonizes NMD when proximal to a termination
codon*%41, In the context of a mature cytoplasmic mRNA, elF4G and PABPC
associate with the 5 cap and the 3’ poly(A)-tail, respectively, allowing the
transcript to adopt a closed-loop conformation that stimulates translational
initiation and presumably termination#?-44. Collectively, these data support a
model where efficient translation termination is generally stimulated, and NMD
evaded, on mRNAs with short 3’ UTRs (Fig. 1a). This may also explain why 5’-
proximal termination codons fail to trigger efficient NMD%-47. Conversely,
mRNAs with long 3’ UTRs can be targeted by NMD?20.23.2534.36,4849 nossibly due to
increased nonspecific UPF1 binding?3-2> and because the spatial distance
between the terminating ribosome and the mRNA termini, connected by the
PABPC-elF4G interaction, renders translation termination inefficient. UPF1
could then interact with eRF3 on the terminating ribosome and subsequently

recruit additional NMD factors (Fig. 1b). Importantly, however, not all long 3’



UTRs trigger NMD>9, suggesting that 3° UTR sequence composition, structure and
associated proteins also contribute to fate of the mRNAs.

NMD is stimulated when the termination codon is situated upstream of the
splicing-dependent exon junction complex (EJC) deposited approximately 24
nucleotides upstream of most exon-exon junctions>1->3. A 3’ UTR-bound E]C
stimulates NMD because it associates with UPF3 and UPF2 promoting the
formation of the UPF1-UPF2-UPF3 complex36>4-58 (Fig. 1b). EJCs positioned
inside ORFs and within the first ~30 nucleotides of 3° UTRs are believed to
dissociate as a consequence of the first (pioneer) round of translation, whereas
EJCs in the 3’ UTR remain attached to the mRNA. Thus, a termination codon
situated more than 50-55 nucleotides upstream of the last exon-exon junction is

predicted to be recognised as a PTC>°.

PTC-induced degradation of mRNA. After the association of UPF1 and eRF3 on
the terminating ribosome, a protein complex assembles to activate NMD. The
order of events is not well established and may differ on different mRNA
substrates. However, there is evidence suggesting the existence of a transient
ribosome-associated complex consisting of eRF1-eRF3, UPF1, the ATP-
dependent RNA helicase DEAH box polypeptide 34 (DHX34) and SMGI1C
(suppressor with morphological effect on genitalia 1 complex) comprised of the
kinase SMG1 and its regulators SMG8 and SMG9931.60-62 [n a process depending
on its ATPase activity, DHX34 dissociates DHX34-UPF1-SMG1C from ribosome-
associated eRF1-eRF3 and instead facilitates its association with UPF2-UPF3-
EJC31 (Fig. 1c). This transition may result in translation termination. Moreover, it
promotes SMG1-mediated phosphorylation of UPF1231L60, which possibly stops
further translation initiation events®® and enables the recruitment of factors
responsible for mRNA degradation (Fig. 1c).

Remarkably, mammalian NMD employs up to four different mechanisms to
mediate mRNA decay (Fig. 1c): (1) recruitment of the endonuclease SMG6, which
catalyses PTC-proximal mRNA cleavage, producing 5’ and 3’ cleavage fragments
degraded by general cellular exonucleases?264-69; (2) recruitment of the SMG5-
SMG7 heterodimer, which bridges an interaction with the carbon catabolite

repressor protein 4 (CCR4)-NOT deadenylase complex thereby shortening the



poly(A)-tail to stimulate mRNA decapping by the general decapping complex”?-
72; (3) recruitment of the decapping enhancer proline-rich nuclear receptor
coactivator 2 (PNRC2), possibly in a complex with SMG5, which recruits the
general decapping complex’3-75; and/or (4) direct recruitment of the general
decapping complex’2. Decapping is generally followed by decay from the 5’ end
by the 5’-3’ exonuclease XRN1. It is unknown whether all these events occur
simultaneously or according to a certain priority. However, it is likely that PTC-
positioning relative to transcript termini as well as the structure of the targeted
mRNA determine which decay pathway is kinetically favored.

In addition to mRNA degradation, SMG6 and SMG5-SMG7 may also be required
for other steps in NMD. Most notably, the SMG5-SMG7 heterodimer interacts
directly with protein phosphatase 2A (PP2A), which is likely responsible for the

dephosphorylation and ensuing recycling of UPF113.76.77,

Effects of NMD on gene expression

Characterisation of the major NMD components has enabled the systematic
identification of targeted mRNAs. The ensuing transcriptome-wide analyses of
cells with reduced, or disrupted, NMD activity pointed to NMD as an important
modulator of gene expression, also targeting mRNAs encoding full-length
proteins1849,68,69,78-90  Remarkably, for example, up to ~30% of all expressed
genes in mouse liver cells were found to produce one or more putative NMD
targets®6. Importantly, however, most transcriptome-wide studies have relied on
measurements of changes in steady-state mRNA levels after extended periods of
reduced NMD activity, and this might have led to misinterpretations of results
due to secondary effects. As an example, a number of splicing activators were
upregulated in UPF2-deficient mouse liver cells, and these have likely caused
non-physiological splicing events that could incorrectly be interpreted as being
physiological NMD-substrates®¢. Global identification of NMD targets has also
been attempted based on the detection of NMD-specific RNA intermediates or by
the direct monitoring of RNA half-lives®8698587 This increases the chance of

finding direct NMD targets, although the underlying experimental regime still



relies on prolonged depletion of central NMD factors. Approaches for
identification of direct targets of NMD are further discussed in Box 1.
Transcriptome-wide analyses of liver and bone marrow cells from UPF2-
compromised animals suggested the existence of both ubiquitous and cell type-
specific NMD-regulated mRNAs828386, Among the former are, for example,
subsets of mRNAs derived from pre-mRNAs that harbour one or more small
nucleolar RNA (snoRNAs) within their introns. These pre-mRNAs produce, as a
consequence of snoRNA biogenesis, non-functional mRNA by-products, which
are efficiently purged by NMD®6%8283, Furthermore, NMD restricts the expression
of several stress-related mRNAs during non-stress conditions85°1-94, and NMD is
also important for maintaining the homeostasis of specific gene expression
networks such as those encoding splicing activators and repressors80.81.86.95 ag
well as components of the NMD pathway itself204%. Finally, several long non-
coding RNAs (IncRNAs) are targeted by NMD because they encode small ORFs®. A
subset of such IncRNAs may in fact encode functional micro-peptides and
therefore be wrongly annotated as non-coding. Others, such as growth arrest-
specific 5 (GAS5) and ZNFX1 antisense RNA 1 (ZFAS1), can be considered as
IncRNA-mRNA hybrids, because they are functional IncRNAs that also undergo
translation®6-98. It is an interesting possibility that some functional non-coding
RNAs may engage the translation machinery with the sole purpose of achieving
efficient degradation by NMD.

NMD-controlled mRNAs are diverse. Some encode full-length proteins while
others have truncated ORFs#°7886_ Structural and biochemical evidence suggest
that UPF1 has ubiquitin-ligase activity®®100, which may stimulate the proteasome
to degrade aberrant proteins encoded by PTC-containing mRNAs101.102. The data
supporting such NMD-associated protein degradation is limited to a few model
substrates in S. cerevisiae and it appears that UPF1-stimulated acceleration of
degradation only occurs for proteins that are inherently unstable!01.192, Hence,
NMD-targeted mRNAs probably give rise to protein products, when these are
intrinsically stable. Moreover, the penetrance of NMD varies between PTC-
containing mRNAs, which is reflected by observations suggesting that NMD
targets can be degraded not only during their pioneering translation event!3,

but also during subsequent rounds of translation23104105  [n summary, NMD



targets a wide variety of mRNAs with variable outcomes at both transcript and

protein levels.

Types of NMD-targeted mRNAs

Although the core process of NMD is executed in the cytoplasm during
translation%¢, the susceptibility of mRNAs to NMD is also determined by nuclear
processes. As an example, the EJC is loaded onto spliced mRNAs prior to their
nuclear export>*. UPF1, UPF2 and UPF3 themselves shuttle between the nucleus
and cytoplasm, and at least UPF3 may already associate with mRNAs via the E]C
in the nucleus4>4 NMD-targets can conceptually be divided into at least three,
partially overlapping, categories based on where in the gene expression circuit
the defining NMD-triggering feature is introduced: (1) random DNA mutations or
programmed genomic rearrangements can generate PTCs; (2) alternative pre-
mRNA synthesis or processing can generate PTC-containing isoforms; and (3)
translation of alternative PTC-containing ORFs embedded within mature mRNAs
that encode full-length proteins. Below we discuss in more detail these three

categories of NMD-targeted transcripts.



Random mutations and programmed genomic rearrangements. PTCs can arise via
nonsense or frameshift mutations in the coding DNA (Suppl. Fig. S1a, panels 2-3).
Mutations inflicting errors in splicing or translation start site may also introduce
PTCs (Suppl. Fig. Sla, panels 4-6). Such PTC-introducing events constitute
approximately 30% of all known disease-associated mutations'%’”. NMD targets
transcripts produced from such irreversibly altered alleles, essentially
generating a loss-of-function phenotype. In this way, cells are protected against
the potentially dominant negative activity of truncated proteins (Fig. 2). Thus,
NMD can be beneficial for heterozygous carriers of PTC-generating mutations if
expression from the healthy allele is sufficient to maintain a near-normal
function of the affected gene. This is the case for a version of the blood disorder
B-thalassemia caused by PTC-introducing mutations in the hemoglobin, beta
(HBB or pB-globin) gene. However, NMD-triggered loss-of-function may also cause
disease due to haploinsufficiency (Fig. 2) as exemplified by PTC-generating
mutations in the SRY (sex determining region Y)-box 10 (SOX10) gene, which lead
to Waardenburg syndrome type 4C108109,

While PTCs can be introduced randomly through DNA mutations, they are
systematically generated as a consequence of the programmed mutagenesis of
the vertebrate T-cell receptor (TCR) and immunoglobulin (Ig) genes. This
process, that takes place during maturation of the immune system in
lymphocytes, serves to generate immune receptor diversity. TCR and Ig genes
are subjected to programmed rearrangements where specific DNA elements are
joined by recombination during maturation of T- and B-cells, respectively. As
part of this process, short stretches of nucleotides are randomly trimmed away
or introduced at the junctions between the joined DNA elements10. This changes
the reading frame in an expected two-thirds of the cases, resulting in PTCs.
Additionally, Ig genes undergo somatic hypermutation within a specific region in
antigen-stimulated B-cells, which may also generate PTCs in the I[g mRNAs110,
Such PTC-containing mRNAs, encoding non-functional immune receptors, are
presumably degraded by NMD82111 The TCR-p loci are sequentially rearranged
during T-cell maturation, and if the first event generates a functional TCR-p
allele, T-cell maturation ensues without the second rearrangement (Fig. 3). In

case the first rearrangement produces a PTC, the second allele is rearranged. T-



cell maturation only continues if this second event is successful and the original
PTC-containing Tcr-f mRNA is effectively eliminated by NMD in mouse T-cells8?
(Fig. 3). In mice with T-cell lineage-specific disruption of UPF2 expression, the
population of resting T-cells is considerably diminished compared to control
animals82. Additionally, the surviving cells almost exclusively express mRNAs
derived from productively rearranged Tcr-p loci, suggesting that T-cells with one
functional and one PTC-containing Tcr-p allele fail to survive in the absence of
NMD?#2 (Fig. 3). This implies that the clearance of PTC-containing Tcr-f mRNAs is

vital for maturation of sufficient populations of T-cells.

mRNA isoforms. A gene can encode different transcript isoforms due to the
alternative use of transcription initiation sites as well as the alternative splicing
or 3’ end processing of its pre-mRNA. In humans it is estimated that most intron-
containing genes can produce at least two alternative transcript isoforms!!?, and
in a substantial number of cases at least one of these is predicted to trigger
NMD113, Sensitivity to NMD can be conveyed by: (1) inclusion of an alternative
exon within the ORF, which may contain a PTC or introduce one by causing a
frameshift; (2) exclusion of an exon from the ORF leading to frameshifting; and
(3) splicing within the pre-mRNA 3’ UTR resulting in the assembly of an E]JC
downstream of a regular termination codon functionally changing it to a
PTC788086,95 (Suppl. Fig. S1b). In addition, alternative transcription initiation and
3’ end processing may produce NMD-prone mRNA due to the introduction of an
alternative initiation codon!!* or by extending the 3’ UTR, respectively (Suppl.
Fig. 1c).

Although PTC-containing mRNAs can arise fortuitously by errors in transcription
or pre-mRNA processing, leading to their removal by NMD as part of RNA quality
control, it is evident that alternative splicing combined with NMD (AS-NMD) is
also associated with the regulation of normal gene expression. This is because
several alternatively spliced mRNA isoforms with predicted PTCs accumulate
following the disrupted expression of NMD factors#969.78:80,81848695115 For
example, genes encoding the serine/arginine-rich splicing factor (SRSF) splicing
activators and the heterogeneous nuclear ribonucleoprotein (HNRNP) splicing

repressors are subjected to AS-NMD. The NMD-targeted mRNAs originating from
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these genes are alternatively spliced in a manner that corresponds to the
function of the encoded protein, that is, PTCs are introduced into SRSF and
HNRNP mRNA isoforms by exon inclusion and exon exclusion, respectively80.81.95
(Fig. 4). Besides this striking correlation, a subset of specific factors from both
classes of splicing regulators were demonstrated to control the NMD-triggering
splicing events of their own transcriptsi16117. Additionally, disrupted UPF2
function in mouse liver triggers the accumulation of a number of SRSF splicing
activators concurrent with the appearance of a sizeable number of abnormal
splice variants from unrelated genes8¢. Collectively, these data support a model
in which these families of splicing factors keep their own expression levels under
control by causing AS-NMD of their own transcripts. Such homeostasis of splicing
factor expression in turn controls global alternative splicing in cells80.81.8695 (Fig,
4).

Intron retention, a type of alternative splicing, has been the focus of much
attention recently!!2. In contrast to other alternative splicing events, transcripts
with retained introns are difficult to distinguish from unspliced pre-mRNAs. Still,
recent studies demonstrated that many genes produce mRNAs with retained
introns during differentiation processes?%118, A transcriptome-wide comparison
of different stages in mouse granulocyte development identified 121 retained
introns originating from 86 genes; the retention of most introns increased during
the differentiation process. The majority of these intron retention events
predictably introduce PTCs and at least one-fourth of these are likely substrates
of NMD, based on detectable mRNA accumulation upon inhibition of NMD?0.
Although indications exist that these intron retention events are important for
proper granulocyte development, it is not clear whether this depends on NMD

per se.
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Alternative translation. Approximately 40% of all mammalian mRNAs contain
putative upstream ORFs (uORFs) with possible regulatory impact via the
propensity to trigger NMD owing to frameshift-induced PTCs!1°. Indeed, many
mRNAs that accumulate upon NMD factor depletion contain uORFs2549.78120 and
their degrees of translation correlate well with their estimated sensitivities to
NMD as measured by ribosome profiling and RNA levels upon inhibition of NMD,
respectively?>. The conditions under which translation is reprogrammed to favor
the use of non-functional uORFs relative to functional ORFs are largely elusive -
but likely to be mRNA-specific. The mRNA encoding activating transcription
factor 4 (ATF4), a central transcription factor in the integrated stress response,
is a well-studied example. Although the exact mechanism is unknown, it has been
suggested that the initial translation of a three-codon long uORF is followed by
translation re-initiation at either a second, non-functional uORF or at the regular,
protein-coding ORF. Translation of the protein-coding ORF is favored during
stress conditions, whereas the second uORF, which is NMD-sensitive, is
preferentially used in normal conditions?1-121 (Fig. 5a).

Programmed ribosomal frameshifting (PRF) is another potentially prevalent
trigger of NMD. Up to 10% of eukaryotic genes are predicted to encode RNA
elements that induce PRF by one nucleotide in the 5’-direction (-1 PRF). The
majority of these lead to premature translation termination!?2. A recent study
described an NMD-inducing -1 PRF in a mRNA encoding the cytokine receptor
CCRS5. Here, the PRF is stimulated by specific microRNAs (miRNAs) (Fig. 5b) and
a similar mechanism was implied for six other mRNAs encoding cytokine
receptor subunits123.

An example of a less common alternative translation process that can trigger
NMD is provided by mRNAs encoding selenoproteins'?4. Common for these
mRNAs (~25 in humans) is the presence of a selenocysteine insertion sequence
(SECIS) in their 3’ UTRs, which, when selenium is available, allows the
recruitment of a specialised translational elongation factor bound to
selenocysteine-tRNA. This facilitates the insertion of a selenocysteine at one or
more UGA termination codons!?%, Selenium is an essential micronutrient and a
subset of selenoproteins play central roles in controlling cellular redox status.

There are data supporting the existence of a hierarchy among selenoproteins
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where production of some is favored over others when selenium is scarce. This
presumably serves to ensure the preferential expression of the most important
selenoproteins in a given tissuel?5. NMD may, at least in part, play a role in
establishing such a hierarchy, as reductions in selenoprotein mRNA levels match
reduced selenoprotein levels upon selenium deficiency2°. Specifically, based on
their position relative to exon-exon junctions many of these UGA codons are
potential PTCs and so about half of the selenoprotein mRNAs are predicted to be
targeted by NMD in the absence of selenium, whereas the incorporation of
selenocysteine instead is expected to result in productive translation!?¢ (Fig. 5c).
While some selenoprotein mRNAs were demonstrated to be sensitive to
depletion of NMD factors!?6.127 and display reduced half-lives in low selenium
concentrations!2¢, it still remains to be established whether NMD is critical for

modulating the cellular response to reduced selenium levels.

Physiological functions of NMD

The efficiency of NMD can be regulated in response to various cues. This can be
elicited by modulation of the overall activity of the NMD pathway or at the level
of individual subsets of transcripts, whose NMD-susceptibility can be specifically
altered via processes that control alternative mRNA biogenesis or translation.
The ability of cells to adjust the global and/or transcript-specific activity of NMD

is critical for a number of physiological processes.

NMD-factors are essential for embryonic development. There are several
studies implying that NMD factors are important for development. Strongest
evidence comes from disrupted expression of UPF1, UPF2, SMG1 or SMG6 in
mice, which all die at an early embryonic stage8284128129 However, since some
NMD factors are also involved in cellular pathways that are distinct from NMD,
these observations are not sufficient to conclude that NMD per se is essential for
mammalian embryonic development. For example, all the mentioned factors also
take part in telomere maintenance and UPF1 is a central component in histone
mRNA degradation and Staufenl-mediated mRNA decay (SMD)130.131 Although
the mechanisms of the latter two pathways have not been determined in detail, it

has been established that they do not depend on UPF2132133, Thus, mouse
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embryonic lethality caused by disrupted UPF2 expression can likely be ascribed
to NMD and/or telomere maintenance. The distinct roles of NMD and telomere
maintenance during developmental processes were addressed in a recent study
of mice using conditionally disrupted SMG6 expression!??. First, it was
established that SMG6-deficient embryonic stem cells (ESCs) proliferate, but fail
to differentiate, which provides a plausible explanation for the observed
embryonic lethality. Next, variants of the SMG6 protein lacking specific domains
necessary for NMD or for telomere maintenance were re-introduced to ESCs
lacking endogenous SMG6. This demonstrated that NMD-related domains are
required whereas telomere maintenance is dispensable for differentiation?29.
However, although there is presently no evidence for SMG6 being involved in
SMD or histone mRNA decay, it cannot be excluded that these pathways could
also be involved. The differentiation defect in SMG6-depleted ESCs could be
attributed to a robust increase in the levels of the transcription factor c-Myc and
its cognate mRNA. Yet, it is not clear whether c-Myc mRNA is a direct substrate
for NMD, since a reporter mRNA including the 3’ UTR of c-Myc only accumulated
slightly in response to disrupted SMG6 expression!?. Taken together, although
not firmly proven, the described observations suggest that NMD is crucial for

embryonic development.
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The potency of NMD dffects cell type diversification. NMD has been implicated as
an important player in cellular proliferation, differentiation and maturation
programs. As an example, detailed analyses using conditional, tissue-specific
disruption of UPF2 expression in mice revealed that it is critical for the
maintenance of hematopoietic stem and progenitor cells, the maturation of T-
cells, the activation of resting lymphocytes®?, fetal liver development as well as
the homeostasis and regeneration of the adult liver®3. Moreover, different types
of stem- or progenitor cells appear to have variable requirements for NMD
activity. Proliferation and maintenance of the stem cell state is supported and
differentiation is inhibited in mouse ESCs depleted of SMG1, SMG5, SMG6, UPF1
or UPF2129, In contrast, disruption of UPF2 expression prevents the proliferation
of hematopoietic stem and progenitor cells82. Additionally, there are contrasting
observations for neuronal stem cells, where UPF3B134 and UPF1135> depletion
prevents and supports differentiation (and supports and prevents proliferation),
respectively. However, the role of NMD is supposedly more complex than can be
deduced from simple depletion experiments, as indicated by the fine-tuned
downregulation of NMD activity during the differentiation of myoblasts to
myotubes!33.

A recent study applied a more refined approach to study the role of NMD in
neuronal stem cells and their differentiation into neurons!35. Here, a decrease in
the levels of mRNAs encoding UPF1, UPF3B and other central NMD factors was
observed during in vitro neural differentiation of mouse neuronal stem-like cells.
This was accompanied by a decrease in NMD activity as measured by a reporter-
mRNA system. By measuring levels of markers of neural differentiation and the
stem-cell state as well as markers for cellular proliferation, it was deduced that
(1) modest overexpression of UPF1 in neuronal stem-like cells treated with a
differentiation-inducing drug inhibited differentiation and instead upheld a
stem-like proliferative state; (2) depletion of UPF1 in undifferentiated neuronal
stem-like cells decreased their proliferation and induced neural differentiation
and maturation; and (3) isolated neuronal stem cells from UPF3B-deficient mice
displayed increased levels of differentiation markers. It is therefore likely that
high NMD activity in undifferentiated neuronal stem cells maintains their

proliferative stem-like state, whereas reduction of NMD activity is critical for
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their differentiation into neurons!35 (Fig. 6a). Further experiments revealed that
subsets of mRNAs encoding proliferation inhibitors and neural differentiation
factors are direct targets of NMD, which may explain why modulation of NMD
activity can change the cell state. Downregulation of levels of UPF1, UPF3B and
possibly other NMD factors during neuronal differentiation is controlled, at least
in part, by a set of miRNAs that are upregulated in response to neuronal
differentiation signals3>136, This regulatory circuit appears to be self-sustaining,
since these miRNAs suppress NMD activity, and in turn high NMD activity

indirectly represses the expression of the miRNAs135 (Fig. 6a).

Local modulation of NMD during neural development. Besides its role in
differentiation of neurons from stem cell precursors, NMD also plays a role at
later stages of neural development88115134 A recent study demonstrated that
NMD factors are enriched within the axonal growth cones of neurons!?> (Fig. 6b).
This restricts the expression of an alternative splice variant of the Roundabout
homolog 3 (Robo3) gene, which contains a PTC in a retained intron. The splice
variant is translated locally only when commissural neurons pass the spinal cord
midline during neural development (Fig. 6b). The resulting ROB0O3.2 protein
isoform is a receptor important for guiding the trajectory of the axon after
passage of the midlinel3’. Failure of NMD to degrade Robo3.2 mRNA in UPF2
depleted mouse commissural neurons leads to increased ROBO3.2 receptor
levels in the growth cones and erroneous migration of the axons after passage of
the midline!?>. This suggests that NMD is employed to degrade the Robo3.2
mRNA after one or a few rounds of translation, to ensure that the expression of
ROB03.2 protein is tightly restricted temporally and quantitatively!1>. This
phenomenon raises the possibility that other genes utilize a similar strategy to
control their local protein levels and local enrichment or depletion of NMD
factors may also be important in other cell types.

The importance of NMD during neural development is consistent with the
finding that mutations in the human X-linked UPF3B gene cause various degrees
of intellectual disability!38, which is accompanied by deregulation of mRNAs
encoding proteins with functions related to neuronal processes88. Furthermore,

copy-number variations of other genes encoding factors involved in NMD,
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including the heterozygous deletion of the UPFZ gene, are frequent in individuals

with intellectual disability and/or other neuro-developmental disorders®°.

NMD modulates, and is modulated by, cellular stress. Depletion of NMD factors
has consistently resulted in increased levels of mRNAs encoding stress-related
proteins®869.78:82838587 This could happen because NMD targets stress-related
mRNAs, and/or because the downregulation of NMD induces stress. While there
is evidence both for?3 and against8294 the latter, it is nonetheless clear that many
stress-related mRNAs are NMD targets in unstressed cells, but escape
degradation during stresses such as the unfolded protein response (UPR) and
oxygen deprivation8>91-94, Many of these NMD-sensitive transcripts contain
uORFs or long 3’ UTRs as their putative NMD-activating features®4.

One example of a stress response is the UPR, which is induced by the
accumulation of unfolded or misfolded proteins in the endoplasmic reticulum
(ER). It was recently demonstrated that depletion of the non-essential NMD
factor UPF3B renders both cultured human cells and whole mice highly sensitive
to mild ER stresses that would normally not induce the UPR%4. Upregulation of
the PTC-containing mRNA encoding the functional protein inositol requiring
enzyme lo (IREla), a central sensor in the UPR, may underlie such UPR
sensitization. This is supported by three lines of evidence: (1) IREla protein
levels increased in UPF3B depleted cells; (2) partial depletion of IRE1a (back to
normal levels) desensitised UPF3B depleted cells; and (3) IRE1a overexpression
recapitulated the phenotype of UPF3B depleted cells®*. Moreover, half-life
analyses following depletion of NMD factors suggested that the Irela mRNA is a
direct target of the NMD pathway. It was therefore suggested that NMD serves to
restrict IRE1la levels to avoid unwarranted initiation of the UPR in response to
mild ER stress®%. Interestingly, the sensitivity to NMD of UPR-effector mRNAs,
including Atf4, decreases during the UPR to allow sufficient production of
proteins to muster a robust response®3.24. When the UPR has run its course, NMD
is again needed to dampen the levels of UPR-related factors, as was indicated by
the inefficient termination of UPR in human cells and mice depleted for UPF3B%*

(Fig. 6¢).
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The UPR and many other stress-activated signalling pathways reduce global
translation while allowing unchanged, or even increased, translation of stress-
related mRNAs!39 (Fig. 6¢). Importantly, the global reduction of translation likely
causes the bulk of non-stress-responsive, PTC-containing mRNAs to escape
translation and therefore also to evade NMD#85919394140  Stress-responsive
mRNAs likely have specific mechanisms to ensure their continued translation
and escape from NMD during stress. For example, ATF4 undergoes
reprogramming from translating a uORF to the functional ORF, which allows
both stabilization of the mRNA and production of functional ATF4 protein8591.121
(Fig. 5a). A general reduction in NMD activity on translated mRNAs during stress
responses has also been suggested®>. This could possibly happen by
sequestration of NMD factors in stress granules as observed for UPF1 and
SMG1°1.141 or if levels of rate-limiting NMD factors are reduced due to the overall

reduction of normal translation.

Concluding remarks

The NMD pathway has two established functions in mammalian cells. Firstly, it
degrades mRNAs encoding truncated proteins with no or undesired functions. In
this capacity, it prevents the accumulation of potentially harmful polypeptides.
Whether this quality control measure is generally essential for cellular function
and survival has not been rigorously established. Yet, in the specialized case of T-
cell maturation, it is highly likely that NMD-facilitated removal of mRNAs
encoding non-functional, truncated TCR-p receptors is essential for generation of
normal levels of mature T-cells82. Secondly, by targeting a subset of mRNAs with
intact ORFs, NMD is a direct modulator of the expression of functional proteins.
The sensitivity of an mRNA to NMD can be altered as illustrated by the
translation of different ORFs in the ATF4 mRNA under normal or stress
conditions®1121. Additionally, regulation of expression levels and localization of
NMD factors can modulate the activity of the NMD pathway. These mechanisms
may be important for the control of protein levels during a variety of cellular

processes. Presently, there is evidence supporting a critical role of NMD when
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cells sense stress and execute stress responses®>91-94 and during differentiation
and developmental processes82.83115129,134,135,

Many unresolved questions remain. A detailed understanding of the mechanism
of target recognition and degradation is pivotal to enable experimental designs
that address the cellular functions of NMD. Increasingly sophisticated methods
such as genome editing tools and tailored next generation sequencing
approaches may allow the study of NMD function less invasively and thus more
directly than previously possible. Notwithstanding the expected improvement in
our understanding of NMD, it is already evident that this system is a multifaceted

regulatory tool of the eukaryotic cell.
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Display items

Box 1 | Identification of direct targets of NMD

Transcriptome-wide identification of direct NMD targets is challenging. A typical
experimental setup involves depletion of a NMD factor and comparing the re-
shaped transcriptome to that of an untreated cell population by either
microarray or next generation sequencing analyses!849.68,69,78-90 mRNAs detected
at increased levels when NMD is compromised are putative substrates of NMD.
However, stabilized mRNAs may encode proteins involved in other aspects of
RNA metabolism, and, consequently, levels of mRNAs that are not direct NMD
targets may change. Additionally, several NMD factors have NMD-independent
roles as exemplified by the role of UPF1 in telomere maintenance, histone mRNA
degradation and Staufenl-mediated decay!30131.142, Manual inspection for NMD-
activating features is often used to support the identification of direct targets,
but since the full scope of such features is not yet complete alternative or
additional experimental strategies should be employed. In one approach, mRNA
half-lives were compared between UPF1 depleted and control cells. This enabled
the detection of hundreds of mRNAs with increased half-lives8>87. In another
approach mRNAs whose levels increased after NMD inhibition were sorted for
those also displaying evidence for SMG6-catalyzed endonucleolytic cleavage.
Again, hundreds of NMD substrates were found®8¢°. The mentioned approaches
still rely on prolonged depletion of proteins, which may not always be practical -
especially when studying dynamic processes such as cellular differentiation. In
such cases, an experimental setup minimizing the risk of interfering with the
inspected process is preferable. This can for example be achieved by capturing
NMD targeted mRNAs by immunoprecipitation of a central NMD factor. Whereas

hypophosphorylated UPF1 interacts with both mRNA substrates and non-
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substrates of NMD11.23-27 carboxy-terminal phosphorylation of UPF1 signifies a
late step in NMD just before and when the mRNA is degraded (Fig. 1c). An
antibody specifically recognizing carboxy-terminally phosphorylated UPF1 may
therefore be a potential bait for extracting genuine NMD substrates from

unperturbed cells?4.

Figure legends

Figure 1 | Normal and NMD-activating translation termination

a | Efficient translation termination prevents NMD. Translation is efficiently
terminated when the termination codon (TC) is in physical proximity to the 3’
poly(A) tail (AAAAAAAA) and/or the 5’ cap (m’G) of the mRNA. The release
factor complex eRF1-eRF3 interacts with the termination codon and the
ribosome. The cytoplasmic poly(A) binding protein (PABPC) and the 5’ cap
bound translation initiation factor elF4G, associated to either the cap binding
complex (CBC; not shown) or the cap binding translation initiation factors
elF4E-elF4A1, interact to circularise the mRNA. This interaction allows efficient
translation termination and prevents UPF1, which only binds transiently and
nonspecifically to the mRNA, from interacting with eRF3 when the termination
codon is proximal to the 3’ and/or 5’ ends of the mRNA. b | Recruitment of UPF1,
UPF2 and UPF3 during inefficient translation termination. (1) UPF1 binds
nonspecifically to the mRNA. (2) NMD is enabled when ribosome-associated
eRF3 interacts with UPF1, thereby recruiting UPF2 and/or UPF3. (3) UPF2
and/or UPF3 recruitment is assisted by an exon junction complex (EJC) bound to
the 3’ untranslated region (UTR), but can also occur independently (4). Some
mRNAs may escape NMD for one or more rounds of translation due to the
inefficient recruitment of UPF1, UPF2 and/or UPF3 to the terminating ribosome.
c | Assembly of a NMD-activating complex on a PTC-containing mRNA and
initiation of decay. The termination codon is marked as premature (PTC) upon
assembly of a protein complex including UPF1, UPF2, UPF3, SMG1, SMG8 (8),
SMGY (9), DHX34 and the EJC (top). At this point translation may terminate,

ultimately leading to the dissociation of the individual ribosomal subunits, the
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release factors and the nascent protein. UPF2 binds to the amino-terminal
domain of UPF1, releasing this domain from the central core of UPF1143.144 SMG1
phosphorylates residues in the amino- and carboxy-terminal domains of UPF1
(asterisks), which enables the recruitment (bottom) of factors that initiate mRNA
degradation by endonucleolytic cleavage (SMG6), deadenylation (CCR4-NOT via
SMG5-SMG7) and/or decapping (decapping complex (DCPc) via PNRC2). The
decapping complex may be recruited to UPF1 independently of UPF1
phosphorylation. Recruitment of factors to the phosphorylated carboxy-terminal
of UPF1 was suggested to free this domain from the central core of UPF1145,
Endonucleolytic cleavage, decapping and deadenylation are followed by
complete mRNA degradation by general cellular 5’-3’ and 3’-5’ exonucleolytic

activities (XRN1 and the RNA exosome, respectively; not shown).

Figure 2 | Roles of NMD in heterozygous carriers of PTC-mutations

NMD prevents several possible phenotypic outcomes (illustrated in the bottom
right box) from a PTC-generating mutation. In heterozygous carriers (illustrated
by a functional allele (left) and an allele with a PTC-introducing mutation
(right)), total levels of functional protein are halved, which may either be

sufficient or insufficient to retain normal function.

Figure 3 | Importance of NMD for maturation of sufficient populations of T-
cells

Flow-diagram illustrating sequential programmed rearrangements of TCR-f
alleles during T-cell maturation. Each rearrangement has a probability of up to
one-third to produce a functional allele (one-third of events are in-frame, but
some of these may introduce in-frame termination codons by nucleotide
insertions). If the first rearrangement produces a functional TCR-g allele, T-cell
maturation continues (left). However, if it produces a PTC-containing allele, a
second rearrangement takes place. If this rearrangement is productive, NMD
elimates the PTC-containing mRNAs, allowing T-cell maturation to continue

(middle, left arrow). In NMD-inhibited T-cells, such cells fail to survive (middle,
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right dashed arrow). If both alleles contain PTCs after rearrangements, the T-

cells die (right).

Figure 4 | Expression homeostasis of splicing activators and splicing
repressors

Model illustrating proposed expression homeostasis of factors regulating
alternative splicing. Splicing activators (orange ellipses) can stimulate
alternative splicing events in their cognate pre-mRNAs (top), which produce
NMD-targeted mRNA isoforms. Conversely, splicing repressors (purple ellipses)
can repress alternative splicing events in their cognate pre-mRNAs (bottom),
thereby producing NMD-targeted isoforms. Through this autoregulatory loop,
the levels of the involved splicing regulatory factors are kept at equilibrium,
which affects the alternative splicing patterns of all pre-mRNAs in the cell

(middle).

Figure 5 | Translation of alternative ORFs can activate NMD

a | Translation of the ATF4 mRNA during normal and stress conditions. In the
case of ATF4 mRNA, a short upstream open reading frame (uORF) is initially
translated followed by downstream re-initiation of translation. In normal
conditions (left) the translation of a second uORF is favored, leading to NMD and
low levels of ATF4 protein. Under stress conditions (right) a translation shift to
the third, ATF4-coding ORF is favored, which stabilizes ATF4 mRNA with a
consequent rise in levels of the ATF4 transcription factor. This stimulates
transcription of its target genes involved in the integrated stress response. b |
Translation of CCR5 mRNA with (left) or without (right) miRNA-induced
frameshifting. The RNA element — a pseudoknot — that induces programmed
ribosomal frameshifting by one nucleotide in the 5’ direction is indicated.
Productive translation without frameshifting leads to production of CCR5
protein. Non-productive translation due to frameshifting, which introduces a
PTC, is stimulated by binding of miR-1224 to the pseudoknot, thereby stabilizing
it and triggering NMD of the CCR5 mRNA. ¢ | Model for the translation of

selenoprotein coding mRNAs in the presence (left) or absence (right) of
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selenium. The orange box illustrates the selenocysteine insertion sequence
(SECIS) element that directs incorporation of selenocysteine at the indicated
UGA termination codon in the selenoprotein W, 1 (SEPWI1) mRNA. When
selenium levels are sufficient selenocysteine is incorporated and translation
continues until the downstream UAA termination codon. This UAA codon is 18
nucleotides upstream of the last exon-exon junction, but because a ribosome
covers ~30 nucleotides, a possible NMD-stimulating EJC is displaced during the
first round of translation. When selenium levels are insufficient the UGA codon is

recognized as a PTC and NMD is triggered.

Figure 6 | Global and local modulation of NMD activity

a | Model for the regulation of NMD activity during the differentiation of neural
progenitor cells into mature neurons. High NMD activity in progenitor cells
ensures low levels of mRNAs encoding pro-neural factors and proliferation
inhibitors, which sustains self-renewal of the stem cells. Upon induction of
neuronal differentiation, levels of miRNAs that target NMD factors rise leading to
downregulation of NMD and stabilization of the abovementioned mRNAs. This
results in reduced proliferation and differentiation. b | Local effect of NMD in
neuronal growth cones. (left) Schematic drawing of a commissural neuron. NMD
factors are enriched in the axonal growth cone, resulting in local high NMD
activity. (right) Before the growth cone passes the midline floorplate of the
spinal cord, the translation of a PTC-containing Robo3.2 mRNA is repressed by an
unknown mechanism. Following passage of the midline, translation is activated
by floorplate-derived signals for one, or a few, round(s) before the mRNA is
degraded by NMD. ¢ | Model for NMD regulation during the unfolded protein
response (UPR). Under normal conditions (left) levels of mRNAs encoding IRE1a
and other UPR-related proteins are restricted by NMD. NMD-mediated control of
IREla expression prevents initiation of the UPR under mild endoplasmic
reticulum (ER) stress conditions. Following elevation in ER stress (right), global
translation is downregulated whereas Irela and other UPR-related mRNAs

remain translated, but less susceptible to NMD, to mediate the UPR. NMD is
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important for efficient termination of the UPR and the reinstalling of normal
conditions.

Glossary

Exon junction complex (EJC): A complex deposited upstream of most exon—exon
junctions following splicing. The EJC mediates further mRNA processing and export.

Deadenylase: A 3’-5’ exoribonuclease with specificity for poly(A)-moieties.

General decapping complex: A protein complex responsible for the hydrolysis of the
m’-G-cap situated at mRNA 5’ ends.

B-thalassemia: Blood disorder caused by mutations in the (-globin (HBB) gene on
chromosome 11, which lead to reduced or absent production of hemoglobin beta

chains.

Haploinsufficiency: A phenotype caused by the insufficient expression of a
functional factor as a result of a mutation in one of the two encoding alleles.

Waardenburg syndrome type 4C: An auditory-pigmentary syndrome characterized
by pigmentary abnormalities of the eye, deafness, and gastrointestinal disease.

Integrated stress response: A term covering various cellular stresses that act (partly)
through the inactivation of the translation initiation factor subunit elF2a.

Programmed ribosomal frameshifting: A shift of the reading frame by one or two
nucleotides (in the 5’ or 3’ direction) directed by a mRNA structural element.

Selenoproteins: Proteins containing one or more of the non-conventional amino
acid selenocysteine.

Selenocysteine insertion sequence (SECIS): A ~60 nt-long RNA sequence element
situated downstream of a UGA termination codon in selenoprotein coding mRNAs.

Histone mRNA degradation: A UPF1-dependent degradation mechanism mediated
by its binding of stem-loops at the 3’ end of replication-dependent histone mRNAs.
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Staufenl-mediated mRNA decay (SMD): Degradation of substrates with extended
double-stranded 3’ UTR structures that bind one, or both, of the UPF1-recruiting
staufen paralogues STAU1 and STAU2.

Axonal growth cones: A dynamic extension at the tip of axons. Growth cones are
able to rapidly change direction and branch in response to stimuli.

Commissural neurons: A tract of nerve fibers passing from one side to the other of
the spinal cord or brain.

Online summary

- Nonsense-mediated mRNA decay (NMD) degrades mRNAs harboring
translation termination codons in abnormal contexts.

- NMD targets mRNAs encoding truncated proteins with no or undesired
functions, thereby preventing the accumulation of such transcripts and their
encoded potentially aberrant proteins.

- NMD targets some mRNAs with intact open reading frames, thereby directly
affecting gene expression programmes.

- NMD reduces the levels of mRNAs related to multiple normal cellular processes
through its interplay with programmed DNA rearrangements, changes in pre-
mRNA processing or reprogramming of mRNA translation.

- NMD is essential for embryogenesis and other developmental processes.

- Up- and downregulation of NMD is essential for an efficient cellular response to

stress and its subsequent alleviation, respectively.

Author biographies

Torben Heick Jensen has been on the Faculty of the Department of Molecular
Biology and Genetics, Aarhus University, Denmark for 14 years. He carried out
his doctoral work with Jgrgen Kjems at Aarhus University, followed by
postdoctoral studies with Michael Rosbash, HHMI, Brandeis, USA. His laboratory
studies fundamental mechanisms and functions of RNA degradation and

transcription in eukaryotic cells.

36



Soren Lykke-Andersen is a senior post.doc. in Torben Heick Jensen'’s laboratory
at the Department of Molecular Biology and Genetics, Aarhus University,

Denmark. He carried out his doctoral work at Aarhus University with Jgrgen

Kjems.

37



Figure 1

d

unspecific UPF1
binding to MRNA
TC

N 7
eRF3
~ PABPC

start

elFAE-elF4A1
or CBC

3b: unassisted recruitment
" of UPF2 and/or UPF3

termination distal to
2: poly(A)-tail allows
UPF1-eRF3 interaction

. unspecific UPF1
" binding to mMRNA

3a: EJC-assisted recruitment
* of UPF2 and/or UPF3

start
]

elF4E-elF4A1
or CBC
eRF3 ‘s
PTC 1. b
\% EJC PABPC
AAAAAAAA

eRF1

recruitment of degradation
factors to UPF1

endonucleolytic cleavage
followed by:

a: 5'-3’ exonucleolytic decay

b: 3'-5’ exonucleolytic decay deadenylation

followed by either:
a: decapping
b: 3’-5" exonucleolytic decay

\ | o decapping
followed by 5'-3’ exonucleolytic decay




Figure 2

Functional allele:

g s
ATG TC

PTC allele:

-ETG-PTC _|:)'Q_'-

transcription, splicing and export

(R ]

AUG TC

productive
translation
normal levels — functional proteins
® o9
®*e o
o ©® e

sufficient { s insufficient

unaffected affected

E_‘:DU:)EI

AUG PTC

NMD

reduced levels — loss-of-function

“‘

Possible functional outcomes
of mutation in absence of NMD:
- loss-of-function

- dominant-negative

- gain-of-function

- unaltered function




Figure 3

pro T-cell

Genotype:
TCR-BO (non-rearranged)
TCR-BO (non-rearranged)

w|=

\ 4

1st TCR- rearrangement

v
wrn

1
=3

Genotype:
TCR-p~ (non-functional; PTC*)
TCR-B0 (non-rearranged)

2nd TCR-p rearrangement

v
w|n

Genotype:
TCR-p* (functional; PTC-)
TCR-BO (non-rearranged)

Genotype:

TCR-p~ (non-functional; PTC*)
TCR-p* (functional; PTC-)

Genotype:

TCR-p~ (non-functional; PTC*)
TCR-p~ (non-functional; PTC*)

further NMD
maturation

Vo
70N TCR

mature T-cell

no NMD




Figure 4

Splicing activator pre-mRNA

I
AUG

exclusion of exon !

Cpmm——

AUG TC

productive
translation

Controlled levels of
splicing activators

Other pre-mRNAs

Controlled levels of
splicing repressors

NMD

productive
translation

AUG PTC TC

Splicing repressor pre-mRNA



Figure 5

d

(1) Normal conditions

TC AUG

|
ATF4 [] - [
I
AUG PTC
non-productive
translation — NMD
ATF4 mRNA degraded
no production of ATF4 protein
fad bad fad fad

S W e W S W

ATF4 responsive promoters

b

(1)  No frameshifting

cers ([T

AUG TC
productive
translation
CCR5 mRNA stable

production of CCR5 protein

C

(1)  Sufficient selenium

UGA
SEPW1 [
AUG UAA
— - productive
Selenocysteine incorporation ‘ translation

SEPW1 mRNA stable

production of SEPW1 protein

()

()

()

Stress conditions

TC A
ATF4
AUG AUG TC
productive
translation
ATF4 mRNA stable

production of ATF4 protein

ATF4 responsive promoters

miR-1224 induced frameshifting

CCR5

AUG PTC

miR-1224

non-productive
translation — NMD

CCR5 mRNA degraded

no production of full-length CCR5 protein

Insufficient selenium

UGA (PTC)

SEPW1 | [ T [ [

AUG

non-productive
translation — NMD

SEPW1 mRNA degraded

no production of SEPW1 protein



Figure 6

d

neural progenitor cell

Neuronal differentiation signal

~

self-renewal
(proliferation)

Low

High

,.-- Effector miRNAb
"=---4NMD activity

pro-neural p
factors

roliferation
inhibitors

nucleus

/ axon

4 \

dendrite

soma

NMD factors

growth
cone

«
/

enriched

Local high NMD activity

Normal conditions

Ireto. (P)TC
AAAN
normal .
translation i high NMD
D b Y
o ®,
normal .
translation T high NMD
Other UPR mRNAs (P)TC
AAAN

Severe
ER stress

#

Neuronal differentiation

High

Effector miRNAs ~.__
<—4 NMD activity -===="
Low

pro-neural
factors

High

,‘~..
v

proliferati

|nh|b|tors]

High

Before passage of midline floorplate

neuron

Midline floorplate

Growth cone of commissural neuron

Robo3.2 (P)TC
AAARN
translation
repressed
Robo3.2 mRNA stable
Robo3.2 (P)TC
AAAN

awaiting translation activation
no ROBO3.2 protein

Growth cone of commissural neuron

Robo3.2 (P)TC
AAAN
activation of
translation
NMD
Robo3.2 mRNA degraded
Robo3.2 (P)TC
"--.~* '__J..~~
g e g T AAAR

one/few ROBO3.2 protein(s)/mRNA
(X J

Mild ER stress

UPR (initiation)

Reduced . —
normal translation
Restored
normal translation )
relieved
ER stress

UPR (termination)

Unfolded protein response

Ireta (P)TC

/\-/J\AAAP\

stress-specific

. low NMD
translation

stress-specific
translation

Other UPR mRNAs (P)TC
AAARN




Supplemental Figure 1

(1)
ATT.. .. GT ...A|TAC|CAG|CTAJAGG|G...
ATG TC
l mutation in DNA
(2)

.AITAC|TAG|CTAIAGGIG...
ate 7

)

.A|TAC|-AGC|TAA|GGG]...

. AITAC|AGCIAGC|TAA|GGG]...
ATG
(4)

X, [t o spice ste |
ATG PTC 4
()

[ Mutation of translation start site ]

(6)

AUG TC

~pyTc
S splicing in 3 UTR

AUG PTC

(1)
_________________ 7T T
_____________ 1 F
ATG ATG TC
alternative
transcription
initiation
AUG AXG TC AUG PTC ¢
(2) - A pA
- Seo eemmTTT T
. T T —
ATG - T (P)TC

alternative
polyadenylation



Supplementary Figure S1

Supplemenrary Figure S1 | PTC-generating events

a | Examples of mutations in protein-coding genes that can result in the production of
PTC-containing mRNAs. (1) Schematic representation of an arbitrary gene with four
exons (boxes) and three introns (red lines). The initiation (ATG) and termination codons
(TC) are indicated. Untranslated and translated regions are depicted in light and dark
green, respectively. pre-mRNA splicing events are indicated by dashed lines connecting
the exons. The reading frames are indicated by | where applicable. (2) Point (nonsense)
mutations introducing a PTC in the original open reading frame (ORF). Here illustrated
by a C-to-T mutation (in red) changing a CAG glutamine codon to a TAG termination
codon (red underline; the normal termination codon is no longer used). (3) Frameshift
mutations (one- or two-base pair deletions or insertions) change the ORF and may
introduce a PTC downstream of the mutation (deletion and insertion indicated in red by
a dash and extra nucleotides, respectively). (4) Mutations leading to disruption or
alteration of normal pre-mRNA splicing may introduce a PTC, for example by intron
inclusion. (5) Mutations of translation initiation sites may cause translation to initiate at
an out-of-frame, downstream ATG codon and introduce a PTC. (6) Mutations
introducing an upstream, out-of-frame initiation codon, which may lead to translation
termination at a PTC (the normal initiation codon is no longer used). b | Examples of
alternative splicing events that can introduce PTCs to mRNAs. The top of each panel
shows a schematic representation of a pre-mRNA with exons (boxes) and introns (red
lines). Boxes with a red horizontal strikethrough illustrate alternatively spliced exons or
introns. The initiation codon (AUG) and termination codon (TC) are indicated and so are
premature termination codons (PTC) when in-frame. Productive and NMD-activating
pre-mRNA splicing events are indicated by dashed green and red lines, respectively.
Green and red arrows point to productively and non-productively (NMD-targeted)
spliced mRNA isoforms. Untranslated and translated regions are depicted in light and
dark green, respectively. (1) Exon inclusion (shown here as an entire exon) may
introduce an in-frame PTC directly (shown here) or indirectly by causing a frameshift.
The same can happen following intron retention. The normal termination codon is no

longer used. (2) Exon exclusion may introduce a PTC by shifting the reading frame. (3)



Splicing in the 3’ UTR can functionally convert the normal termination codon to a PTC.
c | Alternative transcription initiation and 3’ end processing sites may introduce PTCs.
(1) Alternative transcription initiation sites (right-pointing arrows; shown here within
the same exon) can direct the usage of an NMD-activating ORF. The downstream
initiation codon is no longer used. (2) Alternative 3’ end processing (polyadenylation)
sites (pA; shown here within the same exon) can change the context of a termination

codon thereby potentially activating NMD.
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