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Abstract Nonsense-mediated messenger RNA (mRNA) de-
cay (NMD) is a quality control mechanism that degrades ir-
regular or faulty mRNAs. NMD mainly degrades mRNAs,
which contain a premature termination codon (PTC) and
therefore encode a truncated protein. Furthermore, NMD al-
ters the expression of different types of cellular mRNAs, the
so-called endogenous NMD substrates. In this review, we fo-
cus on the impact of NMD on cellular and molecular physiol-
ogy. We specify key classes of NMD substrates and provide a
detailed overview of the physiological function of gene regu-
lation by NMD. We also describe different mechanisms of
NMD substrate degradation and how the regulation of the
NMD machinery affects cellular physiology. Finally, we out-
line the physiological functions of central NMD factors.
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Introduction

The accurate organization and regulation of gene expression is
crucial for living cells in order to maintain cellular homeostasis
but also to respond to stress, differentiation, or development.
NMD is a translation-dependent quality control mechanism that
detects erroneous transcripts and thereby ensures the accuracy
of gene expression. NMD is best known for degrading
messenger RNAs (mRNAs) with a truncated open reading

frame (ORF) that harbor a PTC. Nonsense mutations account
for approximately 20 % of disease-associated single-base pair
substitutions, and most of them are expected to elicit NMD
[72]. Thus, NMD is an important modulator of the clinical
manifestation of various genetic diseases. On one hand,
NMD maintains cellular homeostasis by repressing the pro-
duction of C-terminally truncated proteins with a potential
dominant negative function. On the other hand, truncated pro-
teins might still have residual function, and further reduction
of protein levels by NMD can result in an aggravation of the
disease phenotype. Hence, it will be important to understand
the mechanism underlying NMD and its regulation in order to
develop individual treatments for human genetic diseases,
especially single gene disorders.

In mammalian cells, termination codons are recognized as
premature if they are located more than 50–55 nucleotides (nt)
upstream of an exon-exon junction [74]. Exon-exon junctions
(i.e., sites of intron removal) are marked by the exon-junction
complex (EJC), a multiprotein complex deposited on mRNAs
during splicing [50, 51, 101]. When a translating ribosome
stalls at a PTC, eukaryotic release factors (eRFs) 1 and 3 bind
to the ribosome and eRF3 also interacts with upstream frame-
shift 1 (UPF1), an ATP-dependent RNA helicase and a central
regulator of NMD. A downstream EJC serves as a platform
for binding of UPF3B and UPF2, two additional conserved
NMD factors. While UPF3B directly binds to the EJC
via a short C-terminal motif, UPF2 links UPF3B and UPF1
[19, 25, 42]. The assembly of this complex also recruits the
kinase SMG1, which interacts with UPF1 and UPF2 and
phosphorylates C-terminal serine and threonine residues of
UPF1 [24 , 41 , 44 , 102 ] . Pho spho ry l a t e d and
nonphosphorylated UPF1 recruits the NMD factor SMG6,
which mediates endonucleolytic cleavage of the mRNA sub-
strate in close proximity to the PTC [15, 29, 40, 91].
Alternatively, phosphorylated UPF1 can also bind the
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SMG5/SMG7 heterodimer, which activates the deadenylation
of the target transcript [56, 79] (Fig. 1). Nonetheless, NMD
not only destabilizes aberrant transcripts emerging as a result
of nonsense mutations or RNA processing errors but also reg-
ulates the expression levels of many mRNAs occurring under
normal conditions (so-called endogenous or cellular targets).
Among other approaches, transcriptome-wide studies re-
vealed that NMD regulates transcripts with upstream open
reading frames (uORFs) and transcripts with long 3′ UTRs
or with introns downstream of the canonical termination co-
don [15, 60, 67, 73, 91]. It is currently believed that NMD
affects the levels of 3–10 % of all cellular transcripts in addi-
tion to its quality control function [67, 110, 116, 126, 130].
NMD activity varies across different cell types and tissues,
resulting from differential regulation of individual NMD fac-
tors [18, 22]. This suggests that NMD is a highly complex

regulated mechanism, involved in a broad spectrum of phys-
iological processes.

In this review, we describe different classes of endogenous
NMD substrates, the mechanisms of their regulation and the
consequences for cellular physiology. We outline how NMD
activity is regulated by endogenous and exogenous modula-
tors. Finally, we summarize the physiological functions of
central NMD factors.

Endogenous targets of nonsense-mediated mRNA
decay and their regulation

As described above, NMD is known to regulate the expression
levels of many endogenous mRNAs and thereby controls dif-
ferent cellular processes. One of the most intensively studied

Fig. 1 Model of PTC-containing
transcript degradation by NMD. a
Translation of mRNAs by
ribosomes removes EJCs from
exon-exon junctions (marked in
orange) within the ORF. b
Stalling of a ribosome at a PTC
recruits UPF1 to the ribosome.
The downstream EJC serves as a
binding platform for UPF3B and
UPF2. UPF2 binds to UPF1 as
well as the protein kinase SMG1.
SMG1 phosphorylates UPF1 at
C-terminal serine and threonine
residues. c The SMG5/7
heterodimer and the endonuclease
SMG6 are recruited to
phosphorylated UPF1. SMG6
cleaves the mRNA in close
proximity to the PTC, whereas
SMG5/SMG7 induces
deadenylation of the target
transcript (color figure online)
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cellular functions of NMD is alternative splicing-coupled non-
sense-mediated decay (AS-NMD). Alternative splicing (AS)
occurs in nearly 95% ofmammalian genes [81] and allows for
the production of functionally different protein isoforms from
an individual gene, thereby increasing the coding capacity of
the genome [46]. One third of AS events produces transcripts
with NMD activating features [52]. AS can stimulate NMD by
including PTC-containing or frameshifting exons or skipping
open reading frame-maintaining exons. Intron retention and
alternative utilization of the 5′ and 3′ splice sites may also give
rise to PTC-containing transcripts.

Regulation and autoregulation of splicing factor
expression by alternative splicing-coupled
nonsense-mediated decay

SR proteins are abundant splicing regulatory proteins, and
their expression is highly regulated [35, 96, 132]. Initially, it
has been shown that the inhibition of NMD alters the levels of
two alternatively spliced SR proteins in Caenorhabditis
elegans [71]. In human cells, all 11 SR genes are regulated
by alternative splicing and can produce PTC-containing
mRNAs, which are degraded by NMD [52, 77]. This process,
also known as regulated unproductive splicing and translation
(RUST), allows for regulating the expression of a gene by
excluding a fraction of its pre-mRNA from protein produc-
tion. Splicing factors were shown to utilize RUST to control
the expression of their ownmRNAs in an autoregulatory man-
ner to maintain constant protein levels. Changing the intron/
exon composition of their own pre-mRNA can produce tran-
scripts susceptible to NMD [16, 48, 77, 90]. In general, SR
proteins are considered splicing activators that promote exon
inclusion through recognition of exonic splicing enhancers
(ESEs). In contrast, heterogeneous ribonucleoproteins
(hnRNPs) act as splicing repressors [84, 99], which antago-
nistically regulate splicing through exonic or intronic splicing
silencers (ESSs or ISSs) [13, 63]. Expression of splicing re-
pressors (i.e., hnRNP proteins) can also be regulated by
RUST. The inclusion of a coding exon results in a functional
protein, when the levels of splicing repressors are low.
Increased levels of splicing repressors induce exon skipping,
which causes translational frameshifting and triggers NMD.
Thus, splicing repressor proteins do not only regulate alterna-
tive splicing but also balance their own expression in an
autoregulatory manner [77] (Fig. 2).

RUST of some SR genes involves an alternative exon with
an early in-frame stop codon (Bpoison cassette exon^).
Inclusion of a poison cassette exon leads to transcript degra-
dation by NMD (Fig. 2). SRSF2 (SC35) is a well-described
example for splicing factor autoregulation. Overexpression of
SRSF2 induces an intron excision as well as an exon inclusion
event in its own 3′ UTR, producing a transcript, in which the

canonical termination codon is interpreted as PTC [107].
Thereby, SRSF2 regulates its own expression levels by chang-
ing the splicing pattern of the SRSF2 pre-mRNA.
Unproductive splicing of some SR genes is not only
autoregulated by itself, but can also be cross-regulated by
other SR or non-SR proteins. SRSF3 (SRp20) regulates its
own abundance via unproductive splicing, but additional-
ly induces unproductive splicing of SRSF5 and other
splicing factor genes [6]. Likewise, splicing of the
SRSF1 (SF2/ASF) mRNA via the RNA-binding protein
Sam68 leads to AS-NMD in trans [114]. The SRSF1
mRNA contains an intron in its 3′ UTR, which is usually
retained. Intron splicing results in a transcript, in which the
canonical termination codon is redefined into a PTC, lead-
ing to its degradation via NMD [48]. Splicing of SRSF1 is
regulated by Sam68, a RNA binding protein of the signal
transduction associated activator of RNA (STAR) family
[114]. SRSF1 is an important regulator of the epithelial-to-
mesenchymal transition (EMT) [114], a crucial event during
embryonic development, wound healing, and epithelial tumor
progression [85, 112]. During EMT, Sam68 modulates splic-
ing of the SRSF1 by promoting retention of the 3′UTR intron
which stabilizes the SRSF1 transcript [114]. SRSF1 promotes
production of a constitutively active splice variant of the Ron
proto-oncogene [34]. Ron encodes the tyrosine kinase recep-
tor for the macrophage stimulating protein, which is involved
in the regulation of cell scattering and motility and was shown
to trigger EMT [34, 113].

Regulation of other mRNAs by alternative
splicing-coupled nonsense-mediated decay

As described above, NMD coupled to AS, can alter the ex-
pression of many mRNAs encoding for splicing factors. AS-
NMD also targets PTC-containing isoforms of many other
transcripts. The expression levels of the encoded protein are
determined by the upregulation or downregulation of the iso-
form(s), which are NMD substrates. Some AS-NMD targeted
isoforms are expressed at elevated levels due to the specific
inhibition of NMD. By these mechanisms, AS-NMD regu-
lates a variety of physiological processes in the cell, including
neuronal or tissue development or mechanisms implicated in
oncogenesis [26, 39, 62, 68, 114, 127].

The polypyrimidine-tract-binding proteins 1 and 2
(PTBP1/2) are two RNA-binding proteins of the hnRNP
group of proteins with known functions as splicing regulators
[45]. Recently, the ratio of PTBP1 and 2 has been shown to be
important during neuronal differentiation [16, 62] and to in-
volve AS-NMD. PTBP1 (also known as hnRNP I) upregula-
tion leads to the alternative splicing of its own pre-mRNA and
results in skipping of exon 11. The alternatively spliced tran-
script isoform contains a frameshift, which creates a PTC in
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exon 12 of the mature transcript, eventually leading to its
degradation via NMD [127]. In neuronal progenitor cells,
PTBP1 regulates PTBP2 (nPTB), a nervous system-enriched
homolog of PTBP1, and induces the skipping of the con-
served cassette exon 10 [16, 86]. The resulting PTBP2 iso-
form is an NMD target. During neuronal differentiation
increased expression levels of microRNA 124 (miRNA
124) silence PTBP1, allowing nPTB mRNA and protein
to accumulate [62] (Fig. 3a).

It was shown that the PTB paralog ROD1, a hematopoietic
stem cell marker, is also regulated by PTBP1 and 2, which
promote inclusion of exon 2 of the ROD1 mRNA [105]. This
leads to the formation of an mRNA with a short uORF.
Notably, the alternatively spliced RNA is not NMD-sensitive,
although it contains a PTC. It has been suggested that the
NMD resistance is due to translational re-initiation [105].
However, it remains to be determined if the alternative splic-
ing of ROD1 during hematopoiesis is related to the regulation
of PTBP1/2 during neuronal differentiation.

Recently, it was shown that PTBP1 also influences splicing
of the mRNA encoding HPS1 [36], a protein involved in the
biogenesis of lysosome-related organelles. Mutations in the
HPS1 gene are found in patients with Hermansky-Pudlak syn-
drome, who suffer from prolonged bleeding, lysosomal stor-
age defects, and reduced pigmentation [33, 95, 119]. When
PTBP1 was downregulated, an alternative downstream 5′
splice site within exon 18 of HPS1 was preferentially used,
producing a transcript susceptible to NMD. In contrast, splic-
ing at the upstream 5′ splice site was preferred in the presence
of PTBP1 and results in a fully functional HPS1 protein.
Hence, it has been suggested that the correlation of HPS1
and PTBP1 expression across mammalian tissues ensures

the proper processing of the HPS1 mRNA and normal expres-
sion of the HPS1 protein [36].

Another example of a gene that is regulated by AS-NMD
is cysteine rich 61 (CYR61) [39]. The expression of CYR61
is induced in hypoxic cells and the CYR61 protein acts as a
proangiogenic factor [68]. Retention of intron 3 of the
CYR61 mRNA leads to the production of a NMD-
sensitive transcript. CYR61 is considered to be a tumor-
promoting factor, and this AS-NMD process was shown
to be altered in breast cancer cells, resulting in a transcript
that lacks intron 3, but encodes a functional, active protein
isoform. In several breast cancer cell lines, hypoxic conditions
induced an upregulated expression of the intron 3-lacking
CYR61 mRNA. This suggests that hypoxia-mediated
changes in alternative splicing patterns might act as a reg-
ulatory mechanism for CYR61 expression and its tumor-
promoting potential [39].

Roundabout homologue 3 (ROBO3), a receptor for the slit
family of guidance cues, regulates midline commissural axon
guidance during embryonic development [57, 78, 93].
Guidance of the neurons is orchestrated via two isoforms of
ROBO3. ROBO3.2 contains a retained intron, proximal to the
pre-mRNA 3′ end, which is able to activate NMD [23].
ROBO3.1 is drastically downregulated before axonal midline
crossing, whereas ROBO3.2 is expressed but nor translated
during this process, protecting it from NMD [26]. During
midline crossing, the translational repression is abrogated
and ROBO3.2 mRNA is degraded via NMD, assuring only
low ROBO3.2 protein levels in this phase. Controlling
ROBO3.2 abundance is crucial during axon guidance and
silencing of UPF2 was shown to cause perturbations in com-
missural neuron migration [26] (Fig. 3b).
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Fig. 2 NMD is involved in autoregulation of splicing factor abundance.
Splicing repression (exon skipping) of the hnRNP pre-mRNA results
in transcripts with frameshifts, which are degraded by NMD (left
panel). Splicing activation (exon inclusion) leads to a fully functional
mRNA, which is translated to an hnRNP protein. High levels of
hnRNP protein autoregulate their abundance by splicing repression.

Inclusion of a PTC-containing exon (Bpoison cassette exon^) during
SR protein pre-mRNA splicing (right panel) initiates NMD of the
mature transcript, whereas splicing repression (exon skipping) allows
the production of functional SR proteins. High abundance of SR
proteins promotes the inclusion of poison cassette exons in their
own mRNA, thereby regulating SR protein levels
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Furthermore, Weischenfeldt and colleagues identified sev-
eral different aberrant splicing events in cells impaired in
NMD [122], of which we would like to present two genes,
which are striking examples of physiologically important con-
stitutive NMD substrates. Both genes constantly produce iso-
forms that are NMD substrates and their splicing is not

specifically regulated. Hence, these mRNAs do not formally
belong to the group of AS-NMD substrates. Acetyl-CoA ace-
tyltransferase 2 (Acat2) is a protein involved in the esterifica-
tion of cholesterol [21]. Some Acat2 transcript isoforms are
known NMD targets, as they can acquire a PTC through exon
inclusion. Since NMD silencing induced an upregulation of
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The polypyrimidine-tract-binding proteins 1 and 2 (PTBP1/2) are two
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neuronal differentiation. In neuronal progenitor cells, low levels
of miRNA 124 (miR-124), which lowers the expression of the
PTBP1 mRNA, allow the translation of PTBP1 protein (left panel).
PTBP1 regulates splicing of its neuronal expressed paralog PTBP2.
PTBP1-induced skipping of exon 11 in the PTBP2 pre-mRNA, results
in a NMD-sensitive PTBP2 transcript. While neuronal differentiation
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Functional PTBP2 mRNA and protein accumulate during neuronal

differentiation. b ROBO3.2 regulation during neuronal midline cross-
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gene locus encodes for two isoforms (ROBO3.1 and ROBO3.2).
Pre-midline crossing (left panel) retention of intron 26 (i26) results
in the generation of the PTC-harboring ROBO3.2 splice variant which
is susceptible to NMD. No ROBO3.2 protein is produced, but the
transcript is stable in this phase, due to translational repression of
the ROBO3.2 mRNA. During neuronal midline crossing (middle
panel) ROBO3.2 is released from translational repression and trans-
lation of ROBO3.2 transcripts starts. Post-midline crossing (right
panel), ROBO3.2 transcripts are degraded by NMD leading to lower
levels of ROBO3.2 protein
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Acat2 in liver and bone marrow macrophages (BMMs) [122],
NMD might exert a regulatory function during cholesterol
ester synthesis. The authors also identified transcript isoforms
of the natural killer cell triggering receptor (Nktr), in which
PTCs are introduced through exon inclusion events. Nktr is
required for natural killer (NK) cell effector function as a part
of the putative NK target recognition complex. Aberrant iso-
forms of Nktr are expressed in other cell types than NK cells
[100]. Nktr is upregulated upon Upf2 depletion in BMMs and
liver, suggesting aberrant Nktr transcripts to be degraded via
NMD [122]. These findings imply an important role of NMD
in controlling the cell-type-specific expression of Nktr.

Nonsense-mediated decay regulates mRNAs
during endoplasmic reticulum stress
and the integrated stress response

It has been shown that the inhibition of NMD leads to an
upregulation of mRNAs involved in cellular stress responses
[31, 67]. Several stress-related transcripts are degraded by
NMD under normal (i.e., unstressed) conditions and are sta-
bilized in response to stress-induced NMD inactivation.
Similar observations have been made under different condi-
tions, for example during hypoxia, amino acid deprivation, or
the activation of the unfolded protein response (UPR) [31, 43,
80, 118]. Sequence features, such as long 3′ UTRs or uORFs,
which are known to activate NMD, are found in many of these
stress-related mRNAs [43] (Fig. 4).

The majority of transmembrane proteins are translocated to
the lumen of the endoplasmic reticulum (ER) where they fold
and mature. When unfolded or misfolded proteins accumulate
at the ER, the UPR is activated [117]. It was recently reported
that the depletion of UPF3B sensitizes mammalian cells to ER
stress [43]. Notably, NMD regulates several mRNAs
encoding components of the UPR, for example the protein
kinase RNA (PKR)-like ER kinase (PERK), the activating
transcription factors (ATFs) 3, 4, and 6 or the ER transmem-
brane sensor inositol-requiring enzyme 1α (IRE1α) [43]. The
IRE1α mRNA contains a long 3′ UTR that is responsive to
NMD, leading to an increased expression of IRE1α when
NMD is inhibited (Fig. 4a). The overexpression of IRE1α
and the depletion of UPF3B show a similar ER-stress-
sensitized phenotype. Hence, NMD appears to regulate the
UPR via IRE1α [43].

Interestingly, ATF4, a master transcriptional regulator of
the UPR, was reported to be upregulated during ER stress
signaling. The ATF4 mRNA contains a uORF in its 5′ UTR,
which is thought to mediate its regulation via NMD [43, 80].
During stress conditions, translation of ATF4 occurs preferen-
tially via the protein-coding ORF (i.e., skipping the uORF),
leading to transcript stabilization. In contrast, translation initi-
ation at the uORF is favored during normal (unstressed)

conditions [31, 115, 118]. Furthermore, the UPR and other
stress signaling pathways were shown to globally reduce
translation, allowing the stabilization of stress-related tran-
scripts, which are usually degraded via NMD [31, 118, 124]
(Fig. 4b). The mechanism by which NMD is regulated in
response to cellular stress will be described in detail below.

Initial evidence that NMD can be inhibited as a conse-
quence of cellular stress was provided by expression profiling
in mammalian cells depleted of UPF1 [67]. Several transcripts
involved in amino acid metabolism were identified as NMD
targets, and amino acid deprivation itself had an inhibitory
effect on NMD. Under conditions of NMD inhibition, elevat-
ed transcript levels for the activating transcription factors
ATF4 and ATF3 were observed [67, 82]. Both ATF3 and
ATF4 are implicated in several cellular stress responses such
as amino acid starvation and ER stress signaling [31, 38, 82].
Later, it was shown that NMD inhibition and ATF4 upregula-
tion are common responses to cellular stresses such as hypox-
ia, oxidative stress, amino acid deprivation, or the detection of
double-stranded RNA as an indicator for pathogen infections
(together also termed as the integrative stress response)
[31, 67, 118, 124]. The ATF4 mRNA contains three uORFs
in its 5′ UTR, which are essential for its responsiveness to
cellular stress [37, 115]. These uORFs are sufficient to render
ATF4 an NMD target [31, 106]. High ATF4 levels, associated
to ER stress signaling and the integrated stress response, neg-
atively regulate cell proliferation and survival and are there-
fore sinister to unstressed cells. This explains why the ATF4
mRNA undergoes rapid degradation via NMD under normal
conditions (Fig. 4b).

Recently, Karam and colleagues described NMD as a fine-
tuning mechanism for the UPR [43], which mutually regulate
each other. On the one hand, UPR components are targeted by
the NMD pathway, thereby preventing excessive UPR activa-
tion in response to innocuous ER stress. On the other hand, the
UPR suppresses NMD to become efficiently activated in the
case of bona fide ER stress. Notably, this is not implemented
by a downregulation of NMD factors during ER stress, which
would be rate-limiting for NMD [43]. The mechanism inte-
grates signals from the different branches of the integrated
stress response that lead via specific kinases (e.g., PERK,
GCN2, or HRI) to the phosphorylation of the alpha subunit
of eukaryotic initiation factor 2 (eIF2α) [104, 123] (Fig. 4b).
Phosphorylation of eIF2α has two major effects during stress
signaling: (1) inhibition of translation [28] and (2) the par-
adoxical induction of ATF4 translation [5]. ATF4 in turn
activates the transcription of genes involved in cellular
stress responses [5, 14, 38]. It has also been shown that
eIF2α phosphorylation inhibits NMD in the context of cel-
lular stress and that NMD itself can target components of
the integrated stress response [31, 67, 118]. Thereby, NMD
inactivation indirectly regulates transcripts through ATF4
stabilization. For example NMD inhibition upregulates
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Fig. 4 Function of NMD in the integrated stress response. a NMD
regulates transcripts during the unfolded protein response (UPR). Under
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(ATF4) is initiated. Under normal (unstressed) conditions translation
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initiation shifts to the main ORF of ATF4, leading to the generation of a
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teins which accumulate as a consequence of cellular stress signaling. At the
same time, autophagy-induced protein degradation provides amino acids to
counter amino acid deprivation
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mRNA and protein levels of the cysteine/glutamate ex-
changer SLC7A11, suggesting that cysteine transport and
intracellular cysteine levels are regulated by stress-induced
NMD inhibition [124].

The eIF2α phosphorylation-dependent inhibition of NMD
is not only a central step in ER stress signaling and the inte-
grated stress response but also plays an important role for the
induction of autophagy during amino acid starvation [89, 109,
124]. In fact, autophagy is promoted by the NMD-inhibiting
branches of the integrated stress response (e.g., hypoxia or ER
stress). Autophagy not only serves as a source for amino acids
during amino acid deprivation but also clears the cell of
misfolded, mutated, or aggregated proteins that result from
cellular stress events but also from the NMD inhibition itself
(Fig. 4b). Hypoxia, metabolite deprivation, ER stress, and
other stress conditions that promote eIF2α phosphorylation
and elevated ATF4 levels are common within the tumor
microenvironment [124, 129] and contribute to tumor survival
and growth. Cells deficient in ATF4 or unable to phosphory-
late eIF2α do not form tumors in vivo [12, 129]. This under-
lines the importance of understanding the mechanisms during
stress signaling for possible therapeutic benefits. In this con-
text, Wang et al. showed that elevated expression levels of the
c-myc oncogene induce eIF2α phosphorylation via the activa-
tion of the stress-associated PERK kinase, resulting in NMD
inhibition and upregulation of NMD target transcripts [118].

The exact mechanisms by which NMD suppression via
eIF2α phosphorylation is achieved is still not fully under-
stood. As eIF2α phosphorylation inhibits translation [28]
and NMD is a strictly translation-dependent process [20],
one could conclude that NMD suppression is accomplished
through translational shutoff. However, the observation that
eIF2a phosphorylation blocks translation only partially and
that translation of NMD targets is not completely repressed
under stress conditions [31, 118], suggests that NMD inhibi-
tion in the context of stress-induced eIF2α phosphorylation
occurs independently of translational suppression.

Physiological and pathophysiological regulation
of NMD activity

In this second part, we explain how the activity of NMD is
regulated by endogenous (e.g., miRNA) and exogenous (e.g.,
virus infection) modulators. We also describe important phys-
iological functions of central NMD factors.

A microRNA/NMD regulatory circuit
during neuronal development

Recently, Bruno and colleagues described miRNA 128 (miR-
128), a nervous system-enriched miRNA, as a regulator of

NMD during neuronal differentiation [18]. The authors showed
that miR-128 targets the 3′ UTR of the central NMD factor
UPF1 and the EJC core component MLN51 (also known as
Barentsz or CASC3). The direct downregulation of these two
NMD factors by miR-128 represses NMD activity in human
and mouse cells. Notably, miR-128 is drastically upregulated
during brain development and neuronal maturation [9, 92, 103]
(Fig. 5). This suggests an important role of miRNA/NMD dur-
ing the regulation of developmental processes. In this context,
miRNAs use their potential to downregulate expression of
NMD factors to indirectly stabilize mRNAs that are crucial
for neuronal development and maturation.

The physiological relevance of the interplay between the
NMD machinery and miRNAs during cell differentiation and
development was further elucidated by Lou and colleagues
[58]. The authors showed that NMD promotes an undifferen-
tiated cell state, because UPF1 is downregulated during mu-
rine brain development and the maturation of human neural
progenitor cells. In line with this observation, UPF1 depletion
led to the upregulation of a series of known neuronal differ-
entiation factors. Rescue of UPF1 expression levels inhibited
miR-128 induced differentiation in P19 cells. This suggests
that miR-128, at least in part, acts through UPF1 suppression
during neural development. The idea of a regulatory feedback
loop coupling UPF1 with miR-128 expression was further
supported by the observation that UPF1 depletion induced
miR-128 upregulation. In addition, Lou and colleagues iden-
tified miR-128, miR-9, and miR-124 to target the 3′ UTR of
UPF3B. These miRNAs were also found to be upregulated in
a UPF1-depleted background [58].

NMD in antiviral immunity

In general, genomes of single stranded RNA viruses are rela-
tively small in size and produce transcripts with all character-
istics of mature cellular mRNAs and thus can be subjected to
NMD. Exception to this rule are the members of the (+) strand
RNA virus group (group IV, Baltimore classification). Often
lacking common features of mRNAs, like poly(A) tails or 5′-
cap structures, the genomes of these viruses can directly be
used for protein production. However, in many cases, after a
pilot round of translation, subgenomic mRNAs with short 5′-
and long 3′UTRs are produced, which are known to be targets
of NMD [3, 54]. Thus, NMD plays an important role in anti-
viral immunity and viruses have developed means to escape,
counteract, and even utilize the cellular RNA degradation ap-
paratus in order to alleviate viral gene expression and to es-
tablish a successful host infection [1, 76, 88].

It was recently shown that NMD protects against positive-
stranded RNA virus infections in human and plant cells
[10, 30]. In plants, a genetic screen uncovered Upf1 as a re-
striction factor for viral genomic RNA (gRNA) replication of
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Potato virus X (PVX) and Turnip crinkle virus (TCV) [30].
This suggests that NMD acts as a defense mechanism up-
stream of RNA interference (RNAi), which detects the double
stranded replication intermediates of viruses and is therefore
the major pathway in plants counteracting viral infections.
Overexpression of a dominant-negative version of upf1
enhanced PVX infection in Arabidopsis thaliana and
Nicotiana clevelandii [30]. In mammalian cells, a siRNA
screen revealed that the depletion of UPF1 leads to en-
hanced replication of Sindbis virus (SINV) and Semliki
Forest virus (SFV) as well as the stabilization of SFV
gRNA. Furthermore, silencing of the NMD factors SMG5
or SMG7 also increased SFV infection rates [10].
Shortening the long 3′ UTRs in the SFV gRNA did not
prevent its decay via NMD. Hence, the mechanisms by
which viral RNAs are recognized and degraded by NMD
remains to be determined. Taken together, NMD, possibly
in addition to RNAi, acts early during positive-stranded

RNA virus infection, while the viral gRNA is still accessi-
ble and actively translated.

Only the genome of positive-stranded RNA viruses can be
targeted by NMD, because their gRNA is directly translated
into viral proteins. Nevertheless, retroviruses, DNA and
negative-stranded RNA viruses produce mRNAs that can be
recognized by the NMD machinery, too. Thus, these viruses
have developed strategies to avoid transcript degradation. In
the Rous sarcoma virus (RSV), a simple avian virus, a full-
length unspliced RNA serves as the genomic template for the
production of three mRNAs via alternative splicing. Although
the unspliced RNA contains several NMD-inducing features
such as uORFs and a long 3′UTR, it is very stable in host cells
[11]. Deletion experiments revealed a cis-acting RNA element
within RSV, referred to as RNA stability element (RSE),
which protects the full-length transcript from NMD
(Fig. 6a). The deletion of the RSE can be rescued by the
depletion of UPF1 or by the overexpression of a dominant-
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negative version of UPF1 [120, 125]. Conversely, it was re-
ported that UPF1, independent of its role in NMD, had posi-
tive effects on HIV-1 RNA translatability and that UPF1

overexpression upregulated HIV-1 RNA expression and pro-
tein synthesis, possibly via protecting the viral intron-
containing RNAs from degradation by the exosome [4].
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The human T-cell leukemia virus type I (HTLV-1) is a delta
RNA retrovirus that can cause adult T-cell leukemia. Its ge-
nome contains more than ten ORFs, which utilize different
mechanisms to ensure proper and coordinated gene expres-
sion, including programmed ribosomal frameshifts and alter-
native splicing. Two independent studies identified virus
encoded proteins, Tax and Rex, to interfere with the host
NMD machinery to prevent degradation of viral mRNAs
and the unspliced full-length genomic RNA [69, 75]. Rex is
a high-affinity RNA binding protein that interacts with viral
genomic RNA and facilitates its nuclear export [108, 131].
Although it was shown that Rex globally inhibits host cell
NMD, the mechanisms underlying the NMD inhibition by
Rex are still unclear [27, 75]. The viral Tax protein was found
to inhibit NMD via interaction with INT6 [27]. INT6 is also
known as EIF3E, a subunit of the eukaryotic translation initi-
ation factor eIF3, which is involved in the NMD-mediated
degradation of cellular mRNAs [70]. Tax interacts with both
INT6 and UPF1 and inhibits the interaction between these two
NMD factors. It also alters themorphology of processing bodies
(P bodies, loci where RNAs are accumulating for degradation
[97]) and thereby stabilizes viral and also cellular transcripts,
which are usually subjected to NMD [69] (Fig. 6b).

A recent study has shed light on how hepatitis C virus
(HCV) can interfere with the NMD machinery to escape viral
transcript decay [87]. In HCV-infected cells, the viral core
protein interacts with the cellular exon junction complex-as-
sociated factor PYM homolog 1 (PYM1). This prevents PYM
from binding to its interaction partners Y14 and MAGOH, two
core components of the EJC (Fig. 6c). EJCs are central factors
in NMD and PYM1 helps to disassemble EJCs from cytoplas-
mic RNAs in order to facilitate the recycling of ECJ compo-
nents to the nucleus [32]. The knockdown of PYM1 leads to a
decreased infection with HCV, indicating that PYM1 plays an
important role in the viral life cycle. In contrast, the knockdown
of other NMD factors had no effect on viral infection.
Interestingly, PYM1 also interacts with capsid proteins of two
other members of the Flaviviridae family, dengue, and West
Nile virus, suggesting a conserved role of PYM1 within this
family. Furthermore, the HCV envelop protein E1 was identi-
fied to interact with additional factors of the NMD pathway,
including UPF1, UPF3B, Y14, MAGOH, and the transient
EJC components ACIN1 and SAP18, but the consequences
of these interactions still need to be investigated [87].

In summary, viruses have developed different strategies to
inhibit or utilize the NMDmachinery to create ideal conditions
for the successful infection of and replication within host cells.

Physiological functions of NMD factors

Until today the functions of four mammalian NMD factors
(UPF1, UPF2, SMG1, and SMG6) have been investigated

using knockout mice [53, 64, 65, 121]. The ablation of any
of these factors had dramatic consequences and none of the
knockouts was compatible with normal embryonic develop-
ment. For example, mouse embryos lacking the central NMD
factor Upf1 are only viable during the preimplantation period,
but not after uterine implantation [65]. Although Upf1-
deficient blastocysts were successfully isolated from hetero-
zygous matings, they could only be maintained in culture
medium for a few days. After 5 days in culture, UPF1−/−

blastocysts showed a strong induction of apoptosis, which
eventually led to the regression of the inner cell mass and
resulted in only few remaining cells [65]. These observations
strongly suggested that UPF1 and NMD are essential for
mammalian cellular viability.

The central role of NMD factors for normal embryonic
development was further supported by the phenotypes of the
Upf2 [121], Smg1 [64], and Smg6 knockout mice [53]. While
Smg6−/− embryos do not proceed the blastocyst stage (similar
to Upf1−/− mice) [53], Upf2−/− embryos die in utero around
embryonic days 3.5–7.5 (E3.5–E7.5) [121]. In contrast,
Smg1-deficient mice display a slightly milder phenotype and
die by E8.5 with marked developmental defects. NMD-
specific changes of the transcriptome were observed in
Smg6-, Upf2-, and Smg1-deficient cells with many known
and potential NMD targets being upregulated [53, 64, 121].

To what extent are the effects of the ablations of NMD
factors attributable to the inhibition of the NMD process?
Additional functions beyond NMD have been reported for
Upf1, Smg6, and Smg1. For example, Smg6 is involved in
telomere maintenance and Upf1 and Smg1 have functions
within genotoxic stress and DNA replication [8, 17].
However, we favor the notion that the observed dramatic de-
velopmental defects reflect the inhibition of NMD, since
Upf1, Smg6, and Smg1 have non-overlapping functions be-
sides NMD.

Taken together, observations from different mouse models
indicate that the loss of NMD causes a strong differentiation
defect, leading to abnormal embryonic development and im-
paired cellular viability.

Pathophysiological consequences of NMD factor
mutations in humans

Although animal models for NMD factor knockouts existed
for many years, only recently a number of human disorders
have been found to be caused by mutations in genes encoding
NMD factors in humans.

Analysis of pancreatic adenosquamous carcinoma (ASC)
tumors has revealed that these tumors frequently harbor so-
matic point mutations in the UPF1 gene [55]. The UPF1 mu-
tations were specific to the ASC tumors and were not detected
in normal pancreatic tissues [55]. Two regions of the UPF1
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gene were mostly affected by the point mutations, which were
found both, in exons and introns. This suggests that many of
the mutations may trigger alternative splicing of the UPF1
pre-mRNA and may lead to the expression of truncated ver-
sions of the UPF1 protein. Although none of the mutations
were found to completely abrogate normal splicing of the
UPF1 pre-mRNA, only little UPF1 expression was detected
in ASC tumors [55]. Consequently, the levels of two NMD
substrates (ATF3 and MAP3K14) were strongly upregulated
in ASC tumors [55]. Although the molecular effects of UPF1
mutations during tumorigenesis remain elusive, it is very like-
ly that they inhibit NMD in the affected tumors.

All eukaryotic genomes contain one copy of the genes
encoding UPF1 and UPF2 [7, 66, 83]. While most eukaryotes
express one UPF3 protein, mammals express two homologous
genes, UPF3A and UPF3B [59, 94]. Although both UPF3
proteins share approximately 60 % sequence identity,
UPF3B activates NMDmore efficiently and binds with higher
affinity to UPF2 than UPF3A [22, 47]. The UPF3A protein
requires the interaction with UPF2 for stabilization and is
therefore degraded in cells, in which UPF3B is also expressed
[22]. Several independent mutations in the UPF3B gene (trun-
cation and point mutations) were identified in different fami-
lies, in which males were affected by mild to severe X-linked
mental retardation [2, 49, 61, 111, 128]. An upregulation of
UPF3A protein levels was observed in response to UPF3B
mutations. It has been suggested that the degree of UPF3A
upregulation correlates with the degree of mental retardation
in different patients and may explain the broad range of clin-
ical symptoms associated with UPF3B mutations. The notion
that UPF3A represents a UPF3B homolog with only weak
NMD activity has been recently challenged. Loss-of-
function studies rather implied that UPF3A acts as an NMD
inhibitor [98]. The presence of UPF3A stabilizes many NMD
substrates and represses NMD activity by preventing the in-
teraction of UPF2 with the EJC. Consequently, in mice lack-
ing UPF3A NMD is hyperactive, leading to defects in em-
bryogenesis and early embryonic death [98]. This suggests
that the activity of NMD has to be tightly controlled and not
only a lack, but also an excess of NMD can disturb essential
processes in mammalian cell.

Summary and outlook

In conclusion, the literature contains many examples of phys-
iologically important transcripts that are either directly or in-
directly regulated by NMD. Hence, NMD does not only serve
as a cellular quality control mechanism but also plays an im-
portant physiological role. Particularly AS-NMD emerges as a
principle that determines the expression levels of a large num-
ber of mammalian genes, thereby regulating many cellular
functions. NMD also represents an important player in cellular

stress responses and uses a translational switch to coordinate
different stress pathways.

The many different physiological targets of mammalian
NMD may explain the severe effects observed in knockout
animals. Indeed, it is difficult to imagine that embryos ex-
pressing multiple aberrant protein isoforms would show a
normal development. However, future studies will be required
to dissect the different physiological branches and functions of
the NMD machinery in animal models. The recent advances
in high-throughput sequencing and genome manipulation will
accelerate the progress in this direction and will provide in-
sights into the complex regulation of development, physiolo-
gy, and disease by NMD.
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