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When a ribosome encounters a premature termination codon
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In mammalian cells, aberrant transcripts harboring a premature
termination codon (PTC) can be generated by abnormal or
inefficient biogenesis of mMRNAs or by somatic mutation.
Truncated polypeptides synthesized from these aberrant
transcripts could be toxic to normal cellular functions. How-
ever, mammalian cells have evolved sophisticated mecha-
nisms for monitoring the quality of mRNAs. The faulty
transcripts harboring PTC are subject to nonsense-mediated
mRNA decay (NMD), nonsense-mediated translational repres-
sion (NMTR), nonsense-associated alternative splicing (NAS),
or nonsense-mediated transcriptional gene silencing (NMTGS).
In this review, we briefly outline the molecular characteristics
of each pathway and suggest mRNA quality control
mechanisms as a means to regulate normal gene expression.
[BMB Reports 2013; 46(1): 9-16]

INTRODUCTION

Eukaryotic gene expression is tightly and precisely regulated at
multiple steps. Disturbances of any of these steps can result in
abnormal gene expression and abnormal cell function, con-
sequently leading to genetic diseases and cancers. To increase
the fidelity of each step of gene expression, eukaryotic cells
have developed evolutionarily highly conserved surveillance
mechanisms. In particular, when mRNAs contain premature
termination codons (PTCs), which can arise in mRNAs in vari-
ous ways (1-3), these aberrant mMRNAs are subject to various
mMRNA quality control mechanisms to block expression of po-
tentially deleterious truncated polypeptides.

Although there is growing appreciation for the importance
of mMRNA quality control mechanisms in diverse cellular
events, how mRNA quality is precisely monitored and con-
trolled remains elusive. In this review, we summarize the cur-
rent molecular understanding of diverse mRNA quality control
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mechanisms which target PTC-containing mRNAs. We fur-
thermore suggest mRNA quality control mechanisms as a
means to regulate cellular gene expression.

OVERVIEW OF GENE EXPRESSION IN MAMMALIAN
CELLS

A simplified outline of the gene expression in mammalian
cells is depicted in Fig. 1. RNA polymerase 1l (Pol 1I) initiates
the synthesis of pre-mRNA in the nucleus. Immediately after
transcription initiation, the 5-end of the mRNA undergoes a
capping process that is mediated by nuclear capping enzyme
(also called RNA guanylyltransferase and 5’ phosphatase) and
mMRNA (guanine-N7-)-methyltransferase (4). The cap structure
is recognized by a nuclear cap-binding protein complex (CBC)
composed of a heterodimer of cap-binding protein (CBP) 80
and CBP20.

During transcription elongation, a spliceosome complex rec-
ognizes and removes introns from pre-mRNAs connecting the
neighboring exons. During pre-mRNA splicing, a large protein
complex, the so-called exon junction complex (EJC), is de-
posited 20-24 nucleotides upstream of the exon-exon junction.
The EJC is composed of a core complex that includes the
DEAD-box RNA helicase elF4Alll, a heterodimer of MAGOH
and Y14, BarentszZMLN51, and other accessory proteins (5-8).
The EJCs play multiple roles in various cellular processes in-
cluding pre-mRNA splicing, mRNA export, mRNA local-
ization, translation, mRNA stability, and even transcription
(8-14). Interestingly, recent cross-linking immunoprecipitation-
high-throughput sequencing (CLIP-Seq) experiments revealed
that a loading efficiency of EJC on each exon-exon junction
and composition of EJCs vary, even for the same mRNA
(15,16). In addition, the same approaches showed that EJCs
are loaded onto other sequences as well as the canonical
exon-exon junction, suggesting additional regulatory roles of
EJCs in gene expression (15,16).

Finally, during transcription termination, the 3’-end of the
pre-mRNA is cleaved and polyadenylated. After completion of
all nuclear processes, the properly processed mRNA is ex-
ported from the nucleus to the cytoplasm via the nuclear pore
complex (NPC) and is then translated into polypeptide in the
cytoplasm.
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MOLECULAR MECHANISM OF NONSENSE-MEDIATED
mRNA DECAY IN MAMMALIAN CELLS

Nonsense-mediated mRNA decay (NMD) is the best-charac-
terized mRNA surveillance mechanism by which PTC-contain-
ing transcripts are selectively recognized and downregulated
in abundance before the expression of truncated polypeptides
(6, 7, 17-22). In the past decade, many cellular proteins and
regulators for preferential selection of NMD substrates have
been characterized. The current prevailing model is outlined
below and is depicted in Fig. 1.

NMD is tightly coupled to translation, since NMD machi-
nery should recognize the translation termination codon on
the mRNA as a PTC before mRNA degradation (5-7,17-25).
More specifically, NMD is tightly coupled to the so-called first
(or pioneer) round of translation or CBP80/20-dependent trans-
lation (26-28). Newly synthesized mRNA is exported from the
nucleus to the cytoplasm with CBP80/20 bound to the cap
structure at the 5’-end of the mRNA. During the export of new-
ly synthesized mRNAs, CBP80/20 at the 5-end of the mRNA
exposed to the cytoplasm recruits ribosome to direct the first
round of translation. All types of mRNAs are believed to be
subject to this mode of translation, because all MRNAs that are
completely processed in the nucleus contain a cap structure
bound by CBP80/20.

The determination of whether mRNA is normal or aberrant
occurs during translation termination (5-7,17-29). In most nor-
mal mRNAs, the translation termination codon resides in the
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Fig. 1. Simplified view of mammalian
gene expression. Gene expression cas-
cades of normal mRNAs (left) and
PTC-containing  mRNAs targeted for
NMD (right) are depicted. The details
are described in the text.
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last exon of the gene. Consequently, all deposited EJCs would
be dissociated from the mRNA during the elongation step of
the pioneer round of translation, possibly with the help of
PYM associated with the ribosome (30). In such cases, the
mRNA would be stable due to the lack of EJCs downstream of
the translation termination codon. However, in the case of
mMRNAs harboring PTCs more than 50-55 nucleotides up-
stream of the last exon-exon junction, EJCs will remain down-
stream of the PTC. This microenvironment, that is, the ex-
istence of EJCs downstream of the terminating ribosome,
serves as a molecular marker to induce NMD. As a general
rule, although many exceptions have been reported, the ex-
istence of a PTC at least 50-55 nucleotides upstream of the last
exon-exon junction is sufficient to elicit mRNA degradation by
NMD; this is referred to as the “50-55 nucleotide rule” (5, 6,
20, 31).

The terminating ribosome at a PTC during the pioneer round
of translation recruits the SURF complex, which is composed
of suppressor with morphological effect on genitalia (SMG) 1
kinase, up-frameshift 1 (Upf1), eukaryotic translation release
factor (eRF) 1, and eRF3 (32,33). The recruited SURF complex
then communicates with the PTC-downstream EJC via an inter-
action between Upf1 in the SURF complex and Upf2 in the
downstream EJC (32). The transient interaction between SURF
and EJC then activates SMG1 kinase, triggering the hyper-
phosphorylation of Upf1 (32).

In mammalian cells, hyperphosphorylated Upf1 recruits sev-
eral Upfl-interacting adaptors or effectors: SMG5, SMG6,
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SMG7, and proline-rich nuclear receptor co-regulatory protein 2
(PNRC2) (34-37) to trigger either decapping followed by
5’-to-3’exoribonucleolytic  cleavage or endoribonucleolytic
cleavage. However, how hyperphosphorylated Upf1 communi-
cates with 3’-to-5’exoribonucleolytic cleavage remains un-
known. Of note, it is likely that each NMD substrate has its
own binding preference for Upf1-interacting adaptors or effec-
tors (38, 39). In addition, recent microarray results revealed that
SMG5-dependent NMD substrates significantly overlap with
PNRC2-dependent NMD substrates (39), implicating the possi-
ble cross-talks among Upf1-interacting adaptors or effectors.

NONSENSE-MEDIATED TRANSLATIONAL REPRESSION
OF PTC-CONTAINING mRNAs

Whether transcripts that escape NMD, despite being expected
to be degraded by NMD, are efficiently translated or not is an-
other important issue. In the case of high microsatellite in-
stability (MSI)-H tumors, a frameshift mutation introduces a
PTC into the open reading frame (ORF) of the transforming
growth factor- receptor type 2 (TGFBR2) gene. A PTC-con-
taining TGFBR2 mRNA has been shown to escape NMD, al-
though a PTC is located sufficiently upstream of the last
exon-exon junction (40, 41). However, this NMD-escaped
TGFBR2 mRNA is subject to another surveillance mechanism -
nonsense-mediated translational repression (NMTR) - in which
the PTC-containing mRNAs are translationally repressed. The
use of different types of internal ribosome entry sites (IRESes)
revealed that NMTR occurs after formation of 80S ribosome
complex (40). It should be noted that, unlike NMD, NMTR
does not require Upf1 and Upf2, both of which are key NMD
factors (40, 41).

The detailed molecular mechanism by which PTC-contain-
ing MRNAs escape NMD and are instead targeted for NMTR is
still poorly understood. However, both NMTR is, at least in
part, in common with EJC-independent NMD, in that both
mechanisms depend on the length of 3’-untranslated region
(3’UTR) or a putative cis-acting element residing in the 3’UTR.
A PTC-containing B-globin mRNA, triosephosphate isomerase
(TPl) mRNA, and immunoglobulin (Ig)-4 mRNA typify EJC-in-
dependent NMD (42-44). A PTC within the penultimate exon
of these mMRNAs and EJC downstream of PTC are sufficient to
elicit NMD, as long as the position of PTC conforms to the
50-55 nucleotide rule. However, deletion of the last intron
downstream of a PTC, which is expected to abolish NMD, still
elicits NMD (42-44). These observations suggest that the last
exon or the last exon-exon junction sequence may have a
cis-acting ““failsafe”” sequence that helps PTC recognition and
triggers NMD despite the lack of an EJC downstream of PTC.

Like EJC-independent NMD, efficient NMTR also requires
an intron (or deposition of EJC after splicing) downstream of a
PTC (40, 41). However, the removal of all introns from se-
quences downstream of a PTC still elicits moderate NMTR, al-
though the presence of introns more efficiently triggers NMTR
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(40, 41). Therefore, it is possible that the sequences down-
stream of a PTC may contain a specific cis-acting sequence
that forms a peculiar RNA structure and recruits cellular factors
that allow for PTC recognition and then trigger NMTR. It is al-
so plausible that the sequences downstream of a PTC anneal
to specific microRNAs (miRNAs). If some miRNAs target the
region spanning from the PTC to a normal termination codon,
the recruited RNA-induced silencing complex (RISC) would si-
lence the pioneer round of translation and thereby abolish
NMD. These NMD-escaped mRNAs would still be silenced at
the step of elF4E-dependent translation, because miRNA/RISC
also targets elF4E-dependent translation. Indeed, the inhibition
of the pioneer round of translation and NMD by microRNAs
has been clearly determined (45, 46).

Considering that NMTR does not require Upf1 (40, 41), it is
possible that NMTR machinery may not require the recruit-
ment of SURF complex containing Upf1 as a component.
Alternatively, although the SURF complex is properly recruited
to a PTC, Upf1 may fail to trigger mRNA degradation due to
the lack of NMD-stimulating signal. Consequently, PTC-con-
taining mRNAs would escape NMD with the EJCs binding to
the sequences downstream of PTC. The downstream EJC may
actively inhibit the translation of these NMD-escaped PTC-con-
taining mRNAs, possibly at the step after 80S ribosome for-
mation, as evidenced by the use of different IRESes (40).

NMTR may not be confined to PTC-containing transcripts
that escape NMD. Since NMD efficiency is known to vary
among target transcripts and cell types and NMD machinery
does not reduce the level of PTC-containing mRNA to 0% (23,
47-54), a small fraction of PTC-containing mRNAs would be
resistant to NMD and remain in the cytoplasm. For instance,
many reports showed that the abundance of B-globin mRNAs
harboring a PTC is reduced to 5-30% of normal level (27, 28,
34, 52, 55-61). The remaining NMD-resistant mRNAs, despite
being targeted for NMD, would still have EJCs downstream of
PTC. In this scenario, the remaining NMD-resistant mRNAs
would be translationally repressed by NMTR, which does not
require Upf1. Alternatively, these mRNA would be translation-
ally repressed in an Upfl-dependent manner. The hyper-
phosphorylation of Upf1, which occurs during PTC recog-
nition, may trigger translational repression, as evidenced by
the recent report that hyperphosphorylated Upf1 directly inter-
acts with elF3 and that it inhibits the conversion of
40S/MettRNAIM/mRNA to 80S/Met-tRNAI™/mRNA (25). In
addition, it has been shown in yeast that the abundance of
PTC-containing mRNAs is increased upon Upf1 deletion and
its translational efficiency (the level of protein produced from
the remaining PTC-containing mRNAs) is also increased upon
Upf1 deletion (62).

NONSENSE-ASSOCIATED ALTERNATIVE SPLICING OF
PTC-CONTAINING mRNAs

PTCs have been also shown to elicit alternative splicing called
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nonsense-associated alternative splicing (NAS) by a response
to PTC recognition as depicted in Fig. 2. NAS is another post-
transcriptional regulation mechanism that skips the offending
PTCs and rearranges open reading frame of PTC-containing
transcripts. NAS of PTC-containing transcripts is thought to be
the second response to PTC recognition; i.e., after a translating
ribosome meets a PTC.

NAS shares a key NMD factor, Upf1. Downregulation of
Upf1 reduces alternative splicing of PTC-containing transcripts
and stabilizes the PTC-containing transcripts (63, 64). Howev-
er, overexpression of Upf1 mutant, which has a loss of func-
tion in NMD, fails to restore NMD, but successfully upregu-
lates alternative splicing of PTC-containing transcripts in
Upf1-depleted cells, indicating that NMD and NAS might be a
separable mechanism by using a common factor, Upf1 (64).
Downregulation of other NMD factors including SMG1, Upf2,
Upf3a, and Upf3b showed no significant effects on NAS (63,
65). Furthermore, an EJC-core protein, elF4Alll, which is in-
volved in NMD, had no effects on NAS (63), suggesting that
EJC complex or downstream splicing event is not a critical fac-
tor in NAS. All these results suggest that NAS might be mecha-
nistically different from NMD.

The effects of a PTC on NAS are controversial by conflicting
results. A PTC-containing T cell receptor-p (TCR), which con-
tains an alternative splicing acceptor and donor site in intron
and exon, respectively, generates alternatively spliced tran-
script more efficiently than its PTCfree counterpart by skip-
ping the offending PTC (64-66). In the experiments to test for
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NAS efficiency using various TCRp variants containing differ-
ent nonsense or missense codons introduced by point muta-
tions, upregulation of NAS was observed in only position mu-
tated to a PTC (64,66), suggesting that a PTC itself is respon-
sible for efficient NAS. However, frame disruption by deletion
of 1-nt, which did not generate a PTC in the transcript, in-
creased the production of alternatively spliced transcripts and
decreased the level of normal transcripts (63). In addition, the
relative level of alternatively spliced transcripts of TCRpB
pre-mRNA was higher in 9-nucleotide (nt) insertion (PTC-free
transcript) than in 10-nt (PTC-containing transcript) (67). To
rule out the possibility that nucleotide changes could elicit
NAS, in-frame was maintained by insertion and deletion of
1-nt without generation of a PTC. In this construct, upregula-
tion of alternative splicing did not happen (63). These conflict-
ing observations indicate that frameshift per se without gen-
eration of a PTC can cause upregulation of NAS and that PTC
may not be the only factor to elicit NAS.

To make the story more complicated, the level of alter-
natively spliced PTC-containing TCRp transcript did not seem
to be blocked by inhibition of translation, unlike NMD (65).
Contradictory to irrelevance of translation-dependency, a
strong Kozak consensus sequence augmented NAS in a re-
sponse to a PTC (65), implicating the important role of transla-
tional reading frame of PTC-containing transcripts in NAS.
However, translation processes, for example, translation elon-
gation and termination, may not be responsible for NAS.

Another plausible suggestion in NAS is that alternative splic-
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Fig. 2. Different fates of PTC-contain-
ing mMRNAs.
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ing in PTC-containing pre-mRNA may be achieved by rapid
degradation of spliced PTC-containing mRNA in the nucleus
(66). In support of this idea, PTC-containing mRNA was shown
to be rapidly degraded in the nucleus (68). Inhibition of the ex-
port of PTC-containing transcript from the nucleus to the cyto-
plasm still reduced the amount of PTC-containing transcripts in
the nucleus, suggesting that nuclear mRNA degradation machi-
nery is involved in degradation of PTC-containing transcripts
(68). In this scenario, rapid degradation of spliced PTC-con-
taining mMRNA in the nucleus may cause a rearrangement of
splicing factors and consequently affect alternative splicing of
PTC-containing pre-mRNA (66).

In situ hybridization to detect a PTC-containing Ig-p pre-
mRNA in the nucleus showed the level of PTC-containing
pre-mRNA was higher than the level of PTCfree pre-mRNA
near the transcription site, although transcription rates were in-
distinguishable (69). These results were reproducible by photo-
bleaching (FRAP) and photoconversion analyses, showing that
unspliced PTC-containing transcripts were more condensed at
the transcription site than unspliced PTC-free transcripts (70).
Notably, downregulation of Upf1 or SMG6 released nuclear
PTC-containing transcripts to cytoplasm, suggesting that Upf1,
which is a NAS factor, and SMG6 play a key role in holding
PTC-containing pre-mRNA in the nucleus. In summary, either
an accumulation of PTC-containing pre-mRNA at the tran-
scription site by Upfl and SMG6 or rapid degradation of
spliced PTC-containing mRNA in the nucleus may cause a re-
arrangement of splicing factors and consequently upregulate
alternative splicing of PTC-containing transcripts.

NONSENSE-MEDIATED TRANSCRIPTIONAL GENE
SILENCING OF PTC-CONTAINING mRNAs

PTCs have been also shown to elicit transcriptional inhibition
(Fig. 2). A large number of studies about the first three non-
sense-mediated posttranscriptional regulations have been
done, but studies on nonsense-mediated transcriptional gene
silencing (NMTGS) are rare. Chromatin immunoprecipitation
(ChIP) assay of Ig-u-encoding DNA revealed that, whereas
PTC-free DNA was preferentially associated with transcription-
ally active histone, PTC-containing DNA was preferentially as-
sociated with transcriptionally repressed chromatin (71). In ad-
dition, transcription rate of PTC-containing DNA was en-
hanced by histone deacetylase inhibitors (71). Taken together,
these findings indicate that transcription of PTC-containing
DNA is repressed although it is still not clear that repression of
transcription in a specific gene results from PTC recognition or
the accumulation of pre-mRNA. An important point in NMTGS
is that NMTGS is not applied to other known NMD substrates,
such as B-globin, glutathione peroxidase 1 (GPx1) and TCRpB
(71). Therefore, some intrinsic factors in the transcript, i.e. spe-
cific sequences or mRNA structure generated during tran-
scription would block a transcription of PTC-containing gene.
Furthermore, it still remains unanswered how NMD factors in-
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cluding Upf or SMG proteins play a role in NMTGS in mam-
malian cells. In the future, studies about the effects of NMD
factors on NMTGS, its mechanism and the coupling of tran-
scription to posttranscriptional regulation will be critical.

CLOSING REMARKS

NMD has been considered an mRNA surveillance mechanism,
since it targets faulty mRNAs generated by malfunctional cel-
lular processes, such as aberrant transcription or inefficient
splicing. However, the findings that NMD targets a variety of
normal and cellular transcripts have changed this notion such
that NMD is now viewed as a post-transcriptional regulatory
mechanism (72-76). As long as cellular mRNAs are applicable
to the 50-55 nucleotide rule of NMD, they would be subject to
NMD-mediated gene regulation. The known features of natural
NMD substrates are as follows: (i) the presence of upstream
open reading frames (UORFs) in the 5'UTR, (ii) the presence of
intron(s) in the 3’UTR, (iii) nonsense codon or frameshift gen-
erated by alternative splicing, (iv) UGA selenocysteine codon,
and (v) nonfunctional pseudogenes that accumulate PTCs by
genetic drift (72-77). Like NMD, NMTR, NAS, and NMTGS
may also contribute to gene expression of normal and natural
transcripts in mammalian cells. Except NMD, however, just
few genes have been discovered yet to be regulated by NMTR,
NAS or NMTGS. Future studies should reveal open genes
regulated by them, putative their phenotypes and the detailed
molecular mechanisms as to how PTCs are selectively
recognized.
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