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Abstract

Nonsense mediated RNA decay (NMD) has long been viewed as an important constitutive
mechanism to rapidly eliminate mutated mMRNAs. More recently it has been appreciated that NMD
also degrades multiple non-mutated transcripts, and that NMD can be regulated by wide variety of
cellular stresses. Many of the stresses that inhibit NMD, including cellular hypoxia and amino acid
deprivation, are experienced in cells exposed to hostile microenvironments, and several NMD
targeted transcripts promote cellular adaptation in response to these environmental stresses. Because
adaptation to the microenvironment is crucial in tumorigenesis, and because NMD targets many
mutated tumor suppressor gene transcripts, the regulation of NMD may have particularly important
implications in cancer. This review briefly outlines the mechanisms by which transcripts are
identified and targeted by NMD and reviews the evidence demonstrating NMD is a regulated process
which can dynamically alter gene expression. While much of the focus in NMD research has been
in identifying the proteins that play a role in NMD and identifying NMD targeted transcripts, recent
data regarding the potential functional significance of NMD regulation, including the stabilization
of alternatively spliced mRNA isoforms, the validation of mMRNAs as bona-fide NMD targets, and
NMD's role in tumorigenesis, are explored.

Cellular stress is a common feature of many physiological and pathological conditions
including cancer, where tumor growth and an unorganized and faulty vascular system lead to
significant hypoxia, amino acid deprivation, and reactive oxygen species (ROS) generation.
The cellular response to these stresses includes dynamic alterations of gene expression which
is mediated by a variety of mechanisms. For example, a plethora of research over the last two
decades has emphasized the importance of transcription factors not only in cancer etiology,
but also in the adaptive response of cancer cells to their microenvironment. However a gene's
steady state expression level is a product not only of its rate of transcription but also of its rate
of mRNA degradation. In fact, just as the complex regulation of a transcription factor is
responsible for coordinating the expression of functional sets of genes, several distinct
mechanisms of RNA decay are also responsible for degrading groups of transcripts with similar
functions.

It is well established that one mechanism of RNA degradation, nonsense mediated RNA decay
(NMD) contributes to the rapid degradation of many mutated mRNAs, including mutated
tumor suppressor transcripts (1). More recently NMD has also been shown to degrade
transcripts that participate in the adaptive response of cells to their microenvironment (2,3).
Furthermore alternatively spliced mRNA isoforms, which are increasingly identified in cancer,
may also be regulated by NMD (4). These functions take on further biological significance
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with the recent observations that NMD activity is inhibited by distinct forms of cellular stress
that commonly occur in the tumor microenvironment (2,3). Here we review the regulation of
NMD by the tissue microenvironment, focusing on cancer as a model.

Nonsense mediated RNA decay is carried out by several multiprotein
complexes

NMD is an efficient mMRNA surveillance process that selectively eliminates aberrant transcripts
which contain premature termination codons (PTCs). The identification and degradation of
NMD transcripts is mediated by several multi-protein complexes. Over the last decade these
complexes have been at least partially characterized, and many individual proteins in these
complexes have been validated as playing important roles in NMD. NMD is an evolutionarily
conserved process and, for the most part, components of the NMD complex in mammalian
cells have been identified by their homology to those in lower organisms and/or by their
physical interaction to previously identified members of the NMD complex. Many of these
proteins have been validated by knock-down, over-expression, and knock-out mouse model
experiments. Experiments have also been carried out in which proteins are tethered to mRNA
species to determine whether these proteins are sufficient to elicit NMD (5). These many
experiments will not be detailed, as they are discussed extensively in several excellent recent
reviews (6-10). Instead the current prevailing model of NMD in mammalian cells will be briefly
reviewed (Fig. 1) although it should be noted that this model is undoubtedly simplistic and
additional/alternative models exist. It should also be noted that many of the proteins that play
important roles in NMD, including those that are not extensively detailed in this review, also
have seemingly independent roles in other diverse pathways, including DNA replication, and
the protection against genomic instability (as reviewed in (9)).

During the processing of mammalian pre mMRNA, introns are excised and marked by a multi-
protein complex termed the exon junction complex (EJC) (Fig. 1, step 2). This EJC contains
at least 10 proteins that are deposited 20-24 nucleotides upstream of the exon-exon junction,
and include the core NMD components UPF2/Rent2 and UPF3 (11-14). Newly synthesized
MRNAs are also capped at the 5’ terminus by the cap-binding complex (CBC). Later the CBC
will be replaced by eukaryotic initiation factor 4E (elF4E) at which time mammalian transcripts
appear to become immune to NMD (15-17) although some of the data supporting this model
is indirect (as reviewed in (10). mRNAs containing the CBC are thought to be translated
through a pioneering round of translation, shortly after nuclear export, by a translation complex
including elF4G, elF3, and elF20.(18,19). Other members of the steady state translation process
are also required, but the 4E binding protein 4EBP-1, which is commonly over-expressed in
some cancers and which regulates protein translation in hypoxic and metabolically starved
tumors does not affect this pioneer round of translation or NMD (18,20,21).

The positional information provided by the EJC persists during export until the mRNA is
translated; at least some components of the EJC are displaced by ribosomes during the
pioneering round of translation ((22) and reviewed in (23-25)). When the translation complex
pauses at a PTC that is upstream of an EJC, eukaryotic release factors (eRFs) physically bind
to and recruit the RNA helicase UPF1/Rentl, a vital component of the NMD mechanism (12,
26-28). Subsequently the phosphatidyl inositol-3 kinase SMG-1 is recruited to complete the
formation of the SMG-1, UPF1, eRF (SURF) complex (29). This SURF complex then binds
to the UPF proteins in the EJC (Fig. 1, step 3), thus bridging these two complexes and promoting
the phosphorylation of UPF1 by SMGL1 (Fig. 1, step 4). Phosphorylated UPF1 then recruits
SMG-5, SMG-6, and SMG-7 with the subsequent de-phosphorylation of UPF-1 by SMG-7
(30) (Fig. 1, step 5). SMG-1 kinase activity can be inhibited by two other members of the SURF
complex, SMG-8 and SMG-9 (31). The phosphorylation and de-phosphorylation of Upf1 are
thought to be necessary and crucial steps in the NMD pathway (29,32,33). Interestingly, Upfl
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phosphorylation has also recently been shown to repress translation by binding to elF3 subunits
and preventing the formation of active ribosomes (34).

Whereas mRNA degradation by other mechanisms occurs via a variety of exo-nucleases and
endo-nucleases, NMD targeted transcripts are thought to be primarily degraded via removal
of the 5” 7-methyl guanosine cap by the decapping enzymes dcpl and dcp2 and the subsequent
5" —3’ exonuclease activity of xrn-1 (35) (Fig. 1, step 6). Inhibition of decapping activity has
been demonstrated to interfere with the stability of NMD targets but not other transcripts
(35). Phosphorylated Upfl may help recruit decapping enzymes (34). A rapid de-adenylation
step and 3" — 5’ nuclease activity may also take place (35,36), although the exact contribution
of each pathway is difficult to determine because of possible redundancies elicited when
individual pathways are silenced. Recently SMG-6 has been determined to contain
endonuclease activity on single stranded RNA and it has recently been proposed that NMD
transcripts also undergo endo-nucleolytic cleavage in the vicinity of their PTCs by SMG-6
prior to terminal degradation by xrn-1 (37,38).

The decapping enzymes dcpla and dcp2 as well as xrn-1 are concentrated in cytoplasmic foci
termed processing bodies (39). Processing bodies are distinct from stress granules, which form
in response to a variety of cellular stresses found in tumors including hypoxia and metabolic
starvation, though studies suggest that mMRNAS can be transferred from stress granules to
processing bodies (40,41). In Saccharomyces cerevisiae knock-down of xrn-1 leads to the
accumulation of MRNA and Upfl in processing bodies as do mutations in Upfl that fail to
bind or hydrolyze ATP and thus cannot participate in NMD (42,43). Furthermore, tethering of
Upfl/Rentl to an mRNAs is sufficient to both target that mRNA to processing bodies and
rapidly degrade the mRNA (43). These data supporting a model in which processing bodies
are the sites of NMD associated degradation, however, are primarily derived from yeast studies.
Although mammalian Upfl/Rentl accumulates in processing bodies during the inhibition of
NMD (it is not yet known if this is accompanied with NMD targeted mRNAS), recent studies
suggest that human ATP deficient Upfl/Rentl accumulation in processing bodies is not
accompanied by other components of the SURF complex, and that disruption of visible
processing body formation does not affect the stability of NMD targets, suggesting that
processing bodies may be a consequence of NMD and are not required for mammalian NMD
(3,44,45).

As is obvious from this brief and simplified review, the mechanism by which NMD degraded
mRNAs are targeted and degraded involves many multiunit complexes and an intricate process
of phosphorylation and other enzymatic steps. NMD activity has been shown to differ amongst
cell lines (46) and the absence or over-expression of a variety of proteins involved in the NMD
pathway have been shown experimentally to either inhibit or accelerate the degradation of

NMD transcripts respectively, without interfering with other forms of RNA decay. Although
Upfl/Rentl has been noted to be up-regulated in colon cancer tissue compared to adjacent

normal colonic tissue (47) to date there has been no systematic examination of the expression
levels of key components of NMD in various tissues or pathological conditions such as cancer.
Similarly, it is not known if any members of the NMD complex are up-regulated by oncogenes.

NMD targets share distinct characteristics and include mutated transcripts

commonly found in cancer

The existence of a pathway that rapidly degrades mutated mRNAs was suggested
approximately 30 years ago when studies of several common mutations in human genes,
including the B globin gene, determined that PTCs do not always result in a truncated protein
but rather a markedly diminished amount of mMRNA (48,49). Indeed, several years later it was
determined that mutations commonly responsible for thalassemia, including virtually all
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thalassemia in Sardinia, is caused by a PTC that results in unstable globin mRNA (50,51).
Since these early experiments many additional NMD targets have been identified and
similarities between their gene structures have been characterized. Many of these
characteristics support the current model of the molecular mechanism of NMD, specifically
the interaction between the SURF complex recruited at a PTC and the EJC that triggers NMD.
Thus several “rules” or algorithms have been derived in attempt to identify NMD targeted
transcripts.

Authentic stop codons do not elicit NMD because they are typically present in a gene's last
exon, and mammalian cells require at least one intron downstream of a PTC in order for that
transcript to be targeted for NMD. Generally it is thought that for a transcript to be targeted by
NMD the PTC must also be greater than approximately 55 nucleotides upstream of an exon-
exon junction Based on this algorithm, bioinformatics studies have estimated that up to 30%
of all known mutations causing human disease generate mMRNAs that are degraded by NMD
(reviewed in (1)). These mutations include those responsible for many forms of thalassemia,
Duchene's muscular dystrophy, and cystic fibrosis. Mutations predicted to lead to NMD are
also commonly found in tumor suppressor genes, and several of these will be discussed in
detail below as a way to review the strategies for identifying bona-fide NMD targets, as well
as an opportunity to critically evaluate several assumptions about the degradation, translation,
and function of MRNAs predicted to be NMD targets.

Despite efforts to identify NMG targets with bioinformatic tools, the number of transcripts
degraded by NMD may be under-estimated since not every NMD target conforms to the above
algorithm. For example, T cell receptor gene rearrangements which increase receptor diversity
often result in PTC containing transcripts; these transcripts may be degraded by NMD despite
having a PTC located within the last 50 nucleotides of the penultimate exon (52). Alternative
mechanisms also exist to target some transcripts for NMD. In both Drosophila melanogaster
and Saccharomyces cerevisiae (which do not have introns) a stop codon is recognized as
premature if it occurs far upstream of a poly(A) tail. Similarly, in mammalian cells a long 3’
UTR can also target a transcript for NMD; SMG-5 is one such example of a transcript regulated
by NMD by virtue of its long 3’UTR (53). This mechanism is thought to involve a disruption
of the poly (A)-binding protein C1's (PABPC1) normal role of inhibiting interaction between
eRF3 and Upfl. In the absence of this inhibition, for example when a transcript contains a long
sequence between a stop codon and the 3’ poly(A) tail, Upfl is recruited and NMD occurs
(53,54). This has led to the model that NMD is a function of a competition between components
of the EJC which stimulate the recruitment of the Upf/Rent complex to a stop codon, and
PABPC1 which antagonizes the recruitment of the Upf complex to the ribosome at a stop codon
(53). However, to complicate this model, there are also features of some long 3’UTRs which
confer immunity to NMD, at least in Drosophila (55).

As will be discussed subsequently, a number of non-mutated transcripts generated in the cell
are also targeted by NMD (2,3). While some of these normal transcripts have recognizable
features that could render them sensitive to NMD (e.g. long 3’ UTRs, upstream open reading
frames and alternatively spliced isoforms as discussed later in detail) many do not (2,3,53).
Therefore, it is possible that other, as yet unknown characteristics, render still additional
mutated transcripts sensitive to NMD. Conversely, many mutant transcripts presumed to be
NMD targets have not been validated, and several transcripts and reporter constructs predicted
to be NMD targets do not appear to be degraded by this pathway (53,56). Thus the full range
of transcripts degraded by NMD remains largely elusive.

Several screening strategies have been designed and implemented to identify transcripts as
bona-fide NMD targets. A SNP2NMD database for human single nucleotide polymorphisms
(SNPSs) that encode PTCs upstream of EJCs has been constructed (57) although this database
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suffers from the issues mentioned above, specifically that some transcripts may fit the criteria
of a NMD target but still not be degraded by NMD and still other transcripts may not fit these
criteria and yet in fact be degraded by NMD. Many experimental strategies to identify
transcripts degraded by NMD are based on early assays which chemically inhibited NMD via
the global inhibition of protein translation, and then amplified and in vitro translated stabilized
NMD transcripts (58). The presence of a truncated protein generated only with the inhibition
of NMD suggests that the corresponding transcript is an NMD target.

With the advent of expression array profiling, a protocol termed gene identification by NMD
inhibition (GINI) has been developed to identify NMD transcripts in a high-throughput manner
(59). In this assay expression arrays are used to identify transcripts up-regulated in the presence
of emetine, an antibiotic that inhibits translation and thus NMD. Transcripts up-regulated in
the presence of emetine are considered to be NMD targets. NMD inhibitors that may have less
non-specific effects in some cell lines, including caffeine which inhibits SMG-1, have also
been used (60). GINI has also been modified to treat cells with the RNA synthesis inhibitor
actinomycin D, which will lead to decreased expression of unstable NMD transcripts in the
absence of NMD inhibitors but not in the presence of NMD inhibitors (60).

These strategies, as well as the systematic sequencing of common tumor suppressor genes,
have led to the identification of a number of NMD conferring mutations in genes that play a
role in cancer. In fact, a systematic analysis of mutations in human genes revealed that while
most mutations in oncogenes are missense mutations, tumor suppressor genes exhibit a
disproportionate number of nonsense mutations, many of which are predicted to lead to NMD
targeted transcripts (61). Such mutated tumor suppressor transcripts include Wilm's tumor 1
gene mutations which result in truncated transcripts that are stabilized with emetine treatment
and encode for proteins with dominant negative properties (62). The classic tumor suppressor
genes p53 and RB each contain PTC mutations in mantle cell lymphoma cell lines, and both
these transcripts are stabilized in the presence of emetine suggesting that they are NMD targets
(63). In fact, one mutant p53 transcript found in breast cancer not only demonstrates increased
MRNA stability with the inhibition of NMD, but the resulting c-terminal truncated protein is
more stable than wild-type p53 protein (64). In the familial form of colon cancer, familial
adenomatous polyposis (FAP), many of the mutations found result in PTCs in early exons,
including those found in nine out of ten Scottish kindreds (65,66). Most BRCA2 mutations
also result in PTCs, and expression of the transcript generated from the PTC mutated gene is
decreased compared to transcript levels observed from other mutations in the gene, suggesting
that this transcript is de-stabilized (64). Similarly, 80% of the PTC containing transcripts found
in BRCAL result in reduction of mRNA abundance (67). Several PTC mutations in MRE11,
a partner of ATM in the DNA damage response, can only be detected from the sequencing of
genomic DNA, but not from cDNA unless RNA decay is inhibited, suggesting that these
mutations destabilizes the transcript (68,69). Finally, in gastric cancer 80% of the mutations
in the e-cadherin gene result in a PTC predicted to be subjected to NMD, and indeed the e-
cadherinmRNA from PTC containing alleles are down-regulated compared to the non-mutated
allele, and these mutated transcripts are also stabilized with emetine or with Rent1/Upfl
depletion (70).

In colon cancer cells with microsatellite instability, the mutator phenotype results in one or
two base pair insertions or deletions, frame-shifts and often PTCs. Validation studies of the
GINI technique demonstrated that approximately 4% of all transcripts were up-regulated in
several microsatellite colon cancer cell lines with emetine (59). A significant number of these
transcripts were not altered in a control fibroblast cell line, suggesting that these transcripts
were up-regulated due to colon cancer specific mutations. The DNA mismatch repair enzyme
MLHZ1, which is known to carry a PTC mutation in several colon cancer cell lines, was strongly
up-regulated with NMD inhibition specifically in colon cancer cell lines, thus validating this
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approach. This finding led to an interesting modification and application of GINI, developed
to rapidly identify mutations in the large and difficult to sequence MLH-1 gene in patients
suspected of having hereditary non-polyposis colon cancer (HNPCC) (71). Blood samples from
three patients who fit the criteria of HNPCC were treated with a chemical inhibitor of NMD
prior to RNA isolation from white blood cells. RT-PCR for the MLH1 transcript was
preformed, and the amplicon was examined for up-regulation or alternatively spliced isoforms
that were stabilized in the presence of the NMD inhibitor. In two out of the three cases these
analyses revealed transcripts with PTC mutations likely to cause NMD that were barely
detectable in the absence of NMD inhibition.

Another study looking at several genes mutated specifically in microsatellite instable colon
cancer cell lines was able to validate approximately 50% of their NMD candidate transcripts,
including several genes that play a role in cancer biology, by sequencing and identifying PTC
mutations in these genes (60). Out of 10 candidate genes, bi-allelic inactivating PTC mutations
were found in six. Many of these genes were mutated in several colon cancer cell lines which
exhibit microsatellite instability, and several were also found to be mutated in macrosatellite
instable colon cancer tumor samples. In addition, the transcript generated from the EP300 gene
encoding p300, the co-activator that plays an important role in the transcriptional activity of
several oncogenes, has also been found to be mutated and targeted by NMD in microsatellite
instable colon cancer cell lines (72). The mRNA of some, though not all transcripts identified
by GINI in these studies were up-regulated when Upfl/Rentl was down-regulated, suggesting
that these were indeed bona-fide NMD targets (60).

Stable transcripts with a PTC, if translated, result in a truncated protein. Thus NMD is thought
to have evolved in order to selectively eliminate truncated proteins which might otherwise
serve as either activating mutants or as dominant negatives against an intact protein encoded
by the non-affected allele. Because many tumor suppressor genes mutated in cancer contain
PTCs and are either predicted to be or have been validated to be NMD targets, NMD is
commonly thought to prevent tumorigenesis. Although this is a popular and satisfying model,
validation requires documentation that in the absence of NMD both the transcript indeed
encodes a truncated protein, and that this truncated protein can affect the phenotype of the cell.
In many cases these criteria have not been satisfied.

For example, as discussed earlier, many mutations predicted to promote NMD do not, including
multiple nonsense mutations described in the ATM gene which result in PTCs upstream of
exon-exon junctions but do not de-stabilize the ATM transcript (73). In addition, even when
NMD targeted transcripts are abundant, these transcripts are not necessarily translated. For
example, even when a CHK2 transcript harboring an NMD provoking mutation is stabilized
this does not result in a translated (truncated) CHK2 protein (64). Another study found that
several transcripts with PTCs not predicted to elicit NMD (e.g. were in the last exon) were
translated into truncated proteins, but several transcripts predicted to be degraded by NMD,
even when stabilized, were still not translated (56). This may be related to the recently described
ability of phosphorylated Upfl/Rent1 to repress translation (34).

Finally, the biological significance of truncated proteins, if translated, is often unknown. While
some of these truncated proteins, (e.g. described WT1 and p53 mutations) may indeed act as
dominant negatives (62) the generation of some truncated proteins can function normally (as
in other p53 mutations (74)). Although several oncogenes have PTCs that are predicted and/
or validated to elicit NMD, including the tyrosine kinase EPHB2 in both prostate cancer cell
lines and greater than >5% of primary prostate tumors, and JAK1 mutations in prostate cancer
transcripts (75,76), it is unclear whether these transcripts (if they were not degraded by NMD)
would result in truncated proteins with gain of function properties. Thus experimental

validation that NMD protects against deleterious mutations in cancer is still necessary.
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While NMD has long been appreciated to degrade many mutated transcripts, such as
nonfunctional transcripts with retroviral or transposon insertions, recently NMD has also been
found to regulate many non-mutated transcripts including, as discussed later, transcripts that
play an important role in the cellular response to stress (2). This unexpected finding resulted
from the siRNA knock-down of Upfl/Rentl in Hela cells followed by microarray analysis for
transcripts whose expression was altered. While this study documented that NMD regulates
up to 10% of the Hela transcriptome, it should be noted that this type of analysis cannot
distinguish between those transcripts directly stabilized by the inhibition of NMD and those
indirectly stabilized by NMD. Transcripts directly targeted by NMD demonstrate increased
stability with Upfl/Rentl knock-down, while the indirect up-regulation of a given transcript
can occur via the stabilization and up-regulation of either a transcription factor or of an inhibitor
of RNA degradation. Approximately half of the transcripts up-regulated with Upfl/Rentl
knock-down do not have recognizable features which could make them sensitive to NMD.
Because a large proportion of transcripts altered when NMD is disabled are down-regulated,
without an alteration in their stabilities (2), indirect processes clearly exist, as there is no
obvious mechanism by which decreased NMD activity can directly result in the decreased
expression of a transcript. Thus NMD has the potential to regulate a marked number of
transcripts in addition to those directly targeted by the pathway.

The observation that many cellular transcripts are degraded by NMD raises the question of
how these are recognized by the NMD apparatus. Many mRNAs have upstream open reading
frames (UORFs) that can result in ribosomal pausing upstream of a stop codon, and theoretically
trigger NMD (77). Bioinformatic studies have demonstrated that, in general, transcripts with
UORFs are expressed to a lower degree than transcripts without uUORFS, suggesting either
decreased transcription or increased degradation (78). While many short uUORFs are not
sufficient to render a transcript sensitive to NMD, the uORF of one important NMD target
discussed in detail later, ATF-4, has been shown to be sufficient to promote NMD (3,79). As
previously discussed, a second mechanism that can trigger NMD in normal transcripts requires
long distances between eRFs deposited at a normal stop codon and PABPC1 bound to a distant
3" UTR, which then perimits the recruitment of Upfl and subsequent NMD (53). Additional
potential mechanisms include functional genes with insertions of retroviral or transposon, and
genes with an introns in their 3* UTR. (2,4,80-82).

Yet another mechanism which may lead to a non-mutated transcript's degradation by NMD is
the alternative splicing of that transcript (Fig 2). Alternatively spliced transcripts vary in
different tissues, occur in cells exposed to stresses common in the tumor microenvironment,
have been increasingly identified in cancer cells, and have been hypothesized to play a causal
role in cellular phenotypes (83-88). Alternatively spliced isoforms which play a role in cancer,
for example, include vascular endothelial growth factor (VEGF) and BCL-x, which has an
isoform that inhibits apoptosis (Bcl-x(L)) and an isoform that promotes apoptosis (Bcl-x(s))
(89) Up to 30% of all human genes may be affected by alternative splicing, although many of
these do not affect coding sequences (52,90-92). Many alternative splicing events can lead to
altered reading frames and a PTC upstream of an exon-exon junction, thus rendering them
susceptible to NMD. As opposed to transcripts with a nonsense mutation, these alternatively
spliced transcripts can result in a new reading frame and thus a novel protein. Depending on
the alternatively spliced transcript, the upstream protein sequence of the original protein may
be maintained, and thus a fusion protein may result. Using bioinformatics to assess expressed
sequence tags (ESTs) approximately 20-35% of alternatively spliced events are predicted to
lead to a PTC that would render them targets of NMD (93-96). These alternatively spliced

Mol Cancer Res. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gardner

Page 8

transcripts include several of those transcripts found to be up-regulated in Hela cells when
NMD is disabled (2).

Many of alternatively spliced transcripts degraded by NMD are found in low abundance, are
not conserved between mouse and human, result in frameshift mutations unlikely to reflect
bona-fide genes, and are thus considered to represent genomic noise generated from an error
prone splicing process (97,98). However, when othologous exons can be found there is
evidence that the NMD specific isoform is under selective pressure, suggesting that these are
indeed translated under at least some conditions, and are in fact detrimental to survival (98).
While alternatively spliced transcripts degraded by NMD have been identified by experimental
techniques, including the MLH gene in patients with HNPCC, (71) experimental evidence to
support a wide-spread role for NMD is controversial. While one study utilizing exon arrays,
in which most gene exons are represented by multiple probes, found a limited effect of Rent1/
Upf1 depletion, another study identified and validated over 200 exons with altered expression
upon NMD inhibition (4,99). Many of these NMD degraded isoforms contained a PTC in all
three reading frames, and could be confirmed with conditional knock-out of Upf2/Rent2 in
mouse hematopoietic cells (82). These studies suggest that NMD can stabilize and increase the
expression of alternatively spliced mRNA isoforms, which may play an important role in
cancer, but more experimental work must be done to determine the extent and biological
significance of NMD regulation in this process.

Cellular transcripts targeted by NMD are involved in the cellular stress

response

While the identification and validation of an individual NMD transcript may in turn suggest a
specific functional role for NMD, it is important that this be validated with a formal
documentation of phenotype. In published studies this documentation is often absent, as is even
the evidence that with the inhibition of NMD protein expression of the targeted transcript is
increased. It is clear, however that gross genetic and molecular manipulation of NMD results
in dramatic organismal and cellular phenotypes. For example, components of NMD (e.g. Upf1/
Rentl, Upf2) have been shown to be necessary for zebrafish embryonic differentiation and
survival (100). Upfl/Rentl is necessary for mouse viability and the knock-out of Upf2/Rent2
in mouse hematopoietic cells leads to lethality within ten days and a failure of definitive
hematopoiesis through the loss of stem and progenitor populations (82,101). Because
differentiated cells are spared, it has been hypothesized that NMD is primarily essential for
proliferating cells (82). NMD targeted transcripts that are responsible for these described
phenotypes, however, have not yet been identified. Although several of the proteins involved
in NMD appear to play a role in diverse phenotypes such as cell cycle checkpoints and telomere
maintenance in mammalian and lower organisms (reviewed in (9)), it is unclear if they affect
these functions through NMD or through other pathways. For example, SMG1 can respond to
double strand breaks and contribute to a G2 checkpoint, not via Upfl/Rent1 phosphorylation
but through p53 phosphorylation (102). In addition, the inactivation of NMD surely results in
the stabilization of mutant transcripts, and results in truncated and mutant proteins which, in
turn, may non-specifically elicit many of the described phenotypes. Thus these phenotypes do
not necessarily help in the identification of specific functional genes or pathways that are
normally regulated by NMD.

The non-mutated MRNAs normally targeted by NMD, as identified by array studies, cover a
wide range of ontologic categories including those involved in cell cycle, differentiation, and
signaling (2). A strong argument that NMD plays an important role in regulating normal gene
expression comes from the appreciation that multiple transcripts from the same functional
classes of are targeted by NMD. For example, several of the alternatively spliced isoforms
degraded by NMD are splicing related factors, leading to the auto-regulation, or regulated
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unproductive splicing and translation (RUST) hypothesis ((4,82,94) and reviewed in (9)). In
this model, when genes which promote splicing (e.g. SR genes) are highly expressed they then
promote alternative splicing of their own transcripts. This alternative splicing leads to a
transcript that is degraded by NMD, and thus down-regulation of mMRNA expression.
Conversely, genes that inhibit splicing (e.g. hnRNP) repress the inclusion of the coding exon
that creates a frameshift and triggers NMD.

In addition to splicing factors, a disproportionate number of reported NMD regulated
transcripts are involved in stress response and nutrient homeostasis pathways (2,3,82). Multiple
studies in yeast have also demonstrated an important role of NMD in regulating transcripts
involved in amino acid transport and synthesis and oxidative stress (103,104), suggesting that
the targeting of mMRNASs which can promote the cellular adaptation to hostile environments is
a conserved feature of NMD. This, along with the assumption that when multiple transcripts
with similar functions are predicted to be regulated by NMD then these transcripts are likely
bona-fide NMD targets with important physiological roles, it makes it probable that the
regulation of stress response/nutrient homeostasis is an important function of NMD in
mammalian cells.

Specific mammalian stress/nutrient related transcripts up-regulated with the inhibition of NMD
include those of two intimately related pathways: amino acid transport and synthesis (including
asparagine synthetase, cystathione-g-lyase, cysteinyl-tRNA synthetase, seryl-tRNA
synthetase, and glutamate/neutral, and dibasic/neutral amino acid transporters) and the
endoplasmic reticulum (ER) stress response pathway known as the unfolded protein response
(UPR) (2,3). Unfolded proteins accumulate in the ER when there is a marked increase in the
synthesis of secreted or membrane bound proteins, a decrease in the availability of ER
chaperones to fold their client proteins, and/or in the setting of ER micro-environmental
pertubations including cellular hypoxia and/or generation of ROS ((105-108) and reviewed in
(109)). Activation of the UPR leads to the coordinated degradation of ER-associated proteins,
the processing of the transcript for the xbp-1 transcription factor, and the phosphorylation of
the o subunit of eukaryotic initiation factor 2 (elF2a) by the PKR-like ER kinase (PERK)
(110). Ina mechanism termed the integrated stress response, elF2a. can also be phosphorylated
by a variety of cytoplasmic kinases that are activated by diverse forms of stress, including ROS
generation and amino acid deprivation (105,111).

Phosphorylation of elF2a leads to both a general suppression of protein translation as well as
the paradoxical translational induction of the transcription factor ATF-4. NMD targeted
transcripts include ATF-4 and the ATF-4 targets CHOP (gadd153) and ATF-3 (2,3,82). The
UPR plays a role in numerous phenotypes, including proliferation and differentiation (as
reviewed in (112)). However the best delineated role for the up-regulation of ATF-4 is the
cellular adaptation to ER stress via the transcriptional up-regulation of protein chaperones and
other stress-response genes. The UPR also protects against oxidative stress, which can be
generated under conditions of ER stress, transformation with the Ras oncogene, hypoxia, as
well as by by-products of O,-utilizing cellular processes (105,111,113-116).

There are several links between the UPR and the amino acid metabolism pathways. The UPR
is activated by amino acid starvation (111). ATF-4 targets include many genes involved with
amino acid import and metabolism, particularly ones which contain thios, and UPR deficient
cells are more sensitive to amino acid deprivation (111,117,118). Regulation of both the UPR
and amino acid metabolism also plays a particularly important role in cancer progression. Just
as glucose metabolism is known to be altered in many cancer cells, it is increasingly appreciated
that the transport and metabolism of amino acids play an important role in tumor cell

proliferation and survival (119,120). Studies have also demonstrated that the unfolded protein
response is also activated in hypoxic areas of xenografted tumors and human tumors and the
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generation of ATF-4 promotes the survival and growth of hypoxic tumors, and induced
angiogenesis (108,121).

Many of the transcripts involved in amino acid transport and the unfolded protein response are
directly targeted by NMD (2,3). Importantly, transcripts involved in the unfolded protein
response are not up-regulated when NMD is inhibited simply because of the accumulation of
mutant truncated unfolded proteins in the ER (3). Thus while many stress response and amino
acid transporter genes are up-regulated by the NMD targeted ATF-4, transcripts for these genes
are also independently degraded by NMD. Specifically, these transcripts are 1. Down-regulated
by the over-expression of Upfl/Rentl (which is sufficient to drive NMD); 2. Up-regulated by
the knock-down of Upfl/Rentl; and 3. Stabilized by the knock-down of Upfl-Rentl (2,3).
Many of the transcripts of the unfolded protein response (e.g. ATF-4 and CHOP), while
necessary for survival to stress, are detrimental to cellular proliferation and survival when
highly expressed in non-stressed cells, thus suggesting a potential reason for their rapid
degradation by NMD. Thus further work is required to determine the role of NMD in both
normal physiology and cancer biology.

NMD is regulated by stresses commonly found in the tumor micro-
environment

The appreciation that NMD plays a role in degrading non-mutated, functional transcripts raises
the question whether NMD might be regulated and thus stabilize both transcripts and
alternatively spliced isoforms during physiological or patho-physiological conditions. Indeed,
NMD activity is known to vary between different cell lines and even amongst distinct tissues
(46). In patients with Schmid metaphyseal chondrodysplasia, collagen X PTC mutations leads
to complete NMD in cartilage, but the mutant mRNA is not subjected to NMD in non-cartilage
(lymphoblasts and bone) cells (122). Experimentally in mice, when the prevalence of PTC
mutated Men1 mRNA is compared to mRNA from the non-mutated allele, there is a decrease
in PTC vs. wild-type mRNA in testis, but not in lung, intestine and thymus (123).

Because NMD has been found to degrade transcripts vital in amino acid transportation and
transcripts necessary for the cellular response to ER stress, it is logical that amino acid
starvation and ER stress might be two conditions that suppress NMD activity to up-regulate
these transcripts and allow a robust cellular response to these stimuli. Both amino acid
deprivation and hypoxia (which activates the UPR) were found to inhibit the degradation of
NMD reporter constructs (i.e. genomic sequences with PTCs) but not control constructs (2,
3). The inhibition of NMD in hypoxic cells and amino acid deprived cells was found to increase
the stabilities, and in many cases the steady state expression level, of a variety of endogenous
NMD transcripts (2,3).

Insights into the mechanism by which NMD is inhibited are provided by the observation that
a common link between amino acid starvation and hypoxia is that they both result in elF2a
phosphorylation. As discussed, elF2a can also be phosphorylated by ROS and intriguingly in
Schizosaccharomyces pombe the up-regulation of mMRNAs in response to ROS also requires
Rent1/Upfl (104). To test whether elF20 phosphorylation was necessary for the hypoxic
inhibition of NMD, cells which could not phosphorylate elF20 due to the genetic knock-in of
an elF2a mutant gene were rendered hypoxic and NMD activity was tested (3). In the absence
of elF2a phosphorylation neither a PTC reporter construct nor endogenous NMD targets were
stabilized in hypoxic cells, indicating that elF2a phosphorylation is necessary for at least
hypoxic inhibition of NMD. As discussed, ribosomal scanning during the pioneer round of
protein translation is necessary for NMD, and although elF2a phosphorylation attenuates
protein translation this is unlikely to be the mechanism by which elF2a phosphorylation inhibits
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NMD for a variety of reasons, including the fact that many of the transcripts stabilized by the
inhibition of NMD are actually robustly translated during this inhibition (3).

It is also possible that NMD is dynamically regulated by other mechanisms in addition to
elF2a phosphorylation. For example, radiation exposure has been reported to trigger Upfl/
Rentl phosphorylation by SMG-1 and by ATM (102) and the fact that NMD requires multiple
protein complexes and phosphorylation and de-phosphorylation events suggests multiple
potential steps for physiological regulation. In addition, as discussed previously,
experimentally the over-expression of several of these components can drive or inactivate
NMD experimentally and it is possible that physiological alterations of endogenous expression
of these proteins (in different tissues, in cancer, or in other pathological states) can alter NMD
activity, though this has not yet been convincingly demonstrated.

Thus a model can be formed in which hypoxia, amino acid starvation, ROS generation, which
are all stresses commonly generated by the microenvironment, activate the UPR, phosphorylate
elF2a, and inhibit NMD. This inhibition then stabilizes transcripts necessary for amino acid
transport and the cellular response to stress, many of which are also up-regulated independently
via other arms of the UPR. Thus, for example, elF2a phosphorylation not only induces the
translation of ATF-4, but also stabilizes the ATF-4 transcript. While the ATF-4 transcript is
not greatly induced in cells rendered hypoxic, studies have suggested that without the inhibition
of NMD the ATF-4 transcript is actually repressed in hypoxic cells (3,107,108). This redundant
control of ATF-4 expression, together with the recent suggestion that ATF-4 protein stability
is also increased in hypoxic cells in a mechanism similar to that of HIF-1o and HIF-1p (124)
not only suggests that the tight up-regulation of this protein is an important stress response
mechanism, but that the down-regulation of ATF-4 in non-stressed cells is also crucial. The
example of ATF-4 also highlights that the UPR truly invokes a wide range of responses ranging
from transcription, to mMRNA processing, to translation and, with the inhibition of NMD, the
stabilization of transcripts.

In light of the relevance of the UPR and amino acid metabolism in cancer, the potential
biological significance of this model can be examined by considering how NMD regulation
by the tumor micoroenvironment may affect tumorgienesis, (108,119,121) (Fig 3). During
tumorigenesis, tumor growth and a leaky, disorganized vascular system lead to significant
regions of hypoxia and amino acid deprivation. ROS are generated in these hypoxic cells, in
addition to ROS generated via oncogenic Ras activity. All of these lead to elF2a
phosphorylation and activation of the integrated stress response, which in turn promote tumor
cell survival and angiogenesis. elF2a phosphorylation also inhibits NMD, which augments the
integrated stress response and thus promotes tumorigenesis. NMD inhibition also leads to the
stabilization of distinct alternatively spliced isoforms, normally degraded by NMD, encoding
for both truncated proteins and novel proteins which may also play a role in tumorigenesis.
Finally, inhibition of NMD by the tumor microenvironment promotes the stabilization and up-
regulation of mutated tumor suppressor transcripts that would normally be degraded by NMD,
leading to truncated dominant negative proteins that can inhibit the remaining un-mutated allele
and promote tumorigenesis.

However to date the experimental evidence indicating that NMD activity is actually diminished
in hypoxic and metabolically starved tumors in vivo is lacking. It is well documented that
several other RNA degradative pathways are de-regulated in cancer. For example, hypoxia is
common in the tumor microenvironment and the VEGF mRNA, which plays an important role
in angiogenesis, is stabilized in hypoxic cells via the RNA binding protein HuR's interaction
with sequences contained in VEGF's 3 UTR (125-127). HuR has also been shown to bind to
p53 transcripts, ina manner dependent on the Von Hippel-Lindau tumor suppressor, to increase
p53 mRNA stability and translation (128,129). There is strong circumstantial evidence that
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NMD regulation by the tumor mricroenvironment may occur in vivo and be important in
tumorigenesis. While it is clear that an active UPR, and specifically up-regulation of ATF-4,
is necessary for tumor growth (108,121) it is unknown whether one contributing factor for this
is the inhibition of NMD by elF2a phosphorylation. And while several studies have recently
suggested that alternatively spliced isoforms may be increased in cancer cell lines, studies so
far have focused on cis-mutations and the aberrant expression of splicing proteins found in
cancer, not on the potential role of NMD in generating these isoforms (88,130). Finally, it has
recently been described that H-Ras has an alternatively spliced form that is degraded by NMD
(131), butit has not yet been shown whether this alternatively spliced Ras transcript is translated
and whether it serves a biological function. However, the knowledge that NMD is a regulated
mechanism, and plays an important role in stress response, will undoubtedly provided the
impetus for investigators to explore NMD's role in tumorigenesis.

Summary and Conclusion

Thus NMD, a process originally considered to be responsible only for degrading mutant
transcripts, is a process regulated by stresses common in the microenvironment and is
responsible for dynamically altering gene expression. The regulation of NMD has implications
for the stabilization of mutated transcripts, the expression of alternatively spliced transcripts,
and the augmentation of stress response pathways including the UPR. However, while elF2a
phosphorylation, necessary for the inhibition of NMD, and activation of the UPR clearly play
important roles in many biological processes including tumor survival and growth, the
documentation that NMD and/or the regulation of NMD alters cellular phenotype has not yet
been clearly demonstrated (106-108). While conditional knock-out animals for key
components of the NMD pathway have been generated, studies to assess the role of NMD in
the initiation and/or progression of tumors have been hampered by the observation that
complete cessation of NMD appears to be incompatible with the survival of proliferating cells
(82,101). Future studies will need to explore the role of more moderate modulation of NMD
activity on the tumorigenic role of this important RNA degradative pathway..

The very fact that NMD can be physiologically inhibited, has activity dependent on
phosphorylation events, and may play a role in regulating many transcripts including those
relevant in cancer, does suggest that manipulation of NMD activity may be an achievable and
novel target for the pharmacological treatment of many diseases in addition to those genetic
diseases caused by NMD triggering mutations. Gentamicin and other compounds can promote
ribosomal bypass of PTCs. Preclinical and clinical trials have shown such treatments can result
in expression of full length proteins and ameliorate genetic diseases caused by NMD provoking
mutations, including cystic fibrosis and muscular dystrophy, although inexplicably at least
some of these drugs do not to appear to increase the stability of these transcripts (132). Other
inhibitors of NMD have also been identified, including the natural product pateamine, which
interacts with elF4Alll but inhibits NMD independently of translation initiation inhibition
(133).

Previous studies on NMD have primarily emphasized the determination of the complicated
NMD mechanism and the identification of NMD targets. Little work has been done on
validating and characterizing these targets. Future experiments will have to better define in
vivo the role that NMD inhibition plays in biology, including tumorigenesis and other
conditions (e.g. development) which are marked by hypoxia and other cellular stresses. Better
insight into the mechanism by which elF2a phosphorylation and potentially other events inhibit
NMD will aid in the identification and testing of pharmacological agents that can modulate
NMD activity and perhaps be clinically useful in diseases caused by PTC mutated transcripts
and/or marked by cellular stress.
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Fig 1.

NMD is carried out by several multi-protein complexes. As described in the text, after introns
splicing (1) nascent mRNAs contain a unique cap binding complex (CBP) as well as an exon
junctional complex (EJC), and the 3° UTR binds the poly(A) binding protein C1 (PABPC1)
(2). During the pioneer round of translation (3) the EJCs are removed. In the presence of a PTC
the eRF proteins recruit Upfl/Rent1, which then binds Smg1 to form the SURF complex. Upfl/
Rentl in the SURF complex bridges the EJC, and Upfl/Rentl is phosphorylated by SMG1
(4). Subsequently SMG 5-7 are recruited, which then dephosphorylate Upfl/Rentl (5). The
mMRNA is then cleaved near the PTC by endonuclease activity of SMG-6, and degraded via
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decapping by the decapping proteins dcpla and dcp2, followed by exonucleases activity of
xrn-1 (6). See text for details and references, including recent reviews.
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Transcript degradation by NMD can lead to stabilization of truncated and alternatively spliced
isoforms. During normal translation a full length protein is generated (left panel). A PTC
normally triggers NMD, but if that transcript is stabilized via inhibition of NMD then a
truncated protein may be generated, which may then serve as dominant negative or may
function as a wild-type protein (middle panel). If an alternatively spliced isoform, e.g. due to
a skipped exon, generates a PTC, in the absence of NMD this isoform may result in a protein
with deletions or, if the alternatively spliced isoform results in a new reading frame, then a
novel protein (right panel).
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Stresses common in the tumor microenvironment can inhibit NMD via elF20 phosphorylation.
During tumor growth hypoxia and amino acid deprivation occur (top). Both of these stresses
lead to elF2a phosphorylation through the PERK and GCN2 kinase, respectively, which then
inhibits NMD. The inhibition of NMD can then not only stabilize mutated tumor suppressor
genes, but up-regulate a variety of cellular transcripts, including those important for the cellular
response to amino acid starvation and ER stress, which then promote tumor adaptation and
growth. The inhibition of NMD may also disversify the transcriptome through the stabilization
of alternatively spliced isoforms (see Fig 2).
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