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Abstract

Nonsense-mediated RNA decay (NMD) is a highly conserved RNA turnover pathway that 

selectively degrades RNAs harbouring truncating mutations that prematurely terminate translation, 

including nonsense, frameshift and some splice-site mutations. Recent studies show that NMD 

shapes the mutational landscape of tumours by selecting for mutations that tend to downregulate 

the expression of tumour suppressor genes but not oncogenes. This suggests that NMD can benefit 

tumours, a notion further supported by the finding that mRNAs encoding immunogenic neoantigen 

peptides are typically targeted for decay by NMD. Together, this raises the possibility that NMD-

inhibitory therapy could be of therapeutic benefit against many tumour types, including those 

with a high load of neoantigen-generating mutations. Complicating this scenario is the evidence 

that NMD can also be detrimental for many tumour types, and consequently tumours often have 

perturbed NMD. NMD may suppress tumour generation and progression by degrading subsets 

of specific normal mRNAs, including those encoding stress-response proteins, signalling factors 

and other proteins beneficial for tumours, as well as pro-tumour non-coding RNAs. Together, 

these findings suggest that NMD-modulatory therapy has the potential to provide widespread 

therapeutic benefit against diverse tumour types. However, whether NMD should be stimulated or 

repressed requires careful analysis of the tumour to be treated.

While the impact of transcriptional dysregulation in cancer is widely appreciated, the role of 

post-transcriptional dysregulation in cancer is much less well understood. mRNAs undergo 

many post-transcriptional processes, including capping, polyadenylation, splicing, nuclear 

export, editing and translation, all of which are tightly regulated. Perturbation or disruption 

of any of these steps can lead to disease, including cancer1–8.
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Another post-transcriptional step that, when dysregulated, can influence cancer is RNA 

turnover. While it is often assumed that steady-state mRNA levels are rarely determined 

by RNA turnover but instead mainly by the rate of RNA synthesis (transcription), there is 

little empirical evidence for this. Indeed, studies have shown that regulated RNA turnover 

influences the expression dynamics of large numbers of transcripts9–13. Regulated mRNA 

turnover confers regulatory properties that complement transcriptional regulation, such as 

providing rapid shut-off of gene expression14, and thus it is not surprising that RNA turnover 

is a major regulator of gene expression.

The critical role of mRNA turnover in defining the level of gene expression predicts 

that perturbations in mRNA turnover will have a profound impact on normal biological 

processes, and thus cause disease. Indeed, a growing number of studies have implicated 

dysregulated RNA decay as influencing many diseases, including cancer15–17. In this 

Review, we focus on how cancer is specifically influenced by nonsense-mediated RNA 

decay (NMD), a highly conserved and selective RNA turnover pathway. One of the roles of 

NMD is to promote the decay of specific mRNAs15,18, just as transcription factors control 

the synthesis of specific RNAs. Among these NMD target mRNAs are many that encode 

proteins critical for processes intimately associated with malignancy, including stemness and 

differentiation, proliferation, the integrated stress response, the unfolded protein response 

and autophagy15,19,20.

In addition to normal mRNAs, aberrant RNAs harbouring mutations are often degraded 

by NMD21,22. In particular, NMD recognizes premature termination codons (PTCs), which 

can be created by several different types of mutations, including nonsense mutations and 

most frameshift mutations. PTCs are also frequently created by mutations that alter RNA 

splicing, leading, for example, to intron retention, a common mechanism to inactivate 

tumour suppressor genes23. Thus, a large spectrum of aberrant RNAs are degraded by NMD.

Tumour cells typically express many RNAs bearing PTC-generating mutations, and thus 

it has long been hypothesized that the NMD pathway influences tumour growth and 

tumour progression24–26. For example, NMD has been proposed to promote cancer by 

virtue of its capacity to degrade mRNAs encoding mutant (but still functional) tumour 

suppressor proteins24,26–31. More recent genome-wide studies — which we discuss in 

detail herein — confirm and extend these findings. For example, these studies show that 

NMD has a profound impact on the mutagenic landscape of tumours, leading to selection 

for mutations that downregulate tumour suppressor genes, while leaving oncogenic genes 

relatively intact32–34.

Another class of PTC-bearing RNAs expressed in many tumours includes those encoding 

so-called neoantigen peptides35. Since the PTCs in these RNAs are created by somatic 

mutations that typically arise long after the immune tolerance phase of fetal development36, 

the encoded neoantigen peptides are often highly immunogenic and thus can trigger a potent 

antitumour immune response. However, this antitumour effect is opposed by NMD, which 

recognizes the truncating mutations and thus degrades the neoantigen-encoding mRNA. 

This raises the possibility that inhibition of the NMD pathway will increase neoantigen 

expression and antitumour immune responses35,37, which we discuss herein.
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Recent studies suggest that NMD not only promotes malignancy but can also inhibit 

malignancy. Loss-of-function mutations in NMD factor genes have been found to be 

enriched in some tumours, and restoration of NMD in these tumours inhibits malignancy38–

44. In this Review, we present this evidence and also consider what might be responsible for 

the opposing effects of NMD in tumour progression.

The NMD pathway

Originally discovered as a curious phenomenon — the rapid decay of Saccharomyces 
cerevisiae mRNAs harbouring PTCs22 — NMD has since been firmly established as 

a highly conserved RNA turnover pathway in organisms spanning the phylogenetic 

scale18,45,46 (FIG. 1a).

Many proteins have been identified that function in NMD. The first of such NMD factors to 

be discovered were the proteins up-frameshift 1 (Upf1), Upf2 and Upf3 in S. cerevisiae47,48. 

Subsequent studies identified orthologues of these proteins that function in NMD in 

Caenorhabditis elegans49. The UPF proteins were later found to have conserved roles in 

NMD in all eukaryotes, including fungi, plants and mammals50. Among more complex 

eukaryotes, several additional proteins were found to function in NMD. The first of these 

more ‘specialized’ NMD factors to be discovered were those encoded by suppressor with 

morphological effects on genitalia 1 (smg-1), smg-5, smg-6 and smg-7, identified in a 

genetic screen in C. elegans49. To date, more than 20 proteins have been shown to have roles 

in mammalian NMD, some of which are illustrated in FIG. 1b. The molecular choreography 

of these factors has been dissected in detail and has been well covered by several excellent 

reviews18,45,46.

The ability of NMD to selectively degrade PTC-bearing mRNAs has been widely 

hypothesized to indicate that NMD is a quality control mechanism that protects cells 

from truncated, potentially harmful proteins that would otherwise be produced at high 

levels51 (FIG. 1a). Indeed, there is evidence that some disease phenotypes are blunted 

by NMD52,53. However, it has become clear that NMD functions not only as an RNA 

surveillance mechanism but also as a gene regulatory mechanism that degrades subsets of 

normal (that is, non-mutant) mRNAs (FIG. 1a). The ability of NMD to regulate normal gene 

expression was demonstrated first at the genome-wide level in S. cerevisiae54 and later in 

mammalian cells55. Loss or disruption of NMD leads to dysregulation of between ~5% and 

20% of the genes in different organisms, but what proportion of these genes transcribe direct 

NMD target RNAs remains unclear54–56.

The discovery of widespread normal (non-mutated) NMD target mRNAs led to two key 

questions. First, how are these normal mRNAs recognized as NMD targets? Second, what 

are the physiological consequences of the ability of NMD to degrade subsets of normal 

mRNAs? For the former question, it has been found — in mammalian cells — that NMD 

is triggered by a stop codon terminating in the main open reading frame within specific 

contexts, such as upstream of an exon–exon junction or a long 3′ untranslated region 

(UTR) (FIG. 2b). Although the second question has not yet been fully delineated, it is 

clear that loss of NMD compromises or completely perturbs several biological processes, 
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implying that NMD has important roles in governing these processes18,57,58. For example, 

global knockout or depletion of any of a number of NMD factors causes developmental 

defects, including embryonic lethality, in organisms spanning the phylogenetic scale15,19,59–

66. Many studies have also demonstrated that NMD functions in the brain, including during 

brain development, and in neural differentiation and neural synaptic functions15,67–69. Other 

physiological roles of NMD are summarized in recent reviews15,18,58,70,71, and are not 

covered here.

While the mechanism by which NMD functions in most biological events is poorly 

understood, specific NMD target mRNAs have been shown — through rescue experiments 

— to be critical for the role of NMD in some biological processes, including early 

embryonic development, neural differentiation and the endoplasmic reticulum stress 

pathway72–74. This provides strong evidence that the ability of NMD to regulate normal 

gene expression (as opposed to its ‘RNA surveillance role’ degrading aberrant RNAs) is 

critical for biological events. An added level of complexity is the evidence that NMD is not 

a simple linear pathway. Rather, it appears to consist of several branches, each of which 

depends on different factors and may promote the decay of different sets of transcripts75–78. 

These NMD branches may also have different functions. For example, loss of the UPF3B-

dependent branch of the NMD pathway has been shown to cause intellectual disability and 

neural defects in humans79,80 and mice68,69.

NMD supports and promotes malignancy

NMD shapes the mutational landscape

‘NMD rules’ defined in tumours.—A central tenet of the NMD pathway is that while 

mutations that generate a PTC can trigger NMD, many PTC-generating mutations do not 

elicit NMD (FIG. 2a). Distinguishing between mutations that do or do not elicit NMD 

is critical for understanding the role of NMD in cancer. While past molecular studies in 

cell lines defined some rules dictating whether a PTC-generating mutation triggers NMD81–

86 (FIG. 2a), it has not been clear whether these rules apply in vivo, and whether there 

are additional NMD rules. Lindeboom et al.32 investigated these issues by evaluating — 

genome-wide — the mutational landscape and associated expression pattern of genes in 

almost 10,000 human tumours. Tumours were ideal for their investigation, as (1) tumours 

commonly acquire mutations and (2) tumours provide a relatively neutral environment 

for defining NMD rules given that most of the mutations generated in tumour cells are 

passenger mutations that do not drive clonal selection87. Lindeboom et al. scored a PTC 

as being targeted by NMD if the mRNA transcribed from the gene is present at a lower 

level in tumours bearing the mutation than in tumours of the same type that lack the 

mutation. Their analysis demonstrated that mutations that generate PTCs in most middle 

exon positions are associated with decreased mRNA levels, indicative of NMD. In contrast, 

PTCs in the last exon are associated with normal mRNA levels, in agreement with the 

well-established ‘last exon rule’ of NMD escape (see FIG. 2a). PTCs in the penultimate 

exon were also found to be associated with normal mRNA levels if they were closer 

than approximately 55 nucleotides to the last exon, thereby verifying the well-established 

‘55-nucleotide boundary’ rule of NMD escape (FIG. 2a). Indeed, Lindeboom et al. found 

Tan et al. Page 4

Nat Rev Cancer. Author manuscript; available in PMC 2024 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that almost half of the variation in NMD efficiency across PTCs observed in human tumours 

could be accounted for by the last exon and 55-nucleotide boundary rules32. They also 

verified at the genome-wide level that PTCs only a short distance from the start codon often 

fail to trigger NMD (FIG. 2a), likely due to translation reinitiation, on the basis of earlier 

studies88. They also obtained evidence that PTCs in long exons (more than 400 nucleotides) 

tend not to trigger NMD (FIG. 2a). Other NMD-triggering rules were also documented, but 

29% of the variation in expression could not be explained, implying that additional NMD 

rules remain to be identified. Indeed, it has become clear that non-mutant mRNAs can be 

degraded by NMD by signals in addition to the last exon and 55-nucleotide boundary rules, 

such as a long 3′ UTR89 (FIG. 2b).

Follow-up work in another cohort of tumour samples showed that half of PTCs (51%) elicit 

strong NMD, about one quarter (27%) elicit weak NMD and about one quarter (22%) do 

not trigger NMD33. However, these percentages are highly variable across genes, with a 

surprisingly large proportion of genes (36%) encoding mRNAs that largely escape NMD 

when PTCs are introduced into most positions (more than 75%) in the coding sequence. 

Together, these genomic data allowed the generation of a resource — called ‘NMDetective’ 

— that predicts whether NMD is triggered by a given PTC-generating mutation33. This 

resource, along with the recent identification of specific cis elements in RNAs that allow 

NMD escape89,90, has great potential to be used for precision medicine opportunities in 

cancer treatment, as well as for diagnosis and treatment of other human diseases impacted 

by genes harbouring PTC-inducing mutations.

Tumour suppressor genes are targeted by NMD in tumours.—Tumorigenesis is a 

Darwinian process in which positive selection, negative selection and genetic drift determine 

the frequency of genetically heterogeneous clones within a tumour mass91. This predicts that 

PTC-generating mutations in genes that elicit an NMD response favourable for the tumour 

will be selected for. In support, early studies recognized that tumour suppressor genes are 

a likely major target of this type of selection mechanism. In particular, tumour suppressor 

genes in tumour cells were found to accumulate a higher ratio of nonsense and insertion 

and deletion (indel) frameshift mutations (both of which generate PTCs) relative to missense 

mutations than do most other genes24–26,92,93. To address the frequency at which this occurs, 

Lindeboom et al.32 analysed genome-wide expression data from thousands of tumours, 

evaluating PTC-inducing mutations relative to synonymous mutations for each gene. This 

analysis verified that tumour suppressor genes acquire PTCs in their coding regions more 

frequently than most genes in tumours. Importantly, their analysis also showed that tumour 

suppressor genes in tumours are enriched in PTC-inducing mutations that trigger NMD 

(‘NMD-elicit’ mutations) as opposed to those that do not elicit NMD32 (FIG. 3). Together, 

these results support a model in which tumour progression involves selecting for mutations 

that elicit the decay of mRNAs encoding tumour suppressor proteins.

In another genome-wide study, Hu et al.34 also found tumours frequently downregulate 

tumour suppressor genes through NMD. Intriguingly, they discovered that different tumour 

types tend to differ with regard to which tumour suppressor genes most frequently 

harbour NMD-elicit mutations. Other gene classes were also found to be targeted by 

NMD-elicit mutations. In hypermutated tumours, NMD-elicit mutations were found to be 
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enriched in genes encoding proteins involved in DNA repair, chromatin remodelling and/or 

modifications, and RNA metabolism. This raises the possibility that downregulation of 

genes involved in these processes is advantageous for hypermutated tumours. In the case 

of stomach adenocarcinoma with hypermutations, NMD-elicit mutations were commonly 

enriched in three specific genes involved in RNA metabolism34 — eukaryotic translation 

initiation factor 5B (EIF5B), La ribonucleoprotein 4B (LARP4B) and PTEN94–96. Among 

these, PTEN is among one of the most frequently inactivated tumour suppressor genes 

across all human tumours97. In this regard, it is notable that a recent study showed that 

tumours driven by PTEN PTC mutations are good candidates to be treated with PTC 

readthrough-inducing compounds98.

The finding that NMD commonly downregulates mutant tumour suppressor genes suggests 

that NMD is an important factor promoting tumour progression. In support of this, a recent 

study33 obtained statistical evidence that NMD more often contributes to disease than 

protects from disease, including cancer.

Evidence that oncogenes escape NMD.—Given that oncogenes are advantageous 

to tumours, one would expect tumours to select against mutations that reduce oncogene 

expression. Consistent with this hypothesis, Lindeboom et al.32 showed that oncogenes 

in tumours tend to avoid PTC-creating mutations that elicit NMD (FIG. 3). Interestingly, 

Kishor et al.89 identified a specific example of a mutationally activated oncogene that 

escapes NMD. Their study focused on the BCL2 pro-survival gene, which is juxtaposed 

next to the immunoglobulin heavy chain enhancer as a result of translocation in a specific 

subset of B cell lymphomas. While the translocated immunoglobulin enhancer triggers 

transcriptional activation of BCL2 in B cells, this translocation also introduces multiple 

immunoglobulin exons downstream of the BCL2 coding region, which could potentially 

compromise this transcriptional induction by triggering exon-junction complex-dependent 

NMD. However, NMD is prevented by specific sequences in the immunoglobulin 3′ UTR 

(a high density of heterogeneous nuclear ribonucleoprotein L-binding sites), which Kishor et 

al. showed are essential for high expression of the BCL2 oncogene in B cell lymphomas.

Implications and complexities.—The ‘two-hit’ model of cancer progression posits that 

biallelic suppression or inactivation of tumour suppressor genes is needed to confer a fitness 

advantage to cancer cells99. This is traditionally thought to occur via mutations99 that 

abolish the function of the gene product or transcriptionally inactivate the gene (for example, 

via DNA methylation100). The weight of evidence now indicates that by destabilizing 

tumour suppressor mRNAs, NMD is potentially another means to achieve the two-hit 

mechanism. However, a caveat is that while NMD can reduce the level of some mRNAs 

harbouring a PTC by more than 30-fold101–103, NMD downregulates most PTC-bearing 

mRNAs by only threefold to tenfold104. Thus, it is critical to test empirically — through 

rescue experiments — whether tumour suppressor downregulation mediated by NMD is 

sufficient to have a functional effect105. To our knowledge, there is currently no direct 

evidence that the ability of NMD to suppress tumour suppressor gene expression has 

an impact on tumour formation or progression. A second caveat is that PTC-generating 

mutations in some tumour suppressor genes, such as TP53 and BRCA1, can generate 
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dominant-negative proteins106–108. By destabilizing such mRNAs, NMD would attenuate 

the dominant-negative effect, potentially hindering rather than promoting tumours with such 

mutations (see the section entitled ‘NMD as a tumour suppressor pathway’).

NMD impairs tumour immunogenicity

Neoantigens have potential to elicit tumour rejection.—The field of cancer 

immunology has historically focused on the ability of single-nucleotide variants (SNVs), 

including missense mutations, to drive tumour immunity. The concept has been that SNVs 

lead to the generation of novel amino acids that, in turn, generate novel antigens. However, 

frameshift indels have the potential to create far greater antigenic diversity than SNVs 

because the frameshift usually elicits changes in multiple amino acids (FIG. 4). Indeed, 

studies have indicated that frameshift mutations are far more important for generating 

tumour immunogenicity than SNVs109,110.

A frameshift mutation typically results in a truncated protein with a novel amino acid 

sequence at the carboxy terminus (FIG. 4). This type of neoantigen is commonly generated 

by tumour cells. In particular, tumours with microsatellite instability (MSI) more frequently 

generate frameshift mutations because they have defective mismatch repair111. As a result, 

the tumour-specific antigens which are generated have the potential to be recognized as 

foreign when presented by major histocompatibility complex (MHC) proteins on the surface 

of tumour cells112.

As a testament to their importance, Turajlic et al.109 found that frameshift indels generated 

approximately three times more predicted neoantigens than non-synonymous SNVs. While 

frameshift indels are relatively infrequent (approximately four per tumour), the few that 

are generated tend to more likely be immunogenic (that is, generate immunoreactive 

neoantigens) compared with other types of mutations109. Indeed, neoantigens encoded as 

a result of frameshift indels are predicted to elicit a ninefold stronger immune response 

than non-synonymous SNVs109. As evidence that this is relevant to tumour progression, 

frameshift mutation incidence in MSI tumours was recently shown to be inversely correlated 

with the predicted immunogenicity of the resulting peptides, suggesting elimination of cell 

clones with highly immunogenic frameshift peptides113.

Together, these findings raise the possibility that neoantigens produced as a result of 

frameshift indels are attractive candidates for personalized tumour vaccines. Consistent with 

this, frameshift indels are associated with a strong response to immune checkpoint inhibitors 

(ICIs), which confer remarkable antitumour efficacy in subsets of patients with cancer114.

While frameshift indels have great potential to elicit antitumour immunity, the vast majority 

of neoantigen-generating mutations appear to have no immunogenic effect, on the basis of at 

least two lines of evidence. First, while hundreds of high-affinity neoantigens are predicted 

in a typical tumour sample, peptide screens and mass spectrometry studies have detected 

only a few neoantigens per tumour115,116. Second, tumours responsive to ICI drugs tend to 

elicit only a modest number of T cell clones117. Thus, while neoantigen burden is a major 

determinant of tumour immunogenicity, underscored by recent clinical experience with ICI 

therapy118, most patients’ tumours express few neoantigens, and hence are hyporesponsive 
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to immunotherapy. As we discuss next, NMD has a major role in reducing neoantigen 

expression in tumours.

Neoantigens are downregulated by NMD.—Frameshift indels typically generate a 

downstream PTC (FIG. 4). Thus, mRNAs with frameshift indels are often degraded by 

NMD, thereby reducing the expression of neoantigens (FIG. 4). The corollary of this is 

that ‘NMD-escape mutations’ — frameshift mutations that generate a PTC in a context 

where they fail to be recognized by the NMD pathway — allow high expression of a 

neoantigen. Therefore, whether a frameshift-induced PTC triggers NMD or, instead, evades 

NMD is critical for determining whether a neoantigen is produced at sufficient level to 

elicit an immune response. Litchfield et al.37 assessed this issue in a melanoma dataset from 

The Cancer Genome Atlas (TCGA). They found that frameshift indel mutations predicted 

to escape NMD (for example, penultimate and last exon mutations) were significantly 

depleted among all types of frameshift indels in these tumours. Instead, frameshift indel 

mutations were more likely to occur at positions expected to trigger NMD (for example, 

in middle exon positions). This implies that NMD-escape mutations are negatively selected 

in melanomas, leading to the downregulation of most frameshift indel-containing mRNAs 

encoding neoantigens.

A challenge for oncologists is to determine which patients with cancer should receive 

ICI therapy. Tumours that express high levels of neoantigens would be expected to be 

most responsive to ICI therapy. This implies that ICI therapy would be most effective 

against tumours with neoantigens generated from mRNAs harbouring NMD-escape PTC 

mutations. To address this hypothesis, Litchfield et al.37 examined the frequency of NMD-

escape mutations across a pan-cancer dataset derived from several studies. They found 

that NMD-escape mutation count was significantly associated with clinical benefit from 

immunotherapy across both ICI and adoptive cell therapy modalities. Even patients with 

tumours that had a low tumour mutation burden (TMB) had an NMD-escape mutation count 

that was significantly associated with clinical benefit from ICI treatment.

To assess whether tumour responsiveness to immunotherapy is linked to neoantigen-induced 

immunity, Litchfield et al.37 examined data from two antitumour personalized vaccine 

studies and one ICI study in which functional assays were performed to assess immune 

reactivity to the patients’ neoantigens. They found that 15 of 19 frameshift indel mutations 

encode neoantigen peptides that elicit T cell reactivity in vitro. The 15 reactive peptides 

were significantly longer than the four non-reactive peptides, consistent with the known 

rules of antigen presentation119. Using a pan-cancer dataset, Lindeboom et al.33 found that 

tumours with a high frequency of NMD-escape frameshift mutations display significantly 

higher immune reactivity than tumours harbouring NMD-inducing frameshift mutations. 

This raised the possibility that this subset of tumours with higher immunoreactivity 

may also respond better to immunotherapy. Indeed, patients who responded had tumours 

with significantly higher numbers of NMD-escape frameshift mutations in comparison 

with patients who did not respond. Furthermore, consideration of the number of NMD-

escape frameshift mutations along with TMB was a better predictor of immunotherapy 

responsiveness than TMB alone33.
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If NMD promotes tumour progression by reducing immunogenicity, tumours with perturbed 

NMD should be subject to increased immune attack. In support of this, Lindeboom et al.33 

found that deleterious mutations in the NMD factor gene UPF1 were associated with higher 

immune filtration in a cohort of patients with endometrial carcinoma. As further evidence, 

a study examining 17 cancer types obtained bioinformatics evidence that elevated NMD is 

inversely correlated with stronger immune cytolytic activity120.

Collectively, the results from these studies have several implications. First, the data strongly 

suggest that NMD suppresses tumour immunosurveillance. Second, the data indicate that an 

assay of NMD-escape mutation status may be of prognostic value in determining whether 

a patient should undergo immunotherapy for cancer. Third, the finding that tumours with 

a high frequency of NMD-escape mutations have a high probability of responding to ICI 

treatment raises the prospect that patients who fall below the TMB threshold and thus were 

previously regarded as low priority for ICI therapy might be upgraded to higher priority if 

they have frequent NMD-escape frameshift mutations.

NMD suppression increases tumour immunogenicity and inhibits 
tumorigenesis.—The preceding findings predict that NMD inhibition will drive elevated 

neoantigen expression and consequent immune rejection of tumours. In support of this 

prediction, Pastor et al.35 found that knockdown of NMD factors inhibited tumour growth 

and increased T cell infiltration in two metastatic subcutaneous mouse tumour models. 

However, it was not determined whether increased neoantigen expression was responsible 

for the increased T cell infiltration. It was also not established whether the increased T cell 

infiltration was responsible for the decreased tumour growth. Thus, it will be critical for 

future studies to address whether NMD inhibition is capable of increasing tumour-specific 

neoantigen expression and consequent immune attack.

A step in this direction was recently taken by Becker et al.121, who found that inhibition 

of NMD (in response to the clinically licensed drug 5-azacytidine, which, among other 

functions, acts through MYC to inhibit NMD122) stabilizes frameshift mutation-bearing 

transcripts and increases the presentation of neoantigen epitopes by class I MHC molecules 

on MSI tumours. As part of their work, they identified a highly recurrent frameshift indel 

mutation in MSI colorectal cancer (CRC); immunization with the corresponding neoantigen 

induced a strong cytolytic T cell response in mice. This study raises the possibility that 

NMD inhibition therapy will be useful clinically to treat CRC, a notion further supported 

by two other findings: (1) a chemical NMD inhibitor that antagonizes the exon-junction 

complex factor eIF4A3 inhibits HCT-116 CRC growth in mice123 and (2) the NMD inhibitor 

amlexanox124 reduces the growth of MSI CRC cells in vivo but not microsatellite-stable 

CRC cells, which have fewer PTC mutations125.

NMD magnitude is elevated in some tumour types.—The notion that NMD 

promotes tumours predicts that NMD magnitude will be elevated in tumours. In support 

of this, analysis of TCGA pan-cancer datasets revealed that core NMD factor genes (UPF1, 
UPF2, UPF3B, SMG1, SMG5, SMG6 and SMG7) tend to be amplified in diverse tumour 

types120. In further support, primary MSI CRC tumours tend to more highly express 

several NMD factors compared with normal adjacent mucosa125–127, and CRC tumours that 
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overexpress UPF1 tend to have a poor prognosis127. Conversely, UPF3A, which has been 

reported to act, in part, as an NMD repressor128, is downregulated in clear cell renal cell 

carcinoma129, and is frequently mutationally inactivated in MSI CRC tumours130. Together, 

these data suggest that some tumour types have elevated NMD, which is also supported 

by bioinformatics evidence120. However, it is important to note that, at present, there is no 

direct evidence that tumours have increased NMD magnitude relative to adjacent normal 

tissue.

NMD is a tumour suppressor pathway

Tumours with impaired NMD

In the preceding section, we presented the case that NMD promotes tumours. In this section, 

we present the case for the opposite–that NMD can act to limit tumour progression (FIG. 

3). As discussed in detail below, evidence suggests that this is achieved through the ability 

of NMD to destabilize mRNAs encoding ‘pro-tumour’ proteins. To circumvent this action, 

it would be advantageous for tumours to downregulate NMD. Indeed, many studies have 

reported evidence that tumours have impaired NMD. One of the first studies to make this 

claim was by Wang et al.38, who found that the human PC3 prostate cancer cell line 

had repressed NMD magnitude (as measured using an NMD reporter and endogenous 

NMD substrates) when grown as a three-dimensional tumour in vivo compared with when 

grown as a monolayer in vitro. This interesting finding suggested that the in vivo tumour 

microenvironment could inhibit NMD. A possible mechanism for this is through hypoxia, 

as in vivo tumours are often hypoxic, and it has been demonstrated that hypoxia inhibits 

NMD131. Additional support for this mechanism is the finding by Wang et al.38 that PC3 

cells grown as tumours in vivo tend to harbour eIF2α in a phosphorylated state, which is a 

hallmark of cellular stress responses, including in response to hypoxia.

Subsequent studies obtained additional evidence that tumours have impaired NMD. The 

core NMD factor UPF1 (FIG. 1b) has been shown to be decreased in level in many 

different tumour types, including lung adenocarcinoma, gastric cancer, hepatocellular 

carcinoma (HCC), pancreatic adenosquamous carcinoma (ASC), ovarian cancer, glioma 

and inflammatory myofibroblastic tumours39–44,132–134. All of these tumour types were 

reported to have reduced UPF1 mRNA and/or UPF1 levels relative to adjacent normal tissue. 

Furthermore, two specific regions of the UPF1 gene have been reported to be frequently 

mutated in ASC and inflammatory myofibroblastic tumours, but not adjacent normal 

tissue, suggesting that UPF1 downregulation in some tumour types results from somatic 

mutations41,43. While subsequent work has led to the suggestion that UPF1 mutations in 

ASC tumours are not ‘cancer drivers’135, this question needs further investigation, including 

in-depth analysis of tumours rigorously determined to be ASC (as this is a rare tumour 

that is often misdiagnosed). In addition to UPF1, mutations in other NMD factor genes 

have been linked with malignancy in a tissue specific context. For example, truncating 

mutations in the NMD gene SMG7 have been shown to be significantly associated with 

gastric and colorectal tumours136. Conversely, UPF3A was recently reported to be more 

highly expressed in CRC metastases than in primary CRC tumours137. Given that UPF3A 

can act as an NMD repressor128, this raises possibility that NMD suppression may foster 
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metastatic tumour cell movement or the growth of metastatic lesions. In further support of 

this, a recent analysis of 710 breast tumours revealed that those with high UPF3A expression 

had a statistically shorter period of metastasis-free survival than did those with low UPF3A 

expression138.

The evidence that many tumour types have misregulated NMD factor levels and/or NMD 

factor gene mutations suggests that this property was selected for because NMD suppresses 

some forms of cancer. Functional experiments support this hypothesis38–40,42,44,132,133. For 

example, forced expression of the NMD factor UPF1 was found to reduce the malignant 

phenotype of a lung adenocarcinoma cell line42, gastric cancer cell lines39, an ovarian 

cancer cell line132, glioma cell lines133, an HCC cell line44 and HCC tumours in vivo40. 

Manipulation of UPF1 levels was found to alter many different tumour-associated features, 

including proliferation, apoptosis, invasion, migration and formation of metastases39,40,42,44.

How might NMD suppress malignancy?

The above studies make the case that NMD is decreased in tumours because this RNA 

turnover pathway has the potential to suppress tumour generation and progression. By what 

mechanism might this be achieved? Given the increasing evidence that NMD influences 

normal biological processes through its ability to promote the decay of specific mRNAs72–

74, it stands to reason that NMD would also inhibit tumours by the same mechanism. 

Thus, the prevailing hypothesis is that NMD protects cells from malignant conversion and 

progression by degrading pro-tumour RNAs (FIG. 3).

In support of this, there is abundant evidence that NMD degrades mRNAs encoding pro-

tumour proteins. Genome-wide studies have identified scores of known or suspected NMD 

target mRNAs encoding proteins with the potential to promote cancer93. For example, 

a multipronged approach was used to identify 749 high-confidence NMD target mRNAs 

(expressed in a bone osteosarcoma cell line) that gene ontology analysis showed encode 

proteins relevant to cancer, including those involved in cell proliferation, apoptosis, and 

cell migration and invasion38. Other studies have identified high-confidence and putative 

NMD target mRNAs encoding proteins enriched in cancer-related processes in other tumour 

cell lines55,139–144. Scores of NMD target mRNAs encoding proteins involved in cancer-

associated processes have also been identified in non-tumour cells145,146.

One potential mechanism by which NMD could inhibit tumour progression is by degrading 

mRNAs that function in signalling pathways known to influence cancer development (FIG. 

5). For example, the transforming growth factor-β (TGFβ) signalling pathway component 

SMAD7, whose mRNA is targeted by NMD to promote the stem-like state73,146, may 

function downstream of NMD to suppress HCC tumorigenesis40. Since SMAD7 is a 

negative regulator of TGFβ signalling, NMD is thought to suppress tumorigenesis by 

promoting TGFβ signalling in this scenario. In contrast, other evidence suggests that NMD 

confers an antitumour effect by instead inhibiting TGFβ signalling. In particular, the NMD 

factor UPF1 has been shown — through gain-of-function and loss-of-function studies 

— to inhibit the epithelial-to-mesenchymal transition (EMT) through inhibition of TGFβ 
signalling in lung adenocarcinoma cell lines42 and established HCC tumours134. Exactly 

how EMT is inhibited is unclear, but NMD is known to target mRNAs encoding several 
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EMT regulators, including the hallmark EMT protein TWIST1 (REF.147) (mutations in 

which portent more aggressive disease in renal cancer148), the tumour suppressor ROBO1 

(which is encoded by an mRNA degraded by UPF1 as a result of frameshifting in colon 

cancer149) and the proto-oncoprotein serine/arginine-rich splicing factor 1 (SRSF1) (whose 

levels are indirectly regulated by NMD through alternative splicing150).

Another mechanism by which NMD has been suggested to inhibit tumours is by degrading 

tumour-promoting non-coding RNAs151–153. While non-coding RNAs do not encode long 

proteins, many have short open reading frames, and thus some are targeted for decay by 

NMD through the stop codon at the terminus of these short open reading frames154–157. 

One long non-coding RNA (lncRNA) that is a candidate to be degraded by NMD to inhibit 

tumour formation is MALAT1. This lncRNA is upregulated in many different cancers, 

including non-small-cell lung carcinoma, breast cancer, HCC and gastric cancer158–161. 

As evidence for causality in cancer, overexpression of MALAT1 was found to reverse 

UPF1-dependent inhibition of gastric cancer progression39. However, how exactly UPF1 

regulates MALAT1 is unclear, as, at present, there is only indirect evidence that it is an 

NMD target39, and earlier evidence suggests it is degraded by another RNA decay pathway 

— Staufen-mediated mRNA decay162,163. Another non-coding RNA whose expression may 

be silenced by UPF1 to suppress tumour formation is the HCC-promoting small nucleolar 

RNA host gene 6 (SNHG6)164.

Another level of regulation stems from the fact that NMD is suppressed under many 

conditions, including in response to eIF2α phosphorylation, microRNAs and NMD 

itself38,141,142,165–167. Of direct relevance to cancer, it has been shown that NMD is 

inhibited by overexpression of the oncogene MYC, and evidence was obtained that many 

‘MYC targets’ are actually NMD targets indirectly regulated by MYC168. This raises the 

intriguing possibility that activation of MYC in tumours drives their progression, in part, 

through downregulation of NMD.

Finally, many NMD target RNAs encode proteins involved in cellular stress 

responses20,38,74,93,131, leading to the interesting possibility that inhibited NMD promotes 

tumorigenesis by driving chronic stabilization of mRNAs encoding specific stress-adaptation 

proteins (BOX 1). It is well established that many disease states, including cancer, are 

associated with long-term activation of stress-response pathways169,170.

Much of the evidence that NMD is a tumour suppressor pathway revolves around expression 

analysis and functional studies conducted on UPF1, as described above. While there is 

considerable evidence that UPF1 is downregulated or mutated in many tumour types39–

44,132–134, in most cases it was not determined whether this was accompanied by reduced 

NMD magnitude. Because UPF1 mRNA itself is an NMD target141,142, reduced levels of 

UPF1 could potentially reflect enhanced NMD, not reduced NMD. While this possibility 

is mitigated by the studies described above showing functional effects of forced UPF1 

expression39,40,42,44,132–134, it remains to be determined in most studies whether decreased 

UPF1 levels translate to reduced NMD efficiency. UPF1 is rate limiting for NMD in some 

biological contexts131 but not others141. Thus, while NMD magnitude has been shown to be 
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suppressed in some tumour types5,38,40, this has not been assessed for most tumour types 

with downregulated or mutated NMD factors.

Interpretation of UPF1 gain-of-function and loss-of-function studies is further complicated 

by the fact that UPF1 functions not only in NMD but also in other pathways, including other 

RNA turnover pathways171–173. This leads to the interesting possibility that perturbation of 

UPF1 promotes tumours by mechanisms other than (or in addition to) NMD. In support 

of this concept, haploinsufficiency of another NMD factor gene, Smg1, has been shown to 

predispose mice to tumour formation through a mechanism independent of NMD174.

NMD therapy

In the preceding sections, we summarized the evidence that NMD has critical roles in 

malignancy. This raises the possibility that modulating the activity of NMD will be of 

therapeutic benefit in treating some forms of cancer. However, for such therapeutic potential 

to be realized, it will be critical to determine the role of NMD at different stages of tumour 

development. Once specific NMD target RNAs that are functionally important in a given 

tumour cell stage and cell type are defined, this will allow the emergence of approaches 

to determine whether NMD-stimulatory versus NMD-inhibitory therapy is called for in a 

given patient with cancer (FIG. 6). For example, transcriptome analysis will reveal whether 

dysregulated pro-tumour or antitumour NMD target RNAs dominate in a given tumour. 

Further information will be gleaned from tumour DNA sequencing, which is already an 

area of focus in precision medicine175. In particular, DNA sequencing of the tumour will 

reveal the profile of PTC-generating mutations, including whether they are likely to trigger 

NMD. Together, genome-wide DNA and RNA information for a given tumour, coupled 

with knowledge of the underlying mechanisms by which NMD influences tumorigenesis, 

will likely generate predictions as to whether to provide NMD-inhibitory therapy, NMD-

stimulatory therapy or neither for a given patient.

Another important diagnostic assay will be a means to measure NMD magnitude. High 

NMD magnitude reduces the levels of NMD target RNAs, while low NMD magnitude has 

the opposite effect, both of which are likely to have profound effects on tumour cells. One 

approach to examine NMD magnitude is to use ‘reporter vectors’ that generate a visible 

and quantitative signal (such as from GFP) from a gene that either contains or lacks a PTC. 

Several NMD reporters have been generated and used to measure NMD magnitude in cell 

lines in vitro176–178, but they have not yet been applied to tracking NMD magnitude in 

tumours in vivo (for example, tumours injected into mice). Another approach to determine 

NMD magnitude is to analyse shifts in the expression of normal NMD target mRNAs. This 

approach can be used to measure NMD magnitude in human tumour biopsy samples, and 

it avoids the inherent bias of examining only a single reporter mRNA. This method has 

already been used to demonstrate NMD variability between lung tumours from different 

individuals179. To use this approach to examine NMD heterogeneity within tumours, 

single-cell RNA-sequencing analysis will be required. Single-cell RNA-sequencing analysis 

also has the potential to determine shifts in NMD magnitude during tumour progression, 

including differences that might arise as primary tumours evolve to form metastatic lesions.
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Towards the goal of suppressing NMD in patients with cancer, many therapeutic agents that 

inhibit NMD have been identified, including pateamine A180, wortmannin181, rapamycin182, 

amlexanox183, NMDI-1 (REF.184), 5-azacytidine122, AKT inhibitors185, homoharringtonine 

(also known as omacetaxine mepesuccinate)186 and other small molecules187,188. Some of 

these are clinically licensed drugs already used to treat cancer. For example, 5-azacytidine 

is used to treat myelodysplastic syndrome189. Derivatives of rapamycin that have mTOR 

inhibitor activity (for example, everolimus and sirolimus) are widely used to treat 

cancer182,190. Homoharringtonine is a protein synthesis inhibitor and cell cycle inhibitor 

that is used to treat leukaemia and other forms of cancer191. Small molecules modelled on 

the NMD inhibitor wortmannin181,190,192 are currently in late-stage clinical trials for cancer. 

Thus, it will be critical in the future to determine whether some of the antitumour effects of 

these chemotherapeutic drugs stem from their ability to inhibit NMD.

Since loss of NMD is known to perturb various biological processes15,18,20,46, it will be 

important to also identify drugs that inhibit specific NMD branches75–78, rather than the 

entire NMD pathway. In this regard, it has been reported that knockdown of the NMD factor 

SMG8 causes less deleterious effects than knockdown of other NMD factors193.

To treat tumours that have been selected to have weak NMD, NMD-stimulatory therapy will 

be required. Only one NMD activator has been identified to date — tranilast194 — and thus 

an important area of future research will be to identify other NMD activators.

Single drug approaches have a limited record of success and durability in treating cancer195. 

Thus, we expect that NMD-modulatory agents will be used mainly as adjuvants with other 

approaches. In this Review, we have discussed the likely benefits of using NMD inhibitors in 

combination with ICI therapies to elicit strong immune responses against tumours35,121,123. 

NMD-modulatory therapy might also exhibit efficacy when used in combination with 

chemotherapeutic agents; indeed, there is evidence that NMD inhibition and/or NMD 

stimulation has synergistic antitumour activity in vitro when paired with use of doxorubicin 

or the targeted therapy sorafenib39,134,196. A further benefit of NMD modulation is that 

it may ‘homogenize’ NMD magnitude across the tumour cells in a given tumour, thereby 

making it more susceptible to co-administered chemotherapeutic agents. Of note, NMD has 

been reported to promote chemoresistance127, perhaps by degrading the mRNA encoding 

the multidrug resistance protein ATP-binding cassette subfamily C member 2 (ABCC2)134, 

or by promoting stemness73, an intrinsically chemoresistant state. This provides a further 

justification for NMD-inhibitory therapy in combination with chemotherapy.

Perspectives and conclusions

There are many outstanding questions that remain to be resolved. For example, which 

specific steps of tumorigenesis are influenced by NMD? Does NMD promote some stages 

of tumour development and hinder other stages? The ability of NMD to destabilize 

mRNAs encoding proapoptotic proteins and other tumour suppressor proteins24,26,27,72,196–

199 suggests NMD may be critical for early stages of tumorigenesis when mutagenic 

activation of oncogenes initially makes tumour cells susceptible to apoptosis200,201. In 

contrast, the ability of NMD to suppress neoantigen expression might become relevant only 
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after a tumour has sufficiently expanded to have the potential to induce a significant immune 

response.

To address these issues, it will be important to understand the molecular mechanism of 

action of NMD in different settings and cellular contexts. One fundamental question will 

be whether NMD affects tumours through its ability to destabilize mutant PTC-bearing 

mRNAs or normal mRNAs. While there is considerable evidence that NMD degrades 

mutant PTC-bearing mRNAs encoding tumour suppressors and neoantigens24,26,27,35, there 

has been little evidence that NMD actually promotes tumours by this mechanism. Efforts 

should also be directed towards examining the possibility that NMD also promotes cancer 

through downregulating specific normal RNAs.

For example, NMD is known to degrade normal RNAs encoding proapoptotic regulators, 

including growth arrest-specific 5 (GAS5), BAK1, BCL3, GADD45A and GADD45B 
(REFS72,196,197), but it remains to be seen whether NMD-directed degradation of any 

of these proapoptotic RNAs provides a significant boost to tumour formation or tumour 

survival. Conversely, it has been hypothesized that there is selection to suppress NMD as a 

means to stabilize mRNAs encoding proteins involved in adaption to cellular stress, but this 

remains to be directly tested (BOX 1).

Another major class of NMD targets is alternatively spliced mRNAs. Given that most 

genes undergo alternative RNA splicing, the ability of NMD to degrade specific subsets 

of alternatively spliced mRNAs has the potential to have a large impact on malignancy. 

A prominent example of this is myeloid malignancies harbouring a recurrent mutation in 

SRSF2, which encodes an RNA splicing regulatory factor. This mutant SRSF2 not only has 

aberrant RNA splicing activity but it activates NMD to degrade specific mRNAs, including 

an alternatively spliced isoform of the mRNA encoding the tumour suppressor enhancer 

of zeste homologue 2 (EZH2), leading to disrupted haematopoiesis and likely consequent 

formation of myeloid malignancies202,203. The ability of NMD to destabilize alternatively 

spliced mRNAs has also been shown to influence EMT150. As another example, it was 

recently shown that two alternatively spliced forms of p53 — p53β and p53γ — both 

of which are largely insensitive to repression by the p53 negative regulator MDM2, are 

encoded by mRNAs destabilized by NMD204. Evidence that this regulation by NMD is 

physiologically relevant comes from the finding that inhibition of NMD in mouse non-small-

cell lung cancer and glioblastoma cell lines increased the expression of these p53 isoforms 

concordant with increased tumour cell apoptosis, increased tumour radiosensitivity and other 

known p53-dependent tumour-associated events204.

We conclude that NMD is an evolutionarily conserved pathway with a dichotomous role 

in cancer. Consistent with the well-recognized role of NMD as an RNA surveillance 

pathway that ameliorates disease51, evidence suggests that NMD acts to prevent cancer 

incidence and progression through the ability of NMD to destabilize RNAs that either 

directly promote tumours (for example, some lncRNAs) or encode pro-tumour proteins 

(for example, dominant-negative tumour suppressor proteins). In contrast, NMD appears 

to promote tumour progression by destabilizing RNAs encoding proteins that suppress 

malignancy, including tumour suppressor proteins and immunogenic proteins harbouring 
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neoantigens generated as a result of PTC mutations recognized by NMD. As we learn more 

about how NMD influences different tumour types and the different steps of tumorigenesis 

and tumour progression, it will hopefully become possible to rationally predict the best 

therapeutic approach to successfully treat a given tumour with NMD-modulatory agents.
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Glossary

RNA turnover
Degradation of RNAs; typically achieved through the action of specific nucleases.

Premature termination codons
(PTCs). Stop codons created by a mutation that prematurely terminates translation. PTC-

bearing genes encode truncated proteins.

Nonsense mutations
Substitutions of a single base pair that leads to the appearance of a stop codon where 

previously there was a codon specifying an amino acid.

Frameshift mutations
insertions and deletions downstream of the initiator codon that are not a multiple of 3, 

thereby shifting the reading frame. This results in a sequence of amino acids different from 

that in the original protein. Typically, a premature termination codon is also generated, 

which results in decay of the mRNA by nonsense-mediated RNA decay.

Neoantigen
Non-self amino acid residue generated as a result of somatic mutations, including frameshift 

mutations. Such sequences are recognized as foreign when they are generated after the 

immune tolerance phase of fetal development.

Untranslated region
(UTR). The region of an mRNA upstream and downstream of the coding region. The 5′ 
UTR is upstream of the initiator codon and the 3′ UTR is downstream of the stop codon.

Passenger mutations
Mutations that have no discernible effect on cell fitness but are associated with clonal 

expansion simply because they occur in the same genome that harbours driver mutations.

Missense mutations
Genetic alterations in which a single base pair substitution alters the genetic code in a way 

that produces an amino acid that is different from the usual amino acid at that position.

Synonymous mutations
Changes in the DNA sequence that alter the codon but do not change the encoded amino 

acid (due to redundancy of the genetic code).
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PTC readthrough-inducing compounds
Small molecules that enable the ribosomal machinery to read a stop codon as a codon 

encoding an amino acid, often resulting in the expression of a full-length functional protein.

Exon-junction complex
A protein complex deposited near most exon–exon junctions following RNA splicing. 

it stimulates nonsense-mediated RNA decay and also regulates several other post-

transcriptional events.

Dominant-negative proteins
Mutant proteins that antagonize the function of the wild type protein.

Microsatellite instability
(MSI). Deficient DNA mismatch repair in tumours, which as a consequence makes them 

prone to hypermutation.

Immune checkpoint inhibitors
(ICIs). Drugs that block checkpoint proteins (negative regulatory proteins) in immune cells. 

ICI therapy derepresses immune function and thereby enhances adaptive immune responses 

(that is, T cell and B cell responses).

Epithelial-to-mesenchymal transition
(EMT). A critical developmental process co-opted by tumours in which epithelial cells 

acquire mesenchymal traits, including their migratory and invasive properties.

Staufen-mediated mRNA decay
An mRNA decay pathway in competition with nonsense-mediated RNA decay that depends 

on the RNA-binding protein Staufen 1 or Staufen 2 and the RNA helicase up-frameshift 1 

(UPF1).
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Box 1 |

The influence of tumour heterogeneity and cellular stress on nonsense-
mediated RNA decay

Tumours are heterogeneous. Genetically divergent cell populations develop as tumours 

grow and accumulate additional genomic lesions and/or epigenetic alterations. Layered 

upon this, different regions of a tumour are subjected to different microenvironmental 

stresses. This, in turn, influences the transcriptional programmes induced in each cell. 

Even systemic stresses, such as chemotherapy, may differentially influence cells within a 

tumour mass, dependent on their microenvironment and mutational status209.

The impact of tumour heterogeneity on nonsense-mediated RNA decay (NMD) is 

unknown, but it is reasonable to hypothesize that it will lead to alterations in NMD 

magnitude (with high and low NMD magnitude leading to NMD target mRNAs being 

downregulated and upregulated, respectively) in different cells (including both tumour 

cells and stromal cells) within the same tumour. In support of this, many factors 

have been demonstrated to regulate NMD magnitude165,166. One of the most robust 

regulators of NMD is cellular stress20,93. Indeed, a likely source of variation in tumours 

is cellular stress, which most tumours must adapt to for them to continue to develop 

and thrive210-213. NMD is not only regulated by cellular stress, but, in turn, NMD is 

known to shape cellular stress responses both in vitro and in vivo17,20,74,93,214. Indeed, 

many mRNAs encoding stress-response genes are confirmed NMD targets38,74,131. Thus, 

crosstalk between NMD and cellular stress is likely to dictate stress responses in tumours, 

ultimately shaping their heterogeneity and consequent malignant potential. Given that 

cellular stress can occur transiently215-219, NMD magnitude is also likely to change 

dynamically. Thus, it is critical that NMD magnitude reporters are developed and applied 

to tumours (see the main text) to determine shifts in NMD strength in different tumour 

cell populations within a tumour at different points of their evolution.
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Fig. 1 |. The nonsense-mediated RNA decay pathway.
a | The two broad functions of the nonsense-mediated RNA decay (NMD) pathway. b | 

Simplified view of the molecular mechanism of NMD in mammals. Up-frameshift 1 (UPF1) 

is an RNA helicase recruited to all mRNAs that remains stably bound only to NMD target 

mRNAs by an unknown mechanism205; thus, high UPF1 occupancy is regarded as a reliable 

feature of NMD target mRNAs18. UPF1 also binds to UPF2, which triggers the former 

to undergo a conformational change that activates its RNA-helicase activity206. UPF2 also 

binds to UPF3B, which, in turn, interacts with the exon-junction complex (EJC)207, a set 
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of proteins (consisting of eukaryotic translation initiation factor 4A-III (eIF4A3), Y14 (also 

known as RBM8A) and MAGOH45) that bind near exon–exon junctions in RNAs208 after 

they are spliced in the nucleus. EJC-bound RNAs are then transported to the cytoplasm, 

where accessory proteins, including the EJC protein MLN51 (also known as CASC3) are 

recruited. The formation of an EJC-core NMD factor complex triggers RNA decay, but other 

mechanisms can also elicit NMD (see FIG. 2). During this chain of events, the protein 

kinase SMG1 phosphorylates UPF1, which is thought to commit an mRNA to degradation, 

since phosphorylated UPF1 binds to the RNA endonuclease SMG6, which is known 

to cleave NMD target mRNAs18. Phosphorylated UPF1 also recruits the SMG5–SMG7 

heterodimer104, which interacts with decapping and deadenylating enzymes to further foster 

RNA decay. NMD is regulated by many factors, including eIF2α phosphorylation during 

cellular stress, microRNAs and specific regulatory proteins (not shown)18,165,166.
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Fig. 2 |. Signals that trigger nonsense-mediated RNA decay and contexts that permit nonsense-
mediated RNA decay escape.
a | In-frame stop codons often, but not always, elicit nonsense-mediated RNA decay (NMD) 

when upstream of an exon–exon junction. Top: A schematic of a generic gene, showing the 

position of the translation initiation (‘START’) and termination (‘STOP’) codons defining 

the main open reading frame (ORF). Bottom: Spliced mRNAs with premature termination 

codons (PTCs) at different positions, and their fate with respect to whether they are degraded 

by NMD. Mutations that generate PTCs at most positions upstream of an exon–exon 

Tan et al. Page 32

Nat Rev Cancer. Author manuscript; available in PMC 2024 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



junction trigger NMD. However, this is not universal. For example, PTCs (1) within ~150 

nucleotides (nt) of the translation initiation codon, (2) within a large middle exon (more 

than 400 nt) or (3) located less than 55 nt upstream of the last exon–exon junction typically 

do not trigger NMD (labelled as ‘NMD escape regions’). The final spliced mRNA shown 

is an alternatively spliced mRNA harbouring a PTC-bearing alternative (‘poison’) exon, 

which triggers NMD because the PTC is upstream of an exon–exon junction. Many other 

alternative splicing events (for example, use of an alternative splice acceptor or donor, not 

shown) will elicit NMD if this leads to a frameshift and consequent generation of a PTC 

upstream of an exon–exon junction. Of note, some genes have their normal stop codon in 

a position that elicits NMD (that is, more than 55 nt upstream of an exon-exon junction); 

thus, their encoded RNAs are reduced in level by NMD, presumably for the purposes of 

regulation. b | Long 3′ untranslated regions (UTRs) can also induce NMD, but no particular 

3′ UTR length consistently elicits NMD, so this NMD-inducing feature must be tested 

empirically. Likewise, short upstream ORFs (uORFs) only sometimes trigger NMD, and 

therefore must also be tested empirically.
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Fig. 3 |. The dual role of nonsense-mediated RNA decay in cancer.
a | Many lines of empirical evidence suggest that nonsense-mediated RNA decay (NMD) 

is unfavourable to tumours (see the main text). While the mechanism by which NMD 

inhibits tumours is largely unknown, there is increasing evidence that NMD acts in this 

capacity by degrading pro-tumour RNAs, including mRNAs encoding proteins involved 

in signalling pathways and stress responses, as well as non-coding RNAs, including long 

non-coding RNAs (see FIG. 5). b | NMD can also promote cancer. NMD is thought to 

favour malignancy through its ability to downregulate the expression of mRNAs encoding 
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both normal and mutant tumour suppressor proteins, as well as other proteins that arrest 

tumour cell proliferation and/or progression, or lead to programmed cell death. NMD is also 

known to degrade mutant mRNAs encoding immunogenic neoantigens that would otherwise 

drive immune-mediated rejection of tumours. c | Randomly generated premature termination 

codon (PTC) mutations either trigger NMD (‘NMD-elicit’ mutations) or do not trigger 

NMD (‘NMD-escape’ mutations), depending on their position in an mRNA (see FIG. 2). 

Advantageous PTC mutations have been shown to be selected for during tumour evolution. 

Thus, NMD-sensitive PTC mutations tend to be selected for in tumour suppressor genes 

to decrease their expression. In contrast, NMD-insensitive PTC mutations are enriched in 

oncogenes to preserve their expression.
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Fig. 4 |. Nonsense-mediated RNA decay degrades mRNAs encoding neoantigens.
Frameshift insertion and deletion (indel) mutations typically generate novel amino acid 

sequences at the carboxy terminus of proteins called ‘neoantigens’ (for simplicity, the 

example in the figure shows a frameshift mutation that generates only three novel carboxy-

terminal amino acids). Because neoantigens are regarded as foreign by the immune system, 

they elicit immune responses, including cytotoxic T cell-mediated death of tumour cells that 

express these foreign peptides. Mitigating this antitumour action is the fact that frameshift 

indel mutations typically create a premature termination codon (PTC), which usually leads 

to the neoantigen-encoding mRNA being rapidly degraded by nonsense-mediated RNA 

decay (NMD) (see FIG. 2 for positions of PTCs that either elicit or not elicit NMD). 

Evidence from experimental models indicates that one can reverse the decay of neoantigen-

encoding mRNAs by inhibiting NMD. This raises the possibility of using NMD inhibition 

therapy in patients with cancer to increase the expression of neoantigens on their tumour 

cells as a means to elicit an effective antitumour immune response.
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Fig. 5 |. Putative mechanisms by which nonsense-mediated RNA decay suppresses malignancy.
One potential mechanism by which nonsense-mediated RNA decay (NMD) may suppress 

tumour growth and/or progression is through the known ability of NMD to destabilize 

mRNAs encoding mutant tumour suppressor proteins harbouring dominant-negative (DN) 

activity. NMD also destabilizes normal mRNAs encoding some tumour-promoting proteins, 

raising the possibility that this is another mechanism by which NMD suppresses malignancy. 

Evidence suggests that NMD may also suppress tumours by degrading pro-tumour non-

coding RNAs, including the long non-coding RNA MALAT1 and small nucleolar RNA host 

gene 6 (SNHG6). NMD also destabilizes many mRNAs encoding stress-response proteins 

(for example, activating transcription factor 4 (ATF4) mRNA), raising the possibility that 

this reduces the ability of tumours to cope with the cellular stress known to be elicited by the 

tumour microenvironment. Evidence suggests that NMD can inhibit malignancy by either 

promoting or suppressing transforming growth factor-β (TGFβ) signalling, depending on 

the tumour type. NMD promotes TGFβ signalling by destabilizing the mRNA encoding 

the negative TGFβ signalling regulator SMAD7. It is not known how NMD inhibits 

TGFβ signalling, but one conseguence of this action is reduced epithelial-to-mesenchymal 

transition (EMT). EMT is potentially further reduced by NMD as a result of its known 

ability to destabilize several mRNAs encoding EMT-promoting factors. Nuclear factor-κB 

(NF-κB) signalling has been suggested to have a role in inflammatory myofibroblastic 

tumours through the action of the NF-κB activator MAP3K14 (also known as NIK), which 

is encoded by an NMD target mRNA41.
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Fig. 6 |. Nonsense-mediated RNA decay modulatory therapy.
Shown is a step-by-step approach which may be used in the future to determine whether a 

given tumour is a candidate for nonsense-mediated RNA decay (NMD)-stimulatory therapy 

or NMD-inhibitory therapy. Genomic and transcriptomic sequencing analysis will provide 

genome-wide information on mutations and transcript Levels, which will define both normal 

and mutant mRNAs downregulated by NMD in a given tumour. With use of an algorithm, 

the data from a given tumour will allow the tumour to be defined as either having an 

‘NMD pro-tumour’ phenotype or an ‘NMD antitumour’ phenotype, on the basis of what 

is known — in the future — about the role of NMD target mRNAs in the particular 

type of tumour being analysed (as determined by standard pathology analysis). Another 

factor that will be considered is the overall NMD magnitude in the tumour, which will 

be determined from transcriptome analysis. Low NMD magnitude (inferred by upregulated 

NMD target mRNAs) would suggest treatment with NMD-stimulatory therapy. High NMD 

magnitude (inferred by downregulated NMD target mRNAs) would suggest treatment with 

NMD-inhibitory therapy.
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