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Abstract

Nonsense-mediated mRNA decay (NMD) is a highly conserved cellular surveillance mechanism, commonly studied
for its role in mMRNA quality control because of its capacity of degrading mutated mRNAs that would produce trun-
cated proteins. However, recent studies have proven that NMD hides more complex tasks involved in a plethora of

cellular activities. Indeed, it can control the stability of mutated as well as non-mutated transcripts, tuning transcrip-
tome regulation. NMD not only displays a pivotal role in cell physiology but also in a number of genetic diseases. In
cancer, the activity of this pathway is extremely complex and it is endowed with both pro-tumor and tumor suppres-
sor functions, likely depending on the genetic context and tumor microenvironment. NMD inhibition has been tested
in pre-clinical studies showing favored production of necantigens by cancer cells, which can stimulate the triggering

of an anti-tumor immune response. At the same time, NMD inhibition could result in a pro-tumor effect, increasing
cancer cell adaptation to stress. Since several NMD inhibitors are already available in the clinic to treat genetic dis-
eases, these compounds could be redirected to treat cancer patients, pending the comprehension of these varie-
gated NMD regulation mechanisms. Ideally, an effective strategy should exploit the anti-tumor advantages of NMD
inhibition and simultaneously preserve its intrinsic tumor suppressor functions. The targeting of NMD could provide a
new therapeutic opportunity, increasing the immunogenicity of tumors and potentially boosting the efficacy of the
immunotherapy agents now available for cancer treatment.
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Background

Nonsense-mediated mRNA decay (NMD) pathway is a
protection mechanism of eukaryotic cells, being respon-
sible for the identification and degradation of mRNAs
with aberrant mutations. In this way, NMD prevents
the production of altered polypeptides with potentially
toxic dominant-negative activity [1]. Although this is the
standard definition of NMD, its role is far from being just
that. Indeed, the NMD pathway is also involved in the
fine physiological regulation of the transcriptome thus
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playing a crucial role in stress adaptation and differentia-
tion. NMD is known to contribute to the onset of genetic
pathologies in the presence of nonsense mutations [2].
Moreover, several new findings support the notion that
the NMD pathway plays an important role also in defin-
ing cancer cell outcome, being both favorable and unfa-
vorable depending on tumor type and microenvironment
context [3, 4]. In this review, we focus on this double
effect that the NMD endows in cancer and the potential
therapeutic application of NMD inhibitors.

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-0564-0563
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13046-021-02192-2&domain=pdf

Bongiorno et al. J Exp Clin Cancer Res (2021) 40:376

Main text

NMD activation mechanisms

The detection of a transcript bearing a premature ter-
mination codon (PTC) is the best characterized NMD
function. However, the NMD machinery is not only
able to target mutated disease-causing mRNAs, but also
to physiologically regulate about 10% of the transcrip-
tome of human cells [5]. The NMD molecular pathway
involves the recruitment of the kinase SMG1 that in turn
is responsible for the activation of the key NMD protein,
UPF1 [6]. In detail, SMG1 and UPF1 interact with the
translation termination factor eRF1 and eRF3, and form
the SMG1-Upfl-eRF1-eRF3 (SURF) complex which then
promotes the activating phosphorylation of UPF1 by
SMG1 [7]. Then, phosphorylated UPF1 acts as a platform
for the recruitment of the endonucleases responsible for
mRNA degradation [8]. The way by which NMD discrim-
inates its targets is still not entirely clear, but, currently,
it is thought that cells employ two main mechanisms to
select the mRNA target, one being exon junction com-
plex (EJC)-dependent and the other EJC-independent.

EJC-dependent and -independent NMD

The EJC-dependent NMD has been considered the only
NMD activation mechanism for a long time. According
to this mechanism, the detection of the mRNA target
occurs when a PTC is coupled with the splicing machin-
ery [9]. In fact, when a transcript undergoes splicing, a
large protein complex, the EJC, is recruited 20-24 nucleo-
tides upstream the splicing site [10]. During translation,
ribosomes normally remove EJC in order to completely
translate the transcript, but an EJC present after a stop
codon will not be removed and will become the trig-
gering signal for NMD activation as demonstrated in a
Xenopus model [10]. In agreement with this idea, PTCs
localized in the last exon are not recognized by NMD. In
the EJC-dependent NMD, two other members of the Upf
family, Upf2 and Upf3, are also recruited by the SURF
complex making PTC recognition more efficient [11]. In
particular, Upf3 was shown to directly interact with eRF3
in yeast [12].

Nevertheless, several pieces of evidence show that
also transcripts not containing an EJC can be targeted
by NMD. Indeed, mRNAs without introns can similarly
be recognized by NMD and the artificial localization
of a proximal intron downstream a physiological stop
codon does not affect the stability of the transcript, and
the splicing process correctly occurs [13, 14]. Taking
into account these observations, the EJC-independent
model was proposed. According to this, PTC discrimi-
nation depends on a competition mechanism in which
eRF3 interacts alternatively with Upfl or with the

Page 2 of 11

cytoplasmic polyadenylate-binding protein (PABC1),
depending on PTC position [15]. Generally, a physi-
ological stop codon is localized near the poly(A) tail,
favoring eRF3-PABP interaction and so determining
the normal termination of translation [16]. On the con-
trary, a PTC being physically distant from the 3’-UTR
region makes PABP-eRF3 interaction difficult and
favors the recruitment of Upfl with consequent mRNA
decay, at least in yeasts [17, 18]. Although this mecha-
nism was also confirmed by employing human cell lines
[19], more recent evidence obtained through genom-
ics analyses suggests that a long 3'UTR could trigger
NMD only in particular cases and be not so relevant in
human NMD [20]. Moreover, several mammalian cell
mechanisms are able to protect long 3’UTR from NMD.
This is the case of PTBP1 [21] and hnRNP L [22] which
both interact with specific regions near the termination
codon and inhibit the recruitment of UPF1, hence pre-
venting mRNA degradation.

A prominent role of NMD pathway, in addition to
the recognition of nonsense transcripts, is to act as
a post-transcriptional regulator of entire groups of
genes further indicating that NMD is able to target
also not mutated mRNAs as shown in yeasts [23]. In
this case, the EJC-independent mechanism was pro-
posed to explain how NMD is able to physiologically
regulate transcriptome. A long 3'UTR (>1kb) could
reduce the efficiency of eRF3-PABP interaction and
favor Upfl binding, thus increasing the chance of Upfl
activating phosphorylation [2]. However, recent find-
ings strongly support the notion that the activation of
NMD is not caused by 3’'UTR length per se, but by the
increased presence of exon junctions in longer 3'UTR
[20, 24]. Many works investigated the mechanisms by
which NMD regulates the stability also of non-mutated
mRNAs and described several “rules” that could expand
the concept of EJC-independent mechanism. These
works detailed how the regulation of a physiologi-
cal transcript decay depends on the balance between
NMD inhibitory cis-agents elements and NMD activat-
ing features intrinsic of the transcript. Accordingly, an
upstream open reading frame (uWORF) increases sensi-
tivity to NMD of mRNAs [25] not displaying an exon-
exon junction in the 3’'UTR [24]. Retained introns and
the presence of exons in 3’'UTR are all mechanisms
associated to increased NMD activity [24]. Moreover,
mRNAs generated by alternative splicing (AS) are char-
acterized by different half-lives due to NMD-dependent
degradation. This AS coupled with NMD (AS-NMD)
was first described in mouse cells [26] and then con-
firmed in C. elegans [27], finding that this process is reg-
ulated by exons containing “ultraconserved elements”
and it is highly preserved among different species [28].
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Role of NMD in physiological conditions and in stress
adaptation

The NMD pathway is able to guarantee a fine quality con-
trol of transcriptome with a precise timing of expression
of NMD targets. This allows cells to adapt in response to
stress conditions or modify transcriptome during devel-
opment. The importance of NMD is evidenced by the fact
that the knockout of NMD components, such as Upfl
and Smgl, causes lethality in mice and has been associ-
ated with intellectual disability in humans [29]. Indeed,
the NMD-mediated regulation of gene expression is
important for the differentiation of several cell types,
such as neurons and embryonic stem cells (ESCs), where
NMD acts as regulator of key grow factors (e.g. TGFP
and BMP) [30]. NMD results fundamental also during
lymphocyte development, during which T-cell receptor
(TCR) programmed rearrangement generates various
unproductive gene products bearing a PTC. Aberrations
in the NMD process cause an increase of nonsense TCR
transcripts that result toxic for cells [31].

The NMD pathway regulates a set of genes involved in
the integrated stress response (ISR) and in the unfolded
protein response (UPR), preventing their activation in the
presence of low levels of stimuli [32]. On the other hand,
both ISR and UPR, activated in the presence of medium-
high stresses, induce eukaryotic translation initiation fac-
tor 2a (elF2a) phosphorylation which decreases general
protein synthesis and suppresses NMD [32]. The mech-
anisms underlying eIF2a phosphorylation-dependent
NMD inhibition are still largely unknown and cannot
be simply explained by the overall reduction of protein
translation which indeed reduces the expression levels
also of NMD factors. Accordingly, it has been proposed
that phosphorylation of elF2a could also inhibit NMD
through the relocalization of NMD mediators in stress
granules, resulting so physically distant from their mRNA
targets. Hence, in the presence of high levels of cellular
stress, NMD is inhibited and this allows the stabilization
of stress mediator transcripts, although, in theory, the
phosphorylation of elF2a should prevent their transla-
tion. Nonetheless, it was shown that this is not the case
because, despite the global reduction of protein synthe-
sis, several stress mediators such as ATF-4, ATF-3 and
CHOP are indeed translated upon cellular stress [33], and
display increased transcript stability as a consequence
of NMD inhibition and through specific escape mecha-
nisms involving for example a different uORF [34]. This
event leads to increased levels of stress response media-
tors, such as cysteine/glutamate exchanger SLC7All,
which is involved in the production of glutathione to
reduce reactive oxygen species (ROS) level, and IRElq,
a master regulator of UPR, whose transcript is normally
recognized by NMD likely due to the presence of a long
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3'UTR [35]. Moreover, in the case of prolonged or exces-
sively high stress, to which adaptation is precluded, Upfl
is cleaved by caspases, generating a peptide with a domi-
nant negative function on NMD activation. This event
causes the upregulation of proapoptotic NMD targets
such as BAK1, DAP3, DUSTP2 and GADD45a [36, 37].
Cellular stresses that activate ISR and inhibit NMD path-
way include hypoxia and production of ROS that are also
distinctive elements of tumor environment, so determin-
ing a possible inhibition of NMD in tumor cells.

Pro-tumor functions of NMD

NMD detects PTCs, which can be caused by frameshift
indel mutations, and results in the degradation of
mutated mRNAs potentially encoding novel immuno-
genic peptides. This concept implies that the inhibition
of the NMD machinery could increase the production
of neoantigens especially in unstable and error-prone
cells, such as tumor cells. Accordingly, it has been shown
that the genetic inhibition of Upf2 or Smgl resulted in
immune-dependent reduction of tumor growth in syn-
genic mouse models [38]. On the same line, in vitro
silencing of UPF1 caused the production of a large num-
ber of neoantigens potentially able to activate T-cell
responses [39]. Neoantigen expression in osteosarcoma
was shown to be reduced by NMD ultimately resulting
in an accumulation of genomic alterations not paralleled
by immune infiltration [40]. In the immunotherapy era,
these observations prompt the opportunity to combine
NMD inhibitors, already available for the treatment of
several genetic diseases, with immune checkpoint inhibi-
tors exploiting the potential increase of the antigenic rep-
ertoire of target tumors. Although not all mutations are
immunogenic, frameshift mutations are usually associ-
ated with the highest immunogenicity. Further support-
ing the pivotal role of NMD in preventing the expression
of mutated mRNA, it was shown that expressed indel
mutations eventually translated into detectable proteins
were indeed enriched in genomic regions likely to escape
NMD [40]. Hence, analysis of frameshift mutations
potentially not detected by NMD could be employed
to stratify patients more likely to respond to immune
checkpoint-based therapy [41], an approach which was
shown to be predictive of therapy response [40, 41]. Due
to the capacity of NMD to reduce the expression levels
of mutated genes, it is not surprising that NMD com-
ponents are expressed at higher levels in microsatellite
instability (MSI) tumors [42] which are characterized by
defects in the DNA mismatch repair (MMR) system [3]
and have been the focus of intense investigation [42—44].
In these settings, the pharmacological inhibition of NMD
could favor HLA class I-mediated presentation of indel
neoepitopes which could be exploited to trigger a CD8
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T-cell response [45]. Accordingly, NMD activity is a neg-
ative predictive factor of immune response against MSI
colorectal cancer (CRC; [42]).

Along with the effect on the expression of immuno-
genic peptides, the inhibition of NMD allows the expres-
sion of different toxic mutated proteins and results in an
anti-tumor effect. The inhibition of NMD could hence
represent a strategy to stimulate the re-expression of a
plethora of NMD-suppressed genes [44, 46] to inhibit
tumor growth. This approach has been exploited in pre-
clinical settings also to identify mutations targeted by
NMD and to characterize novel tumor-suppressor genes
[46]. By following the latter approach, a plethora of genes
both mutated and not mutated [47] have been shown to
be degraded in an NMD-dependent manner. Neverthe-
less, NMD-mediated degradation of mutated mRNA is
strictly selective [43, 48].

NMD as a tumor suppressor interconnected with the tumor
microenvironment (TME)

As mentioned above, NMD can favor cancer cells by pre-
venting the expression of mutated antigens with immu-
nogenic activity, but it is also endowed with opposite
activities with tumor-suppressor functions. For exam-
ple, mutated BRCA1, which is responsible for breast and
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ovarian familiar cancer, can display dominant negative
activities when prematurely truncated [49]. Nonethe-
less, by comparing the expression levels of wild type and
mutated alleles within the same patient, it was shown
that mutated transcripts levels are lower compared to
the wild-type counterpart. The NMD was shown to be
responsible for the selective degradation of the mutated
allele transcript [50] hence acting as a surveillance
mechanism.

In agreement with an anti-tumor role of NMD,
there are several findings showing that this pathway
is repressed along with tumor evolution and develop-
ment. The inhibition is especially triggered by micro-
environmental cues as hypoxia [32] which represses the
expression of NMD components in an elF2a-dependent
manner, ultimately favoring the expression of ATF-4,
ATEF-3, and CHOP (Fig. 1). These mediators are com-
ponents of the ISR and favor tumor adaptation to low
oxygen levels, also favoring the induction of autophagy
[51] which represents a cancer cell resistant state [52].
Microenvironment-dependent inhibition of NMD has
been shown to promote also the expression of SLC7A11
[53] which can protect cancer cells from oxidative stress.
SLC7A11/xCT allows cystine intake by cells and it is
hence essential for glutathione synthesis which in turn
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Fig. 1 Pro- and anti-tumor effects of NMD inhibition. NMD has been shown to play a critical role in tumors, displaying, at the same time, a
pro-tumor and tumor suppressor activity, depending on the genetic context and tumor microenvironment. NMD, degrading mRNAs with a PTC,
protects cells from the formation of potentially toxic proteins. Indeed NMD pathway inhibition results in tumor cell toxicity due to the accumulation
of mutated protein. Moreover, immunogenic peptides, derived from these proteins, could act as neoantigens able to activate T-cell response
against tumor cells, inducing so an immune-dependent reduction of tumor growth. Furthermore, NMD physiologically regulates genes involved

in DNA damage response, so NMD inhibition results in a reduction of tumor capacity to respond to DNA damage and in a greater sensitivity to
chemotherapy. On the other hand, for its tumor-suppressor role, NMD is often inhibited by microenvironmental cues, as hypoxia or oxidative stress,
determining an increased expression of ISR components, like ATF3 and CHOP, or antioxidant agent such as SLC7A11. In this way, NMD inhibition
protects cancer cells from elevated level of ROS and reduced oxygen concentration allowing tumor adaptation to stress conditions. Moreover,
impaired NMD was found to favor activation of the NF-kB pathway so inducing an inflammatory state and favoring tumor cell survival. Adapted
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constitutes an antioxidant defense. Not surprisingly,
SLC7A11 is often found over-expressed in cancer cells
and has been proposed as a novel target in cancer ther-
apy [54].

NMD is hence inhibited by TME-induced stress to
favor tumor adaptation to the surrounding hostile con-
ditions. However, by causing the degradation of a pleth-
ora of mutated mRNA and potentially controlling about
one third of all alternatively spliced mRNAs [55], NMD
in turn has the potential to profoundly mold the TME.
The last aspect has still been poorly investigated in can-
cer, but could further complicate the already intricated
connection between cancer cells and TME. For example,
a recent work shows mutation in UPF1 in 13 out of 15
inflammatory myofibroblastic tumor (IMT) samples [56].
Impaired NMD was found to promote the accumulation
of NIK that is a potent activator of the non-canonical
NF-kB pathway and stimulator of several pro-inflamma-
tory cytokines such as TNF [57]. NIK is usually degraded
in a continuous fashion by cIAP1 and cIAP2 [58] in order
to block the activation of its downstream pathway, but
mutations or silencing of UPF1 were shown to aberrantly
cause the accumulation of NIK resulting in chemokine
production and massive immune infiltration in lung
IMT [56]. NMD regulates NF-kB also at different lev-
els and SMG7 was identified as a determinant of resist-
ance to TNF-induced extrinsic apoptosis induction [59].
Accordingly, its depletion was shown to prevent sensitiv-
ity to TNF and favor activation of the NF-kB pathway via
reduction of tumor suppressor cylindromatosis CYLD
[60], a deubiquitinase that cleaves polyubiquitin chains
and is involved in TNF-induced necroptosis.

Impact of NMD on cancer treatment efficacy

Since NMD regulates the transcription levels of many
pathways in normal and cancer cells, it is easy to deduce
that NMD could also impact a plethora of cell responses
and ultimately also influence anti-cancer therapy effi-
cacy. Traditional chemotherapy relies on the activation
of apoptosis which is negatively regulated by NMD [36].
Interestingly, apoptosis in turn is able to inhibit NMD
through caspase-9-dependent cleavage of UPF1. These
findings support the idea that NMD and apoptosis bal-
ance is finely regulated. Inhibition of NMD was shown
to promote the in vitro efficacy of doxorubicin in human
cancer cell lines [36] and NMD was proved to regulate
a number of genes involved in DNA damage response.
Since traditional chemotherapy is effective by inducing
DNA damage, this provides an additional mechanism by
which NMD can influence cancer outcome upon chem-
otherapy administration. For example, p53 activation,
which occurs in response to genotoxic stress induced
by chemotherapy, is essential for cell cycle arrest and
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allows DNA damage repair. It has been shown that p53
expression depends on the NMD mediator SMG1 [61],
which hence influences chemotherapy efficacy via p53.
Moreover, p53 is often mutated in cancer cells and it is
a direct target of NMD. Accordingly, in the presence of
frameshift mutations, SMG1 inhibition induces the accu-
mulation of truncated p53 proteins [62]. ATM, another
protein involved in DNA damage response, is tightly reg-
ulated by NMD and its frameshift mutations result in loss
of protein expression. Ataxia telangiectasia (AT) patients
bearing this kind of mutations are hypersensitive to dou-
ble-strand DNA breaks, bear neurological symptoms and
are more likely to develop cancer. Interestingly, a simi-
lar phenotype is found also in patients characterized by
mutations in other proteins involved in DNA damage
sensing, such as MRE11, and which are targets of NMD-
mediated degradation [63]. Hence, in the case of mutated
p53, ATM and MRE11, NMD contributes to the wors-
ening of the phenotype by reducing the levels of these
already hypofunctional proteins and further impairing
the DNA damage response pathway. Importantly, the
expression levels of several genes involved in DNA dam-
age response are regulated by NMD also in the absence
of truncating mutations, but through mRNA splicing.
The latter mechanism is linked to NMD since the splicing
machinery is also responsible for the stability of mRNAs,
it regulates basically each round of translation of an
mRNA [64], and eventually controls the levels of pro-
teins. EJC proteins are recruited at exon—exon junctions
by the splicing machinery and are detached upon transla-
tion in the ribosome. If a PTC is present, the EJC remains
on the mRNA and triggers NMD. Hence, splicing and
NMD machineries are strictly interconnected, and work
in concert during protein synthesis. Components of the
splicing machinery are often mutated in cancer cells and
are responsible for splicing aberrations and expression of
3" cryptic transcripts. This is the case of splicing factor
3B subunit 1 (SF3B1; [65]) that is frequently mutated in
chronic lymphocytic leukemia (CLL) resulting in aber-
rant response to DNA damage [66]. Notably, it has been
shown that mutations in the splicesome genes SF3B1 and
U2AF1 render cancer cells more sensitive to NMD inhi-
bition in a synthetic lethality fashion [67]. Mutations in
the splicesome and or NMD machinery may hence rep-
resent a predictive marker of response to NMD-directed
compounds.

Targeting the NMD pathway

In the presence of a dominant nonsense mutation, NMD
reduces the expression of the mutated allele having so
an important role in reducing the disease phenotypic
manifestations [50]. In other cases, nonsense mRNA
can result in the production of a truncated protein that
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is partially functional. Hence the destruction of this tran-
script by NMD results in a more severe phenotype [68].
The latter observation has provided the rationale for
a promising therapeutic approach for genetic diseases
driven by nonsense mutations [69] which consists of the
use of small readthrough molecules that force ribosomes
to ignore PTC and synthesize a full-length protein [70].
Approaches to prevent the degradation of nonsense tran-
scripts by NMD coupled with readthrough agents have
been tested in pathologies like cystic fibrosis (CF) and
Duchenne muscular dystrophy (DMD). Aminoglycoside
antibiotics were among the first to be used (Table 1).
Thanks to their structure, they are able to bind ribo-
somes, reduce the fidelity of translation and, at the same
time, prevent recognition of nonsense mRNA by NMD
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[78]. In vitro experiments in a CF bronchial epithelial cell
line show that this double aminoglycoside effect allows
an increase of about 20% of protein expression [79].
Despite this, clinical trials in patients with CF or DMD
showed no therapeutic benefit, although aminoglycoside
treatment led to increased functional protein production
[80, 81]. Moreover, prolonged treatments with the high
dose of aminoglycoside required to achieve clinical utility
have been seen to cause severe adverse effects [82, 83]. In
an attempt to identify new molecules with high efficiency
and reduced toxicity, PTC Therapeutics Inc. performed a
high throughput screen of about 800,000 molecules that
allowed the identification of a small molecule named
Ataluren or PTC124 [84]. Despite the acceptable safety
profile obtained in preclinical studies, phase II and III

Table 1 Structure, mechanism of action and side effects of NMD pathway inhibitors
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trials for CF and DMD displayed conflicting results [85,
86] allowing Ataluren to be approved by FDA only for
DMD treatment. These trials show also that individuals
with the same genetic mutation have a different response
to therapy, implying so the involvement of mutation-
independent factors.

The regulation of the NMD pathway is extremely vari-
able among the population and the level of degradation
of nonsense mRNA, which are the target of readthrough
molecules, is patient-dependent [87, 88]. Due to the
complexity of NMD regulation, it is difficult to identify
the specific determinants of the observed variability.
NMD efficiency was shown to be cell- [89] and tissue-
specific [90], and the same mutation was found to result
in extremely variable intra- and inter-familial pheno-
types [88]. Expression levels of the core components of
the NMD machinery, which are themselves targets of the
NMD! [91], could contribute to the variable NMD activ-
ity found [92]. Their transcription was shown to depend
on a plethora of mechanisms including expression quan-
titative trait loci (eQTL), miRNAs, mRNA half-life and
negative feedback loop (reviewed in [93]). Mutations can
be found in genes coding for NMD mediators especially
in cancer cells, [56, 94] and stress conditions further
influence the levels and the activity of NMD [32]. Several
reporters have been developed to estimate NMD activity
in preclinical settings [92] and recent advances in whole
c¢DNA sequencing could allow to quantify the whole
activity of NMD and identify thousands of mRNAs tar-
geted by NMD [24], exploitable as biomarkers to design
a personalized approach and treat patients with NMD
inhibitors for both genetic diseases and cancer.

Due to the inter-patient different sensitivity to treat-
ment, the association between readthrough agents and
NMD inhibitors is focus of several studies that demon-
strate a synergistic effect in the rescue of nonsense muta-
tions [95]. Despite the essential role of NMD in the cell,
it has been shown that the depletion of UPF1 to up to 80
% allows NMD activity suppression without compromis-
ing the survival of cells, suggesting that the use of NMD
inhibitors could display a therapeutic window [77].

Several compounds have been identified as NMD
inhibitors, limiting the UPF1 phosphorylation and
dephosphorylation cycle [96]. An example is consti-
tuted by caffeine that, through inhibition of SMGI,
reduces the phosphorylation of UPF1 and so NMD
activity. In vitro experiments on a bronchial cell line
derived from a CF patient with a nonsense mutation
show that caffeine reduces the NMD-dependent non-
sense mRNAs degradation and allows an enhanced
efficiency of readthrough [97]. Despite this evidence,
caffeine, even if it does not affect cell viability and
morphology, is not specific for SMG1 inhibition and
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inhibits also phosphoinositide-3-kinase related protein
kinases (PIKKs) and some phosphoinositide 3-kinases
(PI3Ks) [72, 98]. However, a region of about 1000
amino acids found in SMG1, which is not in common
with other kinases, could provide a possible target for
new target-specific NMD inhibitors [99].

Through a high throughput drug screen, a small mol-
ecule, referred to as NMDI-1, was identified and it was
shown to be able to stabilize the hyperphosphorylated
state of UPF1, so determining NMD inhibition. NMDI-1
was shown to be rather specific and induce low toxicity in
mammalian cells, also when used at concentration higher
than necessary [73]. In order to optimize the activity of
this inhibitor, NMDI-1 derivatives (NMDI-9, NMDI-14,
NMDI-25) have been developed and in vitro experiments
show that their combination with readthrough agents
allows to restore a functional full-length p53 protein
[77]. Another possible NMD inhibitor is the 5-azacy-
tidine (5AzaC), a cytidine analogue that, once incorpo-
rated into DNA, inhibits methyltransferases allowing so
expression of genes, like tumor suppressor ones, previ-
ously suppressed by methylation. For this activity 5AzaC,
is already approved by FDA for cancers treatment and so
could be potentially repurposed as a therapeutic NMD
inhibitor [100]. In particular, 5AzaC NMD inhibition is
different from the classical already analyzed mechanisms
and acts in a ¢-MYC dependent manner. In fact, 5AzaC
anti-NMD activity is fully eliminated in a c-MYC knock-
down context [75]. Although the precise mechanisms
underlying the latter observation are largely unknown,
¢-MYC is linked to NMD via several mechanisms. In fact,
it is a well-known inducer of protein synthesis, hence
triggering UPR and phosphorylation of elF2a, which can
also be induced by replication stress and/or DNA damage
again, all favored by c-MYC. Moreover, c-MYC induces
ROS [101] another regulator of NMD. Notably, c-MYC
is an oncogene often overexpressed in tumors that also
exhibit a repressed NMD pathway.

Instead, a repurposing drug approach through virtual
screening of FDA-approved drugs allowed the identifi-
cation of a new promising NMD inhibitor, amlexanox.
It is an anti-inflammatory and anti-allergic compound
approved for the treatment of mouth ulcers and asthma,
and moreover tested for a Phase II clinical trial for dia-
betes mellitus type II (www.clinicaltrials.gov). Aml-
exanox stabilizes nonsense mRNAs in a late stage of
NMD pathway and so acts with a different mechanism
from the other analyzed inhibitors [76, 102]. Moreover,
in vitro experiments show that amlexanox treatment
allows a more efficient rescue of mutated proteins com-
pared to amynoglycosides and results can be appreci-
ated already after 24h from the treatment instead of
the 48h requested by aminoglycosides treatment [102].
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The relative safety, together with its efficiency, makes
Amlexanox a promising therapeutic molecule for NMD
inhibition.

Novel strategies to modulate NMD in cancer

Amlexanox has been proposed, at least in preclinical set-
tings, to treat cancer cells suggesting that NMD inhibi-
tors could be repurposed for colorectal, and especially
MSI, cancer treatment to restore the expression of sev-
eral NMD targets. Accordingly, it was shown that amlex-
anox administration decreases cell proliferation of MSI,
but not microsatellite stable (MSS), cells [3] both in vitro
and in vivo. Notably, only immunocompromised animals
were employed supporting the idea that this approach
could be even more effective in syngeneic immunocom-
petent models. In the presence of a competent immune
system, the inhibition of NMD could allow the expo-
sure of several mutated antigens inducing an anti-tumor
response in the host. It is possible to speculate that there
could be a correlation between TMB and/or mismatch
repair-deficiency, and efficacy of NMD inhibition in
cancer, as already observed for anti—-PD-1 or anti-PDL1
therapy [103]. On the same line, pharmacologic pertur-
bation of splicing could potentially be exploited in cancer
treatment, as recently shown in mice models, to produce
neoepitopes and trigger an anti-tumor immune response
[104].

On the other hand, as already mentioned, NMD
appears to be endowed with tumor suppressor activ-
ity in some tumors. In these settings, an activation of
NMD would be preferable. Although a pharmacological
approach to restore NMD activity is difficult to design, a
possible strategy could be represented by the modulation
of the diet. Caloric restriction has already been shown to
enhance the efficacy of chemotherapy [105], hormone
therapy [106] and immune checkpoint therapy [107],
but it could also be effective in triggering the expres-
sion levels of NMD mediators through the stimulation
of AS [108]. Hence, a number of drugs and interventions
already available for the treatment of genetic diseases
could be repurposed in cancer treatment to inhibit or,
contrarily, activate NMD.

Conclusions

NMD was initially identified as a mechanism to merely
prevent the expression of mutated truncated pro-
teins which have the potential to be toxic by displaying
dominant negative activities. Later works have clarified
that NMD is endowed with a more wide effect on basi-
cally every cellular aspect through its capability to con-
trol the stability of mutated and non mutated mRNAs.
NMD function is also connected to the splicing machin-
ery activity further increasing its capability to control
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cell physiology and adaptation to stress. NMD has been
shown to play a crucial role in tumors although the inti-
mate mechanisms and effects of NMD in cancer cells
are still poorly characterized. Many works have proved a
pro-tumor effect of NMD, but, at the same time, a large
amount of evidence shows that NMD can display a tumor
suppressor activity. Undoubtedly, NMD represents an
opportunity for new cancer therapy strategies, pend-
ing the comprehension of the intricate setting-depend-
ent features. The identification of predictive markers
of response to NMD inhibition is hence crucial. An
approach could be represented by quantification of NMD
activity in cancer cells, which can be higher or lower
compared to normal tissues in a patient-dependent fash-
ion [109].

Patients bearing tumors characterized by high levels
of NMD activity could theoretically benefit from mol-
ecules inhibiting one or more of its mediators. Several
compounds are currently been tested for genetic diseases
with the final aim of restoring, via NMD inhibition, the
expression of mutated proteins that, although truncated,
could preserve at least in part their activity and eventu-
ally reverting the aberrant phenotype. In cancer settings,
NMD inhibition could promote the accumulation of can-
cer cell-specific neoantigens, potentially immunogenic
(Fig. 1). Notably, these antigens could stem not only from
frameshift mutations, but also from aberrant splicing
which is particularly frequent in cancer cells [110, 111]
and can produce novel, immunogenic peptides [112].
The inhibition of NMD could hence render tumors more
immunogenic. This effect could be exploited by combina-
tion with immune checkpoint inhibitors and ultimately
trigger or potentiate their activity [104]. In fact, despite
the success of immune checkpoint inhibitors in several
cancer types, their efficacy is often partial and there is
the urgent need to find combinations to increase their
efficacy in unresponsive patients and in cancer types not
sensitive to this kind of therapy.

In conclusion, NMD may offer a novel opportunity in
cancer treatment though it seems to display different
and even opposite effects depending on the context. Still,
the characterization of this pathway could support the
designing of new strategies to treat tumors, especially in
combination with immune-based therapies making man-
datory the detailing of the intricate mechanisms control-
ling NMD and the identification of predictive markers
which foresee the benefit of NMD inhibition.
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