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1. Abstract 

 

Nonsense-mediated mRNA decay (NMD) is a surveillance pathway that 
recognizes and degrades mRNAs carrying premature translation-termination codons 
(PTCs), protecting the cell from potentially harmful truncated proteins (1). Recent 
studies demonstrated that NMD also targets mRNAs transcribed from a large subset of 
wild-type genes, arising as a mechanism of gene expression regulation (2,3). This 
raised the possibility that NMD is a controlled mechanism, an idea that was confirmed 
by recent studies, where NMD activity was seen to be modulated in specific cell types 
(4) and auto regulated through its intrinsic mechanism of mRNA degradation (5). 
Cellular stress, such as endoplasmic reticulum (ER) stress, hypoxia, reactive oxygen 
species, and nutrient deprivation were also seen to modulate the magnitude of NMD by 
mechanisms that are beginning to be understood (6). For example, the activation of 
kinases, as part of the cell-stress corrective pathways, induces the phosphorylation of 
the eukaryotic initiation factor 2 alpha (eIF2α), reducing protein translation and thus 
impairing NMD activity (7,8). In contrast, this eIF2α phosphorylation-dependent inhibition 
of NMD in stress conditions is responsible for the upregulation of many stress-related 
transcripts that are responsible for allowing the cell to cope with stress (7,9–11). 

There is currently great interest in decoding the mechanisms that couple stress 
signaling to human pathology. Only recently has ER stress been considered a potential 
contributor to cardiac and vascular diseases (12). Myocardial infarction is a pathological 
state that occurs during ischemia, where there is nutrient and oxygen deprivation in the 
heart, causing aggregation of proteins in the ER. This aggregation triggers ER stress 
and the three arms (ATF6, IRE1α and PERK) of the unfolded protein response (UPR), to 
mitigate or eliminate the stress (12). Ultimately, if the stimulus is continued, cell death is 
activated (13,14). NMD plays a role in the regulation of the UPR, establishing a 
threshold for its activation and its time-dependent attenuation, that is accomplished, in 
part, through degradation of the IRE1α mRNA (9). NMD also protects the cell from death 
in response to stress, but the mechanism for this remains unclear (9). 

 Despite being a very well-studied mechanism, NMD and its role in cell physiology 
needs to be further explored. Given this and the all above-mentioned, the main goal of 
this project is to understand the role of NMD in the PERK-mediated response to ER 
stress induced by ischemia during myocardial infarction, and its impact to the 
pathophysiology of this disease. For this purpose, H9C2 cell line will be used as a model 
of cardiomyocytes, which will help us to dissect the crosstalk communication between 
NMD and UPR, through the PERK pathway, in myocardial infarction-mimicking 
conditions. 
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2. State of the Art  

 

Nonsense-mediated mRNA decay (NMD) is a translation-dependent surveillance 
pathway that recognizes and selectively degrades mRNAs carrying premature 
translation-termination codons (PTCs) that would otherwise lead to the production of 
potentially harmful truncated proteins (1). During translation termination PTCs are 
recognized by the “SURF” complex formed by the essential NMD factor UPF1, its kinase 
SMG1, and the eukaryotic release factors eRF1 and eRF3. The subsequent 
phosphorylation of UPF1 by SMG1 triggers a sequence of events that ultimately lead to 
fast decay of the mRNA molecule (15,8). How NMD machinery distinguishes PTCs from 
normal termination codons and induce degradation of target mRNAs continues to be the 
focus of intense study. To date, there are three main mRNA features that have been 
implicated in NMD induction (16). The first one is the presence of a set of proteins 
collectively called the exon-junction complex (EJC), that is placed upstream of almost all 
exon-exon junctions after RNA splicing (17,9,18). If the EJC resides at least at 50-55 
nucleotides downstream of the PTC, its interaction with UPF1 mediated by the NMD 
factors UPF2 and UPF3 will render the mRNA to NMD (15,17). Upstream open reading 
frames (uORFs) in the 5’-untranslated region (UTR) of the transcripts can also trigger 
NMD, possibly because the stop codon in the uORFs is at the 5’ end of the mRNA with 
downstream EJCs, and thus can be recognized as ‘premature’ (19). A third NMD-
inducing feature is a long 3’-UTR (15,9,20,21). How NMD targets these transcripts to 
decay is not completely understood, but it may involve the physical distance between 
the stop codon and the cytoplasmic poly(A)-binding protein 1 (PABPC1) at the poly(A) 
tail (9,20,21), which has been presumably related to translation termination (22,23) and 
to NMD efficacy (24,25). These NMD-inducing features can be intrinsic to the transcripts 
or arise from random DNA mutations or programmed genomic rearrangements that 
generate PTCs, alternative splicing processes that produce PTC-harboring isoforms, or, 
as mentioned above, from alternative translation of ORFs (15). 

The development of high-throughput technologies in the past years, such as 
microarrays and genome-wide sequencing, increased the interest in NMD as it was 
found that this mechanism also plays a role in the regulation of gene expression (19). 
Genome-wide analysis studies have demonstrated that NMD, in addition to PTC-
harboring transcripts, also targets physiological wild-type mRNAs that have some of the 
described NMD-inducing features or others not yet known, being responsible for the 
regulation of up to 10% of the mammalian transcriptome (2,3,26–28). This ability to 
regulate normal gene expression, in turn, raises the possibility that NMD itself is under 
regulatory control. Indeed, some reports have shown that NMD activity is modulated in 
specific cell types (19,5) and that key components of the NMD pathway are regulated by 
several pathways, including microRNA circuits (29) and NMD itself (19,28,5). Apart from 
this, NMD was also shown to be repressed by cellular stress. The first evidence of this 
appeared in 2004 by the work of Mendell et al. where amino acid deprivation induced 
NMD inhibition (2,30). Later on, it was demonstrated that a variety of other stresses 
could also inhibit NMD, including hypoxia (7,11), endoplasmic reticulum (ER) stress 
(8,9,11,10), double-stranded RNA and reactive oxygen species (ROS) (10). During 
these stress conditions eukaryotic initiation factor 2α (eIF2α) is phosphorylated by 
specific kinases, namely GCN2 kinase (amino acid deprivation), PERK (ER stress and 
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ROS), HRI kinase (hem deprivation) and PKR kinase (double-stranded RNA through 
viral infection), which in turn suppress global protein translation as part of the cell 
integrated stress response (ISR) (31,32). This suppression provides a likely common 
mechanism by which cellular stress inhibits NMD since it strongly depends on 
translation to recognize and degrade PTC-harboring transcripts (9,30,7,11,10). Indeed, it 
has been proven that NMD inhibition during ER stress and hypoxia is dependent on the 
phosphorylation of eIF2α (9,7,10). However, suppression of translation is unlikely to be 
the only mechanism by which eIF2α phosphorylation represses NMD since there is not 
an absolute blockage of translation and stress does not completely prevent NMD mRNA 
targets from being translated (30,7).  

Apart from inducing the ISR through the PERK pathway, ER stress also triggers 
the unfolded protein response (UPR), which is a survival stress response that enables a 
cell to cope with the accumulation of misfolded proteins in the ER lumen (33). ER stress 
is initially sensed by the three ER-transmembrane proteins, PERK, ATF6 and IRE1α, 
which serve as the primary proximal effectors of the UPR. The subsequent activation of 
specific transcription factors by these proteins, induces the expression of downstream, 
stress-corrective factors, such as chaperones like BIP (induced by the ATF6 and IRE1α 
branches of the UPR), or intermediates of autophagy and cell death, like CHOP 
(induced by the PERK branch of the UPR) (8,12). Interestingly, many of these stress-
related proteins were seen to be NMD targets, including PERK and IRE1α, ATF4 (a 
stress-related transcription factor which mRNA is selectively translated when eIF2α 
phosphorylation occurs) and CHOP, being stabilized by NMD inhibition during stress 
conditions (8,9,7,4). Furthermore, a recent proteomic study revealed that NMD inhibition 
during ER stress results in the upregulation of genes that are targets of the PERK and 
IRE1α pathways, suggesting that the UPR is shaped by NMD in a branch-specific 
manner (8). In fact, there are evidences showing that NMD modulates the UPR in part 
by degrading IRE1α mRNA, establishing a threshold for UPR activation that prevents an 
exuberant response and cell death in innocuous ER stress conditions (9). On the other 
hand, NMD inhibition during strong ER stress allows the stabilization of stress-related 
transcripts, inducing an adequate UPR and promoting cell survival (8,9).  
 Response to stress, specifically to ER stress, has been linked to both 
physiological and pathological states, including diseases of the cardiovascular system, 
like myocardial infarction (12,14). This disease is caused by ischemia, a condition of 
severe abrogation of the blood supply to a part of the heart that results in ER stress and 
ROS production. When protracted, these stress conditions can induce cell death and 
tissue damage. The induction of the UPR is one of the stress-corrective strategies that 
cardiomyocytes use to restore energy and nutrient homeostasis, and to avoid cell death 
during ischemia (12). Since NMD was shown to respond and modulate the UPR and the 
ISR, and nothing is known about the impact of NMD in cardiomyocytes, it is pertinent to 
further study the feedback loops that are established between NMD and cell stress, and 
their physiological/pathological impact to the cardiomyocyte. As chronic ER stress 
occurs not only in cardiovascular diseases, but also in many other diseases, including 
cancer, diabetes, pro-inflammatory disorders and neurodegenerative diseases involving 
abnormal protein aggregation, this kind of studies have even more biomedical impact 
(9,34). Understanding the detailed molecular mechanisms on which a disease relies on 
is a long but essential step for the development and implementation of new strategies 
for disease prevention and treatment. 
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3. Objectives 

 

During this doctoral work, we aim to study the role and relevance of NMD in the 
PERK-mediated response to ER stress induced by ischemia during myocardial 
infarction. To accomplish this, five main objectives have been established: 

 

1. Assess the influence of NMD in the expression pattern of PERK pathway factors 
during chemical- and ischemia-induced ER stress: 

1.1. Determine the expression levels of PERK pathway factors regarding the 
time/intensity of the stress stimulus. 

1.2. Study the impact of NMD inhibition in the expression levels of PERK pathway 
factors during chemical ER stress and ischemia. 

1.3. Determine which of the PERK pathway factors are NMD targets. 

2. Investigate which NMD-inducing feature(s) (presence of uORFs in the 5’UTR 
and/or long 3’UTR) is(are) operating in the identified targets. 

3. Study the relevance of uORFs and the influence of the possible coding peptides 
in translational regulation of the PERK pathway factors. 

4. Test if NMD acts through the PERK pathway to shape the UPR. 

5. Thesis writing and manuscript(s) preparation. 

 

The work to be carried out towards each of these objectives is described in the 
following section. 

 



 7 

4. Experimental approach 

 

Objective 1 – Assess the influence of NMD in the expression pattern of PERK pathway 
factors during chemical- and ischemia-induced ER stress. 
 

So far, nothing is known about the connection between NMD and the stress-
response in cardiomyocytes, and neither about its impact in the physiology of cardiac 
tissue. Given this, and since the communication between IRE1α branch of the UPR and 
NMD has already been explored by Karam and co-workers (9), this work will focus on 
the PERK branch of the UPR, and H9C2 cell line will be used as a model of 
cardiomyocytes. This cell line (myoblasts) will be differentiated into cardiomyocytes with 
retinoic acid, accordingly to Branco and co-workers (35). HeLa cells will be also used as 
a control. 

In this particular aim, we intend to evaluate the relevance of NMD in the PERK-
mediated response to ER stress. We will determine how and on what extent PERK and 
its downstream targets (eIF2α, eIF2B, ATF4, CHOP, GADD34) are regulated by NMD 
during stress conditions. 

 

Objective 1.1 – Determine the expression levels of PERK pathway factors regarding the 
time/intensity of the stress stimulus. 
 

 UPR has a dual effect in the cell that is dictated by the extent and intensity of the 
stress stimulus. At first, the induction of stress-related genes allows attenuation of the 
stress, but then, if not resolved, UPR activates pro-apoptotic cascades that results in cell 
death. PERK is one of the UPR players responsible for inducing cell death, mostly 
through induction of the transcription factor, CHOP (13). Having this in mind, the mRNA 
and/or protein levels of PERK and its downstream targets will be determined by reverse 
transcription-quantitative PCR (RT-qPCR) and Western-blot (WB), respectively, in H9C2 
and HeLa cells exposed to chemical ER stress and ischemic conditions. ER stress will 
be directly induced by Tunicamycin (TM), using the experimental conditions described 
by Karam and co-workers as reference (9). Ischemia-induced ER stress will be 
accomplished through incubation of the cells in hypoxic pouches with a glucose-free 
media, as described by Sousa and co-workers (36). Cell viability will be measured by 
cell counting via MTT assays, and programmed cell death (apoptosis) by fluorescence-
activated cell sorting (FACS) analysis of cells stained with annexin-V/propidium iodide. 
This will allow us to define the experimental stress conditions that drive the adaptive and 
apoptotic responses of UPR. The expression levels of XBP1s (marker of IRE1α 
activation) and BIP (marker of ATF6 activation) will be quantified in order to assess 
efficiency and magnitude of UPR activation in all the stress conditions. 
 

Objective 1.2. – Study the impact of NMD inhibition in the expression levels of PERK 
pathway factors during chemical ER stress and ischemia. 
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 In order to understand the role of NMD in controlling the expression levels of the 
mentioned factors, H9C2 and HeLa cells will be transiently depleted of NMD central 
factor, UPF1, using siRNAs. Then, chemical ER stress and ischemia will be induced 
(and not induced, in the case of control cells) accordingly to the experimental conditions 
determined in Objective 1.1., and the mRNA and/or protein levels of PERK and its 
downstream targets will be determined. Cell viability and apoptosis will also be 
evaluated. The comparison of these results with the ones obtained in the previous 
objective will highlight the impact of NMD on the course of the PERK pathway during 
UPR.  
 

Objective 1.3. – Determine which of the PERK pathway factors are NMD targets. 
 

 PERK, ATF4 and CHOP were previously proven to be direct NMD targets in 
HeLa and U2OS cells (9,7). However, eIF2α, its activator, the guanine nucleotide 
exchange factor, eIF2B, and GADD34, which reverses eIF2α phosphorylation during the 
stress response, were out of the focus of these studies. Given this, we intend to test if 
these three intermediates of the PERK pathway are direct targets of NMD, and further 
confirm that PERK, ATF4 and CHOP are targeted by NMD in H9C2 cells. To know if 
they are direct NMD targets, the analysis of RNA half-life will be determined for those 
transcripts that appear upregulated in response to  non-stress conditions and UPF1 
knockdown in Objective 1.2., as previously described by Gardner and co-workers (7).  
Shortly, control and UPF1-depleted H9C2 and HeLa cells will be incubated with the 
transcription inhibitor 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB). RNA will be 
isolated at the time of DRB addition and at several subsequent time points, and the level 
of the transcripts will be measured by RT-qPCR. If the concerned mRNAs are direct 
NMD targets, UPF1 knockdown is predicted to stabilize them. 
 

Objective 2 – Investigate which NMD-inducing feature(s) (presence of uORFs in the 
5’UTR and/or long 3’UTR) is(are) operating in the identified targets. 
 

 Here we aim to test which features are responsible for NMD commitment of the 
identified targets in Objective 1.3. To accomplish this, the following tasks are proposed: 

a) We will look for the presence of uORFs in the 5’UTR and for the length of the 3’-
UTR of the selected transcripts, using databases like RefSeq and Ensembl. An online 
uORF database (available at: http://www.compgen.uni-
muenster.de/tools/uorfdb/index.hbi) can also be used to look for already described 
uORFs. 

b) We will determine the beginning and the sequence of the 5’-UTRs and 3’-UTRs 
through Rapid Amplification of cDNA Ends (RACE), using the circularized method 
described by McGrath (37), in order to confirm the presence of  non-annotated uORFs 
and the length of the 3’-UTR in the transcripts of interest.  

c) Using plasmids containing the human β-globin gene, we will make constructs of 
the wild type β-globin [known non-NMD target (38)] coding region with the 5’-UTRs 
and/or the 3’-UTRs in study. H9C2 and HeLa cells will be transiently transfected with 

http://www.compgen.uni-muenster.de/tools/uorfdb/index.hbi
http://www.compgen.uni-muenster.de/tools/uorfdb/index.hbi
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these constructs and the levels and half-life of the β-globin mRNA will be quantified by 
RT-qPCR, as described in Objective 1.3. 
 

Objective 3 – Study the relevance of uORFs and the influence of the possible coding 
peptides in translational regulation of the PERK pathway factors. 
 

Over 40% of mammalian mRNAs contain uORFs in the 5’UTR that can serve as 
major regulators of translation (39,40). Typically, uORFs are considered to be inhibitors 
of downstream translation initiation. This inhibitory effect is attributed to the fact that the 
preinitiation complex initiates translation at the first encountered initiation codon in 
optimal context, which can be the uORF initiation codon. When the translating ribosome 
encounters the stop codon of the uORF the translation machinery disassembles, a fact 
that can avoid translation of the main ORF if the ribosome cannot reinitiate at the main 
initiation codon (39). The mRNAs of ATF4, CHOP and GADD34 are proven examples of 
uORF-harboring transcripts with translation repression activity (41–43). This translation 
inhibition can be counteracted in stress conditions, where the increased amount of 
phosphorylated eIF2α provides the necessary conditions for uORF translation leaky 
scanning and translation initiation at the main ORF (39). Given this, in this section we 
intend to study if the uORFs identified in Objective 2 play a role in the translational 
regulation of their respective transcripts. To accomplish this, we will construct luciferase 
reporter plasmids carrying the cDNA sequence of the 5’UTR containing the uORFs of 
interest fused to the Firefly luciferase (Fluc) ORF. H9C2 and HeLa cells, cultured in 
normal and stress conditions induced as described in Objective 1.1, will be transiently 
co-transfected with this construct and with another expressing Renilla luciferase (Rluc) 
ORF, as an internal control. Relative luciferase activity will be measured by luminometry 
assays and the mRNA levels quantified by RT-qPCR to normalize the results and obtain 
the translation efficiencies as described in previous studies conducted by our group 
(44,45). Translation efficiencies will be compared to those obtained from a construct in 
which uORF initiation codon is mutated by site-directed mutagenesis. This will allow us 
to understand if translation of the PERK pathway factors is regulated by uORFs in 
normal and stress conditions. 

Furthermore, to unequivocally prove that the uORFs of interest are in fact 
translated, a site-directed mutagenesis approach will be applied to mutate the uORF 
stop codon and the luciferase ORF start codon, leaving both in frame. The obtained 
constructs will be expressed in both cell lines as above and the detection of a longer 
luciferase protein will be performed by WB. 

Finally, since the polypeptide sequences coded by uORFs can be involved in 
gene expression regulation, whether by inducing ribosome stalling and dissociation 
during uORF translation (39,43,46) or by functioning in a trans-acting manner (47,48), 
we will assess if the translational regulation of main ORFs is dependent on the peptide 
sequence of the uORFs previously seen to be actively translated. For this, we will use 
the same constructs described above, but they will be modified by shifting the uORF 
reading frame to get a different amino acid sequence. These constructs will be 
transiently transfected in H9C2 and HeLa cells, and luciferase activity and mRNA levels 
will be measured as referred. 
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Objective 4 – Test if NMD acts through the PERK pathway to shape the UPR. 
 

 Once we have uncovered how NMD regulates PERK-mediated response to 
stress, we will turn our attention to the impact of that regulation in the UPR. As said 
before, in a recent study of Karam and co-workers, NMD was proven to shape the UPR, 
and its ability to degrade the IRE1α UPR sensor transcript is, at least in part, one 
implicated mechanism (9). However, it does not explain how NMD protects cells from 
death in response to stress. Using this information as reference, in this final section we 
aim to test if NMD also acts through PERK to shape the UPR, and assess its 
involvement in cell death/survival during chemical- and ischemia-induced ER stress. The 
experimental procedure will be carried out as follows: 

a) Using a gain-of-function approach, we will force the expression of PERK mRNA 
to a level similar to that in UPF1-knockdown H9C2 and HeLa cells, using an expression 
vector (if necessary, a NMD-resistant PERK mRNA can be expressed). Chemical ER 
stress and ischemia will be induced using the experimental conditions determined in 
Objective 1.1., and the magnitude of UPR activation will be measured by quantification 
of XBP1s, BIP and CHOP mRNAs through RT-qPCR. This will provide direct evidence if 
NMD acts through PERK to supress the UPR (9). 

b) SiRNA-mediated UPF1 knocked down H9C2 and HeLa cells will be 
simultaneously transfected with a siRNA against PERK, in order to prevent the 
upregulation of PERK that usually occurs in response to NMD impairment. Chemical ER 
stress and ischemia will be induced, and the magnitude of UPR activation will be 
measured by quantification of XBP1s and BIP mRNAs through RT-qPCR. This will allow 
us to test if NMD acts through its ability to degrade PERK mRNA to shape the UPR (9). 

c) H9C2 and HeLa cells transfected in the same conditions as in task b) will be 
treated in chemical ER stress and ischemic conditions for a specific period of time. 
Then, apoptosis will be determined by FACS analysis as described in Objective 1.1., in 
order to understand if NMD acts through PERK to supress cell death during stress. 
 

Objective 5 – Thesis writing and manuscript(s) preparation. 
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5. Workflow and Timeline 

 

  

 

 
Figure 2 – Timeline for execution of the objectives proposed to study the role of NMD in the PERK-

mediated response to stress in cardiomyocytes. 

Figure 1 – Workflow of the objectives proposed to study the role of NMD in the PERK-mediated 
response to stress in cardiomyocytes. 



 12 

6. References 

 

1.  Silva AL, Romão L (2009). The mammalian nonsense-mediated mRNA decay 
pathway: To decay or not to decay! Which players make the decision?. FEBS Lett 
583(3):499–505. 

2.  Mendell JT, Sharifi NA, Meyers JL, Martinez-Murillo F, Dietz HC (2004). Nonsense 
surveillance regulates expression of diverse classes of mammalian transcripts and 
mutes genomic noise. Nat Genet 36(10):1073–8. 

3.  Wittmann J, Hol EM, Jäck H-M (2006). hUPF2 silencing identifies physiologic 
substrates of mammalian nonsense-mediated mRNA decay. Mol Cell Biol  
26(4):1272–87. 

4.  Shum EY, Jones SH, Shao A, Dumdie J, Krause MD, Chan W-K, Lou C-H, 
Espinoza JL, Song H-W, Phan MH, Ramaiah M, Huang L, McCarrey JR, Peterson 
KJ, De Rooij DG, Cook-andersen H, Wilkinson MF (2016). The Antagonistic Gene 
Paralogs Upf3a and Upf3b Govern Nonsense-Mediated RNA Decay. Cell 
165(2):382–95.  

5.  Huang L, Lou C-H, Chan W, Shum EY, Shao A, Stone E, Karam R, Song H-W, 
Wilkinson MF (2011). RNA homeostasis governed by cell type-specific and 
branched feedback loops acting on NMD. Mol Cell 43(6):950–61. 

6.  Gardner LB (2010). Nonsense-mediated RNA decay regulation by cellular stress: 
implications for tumorigenesis. Mol Cancer Res 8(3):295–308. 

7.  Gardner LB (2008). Hypoxic inhibition of nonsense-mediated RNA decay 
regulates gene expression and the integrated stress response. Mol Cell Biol  
28(11):3729–41. 

8.  Sieber J, Hauer C, Bhuvanagiri M, Leicht S, Krijgsveld J, Neu-Yilik G, Hentze MW, 
Kulozik AE (2016). Proteomic analysis reveals branch-specific regulation of the 
unfolded protein response by nonsense-mediated mRNA decay. Mol Cell 
Proteomics 15(5):1584–97. 

9.  Karam R, Lou C-H, Kroeger H, Huang L, Lin JH, Wilkinson MF (2015). The 
unfolded protein response is shaped by the NMD pathway. EMBO Rep 16(5):599–
609. 

10.  Wang D, Zavadil J, Martin L, Parisi F, Friedman E, Levy D, Harding H, Ron D, 
Gardner LB (2011). Inhibition of nonsense-mediated RNA decay by the tumor 
microenvironment promotes tumorigenesis. Mol Cell Biol 31(17):3670–80. 

11.  Martin L, Gardner LB (2015). Stress-induced inhibition of nonsense-mediated 
RNA decay regulates intracellular cystine transport and intracellular glutathione 
through regulation of the cystine/glutamate exchanger SLC7A11. Oncogene   
34(32):4211–8. 

12.  Glembotski CC (2008). The role of the unfolded protein response in the heart. J 
Mol Cell Cardiol 44(3):453–9. 

13.  Rutkowski DT, Arnold SM, Miller CN, Wu J, Li J, Gunnison KM, Mori K, Akha AAS, 



 13 

Raden D, Kaufman RJ (2006). Adaptation to ER stress is mediated by differential 
stabilities of pro-survival and pro-apoptotic mRNAs and proteins. PLoS Biol. 
4(11):e374.  

14.  Groenendyk J, Agellon LB, Michalak M (2013). Coping with endoplasmic reticulum 
stress in the cardiovascular system. Annu Rev Physiol 75:49–67. 

15.  Lykke-Andersen S, Jensen TH (2015). Nonsense-mediated mRNA decay: an 
intricate machinery that shapes transcriptomes. Nat Rev Mol Cell Biol 16(11):665–
77. 

16.  Smith JE, Baker KE (2015). Nonsense-mediated RNA decay-a switch and dial for 
regulating gene expression. Bioessays 37(6):612–23. 

17.  Metze S, Herzog VA, Ruepp M-D, Mühlemann O (2013). Comparison of EJC-
enhanced and EJC-independent NMD in human cells reveals two partially 
redundant degradation pathways. RNA 19(10):1432–48. 

18.  Le Hir H, Izaurralde E, Maquat LE, Moore MJ (2000). The spliceosome deposits 
multiple proteins 20-24 nucleotides upstream of mRNA exon-exon junctions. 
EMBO J  19(24):6860–9. 

19.  Huang L, Wilkinson MF (2012). Regulation of nonsense-mediated mRNA decay. 
Wiley Interdiscip Rev RNA 3(6):807–28. 

20.  Zünd D, Gruber AR, Zavolan M, Mühlemann O (2013). Translation-dependent 
displacement of UPF1 from coding sequences causes its enrichment in 3’ UTRs. 
Nat Struct Mol Biol 20(8):936–43. 

21.  Hogg JR, Goff SP (2010). Upf1 senses 3’UTR length to potentiate mRNA decay. 
Cell 143(3):379–89. 

22.  Amrani N, Ghosh S, Mangus DA, Jacobson A (2008). Translation factors promote 
the formation of two states of the closed-loop mRNP. Nature 453(7199):1276–80. 

23.  Kahvejian A, Svitkin Y V, Sukarieh R, M’Boutchou M-N, Sonenberg N (2005). 
Mammalian poly(A)-binding protein is a eukaryotic translation initiation factor, 
which acts via multiple mechanisms. Genes Dev 19(1):104–13.  

24.  Peixeiro I, Inácio Â, Barbosa C, Silva AL, Liebhaber SA, Romão L (2012). 
Interaction of PABPC1 with the translation initiation complex is critical to the NMD 
resistance of AUG-proximal nonsense mutations. Nucleic Acids Res 40(3):1160–
73. 

25.  Silva AL, Ribeiro P, Inácio A, Liebhaber SA, Romão L (2008). Proximity of the 
poly(A)-binding protein to a premature termination codon inhibits mammalian 
nonsense-mediated mRNA decay. RNA 14(3):563–76. 

26.  Tani H, Imamachi N, Salam KA, Mizutani R, Ijiri K, Irie T, Yada T, Suzuki Y, 
Akimitsu N (2012). Identification of hundreds of novel UPF1 target transcripts by 
direct determination of whole transcriptome stability. RNA Biol 9(11):1370–9. 

27.  Viegas MH, Gehring NH, Breit S, Hentze MW, Kulozik AE (2007). The abundance 
of RNPS1, a protein component of the exon junction complex, can determine the 
variability in efficiency of the Nonsense Mediated Decay pathway. Nucleic Acids 



 14 

Res 35(13):4542–51. 

28.  Yepiskoposyan H, Aeschimann F, Nilsson D, Okoniewski M, Muhlemann O 
(2011). Autoregulation of the nonsense-mediated mRNA decay pathway in human 
cells. RNA 17(12):2108–18. 

29.  Bruno IG, Karam R, Huang L, Bhardwaj A, Lou CH, Shum EY, Song, H-W, Corbett 
MA, Gifford WD, Gecz J, Pfaff SL, Wilkinson MF (2011). Identification of a 
microRNA that activates gene expression by repressing nonsense-mediated RNA 
decay. Mol Cell 42(4):500–10. 

30.  Karam R, Wengrod J, Gardner LB, Wilkinson MF (2013). Regulation of nonsense-
mediated mRNA decay: implications for physiology and disease. Biochim Biophys 
Acta 1829(6–7):624–33. 

31.  Gebauer F, Hentze MW (2004). Molecular mechanisms of translational control. 
Nat Rev Mol Cell Biol 5(10):827–35. 

32.  Young SK, Wek RC (2016). Upstream open reading frames differentially regulate 
gene-specific translation in the Integrated Stress Response. J Biol Chem 
291:16927–35. 

33.  Tsukumo Y, Tsukahara S, Furuno A, Iemura S-I, Natsume T, Tomida A (2016). 
TBL2 Associates With ATF4 mRNA Via Its WD40 Domain and Regulates Its 
Translation During ER Stress. J Cell Biochem 117(2):500–9. 

34.  Wang S, Kaufman RJ (2012). The impact of the unfolded protein response on 
human disease. Journal of Cell Biology 197(7):857–67. 

35.  Branco AF, Pereira SP, Gonzalez S, Gusev O, Rizvanov AA, Oliveira PJ (2015). 
Gene Expression Profiling of H9c2 Myoblast Differentiation towards a Cardiac-
Like Phenotype. PLoS One  10(6):e0129303. 

36.  Sousa B, Melo T, Campos A, Moreira ASP, Maciel E, Domingues P, Carvalho RP, 
Rodrigues TR, Girão H, Domingues MRM (2016). Alteration in Phospholipidome 
Profile of Myoblast H9c2 Cell Line in a Model of Myocardium Starvation and 
Ischemia. J Cell Physiol  231(10):2266–74. 

37.  McGrath PT (2011). Characterizing cDNA ends by circular RACE. Methods Mol 
Biol 772:257–65. 

38.  Pereira FJC, Teixeira A, Kong J, Barbosa C, Silva AL, Marques-Ramos A, 
Liebhaber SA, Romão L (2015). Resistance of mRNAs with AUG-proximal 
nonsense mutations to nonsense-mediated decay reflects variables of mRNA 
structure and translational activity. Nucleic Acids Res 43(13):6528–44. 

39.  Young SK, Wek RC (2016). Upstream open reading frames differentially regulate 
genespecific translation in the integrated stress response. J Biol Chem 
291(33):16927–35.  

40.  Iacono M, Mignone F, Pesole G (2005). uAUG and uORFs in human and rodent 
5’untranslated mRNAs. Gene 349:97–105.  

41.  Vattem KM, Wek RC (2004). Reinitiation involving upstream ORFs regulates ATF4 
mRNA translation in mammalian cells. Proc Natl Acad Sci USA 101(31):11269–



 15 

74. 

42.  Palam LR, Baird TD, Wek RC (2011). Phosphorylation of eIF2 facilitates ribosomal 
bypass of an inhibitory upstream ORF to enhance CHOP translation. J Biol Chem 
286(13):10939–49. 

43.  Lee Y-Y, Cevallos RC, Jan E (2009). An upstream open reading frame regulates 
translation of GADD34 during cellular stresses that induce eIF2alpha 
phosphorylation. J Biol Chem 284(11):6661–73. 

44.  Barbosa C, Romão L (2014). Translation of the human erythropoietin transcript is 
regulated by an upstream open reading frame in response to hypoxia. RNA 
20(5):594–608. 

45.  Onofre C, Tomé F, Barbosa C, Silva AL, Romão L (2015). Expression of human 
Hemojuvelin (HJV) is tightly regulated by two upstream open reading frames in 
HJV mRNA that respond to iron overload in hepatic cells. Mol Cell Biol 
35(8):1376–89. 

46.  Young SK, Willy JA, Wu C, Sachs MS, Wek RC (2015). Ribosome reinitiation 
directs gene-specific translation and regulates the integrated stress response. J 
Biol Chem 290(47):28257–71. 

47.  Barbosa C, Onofre C, Romão L (2014). Upstream Open Reading Frames and 
Human Genetic Disease. In: eLS. John Wiley & Sons Ltd, Chichester. p1–11.  

48.  Nguyen HL, Yang X, Omiecinski CJ (2013). Expression of a novel mRNA 
transcript for human microsomal epoxide hydrolase (EPHX1) is regulated by short 
open reading frames within its 5’-untranslated region. RNA 19(6):752–66. 

 

 

 

 

 

 

 


