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ABSTRACT OF THE DISSERTATION

Novel Regulation of the Nonsense-Mediated RNA Decay Pathway

Andrew Nickless

Doctor of Philosophy in Biology and Biomedical Sciences

Molecular Genetics and Genomics

Washington University in St. Louis, 2016

Dr. Zhongsheng You, Chairperson

 The nonsense-mediated RNA decay (NMD) pathway maintains the integrity of cellular 

RNAs and controls gene expression. NMD is essential for vertebrate development, and defects in 

NMD are associated with a variety of cancers and neurodevelopmental disorders. NMD activity 

is tightly regulated and is altered in response to environmental and developmental signals. To 

better study this dynamic pathway and to identify clinically relevant regulators of its activity, we 

developed a dual-color bioluminescent NMD reporter that rapidly and accurately quantifies 

NMD activity in mammalian cells. Using this reporter, we performed a chemical screen for 

small-molecule modulators of NMD activity and identified the cardiac glycosides (CGs) as 

potent repressors of NMD activity. Further studies on the mechanism of action of these drugs led 

to the finding that cytoplasmic calcium, a key cellular signaling molecule, regulates NMD, with 

increases in cytoplasmic calcium repressing NMD. The regulation of NMD by calcium may be 

exploited to treat certain genetic diseases and cancers. 

 Regulation of NMD is particularly important to the cellular stress response. Stresses such 

as hypoxia, amino acid deprivation, and ER stress induce a reduction in NMD activity that 

xiii



promotes the expression of genes that help cells cope with these environmental insults. We 

investigated the regulation of NMD and its role in the cellular response to DNA damage. We 

found that NMD is suppressed by persistent, but not transient, DNA damage. Persistent DNA 

damages arises from a variety of physiologic sources and profoundly influences tumorigenesis. 

The inhibition of NMD by persistent DNA damage is mediated in part by p38 MAP kinase 

signaling and stabilizes the mRNAs of ATF3, a transcription factor that stifles tumorigenesis by 

promoting senescence but also engenders a favorable tumor microenvironment by altering 

expression of secreted factors, thereby contributing to its augmented expression in cells 

harboring persistent DNA damage. These results reveal a novel p38-dependent pathway that 

regulates NMD activity in response to persistent DNA damage and contributes to gene 

expression changes in damaged cells. 
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Chapter 1: Introduction
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! In this introductory chapter, I begin with a brief summary of my thesis work and its goals. 

I then provide a general overview of NMD: its basic functions, the factors involved, how they 

work together to identify target mRNAs, and what distinguishes target mRNAs from non-targets. 

I go on to discuss topics more specifically relevant to my work in sections 1.3-1.6. In these 

sections, I expound upon the functions of NMD, its dynamic regulation, its physiological 

consequences, its connection to disease, and how the pathway is studied.

1.1 Aim and scope of the dissertation

 In this dissertation, I describe my work developing and validating a bioluminescent NMD 

reporter that overcomes many of the obstacles of previous reporter systems and is amenable to 

high-throughput screening. I expound upon my finding, made with this reporter, that the 

clinically relevant cardiac glycosides (CGs) repress NMD activity by inhibiting their canonical 

target, the Na+/K+-ATPase, and subsequent work implicating cytoplasmic calcium as an inhibitor 

of NMD. I also describe my work demonstrating the regulation of NMD by the p38 MAP kinase 

in response to persistent DNA damage. I present models which place these findings in 

appropriate biological contexts and emphasize their clinical and physiological significance. 

Finally, I build upon these models to propose natural extensions of this research.

1.2 The molecular mechanism of nonsense-mediated RNA decay

 Nonsense-mediated RNA decay (NMD) is a conserved cellular quality control and gene 

regulatory mechanism essential for viability in vertebrates1-10. NMD dutifully eliminates 

transcripts harboring a premature termination codon (PTC), thereby preserving the quality of the 

transcriptome and maintaining cellular homeostasis. PTCs arise in numerous ways: many result 

from errors in nucleic acid metabolism, such as genetic mutations or transcriptional aberrations, 
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while others are components of normal gene structures. Many diverse physiological processes 

depend on NMD, and its dysregulation can cause a myriad of health problems, illustrating the 

importance of regulating nonsense transcripts.

1.2.1 Detecting Nonsense: How and where are nonsense transcripts identified? 

! The ability to accurately distinguish premature termination codons from their wild type 

counterparts lies at the heart of proper NMD. This distinction is made by a “second signal,” 

which denotes the status of a stop codon. The presence of a second signal downstream of a stop 

codon induces nonsense-mediated decay. The second signal of lower eukaryotes consists of a 

loosely defined downstream sequence element or an exceedingly long 3’ UTR while the 

mammalian second signal is deposited as a result of pre-mRNA splicing11-16. Consequently, 

naturally intron-less mammalian genes are unaffected by the activity of NMD17,18. Since the vast 

majority of normal stop codons lie in the final exon, most non-mutant transcripts exist 

unperturbed by NMD19. 

 For years, although the reliance upon pre-mRNA splicing was well established, the 

molecular nature of the mammalian second signal remained mysterious. It wasn’t until the 

discovery of the exon-junction complex (EJC), a large multi-protein assembly deposited 

upstream of exon-exon junctions as a result of pre-mRNA splicing, that a suitable molecular 

candidate for the second signal became apparent20. Analysis of EJC components revealed that 

proteins involved in nuclear export, translation initiation, and NMD factors are associated with 

this complex, and mechanistic studies demonstrated that many EJC components are necessary 

for robust NMD21-31. These observations support the hypothesis that exon-exon junctions, 
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through their associated EJCs, facilitate NMD factor activity and initiate NMD when located 

downstream of a stop codon. 

 Inherently, NMD depends upon the translation machinery for the identification of stop 

codons. However, it would be detrimental to cellular vitality if multiple rounds of translation 

produced aberrantly expressed or truncated proteins before transcript degradation. Therefore, 

many researchers suspected that NMD degrades PTC-bearing transcripts during an initial 

“pioneer” round of translation to prevent the accumulation of harmful protein products. This 

supposition has garnered much interest throughout the years, and multiple lines of evidence 

suggest its veracity.

 Curiously, the first evidence for the notion that PTC-containing mRNAs are eliminated 

early in their existence stemmed from studies demonstrating a significant decrease of these 

transcripts in nuclear fractions32,33. This observation is difficult to reconcile with the reliance of 

NMD on translation, which overwhelmingly occurs in the cytoplasm, and with the trafficking of 

NMD factors through specialized cytoplasmic RNA processing regions known as p-bodies34,35. 

Nevertheless, the effects of NMD on mRNAs that fractionate with the nucleus suggest that NMD 

acts on nascent transcripts that have not yet disassociated from the nucleus. 

 Biochemical approaches that identified proteins associated with NMD-target transcripts 

provided more direct evidence for the pioneer round hypothesis. This work exploited the 

sequential binding pattern of various proteins to the 5’ cap of mRNAs. Nascent transcripts are 

bound by a cap binding complex (CBC), consisting of CBP80 and CBP20, which promotes 

mRNA maturation by fostering pre-mRNA splicing and nuclear export36-40. After splicing, 

CBP80 and CBP20 accompany the transcript to the cytoplasm where they are eventually 
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displaced by the translation initiation factor eIF4E41. Interestingly, several NMD factors 

exclusively reside on the nascent CBC-bound mRNAs40. This differential occupancy has 

functional consequences as PTC-containing transcripts bound to the CBC are degraded while 

identical transcripts associated with eIF4E are not41. Additionally, the moving ribosome actively 

displaces EJC components that promote NMD42. Together, these data suggest that NMD occurs 

during the initial round of translation before critical NMD factors are ejected from the transcript. 

 Where NMD occurs is another fundamental aspect of NMD currently under intense 

scrutiny. Nonsense transcripts are depleted in the nuclear fraction of cells. However, NMD 

depends upon translation, which occurs overwhelmingly in the cytoplasm, and NMD is inhibited 

by dominant negative peptides only when localized to the cytoplasm29. Many resolve this 

paradox by subscribing to the model that NMD occurs during or immediately following nuclear 

export, where nonsense RNAs are still associated with the nuclear fraction43. Fluorescence in situ 

hybridization (FISH) studies designed to observe the locations of single NMD-target mRNAs 

support this model as the majority of transcripts are degraded near the nuclear membrane—likely 

during nuclear export44. However, contradictory results were obtained by a second group—also 

using FISH to address this question, albeit without single-molecule resolution—that observed 

decay of NMD substrates in the nucleus that was dependent upon translation45. A second point of 

contention concerns whether NMD occurs in p-bodies. NMD factors have been observed within 

these RNA-processing regions after inhibition of NMD34,35. In contrast, prevention of p-body 

body formation fails to influence the efficiency of NMD46,47. Many argue that the localization of 

NMD factors to p-bodies is an artifact of inhibiting late-stage events of NMD. A more complete 
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understanding of the NMD factors and their properties is needed to resolve this contentious 

issue. 

1.2.2 The Targets: What RNAs are degraded by NMD?

 As discussed in the previous section, the presence of an exon-junction complex (EJC) 

downstream of a stop codon elicits NMD. Mechanistic studies determined that an EJC must be 

greater than 50-55 bases downstream of a stop codon to destabilize mRNAs, lest it be ejected 

from the transcript by the translocating ribosome before NMD can occur 48. Multiple processes, 

both normal and aberrant, generate RNAs with a stop codon positioned greater than 50 bases 

upstream of an EJC and therefore trigger NMD (Fig. 1).

 The earliest NMD-sensitive transcripts identified arose from genetic mutations that 

introduced a PTC. Disease-causing mutations, such as those causing β-thalessemia, were 

particularly noticeable49,50. In addition to mutations in the DNA, other sources of PTCs include 

inaccurate transcription and faulty splicing. Indeed, abolition of NMD activity increases 

expression of the low-abundance PTC-containing transcripts that result from mis-splicing51. 

However, inaccurate transcription is relatively rare, and fewer than 0.5% transcripts from a given 

gene are predicted to contain such errors52. Furthermore, new studies suggest that the vast 

majority of transcripts targeted by NMD are non-mutant mRNAs53,54.

 Normal, as opposed to aberrant, physiological processes generate NMD target transcripts 

to regulate gene expression. For example, widespread alternative transcription initiation and 

splicing ensures that most genes produce multiple mRNA isoforms, many of which alter the 

coding sequence and place a stop codon upstream of a splice junction19,55. There are many 

examples of programmed alternative splicing being coupled to NMD (discussed in section 1.3). 

6



Programmed ribosomal frameshifting can also sensitize transcripts to degradation via NMD. 

Computational analyses predict that 8-12% of genes contain signals that induce programmed 

ribosomal frameshifting, most commonly switching translation into the -1 reading frame56. The 

stop codon in this new reading frame often resides > 50 bases upstream of a splice junction and 

will trigger mRNA degradation via NMD57-59. Consequently, the prevalence of these 

frameshifting events for a given gene will influence its expression.

 Many transcripts naturally contain features that make them susceptible to NMD. Below 

are descriptions of common NMD-inducing features. 

3’ UTR introns 

 A subset of normal gene structures place a stop codon upstream of a splice junction 

residing in the 3’ UTR and so predispose their mRNAs to NMD. The stop codons for about 4% 

of genes are located >50 bases upstream of the final exon and are thus potentially susceptible to 

degradation via NMD19. 

Upstream open reading frames (uORFs)

 The primary coding region for nearly 50% of transcripts is preceded by an uORF that 

begins within the 5’ UTR and either terminates there or overlaps with the canonical coding 

sequence60. uORFs commonly place stop codons upstream of splice junctions and are capable of 

eliciting NMD if translated61. 

Selenocysteine insertion sequences

 Transcripts encoding selenoproteins comprise an interesting class of NMD targets. In 

high selenium environments, a sequence element in the 3’ UTR of these mRNAs facilitates the 

incorporation of a selenocysteine into the peptide at certain UGA codons rather than terminating 
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translation62. For some selenoprotein-encoding mRNAs, this UGA is predicted to elicit NMD if 

it initiates translation, and indeed a subset of these transcripts are sensitive to NMD inhibition 

and are unstable in the absence of selenium63,64.   

Long 3’ UTRs

 mRNAs with long 3’ UTRs are also susceptible to NMD in an EJC-independent manner 

(see section 1.2.3 for mechanism), and transcriptome-wide analysis indicates that long 3’ UTRs 

are the most common feature of NMD targets13,54,65. 

1.2.3 The Factors

 Two classes of NMD factors were identified through genetic screens in S. cerevisea and 

C. elegans66-69. The UPF enzymes, identified in yeast, are the fundamental NMD components 

whose importance is reflected by their conservation throughout all organisms with an intact 

NMD response70. The SMG proteins are not present in yeast but are conserved from C. elegans 

to humans70. In mammals, the UPF and SMG proteins act in concert to detect transcripts 

harboring premature termination codons (PTCs) and initiate their degradation (Figure 2). 

 The UPF proteins are essential to NMD in human cells. Notably, reporter mRNAs are 

effectively destabilized by tethering Upf1, Upf2, UPF3b, or—to a lesser extent—UPF3a to their 

3’ UTRs71. This effect is contingent on the proteins being tethered downstream of the stop codon, 

implying that they function at this position under physiological conditions. Contrasting this gain-

of-function approach, knock-down or expression of dominant negative mutants of UPF enzymes 

stabilize nonsense mRNAs, and mutations in these factors are associated with decreased 

NMD72-74. The biochemical and biological properties of these crucial enzymes provide 

wonderful insight into the mechanism of NMD. 
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 The most functionally complex of the UPF proteins is Upf1, a phosphoprotein with ATP-

dependent helicase activity and RNA-dependent ATPase activity75-81. Upf1 promiscuously 

interacts with numerous protein factors and associates with at least two distinct protein 

complexes during NMD: one containing the kinase SMG1 as well as the translation release 

factors eRF1 and eRF3 and a second including members of the exon-junction complex (EJC) and 

other NMD factors75-78. These interactions alone provide many insights into the mechanistic 

function of Upf1 in NMD. For instance, the association with translation release factors implies 

that Upf1 is recruited to mRNAs as a member of the translation termination complex. The 

primarily cytoplasmic localization of Upf1 also supports the notion that Upf1 associates with 

mRNAs after their export from the nucleus71,78. 

 The ability of release factors to recruit NMD components to the ribosome before it 

successfully terminates translation is a critical determinant of whether a transcript will undergo 

NMD. Indeed, experimental manipulations that promote efficient translation termination block 

decay of NMD substrates. For example, tethering PolyA-binding protein1 (PABPC1), whose 

interaction with the cap-associated protein eIF4G promotes mRNA circularization and efficient 

translation termination, near a PTC stabilizes nonsense transcripts82-88. Consistent with the notion 

that the PABCP1:eIF4G complex stimulates termination and suppresses NMD, a subset of 

nonsense mutations near the 5’ end of mRNAs, where eIF4G resides, are known to evade 

NMD89-91. Conversely, barriers to efficient termination—such as long 3’ UTRs whose great 

physical distance between the stop codon and the polyA tail diminishes the ability of PABPC1 to 

effectively engage with the terminating ribosome—sensitize transcripts to NMD54,61,86,92-95. 

UPF1 binds nonspecifically to RNAs and primarily resides within the 3’ UTR of mRNAs where 
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it is not ejected by translocating ribosomes61,96-98. For transcripts with exceedingly long 3’ UTRs, 

the combination of inefficient termination and an abundance of localized UPF1 elicits decay 

even when no EJC resides downstream. However, 3’ UTR length itself is often not predictive of 

whether a transcript will undergo NMD as certain elements within 3’ UTRs, such as internal A-

rich stretches capable of recruiting PABPC1, allow RNAs to evade degradation61,86,94,99. 

 The observation that Upf1 is a phosphoprotein prompted the discovery that SMG1 

phosphorylates Upf1 at multiple positions and that these modifications are necessary for proper 

NMD activity79. Further work revealed an intricate cycle of Upf1 phosphorylation and 

dephosphorylation coordinated by the SMG proteins that facilitates NMD. The cycle begins with 

the phosphorylation of Upf1 by SMG179. Phosphorylated Upf1 then inhibits further translation 

initiation of the RNA100. It also recruits SMG5-7 which, in turn, initiate RNA destabilization and 

decay75,76,101-103. These factors then induce Upf1 dephosphorylation by recruiting the phosphatase 

PP2A, thus replenishing unmodified Upf1 for future rounds of NMD75,104,105. This cycle is a 

critical regulatory step in the NMD process and delays in NMD cause UPF1 

hyperphosphorylation which enhances its affinity for its binding partners, thereby ensuring the 

timely decay of NMD target transcripts106. 

 Both the helicase and ATPase activity of Upf1 are important for NMD71,80. Indeed, Upf1 

disassembles messenger ribonucleoprotein (mRNP) complexes undergoing NMD in a manner 

dependent upon its ATPase activity80. Another RNA helicase, MOV10, also dissassembles the 

mRNP for decay107. Whether these factors function redundantly or have distinct roles in mRNP 

clearance is not known, but ablating either of their helicase activities causes the accumulation of 

decay products, indicating an inability to complete mRNA degradation80,81,107. Additionally, 
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helicase-defective Upf1 mutants less effectively initiate mRNA degradation when tethered to 

reporter transcripts71. The critical nature of these activities necessitates tight regulation, which is 

provided in part by the remaining UPF enzymes— Upf2 and Upf3. 

 The multiple biochemical activities of Upf1 lie in stark contrast to those of Upf2 which 

functions largely as an adapter protein, facilitating complex formation. Consistent with this 

function, Upf2 possesses binding sites for both Upf1 and Upf378,108,109. Upon formation of these 

interactions, Upf2 and Upf3 stimulate the helicase and ATPase activities of Upf1, permitting 

mRNP disassociation only after appropriate complex formation108,110. The role of Upf2 in 

mediating complex formation during NMD may extend to the RNA itself although the 

significance of this result remains in question109,111. The concomitant interaction of Upf2 with 

both Upf1 and Upf3 brings together NMD factors associated with the translation termination 

complex and the second signal EJC complex, providing the physical connection that initiates 

NMD.

 The paralogs Upf3a and Upf3b comprise the final core NMD components in mammals. 

Upf3 resides predominantly in the nucleus where it associates with EJC components; however, 

UPF3 remains associated with RNAs after their exit into the cytoplasm where it likely meets 

Upf2 which exhibits robust perinuclear localization71,78,111. Its association with the EJC makes 

UPF3 the principle second signal component whose presence on an RNA determines the status of 

a stop codon. 

 Possessing two Upf3 genes is a uniquely vertebrate aspect of NMD: all other organisms 

have only one112. The reason for having paralogous NMD genes is unknown. Until recently, most 

believed that Upf3a acts redundantly to Upf3b, which resides on the X-chromosome and may be 
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subject to silencing during spermatogenesis. Indeed, early studies demonstrated that both 

proteins induce mRNA decay when tethered to the 3’ UTR of reporter transcripts, although the 

ability of UPF3a to initiate decay is weak71,113. However, recent evidence suggests that UPF3a 

actually functions as a negative regulator of NMD for most transcripts, although it does promote 

NMD of others, and UPF3a deficient cells exhibit extremely robust NMD7. This lead to a more 

complicated model of NMD in which the relative expression of these two genes to one another 

influences NMD activity, with additional complexity stemming from the fact that Upf3b 

negatively regulates the protein stability of Upf3a112. Despite their antagonistic influences on 

NMD activity, these proteins have similar binding partners as each binds Upf2 and associates 

with the core EJC components71,78,112,113.

 The suppressor with morphological effect on genitalia (SMG) genes constitute the second 

major class of NMD genes. This family is comprised of six genes, four of which were identified 

in mammals through their homology to essential NMD genes in C. elegans66,75,79,104,105. These 

proteins collectively coordinate the biochemical events of NMD in a temporally distinct manner, 

largely through the regulation of Upf1 phosphorylation and dephosphorylation.  

 The PI3K-like kinase SMG1 phosphorylates Upf1 at multiple residues79. These 

modifications act as docking sites for other NMD factors and stimulate Upf1’s ability to inhibit 

further translation initiation on nonsense transcripts75,76,100. Consistent with the importance of 

these functions, abrogation of SMG-1 kinase activity severely impairs the NMD response79. The 

tight regulation of SMG1 kinase activity by at least 6 other NMD factors (SMG8, SMG9, 

DHX34, MARVELD1, RUVBL1 and RUVBL2) speaks to the significance of this molecular 

action114-119. SMG8 and SMG9 restrict SMG1 kinase activity until after the full NMD complex 
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has formed on the EJC, thus preventing the aberrant phosphorylation of Upf1 which could 

drastically disrupt NMD and translation114-116. Subsequently, RUVBL1 and RUVBL2 facilitate 

complex formation and DHX34 binds both SMG1 and UPF1 and acts as a scaffold to promote 

UPF1 phosphorylation and proper NMD117,118. MARVELD1 is a relatively understudied negative 

regulator of UPF1 phosphorylation which appears to disrupt the interaction between SMG1 and 

UPF1119.

 Following Upf1 phosphorylation, the remaining SMG factors (SMG5, SMG6, and 

SMG7) join the UPF proteins on the RNA75,76. Recruitment of the SMG-5:SMG-7 heterodimer is 

mediated by the ability of SMG-7 to recognize and bind Upf1 via phosphorylated serine 1,096 

while SMG-6 directly interacts with the EJC through multiple conserved EJC-binding motifs and 

also recognizes phosphorylated Upf1 at threonine 2876,120. All three proteins antagonize the 

earlier activity of SMG-1 by recruiting the phosphatase PP2A to remove phosphate groups from 

Upf175,104. The significance of this action rivals that of the initial phosphorylation events in 

importance as genetic ablation of these factors results in a hyperphosphorylated Upf1 and 

decreased NMD activity75,104. 

 SMG6 and SMG7 further function as the terminal effectors of NMD by destabilizing the 

nonsense transcripts, yet they employ distinct means of initiating decay101-103. SMG7 promotes 

RNA decapping and deadenylation events that expose the transcript ends to cellular exonucleases

—identical to the mechanism originally discovered in yeast101,122-124. Mammalian NMD targets 

also undergo increased deadenylation, and genetic ablation of decapping/deadenylation enzymes 

stabilizes nonsense transcripts125-129. In addition to SMG5 and SMG7, PNRC2 associates with 

phosphorylated UPF1 and recruits the decapping factor DCP1a130,131. Alternatively, SMG6, 
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which has endonuclease activity, cleaves transcripts near the PTC, generating two unprotected 

RNA ends that are summarily targeted by cellular nucleases—a mechanism absent in yeast but 

prominently utilized in Drosophila102,103. 

 Although recent evidence indicates SMG6-mediated endonucleolytic cleavage is quite 

widespread and may represent the primary mammalian decay initiating mechanism, the presence 

of two distinct mammalian decay mechanisms raises a number of questions—especially given 

that simultaneous binding of the SMG5:7 heterodimer and SMG6 to Upf1 appears necessary for 

NMD76,132,133. What decides which mechanism to employ? Do transcript-, developmental stage-, 

or tissue-specific preferences exist and, if so, how does this regulation occur? Answering 

questions such as these will provide insight into the relevance of having two RNA decay 

mechanisms and further illuminate the role of NMD in cells.

 Most of the NMD factors discussed above (Table 1) were discovered in forward genetic 

screens in lower eukaryotes. Recently, two more NMD factors, GNL2 and SEC13, were 

identified in an siRNA screen in C. elegans although their role in the pathway remains unclear134. 

However, major differences exist between mammals and lower eukaryotes in the mechanisms 

responsible for detecting PTCs and degrading NMD targets. These differences imply the possible 

existence of additional human genes. There is precedent for this as SMG8 and SMG9 were 

discovered through their association with SMG1 in HeLa cells115. High-throughput reverse 

genetic techniques must be employed to effectively discover new mammalian NMD factors.

1.3 Constitutive functions of NMD

 The canonical function of nonsense-mediated decay is to prevent the expression of 

potentially deleterious truncated protein products that result from errors in nucleic acid 
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metabolism. Indeed, the ability of NMD to target mutant genes is well documented, and 

disruption of NMD activity causes an increase in low-abundance PTC-containing transcripts that 

result from erroneous splicing51. However, decades of research have revealed that—by removing 

aberrant transcripts and by regulating gene expression—NMD contributes significantly to 

organismal development and many essential physiological processes. 

 The role of NMD in immune development and health is well established. Developing B- 

and T-lymphocytes undergo a series of programmed genomic rearrangements to assemble their 

immunoglobin and T-cell receptor (TCR) genes respectively. Two-thirds of these rearrangements 

yield unproductive gene products harboring a PTC and are strong NMD substrates5,135,136. 

Conditional ablation of NMD in T-cells significantly reduced the number of mature T-

lymphocytes and increased the amount of apoptotic cells5. An increase in the abundance of 

nonsense TCR transcripts accompanied the reduced cell viability. Similar effects on viability are 

obtained when NMD is abrogated in hematopoetic progenitor cells5. Interestingly, viability can 

be restored by introducing a complete TCRβ sequence that prevents the accumulation of 

nonsense counterparts, implying that NMD is acting in its canonical role and not controlling 

gene expression136.

 Incidentally, while exploring the downregulation of aberrant TCRβ, an alternative Upf3-

independent NMD pathway was discovered137. This work gave credence to earlier findings that 

nonsense transcripts can be degraded in a Upf2- or EJC-independent manner95,138. Just as 

possessing multiple mechanisms of RNA decay raises questions, having alternative NMD 

pathways does as well. Exploring the significance of each pathway and understanding their 

regulation will be a major focus of future NMD research. 
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 A burgeoning facet of NMD research concerns its promotion of neuronal health, 

development, and function. Interest in this area skyrocketed after a number of studies 

demonstrated an association between aberrant NMD and mental disorders, including autism and 

schizophrenia, or developmental abnormalities of nervous system1, 10, 139-144. To uncover the 

molecular basis of these phenotypes, researchers employed a variety of model systems to probe 

the role of NMD in neurons and found that in Drosophila NMD influences both synaptic 

morphology and transmission, while in mammalian cells the ablation of the EJC factor eIF4AIII, 

an effector of NMD which preferentially associates with dendritic mRNAs in neurons, results in 

increased synaptic strength145,146. Furthermore, in commissural neurons, NMD limits expression 

of Robo 3.2 to ensure proper axonal migration and, in mature neurons, activity-dependent 

alternative splicing coupled to NMD controls expression of many synaptic proteins as neuronal 

activity induces the retentention of cryptic exons that elicit degradation via NMD147,148. These 

results highlight the significance of NMD to the nervous system, which is only beginning to be 

understood. 

 Outside of the nervous system, NMD similarly influences the expression of multiple 

families of splicing regulators including the SR splicing activators and the HNRNP splicing 

repressors149-153. These factors regulate the splicing of many mRNAs—including their own—and 

alternative splicing of SR and HNRNP protein transcripts induce NMD. As a result, NMD is 

critical to ensuring proper expression of the splicing machinery, which explains observations that 

abrogation of NMD causes a drastic restructuring of the transcriptome characterized by 

widespread alternative splicing51.
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 Strong NMD actvity is also necessary for differentiation of murine embryonic stem cells 

(ESCs). Knockout of SMG6 in these cells prevents differentiation6. Proper differentiation is 

restored by expressing wild type SMG6 but not mutant versions that specifcally abrogate its 

function in the NMD pathway, demonstrating that reduced NMD activity—not alternative effects 

of SMG6 abrogation—is responsible for the failure to differentiate6. Further supporting this 

conclusion are results demonstrating that knockdown of other NMD factors causes the same 

phenotype. Prolonged, elevated expression of NMD-regulated pluropotency genes, such as c-

Myc, underlie the inability of NMD-incompetent ESCs to differentiate6. This result is 

particularly significant because it provides intriguing evidence that NMD-mediated gene 

regulation—as opposed to general RNA surveillance—plays a crucial role in an essential 

developmental process and bolsters the argument that NMD’s primary and most essential 

function is regulating the expression of non-mutant genes.

 One of the major challenges in characterizing the physiological significance of NMD is 

distinguishing between its quality control and gene regulatory roles. An outstanding attempt at 

this was published by the Metzstein lab; to determine why NMD is essential to Drosophila 

viability they performed a suppressor screen to identify regions of the genome that sensitize 

Drosophila embryos to death in the absence of NMD154,155. They found that loss-of-function 

mutations in the NMD-target GADD45 gene partially restore viability of NMD-deficient 

mutants, suggesting that the embryonic lethality of NMD-deficient embryos is due to an 

accumulation of GADD45, which induces widespread apoptosis155. Thus, at least in Drosophila, 

NMD is essential because it regulates gene expression, not because of its suppression of aberrant 

truncated protein expression.
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 The quality control and gene regulatory functions of NMD are well established, but 

recent studies reveal other functions of the pathway that open future avenues for future research. 

An exciting and potentially significant new function of NMD is the regulation of long non-

coding RNAs (lncRNAs). Although only about 2% of the genome codes for proteins, the 

majority is transcribed into RNA156,157. lncRNAs are a prominent class of RNA molecules 

produced by this widespread transcription and have important functions modifying chromatin, 

regulating transcription, altering mRNA stability, and influencing translation158,159. For many 

years the prevailing notion was that these transcripts were not translated despite possessing 5’ 

caps and poly-A tails—two features that facilitate translation of mRNAs—but observations that 

lncRNAs associate with the translation machinery challenged this assertion160-163. In 2014, Smith 

et al. demonstrated that not only are a subset of lncRNAs translated—sometimes producing 

detectable micropeptides—but about 17% of lncRNAs are degraded by NMD in both yeast and 

human cells164. A year later researchers from the Morillon lab observed similar decay of 

lncRNAs by NMD unless they possess a dsRNA structure that prevents NMD165. With so many 

uncharacterized lncRNAs and their profound influence on development and disease, the study of 

lncRNAs seems poised for many interesting discoveries. The fact that so many of these 

transcripts are regulated by NMD all but ensures that NMD will play a prominent role in future 

lncRNA and micropeptide research.

1.4 Dynamic regulation of NMD

 For many years, it was assumed that NMD activity was constitutive, as periods of low 

NMD activity would permit the accumulation of potentially disruptive mutants. As scientists 

began to appreciate the full scope and significance of NMD’s capacity to regulate normal genes, 
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the notion of constitutive NMD activity was challenged: if quality control is not the most 

important function of NMD, or if compensatory mechanisms exist that allow cells to cope with 

aberrant mRNAs and proteins for short periods, cells may not require high levels of NMD 

activity at all times. Studies applying whole-transcriptome analyses to cells deficient in essential 

NMD proteins opened the eyes of many to just how pervasive NMD-mediated gene regulation is, 

because these studies invariably found that NMD directly controls the expression of between 

3-10% of genes166-169. In a seminal paper, Mendell et al. knocked-down Upf1 and observed a 

widespread upregulation of transcripts with NMD-inducing features including 3’ introns, 

upstream open-reading frames (uORFS), and splice variants containing a PTC167. Many of the 

upregulated gene products function in amino acid metabolism. This is significant, because they 

found that amino acid deprivation reduces NMD activity, allowing for the expression of proteins 

that respond to this environmental insult167. This finding introduced a new dimension to the 

study of nonsense-mediated decay, and researchers have since identified large numbers of NMD 

targets and demonstrated that NMD-dependent transcript regulation coordinates the response to 

multiple cellular stresses167,170-175.

 Mechanistically, phosphorylation of the translation initiation factor eIF2α during amino 

acid deprivation is likely necessary for NMD repression during amino acid deprivation, although 

exactly how this influences the NMD process remains unknown175. This mechanism appears to 

be widespread as other stresses which induce eIF2α phosphorylation—such as endoplasmic 

reticulum (ER) stress and hypoxia—also repress NMD170,171,173-175. Similar to the response to 

amino acid deprivation, hypoxia- and ER-stress-induced NMD repression facilitates the 

stabilization and increased expression of critical stress response factors such as ATF4, ATF3, and 
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CHOP and IRE1α respectively170,171,173. In hypoxic cells, these NMD target mRNAs associate 

with polysomes and are efficiently translated, suggesting that eIF2α phosphorylation diminishes 

NMD activity in a translation-independent manner176,177. Furthering this conclusion are the 

observations that NMD does not require robust translation to efficiently degrade transcripts as it 

occurs during early rounds of translation and that the pioneer round of translation transpires even 

under conditions which diminish general translation178-180. 

 The functions of NMD in the stress response extend beyond promoting survival and 

recovery. Occasionally, environmental insults are so great that cells trigger programmed cell 

death via apoptosis and here too NMD contributes. Recent work by the Maquat lab revealed that 

an early event during apoptosis is the cleavage of UPF1, the primary NMD factor, by multiple 

caspases181. This cleavage generates a dominant negative peptide fragment that stifles NMD 

activity181. The resulting reduction in NMD activity allows for the upregulation of several pro-

apoptotic genes including GADD45α, GADD45β, BAK1, GAS5, DAP3, and DUSTP2. This 

finding is also relevant to cancer biology as they found that the chemical inhibition of NMD 

sensitizes tumor cell lines to chemotherapeutics by promoting apoptosis181. 

 In the prenominate examples, stressed cells autonomously repress NMD to promote 

appropriate cellular stress responses. Interestingly, viruses possess mechanisms to control NMD 

efficiency and co-opt cellular stress responses for their own benefit. Indeed, robust NMD activity  

targets genomic and full-length viral RNAs, thereby suppressing expression of viral proteins and 

reducing viral titer in both plants and animals182,183. The suppressive effects of NMD on viral 

function are immediate and constitutive. Since this form of antiviral immunity does not require 

activation by the virus or depend upon outside signals, it is one of the first threats to successful 
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replication that viruses encounter. Consequently, some viruses have developed mechanisms to 

suppress NMD. The Human T-cell Leukemia Virus Type-1 encodes RNA binding proteins called 

Tax and Rex which stabilize not only viral RNAs but also host NMD target mRNAs and enhance 

viral replication184,185. Furthermore, an element in the 3’ UTR of the Rous sarcoma virus renders 

the viral RNA insensitive to host NMD, possibly by limiting the capacity of UPF1 to initiate 

decay186,187.

 The observation that NMD is suppressed during periods of stress and development raises 

the question of how aberrant RNAs with PTCs are dealt with during intervals of reduced NMD 

activity. One explanation is that NMD inhibition is only restricted to brief temporal windows of 

inactivation during development or to periods of severe cellular stress where the cellular insults 

are so great that the benefits—expression of stress response genes—outweigh the risks posed by 

truncated proteins. However, this is an unsatisfying, albeit potentially correct, response that 

raises many additional questions. Why antagonistically link the stress response to the repression 

of a pathway whose constitutive activation promotes homeostasis? Is the quality control function 

of NMD really essential?

 Work done in the Maquat lab delivers an alternative explanation. They found that 

STAU1, a factor essential for the Staufen-mediated decay (SMD) pathway, competes for a 

binding site on UPF1 with UPF2, a core NMD component188. As a result of this competition, the 

upregulation of STAU1 during myoblast differentiation significantly reduces the ability of UPF2 

to bind UPF1188. Notably, this diminishes the activity of the UPF2-dependent branch of NMD 

but actually stimulates an alternative branch. The specific repression of only the UPF2-dependent 

branch permits the upregulation of myogenin, which is required for myogensis, while alternative 
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branches maintain their capacity to prevent expression of aberrant proteins188. Thus the multiple 

branches of NMD allay the tension between the two primary functions of NMD—quality control 

and gene regulation. 

 Cells also cope with reduced NMD activity by activating compensatory mechanisms, 

such as autophagy, which also prevent expression of abnormal proteins. Indeed, NMD inhibition 

is sufficient to induce autophagy—likely a result of increased ATF4 expression in NMD deficient 

cells189. eIF2α phosphorylation also links the two pathways as it not only inhibits NMD but is 

also necessary for initiating autophagy189. The Gardner lab, which discovered this regulation, 

believes that the induction of autophagy by NMD inhibition purges cells of mutated, misfolded, 

and aggregated proteins that accumulate in NMD-deficient cells. Supporting this notion is data 

demonstrating that the loss of NMD in autophagy-deficient cells augments cell death while 

NMD enhancement rescues viability189. While inconclusive, this is consistent with their model 

that autophagy clears harmful proteins from cells when NMD is inactive. Additionally, the 

stimulation of autophagy increases the free amino acid concentration within cells, which bolsters 

the response to amino acid deprivation. 

 Since NMD is an essential process responsible for regulating the expression numerous 

genes, the precise regulation of this pathway is critical. Considering this, it is perhaps 

unsurprising that an autoregulatory loop exists whereby the transcripts of many NMD factors are 

themselves susceptible to NMD, thus facilitating expression of NMD components during 

intervals of low NMD activity while suppressing their expression to some extent when the 

pathway is active54,92,190. This autoregulation may be critical to restoring NMD activity to 

appropriate levels after adjustments. 
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 In summation, NMD functions to maintain cellular homeostasis by degrading both 

mutant and non-mutant transcripts harboring PTCs. NMD activity is dynamic and varies 

depending upon cell type, developmental stage, and environmental 

inputs24,65,167,170,171,173,174,181,184,185,188,191,192. NMD contributes to multifarious developmental and 

stress response programs by regulating mRNAs possessing NMD-inducing features, and the 

modulation of NMD activity in these settings alters expression of relevant genes. Our current 

understanding of how NMD is dynamically regulated is limited to a small number of 

mechanisms: phosphorylation of eIF2α by stress-activated kinases (how this diminishes NMD 

function remains to be elucidated), upregulation of miRNAs that target NMD factors, UPF1 

cleavage during apoptosis, viral expression of NMD-inhibiting proteins, and the activation of 

competing RNA decay pathways like SMD65,167,170,171,173,181,184,185,188,193,194. These mechanisms 

are not yet fully understood and other mechanisms—such as transcriptional regulation of NMD 

factors—may be utilized. Determining how, when, where, and why NMD efficiency is modified 

are major challenges facing NMD researchers today. Indeed, novel biological roles for NMD, 

such as its ability to survey mRNAs for proper transcription start site usage, are being discovered 

regularly—demonstrating the promising future of NMD research55.

1.5 NMD and human disease

 The activity of nonsense-mediated decay affects the manifestation of numerous diseases 

of both simple and complex causes. Interestingly, many disease phenotypes are exacerbated by 

the effects of NMD while others are suppressed by them. Because of this, NMD acts as a 

“double-edged sword” regarding human health. 
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  β-thalassemia is a genetic disorder characterized by ineffective hemoglobin production 

deriving from mutations in the β-globin gene. Most recessive forms of β-thalassemia result from 

nonsense mutations in either the first or second exon, and these transcripts elicit degradation by 

NMD. In these cases, expression of the unaffected allele is able to compensate for the mutated 

copy. However, mutations in the final exon evade degradation and are translated normally, 

resulting in the expression of truncated proteins195. Often, these proteins act as dominant 

negatives and interfere with normal hemoglobin production. In this manner, the inheritance 

pattern of simple genetic disorders can be influenced by whether the mutation is recognized by 

the NMD machinery195,196.

 The relevance of NMD to human maladies extends beyond simple Mendelian disorders. 

As mentioned previously, mutations in the NMD factor UPF3b are associated with multiple 

forms of mental retardation and autism139-144. NMD is also emerging as a prominent modulator 

of tumorigenesis due to its role in controlling the expression levels of oncogenes and tumor 

suppressor genes with PTCs197,198. For example, 80% of cancer-associated mutations in the E-

cadherin tumor suppressor gene generate a PTC and are downregulated by NMD. Here, NMD 

promotes degradation of a tumor suppressor gene, making NMD activity detrimental to the 

individual. As a result, patients with NMD-sensitive mutations develop cancer at an earlier age 

than patients with NMD insensitive truncation mutations197. NMD factors are also mutated or 

overexpressed in a variety of human cancers: the newly discovered NMD factor Nbas is 

overexpressed in pediatric neuroblastomas, and UPF1 is commonly mutated in pancreatic 

adenosquamous carcinoma as well as inflammatory myofibroblastic tumors199-203. 
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Comprehending how NMD dsyregulation affects such vital events as tumorigenesis and 

metastisis will have enormous implications for clinical therapeutics. 

 The protective capacity of NMD under stress conditions, while generally salubrious, can 

unfortunately be co-opted by cancer cells to promote tumor growth. For many tumors, harsh 

microenvironments fostered by chaotic vascularity limit valuable nutrients and oxygen and 

impede growth175. To overcome this impediment, tumor cells enact cellular responses that allow 

them to adapt and thrive in these unfavorable conditions. One such response is the inhibition of 

NMD. Indeed, NMD is repressed in an eIF2α-dependent manner in stressed tumor cells, and 

restoration of NMD activity by UPF1 overexpression significantly arrests tumor growth171. The 

profound influence that NMD wields on tumorigenesis in harsh cellular environments bespeaks 

an important role for NMD in coordinating the cellular stress response and makes it a promising 

target for the treatment of cancer.

 Given its relevance to human health, NMD is an attractive target for treatment of many 

human diseases. Inhibiting NMD may alleviate the symptoms of certain genetic diseases caused 

by PTCs in a single gene—such as cystic fibrosis, β-thalassemia, Hurler’s syndrome, and 

Duchenne muscular dystrophy—if the truncated protein products are functional or partially 

functional195. However, although nearly 30% of genetic disorders are caused by nonsense 

mutations, this therapeutic strategy is severely limited by its reliance on the truncated proteins 

retaining their functionality without disrupting cellular metabolism. To address this limitation, 

the Bedwell lab combined chemical NMD inhibitors, which stabilize nonsense transcripts and 

augment nonsense mRNA expression, with stop-codon read-through drugs, which promote read-

through of the aberrant nonsense codon, partially restoring expression of full-length proteins 
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encoded by mutant alleles. They demonstrated the efficacy of this strategy in models of cystic 

fibrosis and Hurler’s syndrome204,205. Furthering this work, Lawrence Gardner’s group revealed 

that this strategy can be employed to restore p53 expression in cancer cells with nonsense 

mutations in the p53 gene, suggesting that this treatment strategy also represents a potential 

means of treating cancers driven by nonsense mutations in tumor suppressor genes206. 

 Inhibition of NMD also represents a promising cancer therapeutic strategy for cancers 

whose transforming mutations don’t elicit NMD. Cancer cells may have an elevated dependency 

on NMD for survival since they produce more nonsense RNAs as a result of their intrinsic 

genomic instability. As such, inhibiting NMD may lead to preferential killing of cancer cells. 

Furthermore, abrogation of NMD may result in the synthesis of novel, tumor-specific antigens on 

the surface of cancer cells which induce anti-tumor immune responses207. However, as 

mentioned previously, certain tumors actually thrive when NMD activity is low due to increased 

expression of stress-response genes171. Clearly the role of NMD in cancer biology is complex 

and highly context-dependent. More knowledge of how NMD contributes to cancer and other 

diseases will facilitate the targeting of NMD for therapeutic purposes and, for this reason, small-

molecule inhibitors of NMD hold great promise for the treatment of genetic diseases including 

cancer. Moreover, such inhibitors may serve as chemical biology tools for probing the NMD 

process.

 Many groups have searched for chemical inhibitors of NMD. When the Ohno group 

identified the PI3K-like kinase SMG1 as an NMD factor, they realized that classic inhibitors of 

this kinase family, such as wortmannin and caffeine, will inhibit NMD79. Indeed they do; 

however, these drugs have wide-ranging effects on cells and the concentrations required to 
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repress NMD are too toxic for clinical use. Years later, another inhibitor termed NMDI1 was 

identified in a screen for chemicals that disrupt the activity of certain splicing proteins34. NMDI1 

blocks NMD by preventing the interaction between SMG5 and UPF1 and is a promising clinical 

candidate as no cellular toxicity is observed even at concentrations 25 times greater are required 

for substantial NMD inhibition34. In 2014, NMDI14, a potentially more promising chemical 

inhibitor of NMD, was identified in a computational screen for molecules that physically prevent 

the interaction of SMG7 with UPF1. NMDI14 works at nanomolar concentrations and exhibits 

minimal cellular toxicity206. However, given the low percentage of drugs that thrive in a clinical 

setting, the identification of more small-molecule NMD inhibitors will better the odds of 

successfully treating diseases by modulating NMD activity.

 NMD has also proven useful in the identification of disease genes. Many disease alleles 

harbor nonsense mutations that are recognized by the NMD machinery. By charting the gene 

expression changes following NMD inhibition in diseased tissue, a list of candidates can be 

assembled208. In this manner, disease genes associated with colon, prostate, and breast cancers 

have already been identified209-212. With this advancement in methodology, the functional 

consequences of NMD serve as a critical diagnostic tool.

1.6 Methods of studying NMD

 As we come to appreciate the physiological and clinical significance of NMD, it becomes 

increasingly necessary to possess tools capable of rapidly and accurately assessing NMD activity 

to expedite drug development and to fully characterize the mechanism and regulation of NMD. 

However, NMD research has often been hindered by low-throughput or poorly controlled 

methods of assessing NMD. In the early days of NMD research, scientists assessed the stability 
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of endogenous transcripts with pulse-chase experiments and northern blotting49. While still 

widely used today, this method lacks perfect controls and is inherently low-throughput. Over the 

next couple decades, a number of reporter genes were developed with known, characterized 

mutations (for example see ref 196). This greatly expanded the ability to mechanistically dissect 

the NMD pathway and allowed for much more controlled experiments but still relied on low-

throughput RNA-based methods of assessing NMD—northern blot or qPCR. In the early 2000s, 

two groups tried to address the throughput issue by tethering reporter genes to fluorophores or 

luciferases213,214. However, these two reporters are limited by the lack of proper internal controls 

in the same cell. Recently, a new fluorescent reporter with better, although imperfect, controls 

capable of assessing NMD activity in single cells was introduced215. So for nearly 4 decades of 

NMD research, scientists have relied on low-throughput NMD assessment strategies that often 

lacked great controls and that precluded live cell or animal studies. In chapter 2, I describe a 

dual-color bioluminescent reporter that overcomes these obstacles. 
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1.7 Figures

Figure 1: NMD Substrates. 

NMD eliminates transcripts harboring premature termination codons (PTCs), thereby preserving 

the quality of the transcriptome and maintaining cellular homeostasis. PTCs arise in numerous 

ways—often from errors in nucleic acid metabolism including genetic mutations, aberrant 

splicing, and transcriptional aberrations. In addition to preventing expression of abnormal 

truncated proteins, NMD also represses expression of many normal genes whose mRNAs 

contain features recognizable to the NMD machinery.
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Figure 2: NMD mechanism.

NMD substrates are recognized and degraded through a series of biochemical events involving 

SMG proteins, UPF proteins, EJC proteins, and general RNA decay factors. 
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1.8 Tables

Table 1 NMD factors and their functionsNMD factors and their functions

Protein Cellular Localization Properties and Functions

Upf1 Primarily Cytoplasmic Phosphorylated by SMG1; Recruits SMG5-7; Inhibits 
translation initiation; dissassembles mRNP

Upf2 Cytoplasmic (perinuclear) Binds Upf1, Upf3, and RNA; Activates Upf1 helicase and 
ATPase activity.

Upf3a Mainly Nuclear; Shuttles to 
cytoplasm 

Binds EJC and later Upf2; Activates Upf1 helicase and ATPase 
activity. Weak inducer of NMD

Upf3b Mainly Nuclear; Shuttles to 
cytoplasm 

Binds EJC and later Upf2; Activates Upf1 helicase and ATPase 
activity. Destabilizes Upf3a protein.

SMG1 Cytoplasmic Phosphorylates Upf1 at multiple residues; 

SMG5 Mainly cytoplasmic, some in 
nucleus

Forms heterodimer with SMG7; binds Upf1; recruits 
phosphatase PP2A to dephosphorylate Upf1

SMG6 Mainly cytoplasmic, some in 
nucleus

Binds Upf1; Recruits phosphatase PP2A to dephosphorylate 
Upf1; Cleaves transcripts near PTC

SMG7 Mainly cytoplasmic, some in 
nucleus

Forms heterodimer with SMG5; recruits PP2A to 
dephosphorylate Upf1; Initiates decapping/deadenylation

SMG8 Cytoplasmic; may be in nucleus 
as well Inhibits SMG1 kinase activity

SMG9 Cytoplasmic; may be in nucleus 
as well Inhibits SMG1 kinase activity

NBAS Unknown Unknown

Dhx34 Cytoplasmic Promotes phosphorylation of UPF1 by SMG1

GNL2 Nuclear Unknown

SEC13 Nuclear membrane Component of nuclear pore complex

Mov10 Cytosplasmic RNA helicase; removes proteins and secondary structure from 
mRNP for decay 

RUVBL1 Cytoplasmic Promotes SMG1 kinase activity

RUVBL2 Cytosplasmic Promotes SMG1 kinase activity

PNRC2 Cytoplasmic Interacts with UPF1, promotes mRNA decapping by recruiting 
DCP1a

MARVELD1 Cytoplasmic Negative regulator of SMG1 kinase activity
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2.1 Abstract

The nonsense-mediated mRNA decay (NMD) pathway selectively eliminates 

aberrant transcripts containing premature translation termination codons (PTCs) and 

regulates the levels of a number of physiological mRNAs. NMD modulates the clinical 

outcome of a variety of human diseases, including cancer and many genetic disorders, 

and may represent an important target for therapeutic intervention. Here we have 

developed a novel multicolored, bioluminescence-based reporter system that can 

specifically and effectively assay NMD in live human cells. Using this reporter system, 

we conducted a high-throughput small-molecule screen in human cells and, 

unpredictably, identified a group of cardiac glycosides including ouabain and digoxin as 

potent inhibitors of NMD. Cardiac glycoside-mediated effects on NMD are dependent 

on binding and inhibiting the Na+/K+-ATPase on the plasma membrane and 

subsequent elevation of intracellular calcium levels. Induction of calcium release from the 

endoplasmic reticulum also leads to inhibition of NMD. Thus, this study reveals 

intracellular calcium as a key regulator of NMD and has important implications for 

exploiting NMD in the treatment of disease.

2.2 Introduction

The NMD pathway selectively degrades mRNAs harboring PTCs and, in so doing, 

guards cells against insults from potentially deleterious truncated proteins. In addition to 

eliminating faulty mRNA transcripts, NMD regulates the levels of many physiological 

mRNAs possessing features that are recognized by the NMD machinery1,2. By 

modulating the activity of NMD, cells can enact gene expression programs crucial for 
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normal development or for responding to environmental cues such as hypoxia and amino 

acid deprivation3,4. Furthermore, approximately one-third of human genetic diseases are 

the manifestation of PTC mutations5, and whole genome sequencing has recently 

uncovered numerous somatic nonsense mutations in tumor samples6. Thus,  NMD has 

become an attractive target for the treatment of many human diseases. For example, 

inhibiting NMD may alleviate the symptoms of certain genetic diseases caused by PTCs 

if the truncated protein products are functional or partially functional hypomorphs7,8. 

NMD inhibition also represents a promising cancer therapeutic strategy. Cancer cells 

likely have an elevated dependency on NMD for survival due to the production of many 

nonsense mRNAs as a result of their intrinsic genomic instability. Thus, inhibiting NMD 

may lead to preferential killing of cancer cells. 

2.3 Results

To investigate the NMD pathway and to begin to develop NMD-targeting 

therapeutics, we constructed a multicolored, bioluminescence-based reporter for assaying 

NMD in mammalian cells, as illustrated in Fig. 1A and Supplementary Fig. 1. This 

reporter comprises a single expression vector containing two separate transcription units, 

each with a luciferase inserted into a TCRβ minigene at the same position within the 

second exon. The first transcription unit consists of a PTC-containing TCRβ minigene 

fused to click beetle red luciferase (CBR-TCR(PTC)). The second unit contains a wild-

type TCRβ minigene fused to click beetle green 99 luciferase (CBG99, hereafter referred 

to as CBG for simplicity) (CBG-TCR(WT)). Expression of both fusion reporter genes are 

controlled by separate CMV promoters, splice sites, and polyadenylation signals of 
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identical sequences. A sequence encoding an HA-tag was included in the first exon of the 

fusion reporter genes, which provides an independent method to detect the translated 

fusion protein products through western blotting. PTCs in the well characterized TCRβ 

minigene are known to elicit robust NMD (but not 100% efficient as is the case for other 

reporter genes examined)9,10. The CBR-TCR(PTC) and CBG-TCR(WT) transcription 

units share > 99% sequence identity at the DNA, pre-mRNA, and mRNA levels (see the 

reporter sequence in Supplementary Fig. 2). Using this dual-colored reporter, NMD is 

quantified by the ratio of CBR activity to CBG activity, with an increase in the CBR/CBG 

(red/green) ratio representing inhibition of NMD. Here, the CBR luciferase activity serves 

as an indirect measure of the steady-state levels of the CBR-TCR(PTC) fusion mRNA, 

which is targeted for degradation by NMD, whereas the CBG luciferase activity reflects 

the steady-state levels of the CBG-TCR(WT) fusion mRNA, which is unresponsive to 

NMD. The use of CBG-TCR(WT) as an internal control in the same cell ensures that 

changes in the CBR/CBG ratio reflect effects specifically attributable to NMD and not 

indirect effects that result from variations in reporter DNA delivery or from effects on 

cell viability or various steps of gene expression such as transcription, splicing, 

polyadenylation, and translation. The use of the highly sensitive and closely related red-

emitting CBR and green-emitting CBG luciferases, combined with a spectral 

deconvolution algorithm for unmixing CBR and CBG signals, allows for rapid and 

accurate measurement of their respective activities simultaneously in a single reaction 

with the same D-luciferin substrate11. 

To validate the NMD reporter system, we generated a human U2OS cell line 
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stably expressing the reporter. Western blot results indicate that while the CBG-TCR(WT) 

fusion protein was efficiently expressed, the basal level of the CBR-TCR(PTC) truncated 

protein was barely detectable (Fig. 1B). This result is consistent with the prediction that 

CBR-TCR(PTC) mRNA, but not CBG-TCR(WT) mRNA, is targeted for NMD. 

Treatment with caffeine, a potent (but not specific) inhibitor of the kinase activity of the 

NMD factor SMG1, restored the CBR-TCR(PTC) protein levels. Bioluminescence 

imaging reveals that the CBR/CBG ratio increased by ~ 3-fold following caffeine 

treatment (Fig. 1C). Importantly, quantitative RT-PCR (RT-qPCR) analysis performed 

with primers specific to CBR or CBG luciferases in the reporter revealed a similar 

increase in the ratio of CBR-TCR(PTC)/CBG-TCR(WT) reporter mRNAs (Fig. 1D and 

Supplementary Table 1). Furthermore, shRNA-mediated knockdown o f  NMD factors 

SMG1, Upf1 and Upf2 also inhibited NMD of the reporter, as measured by western blot, 

bioluminescence assay, and RT-qPCR (Fig. 1E-1H). Taken together, these data 

demonstrate that this mechanism-based NMD reporter system faithfully recapitulates the 

characteristics of NMD in human cells and is expected to be specific, rapid, and sensitive.

Using this reporter system, we next performed a high-throughput screen to 

identify drug candidates that can alter NMD activity in human cells. The Pharmakon 

library, which contains a diverse array of 1,600 clinically-evaluated compounds, was used 

as the source of small molecules in the hope of repurposing existing drug candidates to 

fast-track the drug development process. Human U2OS cells containing the dual-colored 

NMD reporter were seeded in 96-well plates, and individual drugs were added to each 

well at a concentration of 10 µM, along with appropriate controls. Twenty-four hours 
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after drug treatment, D-luciferin was added to the medium followed by bioluminescence 

imaging and spectral unmixing to obtain CBR and CBG signals (Fig. 2A). A Z’ factor of 

0.77 was calculated for the reporter assay, demonstrating the robustness of the strategy 

(see Methods). As shown in Fig. 2B and Supplementary Table 2, the majority of the 

compounds in the library exhibited little or no effect on NMD of the reporter. However, 8 

candidate inhibitors and 14 candidate enhancers of NMD were identified by quartile 

analysis after employing stringent criteria for hit selection (Fig. 2B and Supplementary 

Table 3)12. Focusing on NMD inhibitors in this study, the effects of seven of the inhibitor 

hits were confirmed in follow-up analysis, and each validated compound inhibited NMD 

in a dose-dependent manner (data not shown). Strikingly, the top five verified hits, 

including digitoxin, digoxin, lanatoside C, proscillaridin and ouabain, are all cardiac 

glycosides (CGs), which inhibit Na
+
/K

+
-ATPase in cells (Fig. 2B)13.

At the initial screening concentration (10 µM), all CGs increased CBR signal 

compared to DMSO treatment, but these drugs also decreased CBG signal, potentially 

due to non-specific toxic effects on cell viability (Supplementary Table 2). However, we 

identified a lower concentration for each drug at which the CBR activity was still 

dramatically increased while the CBG activity remained largely unaffected (Fig. 3A). At 

these modest concentrations, these drugs did not significantly impact general translation in 

cells and had only a mild inhibitory effect on cell viability (Supplementary Fig. 3A, 3B). 

Because CBR and CBG proteins are relatively stable, the inhibitory effects of CGs on the 

signal generated by the NMD reporter was time-dependent, increasing over the 24-hour 

treatment period; CG-mediated blockade of NMD was fully concentration-dependent, 
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showing reporter-generated EC50 values of ~70 nM and ~200 nM for ouabain and digoxin, 

respectively (Supplementary Fig. 4A, 4B). Importantly, our bioluminescence imaging 

results were corroborated by western blot and reporter-specific RT-qPCR analyses of the 

CBR-TCR(PTC) and CBG-TCR(WT) protein and mRNA levels, respectively (Fig. 3B, 

3C).

To further validate the effects of CGs on NMD using an independent NMD model 

system, we used the human Calu-6 cell line, which expresses a PTC-containing nonsense 

mRNA of endogenous p5314,15. Calu-6 cells were first treated with CGs for 16 hrs. 

Subsequently, the transcription inhibitor actinomycin D was added to block new mRNA 

synthesis, and the levels of p53 mRNA were determined by RT-qPCR at 0 hr and 6 hr 

after actinomycin D treatment. All 5 CGs significantly increased the stability of the 

mutant p53 transcript, compared with DMSO (Fig. 3D). In further support of the idea that 

CGs inhibit NMD, we observed increased stability of wild-type endogenous mRNA targets 

of NMD, including UPP1, ATF4, Pim3, and Pisd, in Calu6 cells after treatment with ouabain. 

In comparison, the stability of endogenous ORCL transcripts, which are not targeted by 

NMD, was unaffected under the same condition (Fig. 3E)16-19. It has been previously shown 

that the mRNA levels of many of the NMD factors such as SMG1, Upf1, Upf2, Upf3B, 

SMG5, SMG6, and SMG7 are controlled by NMD via an autoregulatory loop, as they are 

themselves targets of NMD20,21. Consequently, these transcripts are upregulated upon 

ablation of NMD activity. If CGs inhibit NMD, one would expect an increase in these NMD 

factor transcript levels after CG treatment. Indeed, we found that ouabain treatment led to 

upregulation of all of these autoregulated NMD factors except SMG6 (whose upregulation 
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was also less obvious upon NMD inhibition after Upf1 knockdown in previous studies20,21) 

(Supplementary Fig. 5). Taken together, these data strongly suggest that CGs have a 

previously unrecognized ability to inhibit NMD in human cells.

Since the Na
+
/K

+
-ATPase (composed of a catalytic α subunit and a structural β 

subunit, each with various isoforms) is the only known pharmacological target of the 

identified CGs, our results suggest that CGs inhibit NMD via the sodium-potassium 

pump22. Consistent with this idea, our reporter assay indicates that mouse skin fibroblasts, 

which express a naturally CG- resistant α1 subunit of Na
+
/K

+
-ATPase, exhibited more 

than 100 times greater resistance to ouabain, compared to human cells in which all 4 

isoforms of the α subunit have a much higher affinity for CGs (Fig. 4A)23. In contrast, 

NMD of the reporter exhibited a similar level of sensitivity to caffeine in both human and 

mouse cells (Fig. 4A). Moreover, overexpression in human cells of the rat α1 subunit of 

Na
+
/K

+
-ATPase, which also has a low affinity for CGs, abrogated the inhibitory effects of 

ouabain on NMD. In contrast, expression of a similar level of rat α3 subunit of Na
+
/K

+
-

ATPase, which is sensitive to CGs23,24, did not cause resistance of NMD to ouabain (Fig. 

4B and Supplementary Fig. 6A). Furthermore, expression of a CG-resistant mutant 

version of the human α1 subunit also prevented the CG-mediated inhibition of NMD 

while the wild-type protein failed to do so (Fig. 4C and Supplementary Fig. 6B). To 

further demonstrate that CGs inhibit NMD through their binding and inhibition of Na
+
/K

+
-ATPase, we generated a catalytically inactive mutant of the rat α1 subunit (D376E) that 
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has diminished binding and hydrolysis of ATP24. Unlike the WT rat α1 subunit, expression 

of this mutant in human cells could not cause resistance of NMD to CGs, indicating that 

blockade of the sodium/potassium pump enzymatic activity is necessary for efficient CG-

induced inhibition of NMD (Fig. 4D and Supplementary Fig. 6C). Taken together, 

these data strongly suggest that Na
+
/K

+
-ATPase is a robust regulator of NMD in 

mammalian cells and that CGs inhibit NMD through binding and inhibiting this sodium-

potassium pump. Given the essential role of Na
+
/K

+
-ATPase for cell viability, the 

observation that CGs strongly inhibited NMD at concentrations where no obvious 

decrease in CBG activity or cell viability was observed suggests that partial inhibition of 

the sodium-potassium pump is sufficient to abolish NMD (Fig. 3 and Supplementary 

Fig. 3B).

Because a major effect of Na
+
/K

+
-ATPase inhibition is the elevation of intracellular 

calcium levels13, we hypothesized that inhibition of NMD by the cardiac glycosides is due to 

increased intracellular calcium concentration. To test this, we co-treated U2OS reporter cells 

with ouabain and Bapta-AM, a cell-penetrating intracellular calcium chelator, to buffer 

cytosolic free calcium transients. Bapta-AM reversed the inhibitory effects of ouabain on 

NMD, although Bapta-AM treatment alone did not affect NMD (Fig. 4E). This suggests that 

calcium indeed mediates the inhibitory effects of cardiac glycosides on NMD. To further 

establish the regulation of NMD by calcium, we treated reporter cells with multiple drugs 

that raise intracellular calcium levels by independent mechanisms. We found that 

Thapsigargin, which induces the release of calcium stores from ER into the cytoplasm, 

64



abrogated NMD in the reporter cells, and that this effect was also ablated by Bapta-AM (Fig. 

4F). Furthermore, the calcium ionophore A23187, which also increases intracellular calcium 

concentration, exhibited similar inhibitory effects on NMD (data not shown). Taken together, 

these results strongly suggest that calcium is a crucial regulator of NMD in human cells. 

2.4 Discussion

It is not clear at present how intracellular calcium regulates NMD in cells. 

Intracellular calcium may directly bind and regulate the activities and functions of NMD 

factors. Alternatively, it may indirectly regulate NMD through calcium-dependent signaling 

molecules such as kinases and phosphatases. Interestingly, Johansson and Jacobson have 

previously shown in yeast cells that elevated levels of another divalent cation, magnesium, 

inhibit NMD by promoting translation read-through at stop codons25. Unlike magnesium, 

intracellular calcium apparently does not promote translation read-through, as treatment with 

cardiac glycosides or Thasigargin resulted in the production of a truncated protein terminated 

at the PTC in the CBR-TCR(PTC) reporter (Fig. 3B and data not shown). Work is underway 

to dissect the precise mechanism of this calcium-mediated NMD regulation. 

In summary, using a highly effective NMD bioluminescent reporter system, we 

identified CGs as potent inhibitors of NMD, leading to the discovery o f  a novel, 

calcium-mediated NMD regulatory pathway (Fig. 4G). These findings have important 

implications in both basic and translational research. First, our results suggest a novel 

therapeutic strategy for NMD inhibition by manipulating intracellular calcium levels. CGs or 

derivatives with low toxicity might also be effective in treating certain genetic diseases 

such as cystic fibrosis and Duchenne muscular dystrophy, wherein truncated protein 
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products encoded by the corresponding nonsense mRNAs are fully or partially 

functional7,8. Second, our results may, in part, explain the anticancer properties previously 

observed for CGs in both epidemiological and laboratory studies13. A recent study 

indicates that the same group of CGs we identified herein are potent inducers of an 

anticancer immune response26. Mechanistically, inhibition of NMD may result in the 

synthesis of novel, tumor-specific antigens that could induce antitumor immunity27. 

Given the antitumor immunity observed in mice after NMD disruption27 and the 

inhibitory effects of CGs on NMD revealed by this study, it is possible the antitumor 

immunity induced by these drugs, in part, results from their chronic effects on NMD. 

Third, given the prominence of calcium signaling in many physiological processes, such as 

development, proliferation, synaptic transmission and immune activation, and the role of 

NMD in regulating the levels of many physiological mRNAs, our study suggests a novel 

mechanism for the calcium-mediated gene expression programs essential for these 

processes3,28-34. 
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2.5 Methods

2.5.1 NMD reporter construction

The dual-color NMD reporter was generated by PCR cloning. The TCRβ mini 

gene sequence was derived from pβ510 (a gift from Dr. Oliver Mühlemann, University of 

Bern)10. The CBR and CBG99 ORF sequences were derived from pCBR-Basic and 

pCBG99-Basic vectors (Promega). The CMV promoter and SV40 polyadenylation signal 

sequences were derived from pmCherry-N1, a derivative of pEGFP-N1 vector (Promega) 

in which the EGFP ORF is replaced with mCherry ORF. These elements were first 

assembled in pmCherry-N1 deleted of the mCherry ORF to generate pN1-(CBR-TCR

(PTC)) and pN1-(CBG-TCR(WT)). The CBR-TCR(PTC) transcription unit between the 

CMV promoter and SV40 polyadenylation signal in pN1-(CBR-TCR(PTC)) was then 

inserted into pBluescript SK(-) at Sac I (5’) and Spe I (3’) to generate the single-color 

reporter pBS-(CBR-TCR(PTC)). Similarly, the CBG-TCR(WT) transcription unit 

between the CMV promoter and SV40 polyadenylation signal in pN1-(CBG-TCR(WT)) 

was inserted into pBluescript SK(-) at Spe I (5’) and Kpn I (3’) to generate the single-

color reporter pBS-(CBG-TCR(WT)). To generate the dual- color reporter pBS-(CBR-

TCR(PTC)-CBG-TCR(WT)), the Spe I (5’)-KpnI (3’) fragment containing the CBG-TCR

(WT) transcription unit from pBS-(CBG-TCR(WT)) was inserted into pBS-(CBR- TCR

(PTC)) at Spe I (5’) and Kpn I (3’) sites. Detailed cloning strategy and PCR primer 

sequences are available upon request. An annotated, complete sequence of the dual-color 

NMD reporter is shown in Supplementary Fig. 1.
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2.5.2 Cell culture, adenovirus and lentivirus production and infection, expression of α 

subunits of Na+/K+-ATPase, and chemical inhibitors

Primary fibroblasts from skin explants of newborn mice were kindly provided by 

Dr. Robert Mecham (Washington University School of Medicine). The cells were 

maintained in Dulbecco’s modified Eagle’s media (DMEM) supplemented with 100 units/

ml penicillin, 100 µg/ml streptomycin, 0.1 mM nonessential amino acid, and 10% fetal 

bovine serum (FBS) in a 5% CO2 incubator at 37 °C. Human U2OS cells and HEK293T 

cells were cultured in DMEM with 10% FBS at 37 ºC with 5% CO2. 

To generate U2OS cells stably expressing the dual-colored or single-colored NMD 

reporters, pBS-(CBR-TCR(PTC))-(CBG-TCR(WT)), pBS-(CBR-TCR(PTC)) or pBS-

(CBG- TCR(WT)) were co-transfected with a pMXs-puro vector that encodes a 

puromycin-resistance gene into U2OS cells using the TransIT-LT1 transfection reagent 

(Mirus). Single colonies were selected with puromycin (1.5 µg/ml) and expression of the 

reporters was verified by Western blot, bioluminescence imaging and RT-qPCR. 

An adenovirus construct encoding our NMD reporter was generated by inserting 

the reporter into the pAdenoX-PRLS-ZsGreen1 vector using the In-Fusion HD cloning 

kit (Clontech), according to the manufacturer’s protocol. Linearized adenoviral vector 

with exposed inverted terminal repeats was transfected into HEK293 cells for viral 

production, followed by viral amplification in the same cell line. Target cells were 

infected with adenoviruses for 48 hrs before bioluminescence imaging. 

To knockdown NMD factors in NMD reporter cells, lentiviruses expressing a non-

targeting control shRNA or shRNAs targeting SMG1, Upf1 or Upf2 were generated in 

68



HEK293T cells as previously described35. Briefly, HEK293T cells were co-transfected 

with an shRNA-encoding lentiviral vector and packaging plasmids (pCMV-dR8.2 and 

pCMV-VSVG) using TransIT-LT1 transfection reagent (Mirus). Virus-containing 

supernatant was collected 48 and 72 hr after transfection. The U2OS cells stably 

expressing the dual-colored NMD reporter were then infected with the viruses. The 

lentiviral vectors expressing a control nontargeting shRNA (5’- CAACAA

GAUGAAGAGCACCAA-3’), shSMG1-1 (5’-GCCGAGAUGUUGAUCCGAAUA-3’), 

shSMG1-2 (5’-GCACUGUAACUACGGCUACAA-3’), shUpf1 (5’- 

GCAUCUUAUUCUGGGUAAUAA-3’), shUpf2-1 (5’-

GCGUUAUGUUUGGUGGAAGAA-3’) and shUpf2-2 (5’-

GCGAGAUACGUCACAAUGGUA-3’) were purchased from Sigma.

The CG-resistant human α1 mutant containing two mutations (Q118R and 

N129D) and the catalytic inactive rat α1 subunit mutant containing the D376E mutation 

were generated by site-directed mutagenesis using the following primers: 5’-

TATAGCATCCGAGCTGCTACAGAAGAGGAACCTCAAAACGATGATCTGTACCTG

G-3’; 5’-

CCAGGTACAGATCATCGTTTTGAGGTTCCTCTTCTGTAGCAGCTCGGATGCTATA-

3’, and 5’-CATCTGCTCCGAGAAGAC TGGAACTC-3’/5’-

GAGTTCCAGTCTTCTCGGAGCAGATG-3’, respectively. Because we observed 

inhibitory effects of a FLAG tag on the function of α subunits (data not shown), we used 

untagged forms for expression in human cells. All α subunits were expressed in U2OS 

cells by transfection using the TransIT-LT1 transfection reagent. Twenty fours hours 
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following transfection, cells were re-plated in 96-well plates before drug treatment and 

bioluminescence imaging (see below).

Cardiac glycosides, including ouabain, digoxin, digitoxin, proscillaridin and 

lanatoside C, were purchased from MicroSource. Ouabain (O3125) and digoxin (D6003) 

were also purchased from Sigma. Bapta-AM (A1076), thapsingargin (T9033), A23187 

(C7522), actinomycin D (A1410) and caffeine (C0750) were purchased from Sigma. 

Caffeine was dissolved in H2O, and all other inhibitors were dissolved in DMSO. 

2.5.3 High-throughput screening

Human U2OS cells stably expressing our dual-colored NMD reporter were plated 

in black-walled 96-well dishes with 100 µl media using a Biomek FX liquid handler. 

Colorless DMEM with 10% FBS was used throughout the screening process. Eighteen 

hours following cell plating, original media were removed and replaced with media (130 

µl) supplemented with individual drugs in the Pharmakon Library (PHARMAKON 1600, 

MicroSource) at a concentration of 10 µM. The liquid handling robot diluted the drugs 

from a stock concentration of 2 mM in dimethyl sulfoxide (DMSO) to the final 10 µM 

concentration. The final concentration of DMSO was 0.5%. Three wells treated with 

DMSO (0.5%, negative vehicle control for drugs in the Library) or caffeine (10 mM in 

H2O, positive control) were also included on each plate. For the purpose of spectral 

unmixing of the CBR and CBG signals in the dual-colored reporter, control U2OS 

reporter cells stably expressing either the CBG-TCR(WT) alone or the CBR- TCR(PTC) 

alone (treated with 10 mM caffeine to increase signal) were included on the same plate to 

provide pure CBR and CBG reference signals. Cells were incubated in the presence of 
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compound for 24 hours followed by bioluminescence imaging (see below).

2.5.4 Bioluminescence imaging and spectral deconvolution

Cells were incubated with 150 µg/ml D-luciferin for 10 minutes at 37 °C and 

bioluminescence signals were measured sequen t ia l ly  using a charge-coupled device 

(CCD) camera-based bioluminescence imaging system (IVIS 100; Caliper) with 

appropriate open, red, or green filters and exposure settings (exposure time: 10 s; binning: 

8; field of view: 15; f/stop: 1). Regions-of-interest (ROIs) were drawn over images of 

wells and bioluminescence signals were quantified using Living Image (Caliper) and Igor 

(Wavemetrics) analysis software packages as described previously36. Spectral unmixing 

was performed using an ImageJ plugin with an algorithm we developed previously11. The 

CBR/CBG ratio was calculated for each well and normalized by the CBR/CBG ratio in 

DMSO-treated wells. Data were presented as the log2 of the fold-change in the CBR/

CBG ratio. To document the quality of our NMD reporter assay, we calculated the Z’ 

factor for a 96-well screening plate based on the CBR/CBG ratios in caffeine-treated 

(control positive sample) and H2O-treated (control negative sample) cells:

Z’ factor = 1 - (3x (standard deviationcaffeine + standard deviationH2O) / 

(averagecaffeine - averageH2O)) = 1 - (3x (0.1123 + 0.0508) / (3.2356 – 1.0850)) = 0.77

2.5.5 Screen hit selection and statistic analysis

A battery of statistical tests was employed to identify statistically significant 

screen hits. First, all compounds whose CBR/CBG ratio was less than 2 standard 

deviations above or below the CBR/CBG ratio for DMSO control wells on the same plate 

were excluded from further analysis. Compounds passing this initial criterion were then 
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subjected to quartile analysis. The first (Q1), third (Q3), and median (Q2) quartile values 

were calculated using the log2 of the ratio fold-change for compounds in the data set. 

Potential NMD inhibitors were selected using an

upper boundary for hit selection calculated as Q3 + c(ICQ), where ICQ = Q3 - Q1, and c 

= 1.7239. This c value corresponds to a high stringency targeted error rate of α = 

0.002712. Where multiple independent experiments are presented, p-values were 

calculated using a paired Student’s t-test. Where biological replicates are presented 

(including the screen data), p-values were calculated using a unpaired Student’s t-test. *p 

≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

2.5.6 RT-qPCR and Western blotting

To measure levels of NMD reporter mRNAs in U2OS cells, or p53 and other 

endogenous mRNAs in Calu-6 cells, total RNA was isolated using a NucleoSpin RNA II 

kit (Clonetch) and cDNA was synthesized using a poly-dT primer and the SuperScript II 

cDNA synthesis kit (Invitrogen), according to the instructions of the manufacturers. All 

reactions were performed in at least duplicate using a three step PCR protocol (melting 

temperature: 95 °C; annealing temperature: 55 °C; extension temperature: 72 °C; cycle 

number: 40) on an ABI VII7 real-time PCR system with Maxima SYBR Green/ROX 

qPCR Master Mix (Thermo Scientific). The mRNA levels of the housekeeping gene 

GAPDH were used for normalization. Primers for qPCR are listed in Supplementary Table 

4. Western blot to detect CBR-TCR(PTC) and CBG-TCR(WT) protein products in 

reporter cells using an HA-antibody (Convance, MMS-101R) was performed as described 

previously using a Li-Cor Odyssey system35. Anti-SMG1 antibody raised in rabbits 
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against Xenopus protein cross-reacts with human SMG1, as described previously37. Anti-

Upf1 (NBP1-05967) and anti-Upf2 (NB2-20813) antibodies were purchased from Novus 

Biologicals. Anti-PCNA antibodies were home-made against full-length Xenopus PCNA 

protein, which also recognize human PCNA38. A pan-Na+/K+-ATPase antibody that 

recognizes all isoforms of the α subunit of Na+/K+-ATPase in human and rat cells (Cell 

Signaling Technology, 3010) was used in Supplementary Fig. 6. 

2.5.7 Cell viability analysis

The AlamarBlue assay was used to measure the overall cytotoxicity of cardiac 

glycoside treatment39. Human U2OS NMD reporter cells were treated with DMSO, 

ouabain or digoxin in 96-well plates. Two hours prior to the each time point shown in 

Supplementary Fig. 3B, Alamar Blue was added to each well at a final concentration of 40 

µM. Cells were incubated at 37 °C in the presence of AlamarBlue for 2 hours and then 

fluorescence measured (excitation 544 nm; emission 590 nm). 

2.5.8 Analysis of general translation 

Human U2OS NMD reporter cells were treated with DMSO or ouabain in 

methionine-free media (CellGro, 17-204-CI) supplemented with 2 mM L-glutamine, 10% 

dialyzed FBS (Sigma, F0392), and 35S-labeled methionine (10 µCi/ml) for 24 hours prior to 

protein collection. Protein samples from the same number of cells were run on two separate 

SDS-PAGE gels, with one for 35S autoradiography analysis (newly synthesized proteins) and 

one for Coomassie blue staining (total protein levels). Images were quantified using ImageJ 

and autoradiography intensity was normalized to the total protein level (Coomassie blue 
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intensity).
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Figure 1. A dual-color bioluminescence-based NMD reporter system

A). Schematic diagram of the reporter construct containing two tandem, highly 

homologous transcription units, CBR-TCR(PTC) and CBG-TCR(WT). See Fig. S1 and 

text for details. B-H). Validation of the NMD reporter depicted in A. B). Western blot 

analysis of the CBR-TCR(PTC) and CBG-TCR(WT) protein levels in U2OS reporter 

cells treated with vehicle (H2O) or caffeine. C). Ratios of CBR/CBG bioluminescence 

signals in reporter cells treated with vehicle (H2O) or caffeine. The ratio in H2O-treated 

reporter cells was normalized to 1. Data represent the mean ± SD of four independent 

experiments. D). Ratios of CBR-TCR(PTC)/CBG-TCR(WT) mRNA levels in reporter 

cells treated with vehicle (H2O) or caffeine. The ratio in H2O-treated reporter cells was 

normalized to 1. Data represent the mean ± SD of three independent experiments. E). 

shRNA-mediated knockdown of the NMD factors SMG1 (2 shRNAs), Upf1 (1 shRNA) 

or Upf2 (2 shRNAs) in the dual-colored U2OS reporter cells. F). Western blot analysis of 

CBR- TCR(PTC) and CBG-TCR(WT) protein levels in reporter cells after control-

knockdown or SMG1-, Upf1-, or Upf2-knockdown. *, nonspecific band. G). Ratios of 

CBR and CBG bioluminescence signals in reporter cells after control-knockdown or 

SMG1-, Upf1- or Upf2-knockdown. The ratio in control- knockdown reporter cells was 

normalized to 1. Data represent the mean ± SD of three biological replicates. H). Ratios 

of CBR-TCR(PTC) and CBG-TCR(WT) mRNA levels in reporter cells after control-

knockdown or SMG1-, Upf1- or Upf2-knockdown. The ratio in control-knockdown 

reporter cells was normalized to 1. Data represent the mean ± SD of three independent 

experiments.
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Figure 2. A high-throughput screen using the NMD reporter identified existing 

drugs that modulate NMD

A). Procedure for a high-throughput screen of the Pharmakon 1600 drug library.

B). Primary screening data. Reporter cells were treated with individual compounds in the 

library for 24 hours followed by bioluminescence imaging in the presence of D-luciferin. Data 

are shown as the log2 of the normalized CBR/CBG ratio for each compound. Each ratio was 

normalized to the DMSO controls on the same plate. Data represent the average of three 

biological replicates. Compounds were ordered from left to right with increasing relative 

CBR/CBG ratios. Eight candidate NMD inhibitors of stringent statistical significance are shown 

in the table. See Table S2 for primary screen data of all compounds in the library. 
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Figure 3. Cardiac glycosides are potent inhibitors of NMD

A). CBG bioluminescence signal (lower panel) and ratios of CBR/CBG bioluminescence 

signals (upper panel) in U2OS reporter cells treated with DMSO or cardiac glycosides for 

24 hours at the indicated concentrations. The CBG signal and the CBR/CBG ratio in 

DMSO-treated reporter cells were normalized to 1. Data represent the mean ± SD of three 

independent experiments.

B). Western blot analysis of CBR-TCR(PTC) and CBG-TCR(WT) protein levels in 

U2OS reporter cells treated with DMSO or cardiac glycosides for 24 hours at the 

concentrations indicated in A.

C). Ratios of CBR-TCR(PTC)/CBG-TCR(WT) mRNA levels in U2OS reporter cells 

treated with DMSO or cardiac glycosides for 24 hours at the concentrations indicated in 

A. The ratio in DMSO- treated reporter cells was normalized to 1. Data represent the 

mean ± SD of four independent experiments.

D). Effects of cardiac glycosides on the stability of the PTC-containing p53 mRNA in 

Calu-6 cells. Cells were treated with DMSO or cardiac glycosides at the concentrations 

indicated in A for 16 hours before the addition of the transcriptional inhibitor actinomycin 

D (5 µg/ml) to block new RNA synthesis. Total RNA was collected immediately before 

or 6 hours after the addition of actinomycin D, and p53 mRNA levels were analyzed by 

RT-qPCR and normalized to GAPDH mRNA levels. Data represent the percent mRNA 

remaining six hours after transcriptional ablation (mean ± SD) from at least three 

independent experiments.

E). Effects of ouabain on the stability of wild-type endogenous NMD target transcripts (UPP1, 
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ATF-4, Pim3 and Pisd) in Calu-6 cells. ORCL mRNA, which is not a NMD target, was used as a 

control. Cells were treated with DMSO or ouabain, and then actinomycin D; samples were 

collected and analyzed as described in D. Data represent the percentage mRNA remaining six 

hours after transcriptional ablation (mean ± SD) from four independent experiments.
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Figure 4. Cardiac glycosides block NMD through inhibition of Na+/K+-ATPase and 

elevation of intracellular calcium

A). Ratios of CBR/CBG bioluminescence signals in mouse dermal fibroblasts (left panel) 

or human U2OS cells (right panel) expressing the NMD reporter after 24 hours treatment 

with DMSO, caffeine, or various concentrations of ouabain. Data represent the mean ± 

SD of three biological replicates.

B). Ratios of CBR/CBG bioluminescence signals in human U2OS reporter cells 

expressing either empty vector, rat α1 subunit or rat α3 subunit of  Na+/K+-ATPase after 

24 hours treatment with DMSO or ouabain. Data represent the mean ± SD of three 

independent experiments.

C). Ratios of CBR/CBG bioluminescence signals in human U2OS reporter cells 

expressing either empty vector, human α1 subunit, or CG-resistant mutant human α1 

subunit of Na+/K+-ATPase after 24 hours treatment with DMSO or ouabain. Data 

represent the mean ± SD of three independent experiments.

D). Ratios of CBR/CBG bioluminescence signals in human U2OS reporter cells 

expressing either empty vector, rat α1 subunit, or catalytically-inactive rat α1 subunit of Na

+/K+-ATPase after 24 hours treatment with DMSO or ouabain. Data represent the mean ± 

SD of three independent experiments.

E). Ratios of CBR/CBG bioluminescence signals in human U2OS reporter cells following 

24 hours treatment with DMSO, ouabain, ouabain and Bapta-AM, or Bapta-AM. Ouabain, 

0.175 µM; Bapta-AM, 25 µM. Data represent the mean ± SD of three independent 

experiments.

83



F). Ratios of CBR/CBG bioluminescence signals in human U2OS reporter cells following 

4 hours treatment with DMSO, Thapsigargin, Thapsigargin and Bapta-AM, or Bapta-AM. 

Cells were pre-treated with either DMSO or Bapta-AM for 1 hr before addition of 

Thapsigargin. Thasipgargin, 0.2 µM; Bapta-AM, 50 µM. Data represent the mean ± SD of 

three independent experiments.

G). A model for the regulation of NMD by cardiac glycosides, Na+/K+-ATPase and 

intracellular calcium. 
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Supplementary Figure 1. Design of the NMD reporter system. 

Two highly homologous transcription units were inserted in tandem into the pBluescript SK(-) 

vector. In the first unit, the CBR ORF is inserted into the second exon of a TCRβ mingene. 

The stop codon of CBR is used as a PTC in the fusion reporter gene. In the second unit, the 

CBG99 ORF without a stop codon is inserted into the same position of the TCRβ minigene. 

Expression of both fusion reporter genes are controlled by separate CMV promoter and 

polyadenylation signals of identical sequences. The protein products of these two fusion 

reporter units in each cell are measured by rapid sequential bioluminescence imaging using 

proper red/green filters. After spectral deconvolution, the pure CBR and CBG 

bioluminescence signals are obtained, which reflect the steady-state mRNAs levels of the two 

fusion reporter genes. Inhibition of NMD (e.g., by addition of caffeine) would increase the 

CBR/CBG ratio. An HA-tag-encoding sequence inserted into the first exons of both reporter 

genes provides an independent strategy to measure the translation products of these two 

fusion reporter genes through Western blotting.
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Supplementary Figure 2. Sequence annotation of the dual-color NMD reporter.
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Supplementary Figure 3. Effects of the cardiac glycosides on general translation and 

cell viability.

A). Effects of ouabain on general translation. Left panel: representative images of Comassie 

blue staining of total proteins and 35S-methionine incorporation in newly synthesized 

proteins in the NMD reporter cells treated with DMSO or ouabain. Right panel: quantified 

results for 35S-methionine incorporation in cells treated with DMSO or ouabain. Data 

represent the mean ± SD of three independent experiments. The signal in DMSO-treated 

cells was normalized to 1. 

B). Effects of ouabain on cell viability. AlamarBlue fluorescence levels in NMD U2OS reporter 

cells treated with DMSO, ouabain or digoxin for 3, 6, 12, or 24 hours. Data represent the  

mean ± SD of three independent experiments. The fluorescence in DMSO-treated cells was 

normalized to 1.
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Supplementary Figure 4. Effects of the cardiac glycosides on NMD.

A). Ratios of CBR/CBG bioluminescence signals in NMD reporter cells treated with 

DMSO or cardiac glycosides for 3, 6, 12, or 24 hours at the indicated concentrations. 

Data represent the mean ± SD of three independent experiments. The ratio in DMSO-

treated cells was normalized to 1.

B). Ratios of CBR/CBG bioluminescence signals in NMD reporter cells treated with 

various concentration of ouabain and digoxin for 24 hours. Data represent the mean ± SD 

of three independent experiments. The ratio in DMSO-treated cells was normalized to 1.
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Supplementary Figure 5. Effects of ouabain on the levels of endogenous NMD factor 

transcripts.

Results of qPCR analysis of NMD factor mRNAs in NMD reporter cells treated with DMSO 

or ouabain for 24 hours. Data represent the mean ± SD of four independent experiments. The 

mRNA expression in DMSO-treated cells was normalized to 1. 
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Supplementary Figure 6. Expression levels of Na+/K+-ATPase α subunit isoforms and 

mutants. 

A). Related to Fig. 4B. Levels of all α subunits of Na+/K+-ATPase in human U2OS reporter 

cells transfected with empty vector, rat α1 subunit or rat α3 subunit of  Na+/K+-ATPase. 

B). Related to Fig. 4C. Levels of all α subunits of Na+/K+-ATPase in human U2OS reporter 

cells transfected with empty vector, human α1 subunit, or CG-resistant mutant human α1 

subunit of Na+/K+-ATPase. 

C). Related to Fig. 4D. Levels of all α subunits of Na+/K+-ATPase in human U2OS reporter 

cells transfected with empty vector, rat α1 subunit, or catalytically-inactive rat α1 subunit of 

Na+/K+-ATPase. 

Protein levels of α subunits of Na+/K+-ATPase were determined by a pan-Na+/K+-ATPase 

antibody that recognizes all α isoforms from both human and rat. Normalized expression 

levels relative to a house-keeping protein PCNA were quantified using Odyssey (Li-Cor) 

software.
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2.7 Tables

Supplementary Table 1. Specificity of qPCR analysis for the CBR-TCR(PTC) and 

CBG-TCR(WT) reporter mRNAs. Two regions with clustered sequence variations in the 

open reading frames of CBR and CBG were chosen to design qPCR primer sets for CBR-

TCR(PTC) and CBG-TCR(WT) mRNAs, respectively. Results of qPCR analysis of the two 

reporter DNA templates show that CBR-specific primer set could not anneal to and amplify 

CBG-TCR(WT) and that CBG-specific primer sets could not anneal to and amplify CBR-

TCR(PTC), demonstrating the specificity of these primers.

DNA Sample Primer Set Relative Signal 
(Arbitrary Units)

CBG-TCR(WT)
CBR 0.004

CBG-TCR(WT)
CBG 2420.133

CBR-TCR(PTC)
CBR 1044.636

CBR-TCR(PTC)
CBG 0.053
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Supplementary Table 2. Primary data of the Pharmakon drug library screen. 
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Supplementary Table 3. List of 14 candidate NMD enhancers identified in the high-

throughput compound screen that passed quartile analysis.

Compound (10μM) CBR:CBG Ratio 
(Relative to DMSO) P-value

Methylene Blue 0.02 2.28x10-6

Febuxostat 0.08 2.75x10-5

Nafcillin Sodium 0.10 4.82x10-6

Dicumarol 0.12 1.43x10-5

Tranilast 0.14 3.11x10-7

Exalamide 0.14 6.74x10-6

Nitazoxanide 0.15 3.78x10-5

Ipriflavone 0.15 1.96x10-5

Bromindione 0.16 1.55x10-5

Niflumic Acid 0.17 9.34x10-6

Piperine 0.17 3.30x10-5

Anisindione 0.21 8.84x10-5

Mephentermine Sulfate 0.21 2.04x10-5

Phenelzine Sulfate 0.21 1.02x10-3
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Supplementary Table 4. Sequences of qPCR Primers. 

Name Sequence

CBG99-F ATGCTCTCGATCCACGCGTG
CBG99-R CGAGAGAGTGAATGTTAGCG

CBR-F TCCATGCTTTCGGCTTTCAT

CBR-R CGAGAGTCTGGATAATCGCA

p53-F GAGGTTGGCTCTGACTGTACC 

p53-R TCCGTCCCAGTAGATTACCAC 

UPP1-F CCAGCCTTGTTTGGAGATGT

UPP1-R ACATGGCATAGCGGTCAGTT

ATF4-F ATGTCCCCCTTCGACCA

ATF4-R CCATTTTCTCCAACATCCAATC

Pim3-F GCACCGCGACATTAAGGAC

Pim3-R TCCCCACACACCATATCGTAG

Pisd-F TCCCTGATGTCAGTGAACCCT

Pisd-R TGGTGTGCGTCACGAAGC

ORCL-F GGCAGCAGATGAAATCTGAA

ORCL-R TCCAGAATGTGATTTTTGCAG

UPF1-F CCCTCCAGAATGGTGTCACT

UPF1-R CTTCAGCAACTTCGTGGTGA

UPF2-F CAGGAAGAAGTTGGTACGGG

UPF2-R ACATGCAGGGATGCAATGTA

UPF3b-F TTTTGTTCAGGGATCGCTTT

UPF3b-R GCTTTTTGAAAAGGTGCAAAT

SMG1-F CTGGCAACCCAGAACTGATAG

SMG1-R TGTAGCCACCCTTTTCGTCAT

SMG5-F CAGTCTGAGCAGGAGAGCCT

SMG5-R TGAAGTCGTAGCTGAGCCAT

SMG6-F CTCTCCCATTGGAAGTACCCG

SMG6-R CGGCGGACCAGTAGAGAAAAC

SMG7-F CTCTGGAATCACGCCTTTAAGAA

SMG7-R CTTCACACGGCATGGTAAATCT

GAPDH-F CCTGTTCGACAGTCAGCCG

GAPDH-R CGACCAAATCCGTTGACTCC
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Chapter 3: Regulation of NMD by persistent 
DNA damage
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3.1 Abstract

  Persistent DNA damage in non-cycling cells can induce senescence and profound gene 

expression alterations, which in turn influence tissue homeostasis, tumorigenesis, and the 

efficacy of a broad range of cancer therapeutics. However, the molecular basis of the persistent 

DNA damage response and the mechanisms that control gene expression remain poorly 

understood. Here we report that persistent DNA damage inhibits nonsense-mediated RNA decay 

(NMD)—an RNA degradation pathway that controls gene expression in addition to its role in 

eliminating faulty transcripts. In contrast to persistent DNA damage, transient DNA damage does 

not affect NMD activity. We also find that NMD inhibition by persistent DNA damage appears to 

be independent of cellular senescence. Furthermore, we find that NMD suppression by persistent 

DNA damage requires the activity of p38 MAP kinase, although p38 activation alone is not 

sufficient to suppress NMD. Lastly, we find that ATF3, an NMD target and a key stress-inducible 

transcription factor, is stabilized in a p38- and NMD-dependent manner following persistent 

DNA damage. Our results reveal a novel p38-dependent pathway that regulates NMD activity in 

response to persistent DNA damage, which in turn contributes to gene expression 

reprogramming in inflicted cells. 

3.2 Introduction

 Nonsense-mediated RNA decay (NMD) was originally identified as an RNA quality 

control pathway that detects and degrades aberrant mRNAs with premature translation 

termination codons (PTCs) that are often caused by genetic mutations, inaccurate transcription, 

or mis-splicing1,2. By eliminating these abnormal mRNAs, NMD mitigates the effects of 

potentially deleterious truncated proteins and preserves cellular homeostasis. However, more 
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recent studies have revealed a second function of NMD as a regulator of normal transcripts that 

contain features recognizable to the NMD machinery such as upstream open reading frames 

(uORFs), 3’ UTR introns, alternative splice variants that introduce a PTC, or exceedingly long 

3’ UTRs2-4. By regulating the stability of transcripts bearing such NMD-inducing features, NMD 

contributes to gene expression profiles important for development and other cellular 

processes5-14. For instance, in commissural neurons, NMD limits expression of Robo 3.2 to 

ensure proper axonal migration6. Additionally, expression of many synaptic proteins is controlled 

by alternative splicing (AS)-coupled NMD; neuronal activity influences the retention of cryptic 

PTC-containing exons in these transcripts that mark them for degradation via NMD7. Expression 

of the SR and hnRNP families of splicing regulators is controlled in a similar manner15,16. 

Alternative splicing of the transcripts encoding these factors—which in turn regulate the splicing 

of many transcripts, including their own—induces NMD and, consequently, maintains the proper 

levels of these RNA binding proteins15,16. 

 In addition to “constitutively” degrading target mRNAs to control cellular function and 

homeostasis, NMD also contributes to gene expression changes in response to developmental 

and environmental cues that adjust NMD efficiency. Although a significant number of genes are 

regulated by NMD, the current understanding of how the cellular milieu influences NMD 

activity is limited to a few mechanisms and biological settings. For instance, differentiating 

neurons express miR-128, which targets NMD factor mRNAs and enhances the expression of 

neuron-specific NMD target transcripts5. During myogensis NMD activity diminishes as a 

competing RNA decay pathway, Staufen-mediated decay, becomes more dominant, resulting in 

elevated expression of NMD target transcripts such as myogenin10. These alterations of NMD 
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activity appear to be essential in vertebrates as many NMD deficient mutants exhibit abnormal 

brain, eye, and cardiovascular development and are lethal17. In addition to controlling gene 

expression during development, NMD helps coordinate the cellular response to several forms of 

stress—including amino acid deprivation, hypoxia, and ER stress—by governing the expression 

levels of many stress response genes via a mechanism involving eukaryotic initiation factor 2α 

(eIF2α) phosphorylation8,11,13,14,18. Finally, when proliferating cells are exposed to severe stresses 

that cause apoptosis, caspases cleave UPF1, a core NMD factor, leading to NMD attenuation and 

upregulation of several apoptosis genes19. Despite these major advances, our understanding of 

the physiological role of NMD is still limited, and the function and regulation of NMD remain to 

be explored in other contexts. 

 DNA damage is a common cellular stress with tens of thousands of DNA lesions occurring 

daily in each human cell20. Although in most cases these lesions can be efficiently repaired, 

DNA damage can sometimes persist in nonproliferating cells. Persistent DNA damage can arise 

from a variety of sources. For example, persistent DNA damage often occurs at telomeres where 

damage is particularly difficult to repair, and because progressive telomere erosion from repeated 

cell divisions elicits a protracted DNA damage response (DDR)21-26. Additionally, conditions that 

prevent efficient DNA repair, such as mutations in DNA repair genes, or that constantly induce 

damage, such as excessive mitogenic signals, are capable of eliciting a persistent DDR27-32. 

Finally, common cancer treatments such as radiation and chemotherapy induce persistent DNA 

damage33-35. The persistent DDR induced by these conditions influences tissue homeostasis, 

tumorigenesis, and cancer treatment outcome36-39. One prominent aspect of the persistent DNA 

damage response is cellular senescence, which is characterized by a permanent exit from the cell 
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cycle and profound changes in morphology, signaling, and gene expression38,40-43. In certain 

contexts where persistent DNA damage is present, including cells experiencing excessive 

mitogenic signals or telomere erosion, p38 can promote cellular senescence44-49. Additionally, 

p38 drives the expression of the senescence associated secretory phenotype (SASP)—a 

collection of secreted factors such as cytokines, chemokines, growth factors, and proteases 

produced in cells harboring persistent DNA damage50-53. Both senescence and the SASP 

influence the tumorigenic process and cancer treatment outcome by influencing tumor cell 

growth and by modifying the tumor microenvironment36,37,51,52,54-59. Another important player of 

the persistent DDR is the transcription factor ATF3, whose mRNAs are targeted by NMD due to 

alternative splicing8,13. Like p38, ATF3 can suppress tumorigenesis by promoting senescence in 

response to genotoxic stress but paradoxically can also establish a largely pro-tumorigenic 

microenvironment by altering the expression of secreted factors60-63. In addition to persistent 

DNA damage, p38 is also involved in the cellular responses to other forms of stress, such as 

osmotic shock, and induces dramatic gene expression changes64-68. Despite the recognition of the 

importance of the gene expression alterations following cellular stresses, the underlying 

molecular mechanisms remain poorly understood. In this paper we investigated the regulation 

and role of the NMD pathway in the cellular response to persistent DNA damage. Using a highly 

effective bioluminescent NMD reporter system, we found that NMD activity is attenuated by 

persistent DNA damage, leading to stabilization of ATF3 transcripts. This repression of NMD is 

mediated in part by p38, although p38 activation alone is not sufficient to inhibit NMD. Our 

results reveal a novel p38-dependent pathway that regulates NMD activity specifically in 

response to persistent DNA damage which contributes to gene expression alterations in non-
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cycling cells.

3.3 Results

3.3.1 Persistent DNA damage, but not transient DNA damage, inhibits NMD in non-cycling 

cells

 To determine whether DNA damage modulates NMD activity, we treated confluent 

nontransformed human RPE1 cells with the DNA damaging cancer drug bleomycin (63 µg/ml) 

for 24 hours. Immediately after treatment, we assessed NMD activity using a bioluminescent 

NMD reporter system that we developed previously69. Using this reporter, NMD is quantified by 

the ratio of red bioluminescence signal, produced by the CBR luciferase fused to the a PTC-

containing TCRβ minigene (CBR-TCR(PTC)), to green bioluminescence signal, produced by the 

CBG luciferase fused to a wild type TCRβ minigene (CBG-TCR(WT)). As expected, bleomycin 

generated significant amounts of DNA damage and induced a robust DDR, as indicated by the 

phosphorylation of the histone variant H2AX (γH2AX), a widely used DDR marker (Fig. 1a; 

Fig. S1a). A similar level of NMD activity was detected in bleomycin-treated and H2O-treated 

(control) cells, indicating that NMD activity is not altered immediately after DNA damage (Fig. 

1a). However, when the damaged RPE1 cells were allowed to recover from the 24 hour 

bleomycin treatment for four days before NMD analysis, bleomycin-treated cells exhibited an 

approximately 2-fold reduction in NMD activity (Fig. 1b, left panel). The DNA damage was not 

yet resolved at the time of NMD activity analysis, as indicated by γH2AX western blot signal 

and by γH2AX foci detected by immunofluorescence staining (Fig. 1b, left panel; Fig. S1b). This 

bioluminescence imaging result was corroborated by qPCR analysis of the mRNA levels of the 

CBR-TCR(PTC) and CBG-TCR(WT) reporters (Fig. 1b, right panel). Similar results were 
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obtained in confluent human BJ fibroblasts (Fig. 1c), indicating that bleomycin-mediated NMD 

suppression is not specific to RPE1 cells. Together, these data suggest that persistent DNA 

damage represses NMD. 

We next determined whether a low level of transient DNA damage, which can be readily 

repaired, exerts a delayed effect on NMD activity or whether DNA damage must persist in order 

to induce NMD repression. To this end, RPE1 cells were treated for 1 hour with the same dose of 

bleomycin and allowed to recover for 3 hours (to detect an immediate response) or 5 days (to 

detect a delayed response). These conditions generated a robust DNA damage response initially 

but little or no DNA damage persisted to day 5 (γH2AX signal in Fig. 1d). In this setting, no 

difference in NMD efficiency was observed at either time-point (Fig. 1d), indicating that 

transient DNA damage does not affect NMD activity. 

To further demonstrate that persistent DNA damage attenuates NMD activity, we used 

other methods to induce persistent DNA damage and examined NMD efficiency using our 

bioluminescent reporter. Continuous treatment of RPE1 cells with a low concentration (60 nM) 

of the topoisomerase I inhibitor camptothecin (CPT) for five days also diminished NMD activity 

(Fig. 1e). Similarly, exposing cells to high doses (10 Gy) of ionizing radiation (IR) 6 days prior 

to NMD analysis also resulted in NMD repression (Fig. 1f). In contrast, a 0.5 Gy dose of IR, 

which does not generate enough damage to persist for days, did not affect NMD activity (Fig. 

1f). Taken together, these data strongly suggest that NMD is inhibited in response to persistent 

DNA damage in non-cycling human cells.

3.3.2 NMD repression is not a common feature of cellular senescence

 Persistent DNA damage induces cellular senescence, which is accompanied by substantial 
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changes in cellular morphology, metabolism, and gene expression38,40-43. It is possible that the 

NMD attenuation caused by persistent DNA damage stems from the establishment of a senescent 

state rather than directly from DNA damage signaling. To determine whether NMD inhibition is 

a facet of the senescence phenotype—even in the absence of DNA damage—we induced 

senescence by infecting RPE1 cells with lentiviruses expressing the cell cycle inhibitor p16 and 

then measured NMD activity using our bioluminescent reporter. Similar to bleomycin treatment, 

p16 over-expression efficiently induced senescence, as indicated by flattened cellular 

morphology and positive senescence-associated β-galactosidase (SA-β-Gal) staining signal40,43 

(Fig. 2a and Fig. S1c). However, no DDR was induced by p16 overexpression as indicated by the 

lack of γH2AX signal in cells under the condition (Fig. 2b). In contrast to cells with persistent 

DNA damage, no significant changes in NMD activity were detected in p16-expressing 

senescent cells compared to the nonsenescent control cells expressing the empty vector (Fig. 2b). 

These results suggest that NMD repression is not an obligate consequence of cellular senescence; 

rather, NMD activity is directly influenced by signals emanating from persistent DNA lesions.    

3.3.3 Persistent DNA damage inhibits NMD in a p38α-dependent manner

 p38 is a key player in the cellular response to persistent DNA damage. Consistent with 

previous findings, bleomycin-treated RPE1 cells exhibited robust p38 activation and signaling, 

as evidenced by the increase in p38 phosphorylation at T180/Y182 and the phosphorylation of 

HSP27 at S82, a downstream target of p3851 (Fig. 3a). Given its central role in persistent DDRs, 

we speculated that p38 mediates NMD suppression in cells with persistent DNA damage. To test 

this possibility, we depleted p38α, a major isoform of p38 in RPE1 cells, using a previously 

validated shRNA70 (Fig. 3b). Cells were grown to confluence and then treated with bleomycin 
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for 24 hours. Four days after treatment, NMD activity was analyzed through reporter imaging. 

p38α-knockdown indeed significantly restored NMD activity in the presence of persistent DNA 

damage, albeit partially (Fig. 3c). In further support of the role of p38α as a mediator of NMD 

suppression, CDD111, a p38α-specific kinase inhibitor that prevents downstream p38 signaling 

but not phosphorylation of p38 itself, also partially restored NMD activity in the presence of 

persistent DNA damage (Fig. 3d). These results indicate that p38 is a novel regulator of NMD in 

response to persistent DNA damage. In addition, the requirement of p38 for NMD suppression 

further demonstrates that the effects of persistent DNA damage on NMD are not caused simply 

by an increase in the production of mutant mRNAs in the damaged cells that may overwhelm the 

NMD machinery.

3.3.4 p38 activation is not sufficient to inhibit NMD

p38 activation is sufficient to induce certain aspects of the persistent DNA damage 

response such as expression and maintenance of several SASP factors51,53. To determine whether 

p38 activation is also sufficient to attenuate NMD, we expressed a constitutively active version 

of MKK6 (MKK6-CA), an upstream kinase that directly phosphorylates and activates p38, in 

RPE1 cells, and then assessed NMD activity via reporter imaging. Cells were infected with 

adenoviruses expressing either LacZ (control) or MKK6-CA and incubated for 7 days to induce 

an extended period of p38 activation that mimics the prolonged p38 activation in cells harboring 

persistent DNA damage. MKK6-CA expression induced a level of p38 activation similar to that 

induced by bleomycin treatment; however, it failed to alter NMD activity (Fig. 3e-f; Fig. S2). 

Importantly, MKK6-CA expression had no effect on γH2AX levels (data not shown). These data 

suggest that p38 activation alone is insufficient to inhibit NMD and that a second signal induced 
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by persistent DNA damage is needed for NMD suppression.

 In addition to DNA damage, p38 plays a crucial role in the cellular response to other 

stresses such as osmotic shock64,66-68. Since p38 mediates NMD inhibition in response to 

persistent DNA damage, we investigated whether osmotic stress also suppresses NMD, and if so, 

whether p38 is required for the suppression. RPE1 cells were exposed to hyperosmotic 

conditions by supplementing their growth medium with either 80 mM KCl or 275 mM sorbitol 

for 5 hours before analyzing NMD via reporter imaging. Interestingly, NMD was efficiently 

inhibited in the presence of KCl or sorbitol (Fig. S3a&d, S3b&e), suggesting that osmotic stress 

indeed suppresses NMD activity. However, this inhibition is independent of p38α. shRNA-

mediated knockdown of p38α or inhibition of its kinase activity with CDD111 failed to reverse 

the inhibitory effects of osmotic shock on NMD, although p38α signaling was clearly abrogated, 

as indicated by the inhibition of HSP27 phosphorylation (Fig. S3a-f). Taken together, the results 

described above demonstrate that although both persistent DNA damage and osmotic stress 

activate p38, they inhibit NMD via distinct mechanisms.

3.3.5 ATF3 mRNA is stabilized by persistent DNA damage in a p38α- and NMD-dependent 

manner

 In addition to RNA quality control, NMD also controls gene expression by degrading many 

normal endogenous transcripts that possess NMD-inducing features (e.g. uORFs, 3’ UTR 

introns, alternatively spliced variants, long 3’ UTRs)2-4. The stress-induced transcription factor 

ATF3 is a known NMD target and is upregulated in cells harboring persistent DNA damage8,13,71. 

Notably, ATF3 promotes cellular senescence in response to genotoxic stress and oncogene 

activation, thereby preventing tumorigenesis61-63. However, ATF3 also fosters a pro-tumorigenic 
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microenvironment by altering expression of many secreted factors60. The observed inhibitory 

effects of persistent DNA damage on NMD activity lead us to predict that ATF3 and likely many 

other NMD targets will be stabilized under this condition. To test whether this is the case for 

ATF3 mRNAs, confluent RPE1 cells were treated with bleomycin or H2O for 24 hours and 

allowed to recover for 4 days. Subsequently, cells were treated with actinomycin D for 6 hours to 

prevent new RNA synthesis. Cellular RNA was collected immediately before and after 

actinomycin D treatment and mRNA stability was assessed by RT-qPCR. Consistent with ATF3 

mRNAs being targets of NMD, ATF3 transcripts exhibited much greater stability and steady-

state expression in bleomycin-treated cells, which have low levels of NMD activity, than in H2O-

treated cells (Fig. 4a). Non-target mRNAs such as ORCL were not stabilized by bleomycin under 

the same condition (Fig. S4a). Furthermore, we found that the elevated expression and 

stabilization of ATF3 mRNA in response to persistent DNA damage is largely dependent on 

p38α, which mediates NMD inhibition. Knockdown of p38α using an shRNA or inhibition of 

p38α kinase activity using CDD111 largely reversed the stabilization and upregulation of ATF3 

transcripts after bleomycin treatment (Fig. 4b-d). In contrast, ORCL mRNAs remained 

unaffected by these treatments (Fig. S4b-c). These data support the idea that NMD inhibition by 

persistent DNA damage prevents ATF3 mRNA degradation, thereby augmenting its expression. 

 To further demonstrate that NMD inhibition contributes to ATF3 mRNA stabilization in 

response to persistent DNA damage, we knocked down the essential NMD factor SMG1 and 

assessed the stability of ATF3 transcripts in these NMD-deficient cells after inducing persistent 

DNA damage. In the absence of DNA damage, ATF3 mRNAs exhibited much higher stability in 

SMG1-depleted RPE1 cells while ORCL transcripts do not, consistent with the previous finding 
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that ATF3 is a bona fide NMD target (Fig. 4e-f, Fig. S4d). If stabilization of ATF3 mRNAs by 

persistent DNA damage occurs independently of NMD inhibition, one would predict that 

control- and SMG1-knockdown cells will exhibit a similar level of increase in ATF3 stability 

after bleomycin treatment. However, if NMD inhibition contributes to ATF3 stabilization by 

persistent DNA damage, the extent of stabilization caused by bleomycin treatment will be 

reduced in SMG1-knockdown cells because NMD is already disrupted in these cells. Results 

shown in Fig. 4g indicate that knockdown of SMG1 reduced the increase in ATF3 stability after 

bleomycin treatment by nearly half, demonstrating a role for NMD attenuation in stabilizing 

ATF3 mRNAs in the presence of persistent DNA damage. These data likely underestimate the 

contribution of NMD inhibition to ATF3 mRNA stabilization after persistent DNA damage as 

NMD activity may not be fully inhibited in SMG1-knockdown cells, and therefore the observed 

partial stabilization of ATF3 mRNAs after bleomycin treatment still occurred because NMD was 

further inhibited by persistent DNA damage (Fig. S5). Taken together, these results strongly 

suggest that NMD attenuation contributes to ATF3 upregulation in response to persistent DNA 

damage. 

3.4 Discussion

 In this study, we found that persistent DNA damage—but not transient DNA damage—

induces NMD repression and that this repression contributes to the upregulation of ATF3 and 

likely other NMD targets in response to persistent DNA damage (Fig. 1 and Fig. 4). The 

inhibition of NMD by persistent DNA damage requires the p38α MAP kinase but is independent 

of cellular senescence (Fig. 2 and Fig. 3). Osmotic stress also causes NMD inhibition; however, 

p38α is apparently not involved in this regulation, indicating that NMD activity is controlled by 
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distinct mechanisms in response to different cellular stresses (Fig. S3). 

 Our study has significantly added to our understanding of the physiological functions and 

regulation of the NMD pathway. In addition to serving as an RNA surveillance pathway to 

eliminate faulty nonsense mRNAs, NMD also acts as a gene regulatory mechanism to control the 

stability and levels of many normal transcripts. NMD has been implicated in many physiological 

processes including development, differentiation, and synaptic regulation5-7,9,10,12. Various 

cellular stresses, including amino acid deprivation, ER stress, hypoxia, or double stranded RNA 

invasion, suppress NMD activity, thereby facilitating gene expression alterations and the 

adaptive response to the environmental insults8,11,13,14,18. Our study indicates that persistent DNA 

damage also inhibits NMD activity, which contributes to changes in levels of ATF3 mRNA, a 

bona fide NMD target (Fig. 4). As a transcription factor, ATF3 regulates the cellular responses to 

multiple forms of stress, including DNA damage, by controlling expression of many genes72. 

Thus, the upregulation of ATF3 caused by NMD inhibition is expected to contribute to 

expression changes for many genes in response to persistent DNA damage, which may directly 

facilitate cellular survival and adaptation. This novel regulation of NMD and ATF3 by persistent 

DNA damage may also have important relevance to tumorigenesis and cancer treatment. The 

mainstays of cancer treatment are radiation and chemotherapy, both of which generate DNA 

damage. However, the efficacy of DNA-damaging therapies is hampered by frequent cancer 

relapse, which is in part caused by the remodeling of the tumor microenvironment following 

treatment36,52,56,73-76. The gene expression changes in non-cycling stromal cells caused by 

therapy-induced persistent DNA damage promote cellular senescence and the SASP, both of 

which play a crucial role in shaping the tumor microenvironment37,73-76. Stabilization of ATF3 
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transcripts due to NMD attenuation under this condition may promote expression of pro-

tumorigenic SASP factors such as CXCL12 and RGS4 that are target genes of ATF360. In 

addition to ATF3, a number of key SASP factors such as IL-6 and CXCL2 have been identified 

as putative direct NMD targets13,14,37. Because many of these SASP factors are pro-tumorigenic, 

restoring NMD activity in the stromal cells in the tumor microenvironment could be beneficial 

during cancer treatment77. 

Our study also identified a novel role for p38 in regulating NMD activity. As a key player 

in the persistent DNA damage response, p38 controls senescence induction and SASP expression 

in part by regulating gene expression. p38 induces gene expression changes by altering the 

activities of transcription factors and RNA binding proteins to regulate transcription, mRNA 

stability, and translation53,78-85. It has been shown previously that p38 influences the stability of 

mRNAs by altering the activity of RNA binding proteins such as AUF1, which binds to AU-rich 

elements (AREs) in the 3’ UTR of certain transcripts51,86. The suppression of NMD by p38 is a 

new p38-mediated mechanism to regulate mRNA stability. Although p38 is required for NMD 

attenuation after persistent DNA damage, p38 activation alone is not sufficient. Presumably, p38 

functions in concert with another signal generated by persistent DNA damage to control NMD 

activity. Although p38 is also involved in the cellular response to osmotic stress, which also 

inhibits NMD, p38 is not required for NMD regulation by osmotic stress, suggesting that a 

distinct mechanism is employed to control NMD activity in this context. In addition to p38, 

previous studies have revealed that NMD activity can be suppressed by other kinases such as 

PKR and PERK in the cellular responses to amino acid deprivation, reactive oxygen species, 

dsRNA viruses, hypoxia, and ER stress8,14,87. These kinases apparently inhibit NMD through a 
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common mechanism by phosphorylating the translation initiation factor eIF2α at S51, although 

how this phosphorylation attenuates NMD remains to be determined8,14. Future work is needed to 

determine whether p38 governs NMD activity through eIF2α or through a completely different 

mechanism. In proliferating cancer cells treated with lethal doses of chemotherapeutics, NMD 

activity is suppressed by caspase-mediated UPF1 cleavage19. The sub-lethal DNA damaging 

treatments used in this study do not induce widespread apoptosis in non-cycling cells and, 

consequently, no UPF1 cleavage products were observed (data not shown). Further dissection of 

the mechanism of NMD regulation by p38 and other factors will provide crucial insights into the 

persistent DNA damage response and the physiological functions of the NMD pathway. 

3.5 Methods

3.5.1 Cell culture, adenovirus and lentivirus production and infection 

 Human nontransformed RPE1 cells were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM) nutrient mixture F-12 HAM (Sigma D6421) supplemented with 100 units/ml 

penicillin, 100 µg/ml streptomycin, 2.5 mM L-glutamine, and 7.5% fetal bovine serum (FBS) 

and grown in a 5% CO2 incubator at 37 °C. Human foreskin BJ fibroblasts were maintained in 

70% DMEM (Sigma D5796), 15% Medium 199 (Sigma M7528), and 15% FBS supplemented 

with 100 units/ml penicillin and 100 µg/ml streptomycin and grown in a 5% CO2 incubator at 37 

°C. Human HEK293T and HEK293 cells were cultured in DMEM (Sigma D5796) with 10% 

FBS at 37 ºC with 5% CO2.

 An adenoviral construct encoding the bioluminescent NMD reporter was generated by 

inserting the reporter into the pAdenoX-PRLS-ZsGreen1 vector using the In-Fusion HD cloning 

kit (Clontech) according to the manufacturer’s protocol. Linearized adenoviral vector with 
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exposed inverted terminal repeats was transfected into HEK293 cells for viral production, 

followed by viral amplification in the same cell line. Target cells were infected with adenoviruses 

for 24 hours before bioluminescence imaging.

 To knockdown p38α in RPE1 cells, lentiviruses expressing a non-targeting control shRNA 

(5’- CAACAAGAUGAAGAGCACCAA-3’) or an shRNA targeting p38α (5'-

GTTACGTGTGGCAGTGAAGAA-3') were generated in HEK293T cells as previously 

described (Nickless et al. 2014). Briefly, HEK293T cells were co-transfected with an shRNA-

encoding lentiviral vector and packaging plasmids (pCMV-dR8.2 and pCMV-VSVG) using the 

TransIT-LT1 transfection reagent (Mirus). Virus-containing supernatant was collected 48 and 72 

hours after transfection. Filtered viruses were used to infect RPE1 cells, and infected cells were 

selected for with puromycin.

 To generate recombinant retroviruses expressing the CDK inhibitor p16, HEK293T cells 

were co-transfected with either pBabe-puro or pBabe-puro-p16 and packaging plasmids (pCMV-

UMVC and pCMV-VSVG) using TransIT-LT1 transfection reagent (Mirus). Virus-containing 

supernatant was collected 48 and 72 hours after transfection. RPE1 cells were then infected with 

the viruses followed by puromycin selection.

 For the MKK6 experiments, RPE1 cells were plated at a density of 150,000 cells/well in a 

6-well plate and allowed to grow for 48 hours before addition of either LacZ or MKK6-CA 

adenovirus at a 1:1000 dilution. Virus was removed after 24 hours, and cells were then allowed 

to recover for 6 days before NMD analysis. Reporter adenovirus was introduced 24 hours prior 

to NMD analysis at a 1:2500 dilution.    

3.5.2 Cell plating conditions, induction of persistent DNA damage and osmotic stress
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 Bleomycin treatment: For all 24 hour bleomycin treatments, RPE1 cells or BJ fibroblast 

cells were plated at a density of 150,000 cells/well in 6-well plates and allowed to grow to 

confluency for 72 hours before the addition of bleomycin. For 1 hour bleomycin treatments, cells 

were plated at a density of 100,000 cells/well in 6-well plates and allowed to grow for 48 hours 

before beginning treatment. Bleomycin (B8416, Sigma) was dissolved in water at 15 units/ml 

(9.4 mg/ml) and diluted in medium 1:149.25 to a final concentration of ~ 63 µg/ml for treatment. 

CDD111 (10 mM stock solutions of in DMSO) was diluted 1:1000 in medium to a final 

concentration of 10 µM for treatment. Medium containing DMSO or CDD111 was refreshed 

daily. 

 CPT treatment: RPE1 cells were plated at a density of 50,000 cells/well in 6-well plates 

and cultured for 72 hours before beginning treatment. CPT in DMSO (60 µM in DMSO) was 

diluted 1:1000 in medium to a final concentration of 60 nM for treatment. Medium containing 

DMSO or CPT was refreshed daily. 

 Irradiation: RPE1 cells were plated at a density of 150,000 cells/well in 6-well plates and 

allowed to grow to confluency for 72 hours before irradiation. Cells were X-ray irradiated with 

doses of either 0.5 Gy or 10 Gy at 0.625 Gy/min using a Gammacell 40 irradiator (Atomic 

Energy of Canada).

 Osmotic shock treatments: RPE1 cells were plated at a density of 35,000 cells/well in 96-

well plates. Medium was removed 24 hours after plating and replaced with medium containing 

either DMSO or CDD111 (10 µM). Nineteen hours later, medium was removed and replaced 

with fresh medium containing DMSO or CDD111 supplemented with either H2O, 80 mM KCl, 

or 275 mM sorbitol. After 5 hours of treatment, NMD activity was analyzed by bioluminescence 
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imaging. Control- or p38α-knockdown RPE1 cells were also treated with 80 mM KCl or 275 

mM sorbitol for 5 hours before NMD analysis. 

 Reporter adenoviral transduction: For NMD analysis, the NMD reporter was introduced 

into cells via adenoviral infection. Adenoviruses expressing the NMD reporter were added to cell 

growth medium 24 hours prior to bioluminescence imaging. 

3.5.3 Bioluminescence imaging and spectral deconvolution for signal unmixing 

 Cells were incubated with 150 µg/ml D-luciferin for 10 min at 37 °C and bioluminescence 

signals were measured using a charge-coupled device (CCD) camera-based bioluminescence 

imaging system (IVIS 50; Caliper) with appropriate open, red, or green filters and exposure 

settings (exposure time: 30 s, 60 s, 60 s; binning: 8; field of view: 15; f/stop: 1). Regions-of-

interest (ROIs) were drawn over images of wells and bioluminescence signals were quantified 

using Living Image (Caliper) and Igor (Wavemetrics) analysis software packages as described 

previously69,88. Spectral unmixing was performed using a previously developed ImageJ plugin, 

as previously described69,88.

3.5.4 Reverse transcription, qPCR, and western blotting

 Total RNA was isolated using the NucleoSpin RNA kit from Clonetech (740955) and 

cDNA was synthesized using the PrimeScript RT Reagent Kit from Clonetech (RR037A) 

according to the instructions of the manufacturer. qPCR reactions were performed in triplicate 

using a two step PCR protocol (melting temperature: 95°C; annealing and extension temperature: 

60°C; cycle number: 40) on an ABI VII7 real-time PCR system with PowerUp SYBR Green 

Master Mix (Thermo Scientific). The mRNA levels of the housekeeping gene GAPDH were used 

for normalization. Primers for ATF3 (F: 5’-GCCATTGGAGAGCTGTCTTC-3’, R: 5’-
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GGGCCATCTGGAACATAAGA-3’), ORCL (F: 5’-GGCAGCAGATGAAATCTGAA-3’, R: 5’-

TCCAGAATGTGATTTTTGCAG-3’), and GAPDH (F: 5’-

AACAGCCTCAAGATCATCAGC-3’, R: 5’-GATGATGTTCTGGAGAGCC-3’) were 

purchased from Integrated DNA Technologies. 

 Western blotting was performed using a Li-Cor Odyssey system. Briefly, cells were lysed 

with SDS sample buffer (90 mM Tris, 20% glycerol, 2% SDS, 5% β-mercaptoethanol). Samples 

were run on SDS-page gel and transferred to a PDVF membrane. Membranes were blocked in 

casein buffer and subsequently probed with primary antibody diluted in casein buffer. γH2AX 

(9718; 1:1,000), p38α (9218; 1:1,000), phospho-p38 (4511;1:1000), HSP27 (2402; 1:1500), 

phospho-HSP27 (9709; 1:1000), and MKK6 (9264; 1:1000) antibodies were purchased from Cell 

Signaling Technology. β-Actin (MA5-15739; 1:5,000) antibody was purchased from Thermo 

Scientific. CBR-TCR(PTC) and CBG-TCR(WT) reporter proteins were detected with an HA-

antibody (Convance, MMS-101R, 1:1,000).
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Figure 1. Persistent DNA damage inhibits NMD

a). Ratios of CBR:CBG bioluminescence signals in RPE1 cells expressing the NMD reporter 

(hereafter referred to as RPE1 reporter cells for simplicity) after a 24 hr treatment with either 

H2O or bleomycin. The ratio of H2O-treated cells was normalized to 1. Data represent the mean 

± SD of three independent experiments. Western blot showing γH2AX levels in lysates collected 

after a 24 hr treatment with either H2O or bleomycin (bottom panel).

b). Left panels: Ratios of CBR:CBG bioluminescence signals (upper panel) and γH2AX levels 

(lower panel) in RPE1 reporter cells after a 24 hr treatment with either H2O or bleomycin 

followed by a 96 hr recovery. The ratio of CBR:CBG signals in H2O-treated cells was 

normalized to 1. Data represent the mean ± SD of four independent experiments. *p < 0.05 

(paired t-test). Right Panel: Ratios of CBR-TCR(PTC): CBG-TCR(WT) mRNA expression in 

RPE1 reporter cells after a 24 hr treatment with either H2O or bleomycin followed by a 96 hr 

recovery. The ratio of H2O-treated cells was normalized to 1. Data represent the mean ± SD of 

four independent experiments.* p < 0.05 (paired t-test).

c). Ratios of CBR:CBG bioluminescence signals (upper panel) and γH2AX levels (lower panel) 

in primary BJ fibroblasts expressing the NMD reporter after a 24 hr treatment with either H2O or 

bleomycin followed by a 96 hr recovery. The ratio of CBR:CBG signals in H2O-treated cells was 

normalized to 1. Data represent the mean ± SD of three independent experiments. *p < 0.05 

(paired t-test).

d). Left panels: Ratios of CBR:CBG bioluminescence signals (upper panel) and γH2AX levels 

(lower panel) in RPE1 reporter cells after a 1 hr treatment with either H2O or bleomycin 

followed by a 3 hr recovery. The ratio of CBR:CBG signals in H2O-treated cells was normalized 
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to 1. Data represent the mean ± SD of three independent experiments. p > 0.05 (paired t-test). 

Right panels: Ratios of CBR:CBG bioluminescence (upper panel) and γH2AX levels (lower 

panel) signals in RPE1 reporter cells after a 1 hr treatment with either H2O or bleomycin 

followed by a 120 hr recovery. The ratio of CBR:CBG signals in H2O-treated cells was 

normalized to 1. Data represent the mean ± SD of three independent experiments. *p < 0.05 

(paired t-test).

e). Ratios of CBR:CBG bioluminescence signals (upper panel) and γH2AX levels (lower panel) 

in RPE1 reporter cells after a 120 hr treatment with either DMSO or 60 nM CPT. The ratio of 

CBR:CBG signals in DMSO-treated cells was normalized to 1. Data represent the mean ± SD of 

four independent experiments. *p < 0.05 (paired t-test).

f). Ratios of CBR:CBG bioluminescence signals (upper panel) and γH2AX levels (lower panel) 

in RPE1 reporter cells 144 hours after exposure to 0 Gy, 0.5 Gy, or 10 Gy of ionizing radiation. 

The ratio of CBR:CBG signals in cells receiving 0 Gy of ionizing radiation was normalized to 1. 

Data represent the mean ± SD of three independent experiments. *p < 0.05 (paired t-test). 
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Figure 2. p16-induced cellular senescence does not alter NMD activity

a). Left panel: Representative images of RPE1 reporter cells expressing either empty vector or 

p16 after SA-β-Gal staining. Right panel: Percent of SA-β-Gal-positive RPE1 cells expressing 

either empty vector or p16. Data represent the mean ± SD of four independent experiments. *p < 

0.05 (paired t-test).

b). Upper panel: Ratios of CBR:CBG bioluminescence signals in RPE1 reporter cells expressing 

either empty vector or p16. The ratio of CBR:CBG signals in the empty vector-expressing cells 

was normalized to 1. Data represent the mean ± SD of four independent experiments. p > 0.05 

(paired t-test). Lower panel: Western blot showing γH2AX levels in cells over-expressing either 

empty vector or p16.
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Figure 3. NMD inhibition by persistent DNA damage is mediated in part by p38

a). Levels of total and phosphorylated p38 and HSP27 in RPE1 cells treated with either H2O or 

bleomycin for 24 hrs followed by a 96 hr recovery.

b). shRNA-mediated knockdown of p38α in RPE1 cells.

c). Ratios of CBR:CBG bioluminescence signals in control- and p38-knockdown RPE1 reporter 

cells after a 24 hr treatment with either H2O or bleomycin followed by a 96 hr recovery. The ratio 

of CBR:CBG signals in H2O-treated cells was normalized to 1. Data represent the mean ± SD of 

four independent experiments. *p < 0.05 (paired t-test).

d). Ratios of CBR:CBG bioluminescence signals in DMSO- or CDD111-treated RPE1 reporter 

cells after a 24 hr treatment with either H2O or bleomycin followed by a 96 hr recovery. The ratio 

of CBR:CBG signals in H2O-treated cells was normalized to 1. Data represent the mean ± SD of 

three independent experiments. *p < 0.05 (paired t-test).

e). Levels of MKK6 and both total and phosphorylated p38 and HSP27 in RPE1 cells expressing 

LacZ or constitutively active MKK6-CA for 7 days.

f). Ratios of CBR:CBG bioluminescence signals in RPE1 reporter cells expressing either LacZ or 

MKK6-CA for 7 days. The ratio of CBR:CBG signals in LacZ-treated cells was normalized to 1. 

Data represent the mean ± SD of three independent experiments.
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Figure 4. ATF3 transcripts are stabilized by persistent DNA damage in a p38α-dependent 

manner

a). Left panel: Percent of ATF3 mRNAs remaining in RPE1 reporter cells after a 24 hr treatment 

with either H2O or bleomycin followed by a 96 hr recovery. Following the recovery period, 

Actinomycin D was added to cells. Total RNA was collected immediately before or 6 hours after 

the addition of Actinomycin D followed by RT-qPCR analysis. Right panel: Steady-state levels 

of ATF3 transcripts in RPE1 reporter cells after a 24 hr treatment with either H2O or bleomycin 

followed by a 96 hr recovery. Expression in the H2O-treated cells was normalized to 1. Both 

panels: Data represent the mean ± SD of five independent experiments.

b). Left panel: Percent of ATF3 mRNAs remaining in DMSO- and CDD111-treated RPE1 

reporter cells after a 24 hr treatment with either H2O or bleomycin followed by a 96 hr recovery. 

Samples collected as in (a). Right panel: Steady-state levels of ATF3 transcripts in DMSO- and 

CDD111-treated RPE1 cells after a 24 hr treatment with either H2O or bleomycin followed by a 

96 hr recovery. Expression in the H2O-treated cells was normalized to 1. Both panels: Data 

represent the mean ± SD of five independent experiments.

c). shRNA-mediated knockdown of p38α in RPE1 cells

d). Left panel: Percent of ATF3 mRNAs remaining in control- and p38α-knockdown RPE1 

reporter cells after a 24 hr treatment with either H2O or bleomycin followed by a 96 hr recovery. 

Samples collected as in (a). Right panel: Steady-state levels of ATF3 transcripts in control- and 

p38α-knockdown treated RPE1 reporter cells after a 24 hr treatment with either H2O or 

bleomycin followed by a 96 hr recovery. Expression in the H2O-treated cells was normalized to 

1. Both panels: Data represent the mean ± SD of four independent experiments.
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e). shRNA-mediated knockdown of SMG1 in RPE1 cells

f). Percent of ATF3 mRNAs remaining in control- and SMG1-knockdown RPE1 cells. 

Actinomycin D was added to cells to prevent transcription, and total RNA was collected 

immediately before or 6 hours after the addition of Actinomycin D followed by RT-qPCR 

analysis. Data represent the mean ± SD of four independent experiments.

g). ATF3 mRNA stability changes in control- and SMG1-knockdown RPE1 cells after a 24 hr 

treatment with either H2O or bleomycin followed by a 96 hr recovery. Samples collected as in 

(a). Data represent the mean ± SD of four independent experiments.
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Supplemental Figure 1. Bleomycin generates persistent γH2AX foci and induces senescence 

in human RPE1 cells

a). Representative images of immunofluorescence staining for DAPI or γH2AX in RPE1 cells 

after a 24 hr treatment with either H2O or bleomycin.

b). Representative images of immunofluorescence staining for DAPI or γH2AX in RPE1 cells 

after a 24 hr treatment with either H2O or bleomycin followed by a 96 hr recovery.

c). Left panel: Representative SA-β-Gal staining images of RPE1 reporter cells after a 24 hr 

treatment with either H2O or bleomycin followed by a 96 hr recovery. Right panel: Percent of 

SA-β-Gal-positive RPE1 cells after a 24 hr treatment with either H2O or bleomycin followed by 

a 96 hr recovery. Data represent the mean ± SD of three independent experiments. *p < 0.05 

(paired t-test).
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Supplemental Figure 2. MKK6 overexpression and bleomycin treatment similarly activate 

p38

Levels of total and phosphorylated p38 RPE1 cells overexpressing either empty vector or 

MKK6-CA for 6 days or treated with either H2O or bleomycin for 24 hours followed by a 96 hr 

recovery.
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Supplemental Figure 3. Hyperosmotic shock suppresses NMD in a p38α-independent 

manner

a). Ratios of CBR:CBG bioluminescence signals in DMSO- and CDD111-treated RPE1 reporter 

cells after a 5 hr treatment with normal medium or medium supplemented with 80 mM KCl. The 

ratio of CBR:CBG signals in the mock-treated cells was normalized to 1. Data represent the 

mean ± SD of four independent experiments. *p < 0.05 (paired t-test).

b). Ratios of CBR:CBG bioluminescence signals in DMSO- and CDD111-treated RPE1 reporter 

cells after a 5 hr treatment with normal medium or medium supplemented with 275 mM Sorbitol. 

The ratio of CBR:CBG signals in the of mock-treated cells was normalized to 1. Data represent 

the mean ± SD of four independent experiments. *p < 0.05 (paired t-test).

c). Levels of total and phosphorylated p38 and HSP27 in DMSO- and CDD111- RPE1 cells after 

a 5 hr treatment with osmotic stressors depicted in (a) and (b).

d). Ratios of CBR:CBG bioluminescence signals in control- and p38α-knockdown RPE1 

reporter cells after a 5 hr treatment with normal medium or medium supplemented with 80 mM 

KCl. The ratio of CBR:CBG signals in the mock-treated cells was normalized to 1. Data 

represent the mean ± SD of three independent experiments. *p < 0.05 (paired t-test).

e). Ratios of CBR:CBG bioluminescence signals in control- and p38α-knockdown RPE1 reporter 

cells after a 5 hr treatment with normal medium or medium supplemented with 275mM Sorbitol. 

The ratio of CBR:CBG signals in the mock-treated cells was normalized to 1. Data represent the 

mean ± SD of three independent experiments. *p < 0.05 (paired t-test).

f). Levels of total and phosphorylated p38 and HSP27 in control- and p38α-knockdown RPE1 

reporter cells after a 5 hr treatment with osmotic stressors depicted in (d) and (e).
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Supplemental Figure 4. ORCL transcripts are not stabilized after bleomycin treatment or 

SMG1 knockdown.

a). Percent of ORCL mRNAs remaining in RPE1 reporter cells after a 24 hr treatment with either 

H2O or bleomycin followed by a 96 hr recovery. Samples are the same as in Fig. 4a. Data 

represent the mean ± SD of five independent experiments.

b). Percent of ORCL mRNAs remaining in DMSO- and CDD111-treated RPE1 reporter cells 

after a 24 hr treatment with either H2O or bleomycin followed by a 96 hr recovery. Samples are 

the same as in Fig. 4b. Data represent the mean ± SD of five independent experiments.

c). Percent of ORCL mRNAs remaining in control- and p38α-knockdown RPE1 reporter cells 

after a 24 hr treatment with either H2O or bleomycin followed by a 96 hr recovery. Samples are 

the same as in Fig. 4d. Data represent the mean ± SD of four independent experiments.

d). Percent of ORCL mRNAs remaining in control- and SMG1-knockdown RPE1 reporter cells 

a 24 hr treatment with either H2O or bleomycin followed by a 96 hr recovery. Samples are the 

same as in Fig. 4g. Data represent the mean ± SD of four independent experiments.
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Supplemental Figure 5. SMG1 knockdown reduces NMD activity and bleomycin further 

inhibits NMD in SMG1 knockdown cells.

Ratios of CBR:CBG bioluminescence signals in control- and SMG1-knockdown RPE1 reporter 

cells after a 24 hr treatment with either H2O or bleomycin followed by a 96 hr recovery. Data 

represent the mean ± SD of four independent experiments. *p < 0.05 (paired t-test).
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4.1 Summary

 The nonsense-mediated RNA decay (NMD) pathway is susceptible to regulation by a 

variety of developmental and environmental signals. We constructed a dual-color bioluminescent 

NMD reporter to elucidate the molecular signals that regulate NMD in mammalian cells and to 

identify drugs capable of manipulating NMD activity. We utilized this reporter to discover that 

the cardiac glycosides, calcium, persistent DNA damage, and osmotic stress repress NMD in 

human cells. We identified p38 as a negative regulator of NMD activity in response to persistent 

DNA damage. Regulation of NMD activity is a potent means of gene regulation, and we found 

that the repression of NMD by p38 after persistent DNA damage facilitates the upregulation of 

the stress responsive transcription factor ATF3, which is an NMD target. 

4.2 Studying NMD using light-based reporters

 Our bioluminescent NMD reporter is distinguished by its accuracy and simplicity; these 

advantages allowed me to perform a high-throughput chemical screen and make the discoveries 

described in chapters 2 and 3. The concept of dynamic NMD regulation is still relatively new and 

under-explored. Our reporter and others like it will prove invaluable to addressing unanswered 

questions in the field and advancing our understanding of this clinically relevant pathway, 

because it is ideally suited to identify novel NMD factors and regulators via genetic screens 

using RNAi or CRISPR/Cas-9 technology or NMD-modulating drugs through chemical screens.. 

 Although our reporter has demonstrated an extraordinary ability to quickly assess NMD 

activity in populations of living cells, simple modifications can be made that will permit single-

cell or even single-molecule analysis. For example, the insertion of GFP and mCherry (or other 

fluorophores) into the reporter will enable NMD assessment in single cells through fluorescence 
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microscopy or FACS analysis. It is important to consider the heterogeneity of cells within a 

population. Within a given population of genetically identical cells, morphological traits (e.g. 

size and shape) as well as gene expression, and signaling can vary widely from cell to cell1,2. 

Population-based measurements, like those made with our reporter—while expedient and 

generally informative—yield averages that sometimes obscure important patterns. A fluorescent 

NMD reporter would not only overcome this obstacle but would also be conducive to pooled 

genetic screens where numerous shRNAs or guide RNAs are introduced into cells, and those that 

elicit a response are isolated through cell sorting. Pooled libraries can vastly simplify the 

screening process and augment screening power by removing the need for hundreds of plates and 

individual experimental manipulations. 

 Studying NMD at an even finer level—that of single molecules—can address many 

outstanding questions in the field, such as where NMD occurs, and provide information 

regarding the kinetics of target identification and decay. Dual-color single molecule assays have 

been successfully used to interrogate multifarious aspects of gene expression including 

transcription and splicing3. These assays rely upon co-expressing fluorophore-tagged RNA 

binding proteins with reporter RNAs possessing binding sites for the tagged proteins. For 

example, addition of MS2 stem loops, which will associate with MS2-GFP, to the wild-type gene 

and PP7 stem loops, which will associate with PP7-mCherry, to the PTC-containing gene would 

facilitate examination of individual NMD target mRNAs whose abundance and behavior can be 

directly compared to controls within the same cell. 

 These variations on our current reporter design can further many aspects of NMD 

research, but perhaps the most significant modification is the simplest—replacing TCRβ with 
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other genes such as β-globin or triose phosphate isomerase. Many NMD researchers rely heavily 

on one or two reporter genes under the assumption that these reporters accurately reflect the fate 

of other NMD targets. Because of this, researchers corroborate reporter findings by assessing the 

stability and expression of endogenous NMD targets, but these results are complicated by the 

myriad mechanisms that regulate mRNA stability and gene expression. Employing multiple, 

defined luminescent reporters to rapidly assess NMD activity will vastly increase confidence in 

future findings. 

4.3 Regulation of NMD by intracellular calcium

4.3.1 Targeting NMD with calcium-modulating drugs for therapeutic purposes

 My work demonstrates that the cardiac glycosides (CGs) potently repress NMD activity 

by elevating cytoplasmic calcium levels and that other drugs that similarly increase calcium 

abundance also inhibit NMD. This discovery has profound clinical and physiological 

implications and raises many questions worthy of further research.

 The therapeutic effects of many clinically prescribed drugs, including the cardiac 

glycosides themselves, stem from their ability to modulate intracellular calcium4,5. Many groups 

aspire to develop methods of treating genetic disorders by combinatorially inhibiting NMD and 

promoting translation stop codon read-through to restore expression of essential proteins whose 

genes harbor a nonsense mutation6-8. While a few chemicals are reported to specifically inhibit 

NMD with little or no observable toxicity, the safety and efficacy of these compounds has not 

been demonstrated in human clinical trials8,9. Repurposing existing, FDA-approved calcium-

modifying drugs may expedite the development of NMD-based therapeutic strategies if these 

drugs alter NMD activity at their in vivo concentrations. To determine whether this is the case, 
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initial studies can be carried out in mice transgenically expressing the bioluminescent NMD 

reporter and, if efficacious, quickly extended to human studies.

 In the same vein, the effects of calcium modifiers on NMD can be harnessed to target 

tumor cells. Genetic ablation of NMD activity in tumors can induce an antitumor immune 

response in certain mouse models10. Interestingly, the cardiac glycosides elicit a nearly identical 

response, and the administration of digoxin in combination with particular chemotherapeutics 

bolsters patient survival11. Whether the ability of the CGs to predispose tumor cells to immune-

mediated death stems from effects on NMD is currently unclear, and determining whether this is 

the case may prove difficult. Observing similar effects when using other calcium modifiers 

would provide indirect evidence consistent with the hypothesis that NMD mediates the antitumor 

effects; however, any conclusions would be complicated by the many diverse functions of 

calcium in immune development and function12. To conclusively test the hypothesis that NMD 

mediates the antitumor effects of the CGs, a means of specifically restoring NMD activity in CG-

treated tumor cells must be utilized. Identifying a highly specific means of restoring NMD 

activity will likely require a detailed mechanistic understanding of how calcium represses NMD. 

It is therefore critical to determine whether any calcium-dependent signaling proteins (e.g. 

Calmodulin, CAMKK) mediate the inhibition of NMD and, if so, to fully elucidate this pathway.

4.3.2 The molecular mechanism of NMD inhibition by calcium

 Scores of proteins are sensitive to the presence of calcium, including many kinases, 

phosphatases, G-proteins, and other prominent signaling molecules with the potential to 

influence NMD either directly or indirectly13. Indeed, multiple NMD factors are phosphoproteins 

that may be particularly susceptible to regulation by calcium-dependent kinases or 
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phosphatases14-16. Computationally searching NMD factor proteins for sequences or motifs 

recognized by calcium-dependent molecules may reveal potential interactions essential for this 

regulation. Additionally, a suppressor screen can identify proteins that promote calcium-mediated 

NMD repression: abrogation of signaling proteins necessary for this regulation will render NMD 

insensitive to calcium. Of course, it is possible that calcium directly binds to and alters the 

activity of an NMD factor, although no known NMD factors contain classical calcium-binding 

motifs such as the EF-hand, EGF-like, and C2 domains17-19. 

 It is also important to ascertain how these calcium-dependent signals negatively impact 

the process of NMD itself. Currently, six known mechanisms exist for repressing NMD: (1) 

increased efficiency of SMD (which competes with NMD), (2) UPF1 cleavage, (3) 

downregulation of NMD factors (4) UPF3a upregulation, (5) disruption of interactions between 

NMD factors, and (6) eIF2α phosphorylation8,9,20-26. The possibility that calcium increases SMD 

efficiency has not yet been explored, but I have addressed the remaining options to various 

degrees. To examine the possibility that UPF1 cleavage occurs in high-calcium environments, I 

immunoblotted for UPF1; no UPF1 cleavage products are evident in CG- or thapsigargin-treated 

cells, precluding this possibility (Fig. 1 and data not shown). Furthermore, UPF1 cleavage is only 

known to occur during apoptosis, and these treatments do not significantly affect cell viability 

(Chapter 2 Supplementary Fig. 3). To determine whether calcium disrupts expression of one or 

more NMD factors, I performed immunoblots and qPCRs for key factors and found that none of 

the factors assessed were significantly downregulated at the mRNA or protein level in response 

to CG-treatment (Fig. 2; Chapter 2 Supplementary Fig. 5). However, some factors were not 

included in these studies so it remains possible that calcium-mediated NMD inhibition may 
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result from downregulation of an essential NMD component. Notably, UPF3b expression 

remains robust in CG-treated samples; since UPF3b destabilizes UPF3a proteins, it is unlikely 

that high levels of UPF3a contribute to CG-mediated NMD inhibition (Fig. 2). Similarly, CG 

treatment does not ostensibly disturb any protein-protein interactions necessary for proper NMD, 

but I only examined a fraction of the critical interactions (Fig. 3). Finally, to determine whether 

eIF2α phosphorylation mediates the repression of NMD by calcium, I assayed its 

phosphorylation in both high and low calcium environments. Although the CGs and thapsigargin 

markedly induce eIF2α phosphorylation at serine 51, this site remains robustly phosphorylated 

even in the presence of Bapta-AM, which reverses the inhibitory phenotype (Fig. 4). This argues 

against the hypothesis that eIF2α phosphorylation inhibits NMD in high calcium environments; 

however, these results are preliminary and should be repeated before drawing firm conclusions. 

Additional experiments using mutant versions of eIF2α will conclusively demonstrate whether 

eIF2α is involved in the regulation of NMD by calcium. In summation, a myriad of ways exist 

for reducing NMD activity and, while I have excluded many obvious possibilities, more in-depth 

studies will be required to ascertain the mechanism by which calcium represses NMD.

 Another possibility is that, although NMD is ostensibly regulated by calcium, the 

inhibitory effects of the CGs, thapsigargin, and calcium ionophores actually reflect the induction 

of ER stress, which induces eIF2α phosphorylation27,28. Indeed, depletion of calcium stores from 

the endoplasmic reticulum causes ER stress and Bapta-AM treatment may prevent this depletion 

from occurring11,29-31. If so, it is not the increase in cytoplasmic calcium that inhibits NMD but is 

in truth the relocalization of calcium from the ER to the cytoplasm. This possibility can be 

examined by monitoring ER stress markers in cells treated with our calcium-elevating drugs both 
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in the presence and absence of Bapta-AM. The drugs will likely increase detection of ER stress 

markers. If the presence of Bapta-AM abates detection of ER stress markers, NMD activity 

correlates with ER stress, and this connection should be further explored.  

4.3.3 The physiological roles of calcium-mediated NMD regulation

 In addition to characterizing the signaling pathway linking calcium to NMD and its 

effects on the NMD machinery, another important extension of my work will be to characterize 

the physiological relevance of this regulation. Many cell types, such as pancreatic β-cells and 

muscle cells, rely heavily upon calcium signaling for normal function32,33. It will be interesting to 

see whether calcium suppresses NMD activity in these cell types and, if so, whether this 

contributes to gene expression changes. I am most excited, however, by the possibility that 

calcium-mediated NMD regulation in the nervous system contributes to neuronal development 

and function. Indeed, NMD has many important roles in neurons, and defects in NMD cause 

errant synaptic behavior and a host of neurodevelopmental disorders34-44. 

 The ability of calcium to control NMD activity potentially adds new dimensions to gene 

regulation by NMD in neurons. For example, action potential firing induces calcium release, and 

calcium levels can spike locally for many seconds45-47. It is conceivable that highly active 

neurons—or even localized neuronal regions—sustain increases in calcium abundance for long 

enough to repress NMD. Indeed, I have preliminary evidence suggesting that this may be the 

case. In a pilot experiment, I found that depolarization of embryonic mouse cortical neurons with 

KCl repressed NMD activity while NaCl, which served as a control for ionic strength, did not 

(Fig. 5). This result may actually underestimate the extent of activity-dependent NMD inhibition 

in neurons as many astrocytes were cultured alongside the neurons, and these cells are not 
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predicted to respond to KCl in the same manner (although they might be experiencing NMD 

inhibition as a result of osmotic shock). The inclusion of Ara C or similar compounds in the 

growth medium that restrict astrocyte proliferation may circumvent this issue. Additionally, 

longer treatment times, like those used in certain high-profile papers, may accentuate the 

inhibition of NMD48. If NMD is regulated in an activity-dependent manner, it may in turn alter 

the expression of NMD targets. Interestingly, one of the most prominent activity-regulated genes, 

Arc, has two 3’ UTR introns and is actively degraded by NMD49,50. Arc is a critical promotor of 

synaptic plasticity, and reduced negative regulation of Arc by NMD may facilitate increases in 

expression and augment synaptic plasticity49,50. This is but one example of a physiological 

setting where NMD may be susceptible to repression by calcium. 

4.4 Regulation of NMD by persistent DNA damage

 In this dissertation, I demonstrated that p38 suppresses NMD activity in response to 

persistent, but not transient, DNA damage signals, and that this repression likely contributes to 

the upregulation of ATF3—a stress-response gene that mediates crucial functions in cells 

harboring persistent DNA damage with both pro- and anti-tumorigenic consequences51-55. 

Furthermore, I show that although p38 is activated by osmotic shock, it does not regulate NMD 

in this context, which suggests that persistent DNA damage generates another signal or induces 

expression of an alternative p38 target which cooperates with p38 to regulate NMD after 

damage. These findings illuminate new facets of gene regulation by both p38 and NMD. They 

also raise many questions to be addressed by future research. What is the cooperating signal that 

works with p38 to suppress NMD activity? How does it work with p38 to repress NMD? What 

other genes are regulated by NMD after persistent DNA damage? What effects does this 
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regulation have on the damaged cells and their neighbors? These questions and their 

physiological and clinical implications will be the subject of this section.

4.4.1 Identity of the signals that function alongside p38 to repress NMD in response to 

DNA damage

 Regarding the identity of the cooperating signal, it must originate from the DNA damage 

response (DDR). This implicates ATM, ATR, and DNA-PK—three kinases paramount to the 

DDR—as the source of signal56. Entertaining this possibility, I chemically inhibited the activity 

of these kinases in cells harboring persistent DNA damage. Both ATM and ATR inhibition 

reduced the relative extent of bleomycin-mediated NMD inhibition, consistent with the notion 

that these proteins are necessary for NMD inhibition in response to persistent DNA damage (Fig. 

6a-b). However, the reduced extent of bleo-mediated NMD inhibition in ATRi- and ATMi-treated 

cells is not caused by an inability to fully repress NMD; rather it is a byproduct of low basal 

levels of NMD in the inhibitor treated cells in the absence of DNA damage (Fig. 6a-b). The 

inhibitory effect of these inhibitors on NMD is intriguing but may result from non-specific 

inhibition of the SMG1 kinase, which belongs to the same molecular family57. Consequently, 

these results are difficult to interpret and further studies are required to conclusively elucidate the 

role of ATM and ATR in regulating NMD after persistent DNA damage. As such, genetic studies 

will be paramount to future research in this area. The DNA-PK inhibitor results are far less 

equivocal and strongly suggest that DNA-PK is not involved in the regulation of NMD in RPE1 

cells with a protracted DDR (Fig. 6c). 

 ATM is the most promising cooperating signal candidate as it augments p38 function in 

other contexts and is highly active in non-proliferating cells with persistent DNA damage58-60. In 
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contrast, ATR functions primarily in S-phase56. Of course the cooperating signal may not depend 

on either of these kinases. Intriguingly, the cooperating signal may reside in the eIF2α pathway. 

Conditions brought about by persistent damage signaling may promote p38-dependent eIF2α 

phosphorylation; this possibility also provides a mechanistic explanation for how p38 regulates 

NMD.

4.4.2 The molecular mechanism of NMD inhibition by persistent DNA damage

 The molecular mechanism underlying the regulation of NMD by protracted DNA damage 

signals also remains mysterious, but eIF2α phosphorylation may contribute. Indeed, I 

occasionally observed robust eIF2α phosphorylation in bleomycin-treated cells, although no 

increase was observed in the majority of experiments (data not shown). Notably, p38 activity is 

known to promote eIF2α phosphorylation in certain contexts61,62. Whether eIF2α 

phosphorylation regulates NMD when DNA damage signals linger can be confirmed by 

expressing the eIF2α S51A mutant which cannot be phosphorylated; expression of this mutant 

will prevent NMD inhibition by persistent DNA damage signals if eIF2α phosphorylation is 

essential for this regulation. If confirmed, eIF2α will be further cemented as the master regulator 

of NMD during cellular stress.

 Of course, persistent DNA damage may inhibit NMD through any of the other 

mechanisms enumerated in section 4.3.2 (downregulation of NMD factor expression, disruption 

of NMD complex formation, UPF1 cleavage, upregulation of UPF3a, or activation of a 

competing degradation pathway) or through a completely novel mechanism. However, 

preliminary assessments of NMD factor mRNA and protein levels argue against many of these 

possibilities. I did not find that any key NMD factor mRNAs or proteins are signficantly 
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downregulated in bleomycin-treated cells (Table 1). Notably, UPF3b, which destabilizes UPF3a 

proteins, maintains robust expression in damaged cells (Table 1). Furthermore, UPF1 western 

blots give no indication of UPF1 cleavage after bleomycin treatment, and our sub-lethal 

concentrations of bleomycin are not predicted to activate the caspases responsible for cleaving 

UPF1 (Fig. 7). All of these results are preliminary however, so firm conclusions should no be 

drawn at this time. Indeed, much work remains to be done to determine how persistent DNA 

damage impinges upon the process of NMD.

4.4.3 The physiological roles of persistent DNA damage-mediated NMD regulation

 Even without a complete understanding of the molecular underpinnings of NMD 

repression in response to DNA damage, the significance of this regulation can be further 

explored. As a proof-of-concept, I demonstrated that NMD facilitates the stabilization of ATF3 

mRNAs, which—in conjunction with transcriptional upregulation—presumably accounts for the 

substantial increases in ATF3 mRNA and protein expression observed by myself and others 

(Chapter 3 Fig. 4)63. ATF3 promotes senescence in cells undergoing excessive mitogenic or 

genotoxic stress, thereby stifling tumor formation and growth64-66. Moreover, ATF3 reprograms 

the cellular secretome, making it far more pro-tumorigenic52. Indeed, ATF3 significantly 

influences diverse aspects of tumor biology, and its regulation by NMD may be exploited for 

therapeutic gain. Furthermore, many other genes frequently implicated in oncogenic 

transformation—including many pro-tumorigenic components of the Senescence Associated 

Secretory Phenotype (SASP) such as IL6 and CXCL2—are also putative NMD targets25,67,68. My 

approach to demonstrating the regulation of ATF3 by NMD can be expanded with RNA-

sequencing to reveal the full repertoire of NMD targets upregulated following persistent DNA 
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damage. This information will prove useful when functionally examining the effects of NMD-

dependent gene regulation on tumorigenesis. 

 DNA damage is a hallmark of many tumor cells—due to their genomic instability—and 

their neighboring cells, as senescent cells with prolonged DDRs encourage tumor growth67,69. It 

therefore seems likely that NMD activity is reduced in these cells and may impact tumor growth. 

To test this hypothesis, NMD activity will need to be selectively restored in both the tumor 

microenvironment and/or the tumor itself to discern how NMD influences the kinetics and extent 

of tumor growth. While I demonstrated that p38 inhibition restores NMD activity in cells 

harboring persistent DNA damage, p38 inhibitors are incapable of specifically probing the role of 

NMD in these cells as p38 affects multifarious cellular processes70. If eIF2α phosphorylation 

underlies NMD inhibition in these settings, expression of the eIF2α S51A mutant may serve this 

purpose; however, it too impacts multiple cellular processes71. Perhaps the most specific method 

of reversing NMD will be to overexpress UPF1, which increases NMD activity 

significantly24,25,72. If indeed NMD inhibition in the tumor microenvironment promotes tumor 

formation and development, UPF1 overexpression in these cells will impede tumor growth in 

xenograft models. Similarly, the cell autonomous influence of NMD on cancer growth can be 

interrogated by overexpressing UPF1 in the tumor cells themselves. It seems likely that the 

effects will depend upon the tumor type and specific transforming mutations, and a thorough 

study of how NMD influences oncogenesis in both cell autonomous and non-autonomous 

manners will clarify the currently ambiguous effects of NMD on cancer biology. Such 

knowledge will also facilitate development of therapeutic strategies that target tumor growth by 

modulating NMD activity in tumor cells and the tumor microenvironment. 
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4.4.4 Targeting NMD for cancer treatment

 The ability of p38 to regulate NMD and drive SASP expression in cells harboring 

persistent DNA damage makes it a promising therapeutic target. Encouragingly, p38 inhibition 

reduces tumor volume in murine xenograft breast cancer models, presumably due to attenuated 

SASP expression73. Indeed, p38 drives SASP expression by augmenting NF-κB transcription 

activity and stabilizing SASP factor mRNAs73-75. Canonically, p38 influences mRNA stability by  

altering the activity of RNA binding proteins such as AUF173,76. My studies reveal a novel means 

by which p38 can stabilize mRNAs and enhance gene expression—NMD repression. In addition 

to expanding the gene-regulatory repertoire of p38, my studies also allude to a negative feedback 

loop that diminishes p38 activity in cells exposed to hyperosmotic conditions. The chemical 

ablation of p38 activity causes p38 hyperphosphorylation in cells experiencing hyperosmotic 

shock, an effect likely caused by an inability of downstream p38 dependent signals to negatively 

regulate p38 activation (Fig. 8 and data not shown). While this is completely speculatory, it is 

possible that NMD promotes this feedback mechanism, because GADD45, an upstream activator 

of p38 kinase activity, is a well-characterized NMD target21,77,78. The new relationship between 

p38 and NMD raises many questions that will require further investigation and provides a new 

avenue for cancer treatment. 

4.5 Final Thoughts

 Nonsense-mediated RNA decay has been assiduously studied for more than thirty years. 

During this period a wealth of structural and functional data has provided insight into the nature 

of NMD, its mechanism, and its relevance. Indeed, the current state of NMD research has been 

described as, “approaching the end of its beginning,” meaning that most principle enzymatic 
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components have been identified and their functions somewhat elucidated79. Future work will 

largely focus on the complex regulatory networks that govern the activity of NMD in a 

developmental stage- and tissue-specific manner. The contribution of NMD to disease states, 

particularly mental disorders and cancer, will constitute a second major direction of NMD 

research. Progress in these areas will facilitate the development of therapeutic regimens for the 

treatment of simple genetic disorders and cancers by modulating NMD activity. 

 Such ponderous tasks, along with elucidating the remaining mechanistic unknowns, 

present novel challenges to NMD researchers. As the questions of the field become increasingly 

complex, progress becomes increasingly difficult. The cumbersome RNA-based methods of 

NMD analysis such as RT-PCR and northern blot, which rely upon RNA isolation and 

quantification, are not suitable for efficiently elucidating components of vast regulatory networks 

or identifying compounds capable of saving and improving lives. To effectively address these 

challenges, new tools—such as the reporter we developed and its future iterations—will be 

imperative to advance the field and translate discoveries to the clinic. 

 These tools will facilitate the complete characterization of the NMD pathway and, when 

complemented by genetic studies in model organisms, the physiological functions of NMD will 

be elucidated. The vast majority of NMD studies are currently performed in tissue culture 

models, which provide only a narrow glimpse of insight into NMD regulation during 

development or in tissue-specific manners. Future studies will rely heavily upon tissue-specific 

NMD mutant animals to tease out the contribution of NMD to proper development and tissue 

homeostasis. Genetic manipulation of NMD in vivo—combined with state-of-the-art reporter 

assays, high-throughput sequencing, and improved experimental and computational tools for 
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identifying NMD targets—will undoubtedly initiate a new era of NMD research heavily focused 

on its dynamic gene regulatory functions. 

 With our NMD reporter, we have laid a foundation upon which future NMD researchers 

can build. Our reporter can be introduced into model organisms and used to characterize the roles 

of NMD in vivo. Furthermore, discoveries made with our NMD reporter—the regulation of 

NMD by clinically relevant drugs (CGs), physiologically essential molecules (calcium and p38), 

and common cellular stresses (persistent DNA damage and osmotic shock)—have numerous 

clinical and physiological implications. Additional studies will continue to define the mechanism 

and significance of NMD regulation in mammalian cells. 
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4.6 Figures

Figure 1. Effects of ouabain on UPF1 cleavage product generation. 

Western blot analysis of UPF1 protein levels in U2OS reporter cells treated with DMSO or 

Ouabain for 24 hours at 0.175µM. Results shown are representative of multiple independent 

experiments.
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Figure 2. Effects of ouabain and Bapta-AM on the protein levels of key NMD factors. 

Western blot analysis of NMD factor levels in U2OS reporter cells following 24 hours 

treatment with DMSO, ouabain, ouabain and Bapta-AM, or Bapta-AM. Ouabain, 0.175 µM; 

Bapta-AM, 25 µM. Results shown are representative of multiple independent experiments.
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Figure 3. Effects of ouabain on NMD complex formation.

Interactions between components of the NMD machinery in U2OS cells treated with either 

DMSO or ouabain for 24 hours. U2OS cell lysates were immunoprecipitated with a UPF1 

antibody. Immunoprecipitates were analyzed by western blotting with the indicated antibodies. 

Results shown are representative of multiple independent experiments.
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Figure 4. Effects of ouabain and Bapta-AM on NMD activity and eIF2α phosphorylation.

a). Ratios of CBR/CBG bioluminescence signals in human U2OS reporter cells following 

24 hours treatment with DMSO, ouabain, ouabain and Bapta-AM, or Bapta-AM. Ouabain, 

0.175 µM; Bapta-AM, 25 µM and subsequently lysed for protein collection. Data represent 

the mean ± SD of three independent experiments. The ratio in DMSO-treated cells was 

normalized to 1.

b). Western blot analysis of eIF2α phosphorylation in human U2OS reporter cells 

following 24 hours treatment with DMSO, ouabain, ouabain and Bapta-AM, or Bapta-AM. 

Ouabain, 0.175 µM; Bapta-AM, 25 µM. Results shown are representative of three 

independent experiments.
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Figure 5. Effects of KCl-mediated depolarization on NMD in mouse embryonic cortical 

neurons.

Ratios of CBR/CBG bioluminescence signals in murine embryonic cortical neurons 

following an 8 hour treatment with control medium or medium supplemented with the 

indicated concentrations of KCl or NaCl. Data from a single experiment. 
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Figure 6. Effects of DNA damage response kinase inhibitors on NMD in bleomycin-treated 

cells.

a). Ratios of CBR/CBG bioluminescence signals in DMSO- or ATMi-treated RPE1 reporter cells 

after a 24 hr treatment with either H2O or bleomycin followed by a 96 hr recovery. The ratio of 

CBR/CBG signals in H2O-treated cells was normalized to 1. Data represent the mean ± SD of 

three independent experiments.

b). Ratios of CBR/CBG bioluminescence signals in DMSO- or ATRi-treated RPE1 reporter cells 

after a 24 hr treatment with either H2O or bleomycin followed by a 96 hr recovery. The ratio of 

CBR/CBG signals in H2O-treated cells was normalized to 1. Data represent the results of a single 

experiment.

c). Ratios of CBR/CBG bioluminescence signals in DMSO- or DNA-PK-treated RPE1 reporter 

cells after a 24 hr treatment with either H2O or bleomycin followed by a 96 hr recovery. The ratio 

of CBR/CBG signals in H2O-treated cells was normalized to 1. Data represent the mean ± SD of 

three independent experiments.
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Figure 7. Effects of bleomycin on UPF1 cleavage product generation. 

Western blot analysis of UPF1 protein levels in RPE1 cells after a 24 hr treatment with either 

H2O or bleomycin followed by a 96 hr recovery. Data represent the results of a single 

experiment.
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Figure 8. Effects of p38 inhibition on p38 phosphorylation in cells experiencing 

hyperosmotic shock. 

Levels of total and phosphorylated p38 and HSP27 in DMSO- and CDD111- RPE1 cells after a 5 

hr treatment with 80mM KCl or 275mM Sorbitol. Results shown are representative of three 

independent experiments.
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4.7 Tables

Table 1: Relative NMD factor expression in bleomycin-treated RPE1 cells relative to H2O-

treated control cells. Steady-state mRNA and protein levels of key NMD factors in RPE1 

reporter cells after a 24 hr treatment with either H2O or bleomycin followed by a 96 hr recovery. 

Values represent the fold-change in expression relative to H2O-treated cells. Results shown are 

representative of a single experiment.
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