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ABSTRACT OF THE DISSERTATION 

The Role of Nonsense-mediated RNA Decay in Arsenic Toxicity  

by 

Alexandra E. Goetz 

Doctor of Philosophy in Neurosciences 

University of California, San Diego, 2018 

Professor Miles Wilkinson, Chair 

 

 Nonsense-mediated RNA decay (NMD) is a highly conserved and selective RNA 

degradation pathway that was originally discovered by virtue of its ability to serve as a quality 

control mechanism that degrades aberrant mRNAs.  NMD has since been shown to degrade 

specific subsets of normal RNAs and thereby influence normal biological processes.  Work from 

our laboratory demonstrated that NMD impacts the unfolded protein response (UPR), a stress 

response pathway that protects cells from misfolded and overexpressed proteins (Karam et al. 

EMBO Reports 2015).  NMD increases the threshold for activating the UPR pathway, both in vitro 



 

 
 xvii 

and in vivo, thereby reducing the likelihood of its inappropriate activation in response to innocuous 

stress.  NMD is also required for the timely termination of the UPR.  NMD degrades mRNAs 

encoding several UPR components, which likely explains how NMD shapes the UPR.  Here, I 

report on my experiments to address the hypothesis that NMD impacts the response to a naturally 

occurring environmental toxicant—arsenic—which is known to activate the UPR. Inorganic 

arsenic compounds are found in the water supply—to varying degrees—across the world. 

Prenatal exposure to arsenic causes many defects, including reduced neurocognitive abilities in 

rodents and humans. Using RNAseq analysis, I discovered that exposure of neural stem cells to 

arsenic altered the expression of many RNAs encoding proteins involved cell cycle progression, 

signaling, apoptosis and development. Disruption of the NMD pathway increased the number of 

genes exhibiting altered expression in response to arsenic exposure. Genes encoding cellular 

stress signaling proteins particularly depended on NMD for protection from arsenic-induced shifts 

in gene expression.  Together, these data suggested that NMD protects cells from arsenic-

induced transcriptome dysregulation. Follow-up experiments suggested that the ability to protect 

cells from arsenic did not extend to most arsenic-induced phenotypic defects, including cell 

viability and cell cycle progression. However, loss of the NMD factor UPF3B altered cell viability 

and proliferation in the brain despite not changing the sensitivity of the brain to arsenic insults. 

One possible explanation for this is that arsenic suppresses NMD. Indeed, I obtained several lines 

of evidence that this was the case. 
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 Introduction  

Chapter 1 

Introduction 
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In this chapter, I will provide a brief introduction to Nonsense-mediated RNA decay. 

Further introduction will be placed at the beginning of each respective chapter to provide a full 

scope of previous literature. 

Nonsense-mediated RNA decay (NMD) is a highly conserved and selective RNA 

degradation mechanism. NMD was originally identified as a quality control mechanism that 

recognizes and degrades aberrant transcripts harboring premature termination codons (PTCs) 

derived from mutant genes (Chang et al., 2007; Fatscher et al., 2015; Peccarelli and Kebaara, 

2014) (Fig. 1.1). NMD also degrades PTC-bearing transcripts from normal genes, including 

alternatively spliced RNAs encoding non-functional proteins (Lareau et al., 2007; Mendell et al., 

2004; Ni et al., 2007; Weischenfeldt et al., 2008). Later work revealed that NMD also degrades a 

subset of mRNAs from normal genes that encode functional proteins (Fig. 1.1). Specific features 

in mRNAs elicit their decay by NMD. For example, NMD is triggered when the main open reading 

frame (ORF) is followed by at least one exon-exon junction (Hurt et al., 2013; Mendell et al., 2004; 

Ramani et al., 2009; Somers et al., 2013; Yepiskoposyan et al., 2011).  Long untranslated regions 

downstream of the main ORF can also, in some cases, elicit NMD (Buhler et al., 2006; Eberle et 

al., 2008; Hogg and Goff, 2010; Huang et al., 2011; Hurt et al., 2013; Singh et al., 2008; 

Yepiskoposyan et al., 2011). These features direct NMD proteins to form a complex with the 

ribosome and initiate degradation via exonuclease and endonuclease activity (Fig. 1.2). Although 

the full repertoire of normal mRNAs directly targeted by NMD is not currently known, NMD factor 

knockout and knockdown experiments suggest that between ~3 and 20% of transcripts in 

eukaryotes from yeast to man are regulated (directly or indirectly) by NMD (Peccarelli and 

Kebaara, 2014).  

The discovery that NMD regulates batteries of normal transcripts raised the possibility that 

NMD is not only an RNA surveillance mechanism but also a regulator of normal cellular activities 

(Fig. 1.1). In support of this possibility, loss or impairment of NMD causes developmental defects 

in species spanning the phylogenetic scale. In mice, loss of several NMD factors, including Upf1,  
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Figure 1.1 NMD degrades a subset of both aberrant and normal RNAs. 
Its ability to degrade aberrant RNAs with premature termination codons serves as a quality 
control mechanism. Its ability to degrade normal transcripts allows NMD to influence a variety of 
events, including those shown 
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Adapted from Fatscher et al. 2015 CMLS 

Figure 1.2 NMD is a well-established pathway that requires many factors, including the 
UPF proteins and the exon junction complex (EJC).   
The EJC is recruited at exon-exon junctions after RNA splicing; it interacts with the RNA helicase, 
UPF1, through the UPF factors shown, upon translation termination.  UPF3B is a NMD activator, 
while UPF3A is a NMD repressor 
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Upf2, Upf3a, Smg1, and Smg6, causes early embryonic lethality (Hwang and Maquat, 2011; Li et 

al., 2015; McIlwain et al., 2010; Medghalchi et al., 2001; Shum et al., 2016; Weischenfeldt et al., 

2008), implying that NMD has roles in pre- and/or peri-implantation development. While the 

underlying mechanism is not known, a recent study showed that NMD strongly influences the 

differentiation of the primary germ layers from human embryonic stem cells (Lou et al., 2016). 

NMD also has been shown to regulate cell cycle progression (Lou et al., 2014).  In addition, 

studies in D. melanogaster, zebrafish, and mammalian cell lines have shown the importance of 

NMD in neural development and neural stem cell self-renewal vs. differentiation decision (Jolly et 

al., 2013; Lou et al., 2014; Metzstein and Krasnow, 2006; Wittkopp et al., 2009). As further 

evidence for a role of NMD in neural development, mutations in the NMD gene, UPF3B, cause 

intellectual disability in humans and are associated with neurodevelopmental disorders, including 

schizophrenia and autism (Nguyen et al., 2014; Tarpey et al., 2007). Furthermore, copy number 

variations in several NMD genes were recently shown to be associated with human 

neurodevelopmental disorders and other neural diseases (Nguyen et al., 2014, 2013). Other 

studies suggest that NMD has roles in non-neural lineages, including in hematopoiesis, liver 

development, and muscle cell development (Gong et al., 2009; Thoren et al., 2010; Weischenfeldt 

et al., 2008).  

In order for NMD to serve as a developmental regulator, it stands to reason that its 

magnitude would have evolved to be altered in a developmentally regulated manner. A shift from 

a high to a low magnitude of NMD would stabilize its target transcripts, while the opposite shift 

would elicit NMD target destabilization. Either shift would lead to alterations in the level of batteries 

of proteins, which would likely have biological effects. Several contexts have been shown to 

regulate NMD. For example, NMD magnitude varies in different cell types and exhibits tissue- and 

stage-specific regulation (Huang and Wilkinson, 2012; Hug et al., 2016; Karam et al., 2013; Lou 

et al., 2016; Lu et al., 2016; Zetoune et al., 2008). In most known cases, NMD is downregulated 

as development proceeds (Alonso and Akam, 2003; Barberan-soler et al., 2009; Bruno et al., 
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2011; Gong et al., 2009), but notable exceptions are B-cell development and mesoderm 

differentiation, where NMD is upregulated (Huang and Wilkinson, 2012; Lou et al., 2016). Male 

germ cell development is also likely to be accompanied by shifts in NMD magnitude, but it has 

not been resolved whether NMD is up- or down-regulated (Bao et al., 2016; Fanourgakis et al., 

2016; Shum et al., 2016).  

Mechanisms by which NMD is regulated are beginning to be elucidated. For example, 

neural-specific microRNAs (miRNAs), including miR-9 and -128, have been identified that target 

NMD factors and thereby repress NMD (Bruno et al., 2011; Lou et al., 2014). These miRNAs 

operate in a feedback loop with NMD to maintain the neural stem cell state (Lou et al., 2014). 

Differentiation-promoting contexts trigger a switch in this feedback loop to drive differentiation 

(Lou et al., 2014). NMD is also regulated by another RNA decay pathway – Staufen-mediated 

RNA decay (SMD) (Gong et al., 2009). The NMD-specific factor, UPF2, and the SMD-specific 

factor, STAU1, compete for binding with UPF1, and thus the NMD and SMD pathways have a 

competitive relationship. Evidence suggests that this competition influences decisions in both 

myogenesis and adipogenesis (Cho et al., 2012; Gong et al., 2009). In addition to developmental 

decisions, NMD regulation may confer other functions, including in homeostasis (Huang and 

Wilkinson, 2012; Hug et al., 2016; Karam et al., 2013). 

 

Aims of this dissertation 

In this dissertation, I investigated the relationship between NMD and the environmental 

toxicant arsenic. First, I examined whether loss of the NMD factor UPF3B affects arsenic-induced 

changes in gene expression in mouse neural stem cells and mouse frontal cortex. Second, I 

investigated whether NMD protects cells from arsenic-induced toxicity, namely through 

biologically relevant effects on apoptosis, cell cycle progression, and cellular stress. Third, I 

investigated whether the inverse was true - that arsenic influences the NMD pathway through 

modulation of its magnitude. Consistent with this model, several pathways activated by arsenic 
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are known to suppress NMD magnitude. Indeed, I found that arsenic inhibits NMD, as shown 

using various NMD assays. The ability of arsenic to suppress NMD, coupled with the known 

functions of NMD in pathways that protect against stress, provides evidence for a mechanism 

through which arsenic is toxic to neural cells. 
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ABSTRACT 

In this chapter, I addressed the effect of the NMD factor, UPF3B, on arsenic-induced 

responses. As a precursor to this question, I first examined the effect of arsenic alone on the 

transcriptome of both mouse neural stem cells (mNSCs) in vitro and the frontal cortex in vivo.  I 

observed that arsenic has effects on a wide array of genes encoding proteins involved in cell 

cycling, development, and cellular stress pathways. Arsenic induced larger and more extensive 

expression changes in vitro than in vivo. Possible explanations for this include: (i) arsenic was 

given directly to mNSCs in vitro in the media, but was provided in the water for in vivo analysis, 

which may have allowed some of the arsenic to be metabolized before reaching the frontal cortex, 

thereby reducing arsenic concentration. (ii) Arsenic exposure to the mNSCs was acute, as it was 

given only for 12 hours before samples were collected; arsenic was given chronically for 6 weeks 

to pups during gestation for in vivo analysis. This may have resulted in more subtle expression 

changes in vivo than in vitro because the brains had a chance to compensate to the initial acute 

exposure through homeostatic mechanisms. I found that the absence of a NMD factor, UPF3B, 

resulted in greater changes in gene expression in response to arsenic exposure, suggesting that 

NMD serves to protect neural cells from arsenic-induced transcriptome dysregulation. However, 

UPF3B did not appear to protect mNSCs or the frontal cortex from toxicity caused by arsenic 

exposure. Upf3b-null mNSCs did not exhibit significant differences in cell viability or cell cycle 

progression as compared to wild-type mNSCs after exposure to arsenic in most conditions. The 

frontal cortex, hippocampus and cerebellum exhibited few changes in cells with DNA damage, 

number of proliferating cells, or overall structure following arsenic exposure, making it difficult to 

assess whether UPF3B could contribute to these phenotypes. Unexpectedly, I identified novel 

changes in brain architecture in Upf3b-null mice, particularly in the dentate gyrus of the 

hippocampus, suggesting that NMD may influence the development of this important structure. 
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INTRODUCTION 

Arsenic 

Arsenic is a naturally occurring element present to varying concentrations in the earth’s 

crust. Arsenic can take both organic and inorganic forms, both of which can make it into living 

systems. Inorganic arsenic is particularly toxic, and often enters groundwater in either Arsenic (III) 

or (V) oxidation state (Raman et al., 2010). The world health organization and the US 

Environmental protections agency has set a safe limit of 10 parts per billion of inorganic arsenic 

in water, but many areas of the world far exceed this limit in untreated water based on variations 

in the Earth’s crust (Kumar et al., 2010; Raman et al., 2010).  

Arsenic readily passes through the mother to the embryonic brain through the blood brain 

barrier (BBB) (Jin et al., 2006). Later in development, the BBB becomes less permeable to 

arsenic. Arsenic does not pass easily from mother’s milk to newborns, so after birth the main route 

of exposure is likely through contaminated drinking water (Concha et al., 1998). Extremely high 

doses of arsenic are associated with lung, skin, liver, and kidney problems (Raman et al., 2010). 

Chronic exposure to lower doses of arsenic are also associated with cancers of the skin, lungs, 

liver and bladder, and have been shown to be associated with neurodevelopmental problems 

(Tsai et al., 2003; Wasserman et al., 2014). One study even linked higher arsenic in the blood to 

increased cases of multiple sclerosis (Yousefi et al., 2014). Prenatal arsenic exposure has been 

correlated with an increase in neural tube defects, decreased birth weight, miscarriage and pre-

term births (Hopenhayn et al., 2003; Wlodarczyk et al.).  

Multiple cellular effects of arsenic could cause these phenotypes. Arsenic causes changes 

in the redox state of the cell, often resulting in oxidative damage (Jiang et al., 2013). Arsenic also 

triggers the unfolded protein response (Li et al., 2011; Weng et al., 2014), leading to apoptosis if 

not resolved (Weng et al., 2014). Arsenic exposure has been shown to arrest cells in S phase 

and result in higher levels of neural and glial cell death (Pozo-Molina et al., 2015). A reduction in 

cell number or proliferating neurons due to chemical exposure has been correlated with 
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neurodevelopmental disorders, including autism, dyslexia, attention-deficit hyperactivity disorder 

(Tamm and Ceccatelli, 2017).  

Evidence suggests that arsenic alters TGF-β, Hedgehog and Wnt signaling, all of which 

regulate neural differentiation (Allison et al., 2013; Hong and Bain, 2012; Liu and Bain, 2014). 

RNA-Seq data from C. elegans indicates that Arsenic upregulates a few ribosomal proteins, an 

RNA Pol II, and downregulates patched related 18, warthog (hedgehog like family) groundhog13, 

groundhog14, groundhog6(hedgehog like family), abu8 and 11 (activated in blocked unfolded 

protein response) after 48 hours of arsenic addition (Schmeisser et al., 2013). When zebrafish 

were treated with arsenic and an RNA-seq was performed on their livers, translation components 

and cellular homeostasis genes were enriched (Xu et al., 2013). This study found a GLI member 

(Shh), tgf-beta and tgf-beta receptor, beta catenin (Wnt), frizzled6 (Wnt) and several cell cycle 

genes had more than 2-fold change upon arsenic treatment. Thus, it is likely that arsenic regulates 

cellular signaling. 

Arsenic has been shown to alter many cellular processes, including cell cycle, oxidative 

stress, DNA damage, telomere maintenance, and neural development, among others 

(BonakdarYazdi et al., 2017; Ivanov and Hei, 2013; Jiang et al., 2013; Jing et al., 2012; Li et al., 

2011; Liu et al., 2003; Tsai et al., 2003; Wasserman et al., 2014; Weng et al., 2014). This has 

been demonstrated through cellular assays, targeted approaches towards specific genes, and 

even microarrays (Engström et al., 2017; Sahu et al., 2013). This study provides the first RNA-

seq dataset in neural cells, to investigate the largest changes in both mNSCs and frontal cortex 

on a genome-wide scale. 

While much work has demonstrated the effects of arsenic on transcriptional and post-

translational changes within cells, not much is known about the effects of arsenic on post-

transcriptional mechanisms, and on how post-transcriptional changes could affect arsenic’s 

inherent toxicity. A well-studied post-transcriptional pathway, nonsense-mediated RNA decay 

(NMD), degrades specific RNAs in a tissue and developmental stage specific manner (Huang and 
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Wilkinson, 2012; Hug et al., 2016; Karam et al., 2013; Lou et al., 2016; Lu et al., 2016; Zetoune 

et al., 2008). NMD has been demonstrated to regulate many physiological functions, including the 

unfolded protein response (Karam et al., 2015), cell cycle progression (Lou et al., 2014), and 

apoptosis.  

 

NMD protects cells from stress-induced apoptosis 

Because NMD is critical for shaping stress responses, it would not be surprising if it also 

influenced the end stage of prolonged stress – apoptosis. Indeed, several studies have shown 

that NMD protects cells from stress-induced apoptosis.  For example, Sakaki et al. found that 

SMG6-depleted HeLa cells treated with tunicamycin exhibited ~50% reduced cell survival 

compared to control cells, while SMG6 overexpression increased HeLa cell viability (Sakaki et al., 

2012). The UPF3B-dependent branch of NMD is critical for protection from apoptosis, based on 

Karam et al.’s finding that UPF3B-depleted HeLa cells exhibited increased apoptosis in response 

to the ER stressor, tunicamycin, compared to control cells (Karam et al., 2015). UPF3B 

dependence was also observed in vivo, based on the finding that hepatocytes in liver from Upf3b-

null mice treated with tunicamycin exhibited increased apoptosis compared to control hepatocytes 

(Karam et al., 2015).   

 Another stress-inducing scenario that has been examined in terms of NMD protection is 

depressed autophagy, which can lead to increased apoptosis because of reduced amino-acid 

recycling, increased ROS production, and reduced clearance of dysfunctional organelles or 

aggregates (Ondrej et al., 2016; Rouschop et al., 2009; Xie et al., 2016). Evidence that NMD is 

critical for protection from this form of stress was the finding that NMD factor depletion increased 

the apoptosis observed following autophagy inhibition (Wengrod et al., 2013). While the 

underlying mechanism was not investigated, one possibility is that autophagy is important for 

clearing misfolded truncated proteins translated from mRNAs harboring premature termination 

codons that are generated at high levels when NMD is inactivated.   
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 Another scenario in which NMD may suppress apoptosis is during early embryonic 

development. In flies, zebrafish, and mice, either depletion or loss of any of a number of NMD 

factors results in massive apoptosis, coupled with early embryonic lethality (Li et al., 2015; 

McIlwain et al., 2010; Medghalchi et al., 2001; Metzstein and Krasnow, 2006; Weischenfeldt et 

al., 2008). However, whether NMD is directly responsible for driving cell survival or, instead, it 

acts indirectly, remains to be determined.  

Of note, NMD does not impact the sensitivity to all apoptosis-inducing agents, and thus 

there is some selectivity in NMD’s actions. For example, Jia et al. found that depletion of the NMD 

factors, UPF1 or UPF2, did not significantly influence sensitivity to the apoptosis-inducing agent, 

staurosporine (Jia et al., 2015). One possible explanation for this stems from the fact that 

staurosporine inhibits NMD (Jia et al., 2015; Popp and Maquat, 2015).  Thus, NMD may be 

sufficiently compromised by staurosporine action that knockdown of NMD factors has no further 

impact.   

 

NMD degrades specific RNAs to protect cells from apoptosis  

To begin to understand the underlying mechanism by which NMD protects cells from 

apoptosis, Nelson et al. performed a suppressor screen in D. melanogaster (Nelson et al., 2016). 

Their goal was to determine whether mutation of any genes could restore viability to NMD-

deficient flies. For their screen, they used Upf2-hypomorphic flies, as ~10% survive to adulthood, 

thereby providing a baseline for which to compare with (Nelson et al., 2016). This suppressor 

screen revealed that mutations in one particular gene—growth arrest and DNA-damage inducible 

45 (Gadd45)—restored viability to these NMD-deficient mutant flies. Mutations in Gadd45 almost 

completely restored viability to hypomorphic NMD mutants; and it even improved viability in flies 

completely lacking the NMD pathway; i.e., in Upf1-null and Upf2-null flies. Nelson et al. also 

examined eye morphology, as surviving Upf2-hypomorphic flies have smaller clonal patches of 

eye cells compared to wild-type flies. They found that Gadd45/Upf2 double-mutant flies had 
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significantly larger eye patch size than Upf2-mutant flies, providing further evidence that loss of 

Gadd45 improves the viability of NMD-deficient cells (Nelson et al., 2016). These findings, 

coupled with the fact that GADD45 is a pro-apoptotic molecule (Peretz et al., 2007; Takekawa 

and Saito, 1998), and it is encoded by a mRNA that is a direct NMD target transcript (Chapin et 

al., 2014), led Nelson et al. to propose a model in which NMD normally degrades Gadd45 

transcripts to avoid its pro-apoptotic effects. In scenarios in which NMD is suppressed, such as 

stress, Gadd45 transcripts are stabilized, leading to increased GADD45 protein expression and 

consequent apoptosis (Nelson et al., 2016).  

Gadd45 is known to trigger apoptosis by activating the MTK1 kinase in the MAPK signaling 

pathway (Fig. 2.1) (Takekawa and Saito, 1998). Consistent with this activity, MAPK pathway 

activation triggers apoptosis in the fly eye, just as Gadd45 overexpression does (Peretz et al., 

2007). This led Nelson et al. to consider the possibility that MAPK pathway activation could also 

be responsible for the increased embryonic lethality in Upf2-hypomorphic flies. To test this, they 

investigated lethality of flies null for the Drosophila MTK1 orthologue, Mekk1, crossed with NMD-

mutant flies. They found that Mekk1 mutations restored viability to Upf2-hypomorphic flies and 

even partially suppressed lethality of Upf1 and Upf2-null flies. Together, these data provided 

strong evidence that Gadd45 promotes apoptosis in flies, and that NMD prevents apoptosis 

through targeting of the Gadd45 and the MAPK signaling pathway.  

Given that most NMD target transcripts are not conserved (Lareau et al., 2007; Rehwinkel 

et al., 2005), it is notable that GADD45 is one of the few transcripts degraded by NMD in a variety 

of species (Huang et al., 2011; Kurosaki et al., 2014; Tani et al., 2012a; Viegas et al., 2007; Wang 

et al., 2011; Yepiskoposyan et al., 2011). This afforded Nelson et al. an opportunity to address 

whether GADD45 functions in the same manner in mammals as it does in flies. Complicating the 

situation, however, was the fact that mammals have three GADD45 paralogs (α, β, and γ; or A, 

B, and G, respectively), whereas Drosophila have only one GADD45 gene. Furthermore, all three 

mammalian GADD45 gene paralogs express mRNAs that are high-confidence direct NMD 
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targets, based on their being stabilized in response to NMD factor depletion and their harboring 

NMD-inducing features, such as uORFs and exon-exon junctions downstream of the main ORF 

stop codon (Huang et al., 2011; Kurosaki et al., 2014; Lou et al., 2016; Tani et al., 2012a; Viegas 

et al., 2007; Wang et al., 2011; Yepiskoposyan et al., 2011). Thus, all 3 GADD45 paralogs have 

the potential to function in a NMD-based circuit to regulate cell survival. Nelson et al. chose to 

focus their attention on GADD45B, as it is expressed at a much higher level than the other 

GADD45 paralogs in HeLa and NIH3T3 cells (Yue et al., 2014). They found that GADD45B 

depletion rescued apoptosis triggered by depletion of the NMD factor, UPF1, in both HeLa and 

NIH3T3 cells (Nelson et al., 2016). This supported the notion that GADD45B functions in an NMD-

based circuit to control apoptosis in mammalian cells, just as it does in Drosophila. Together, 

these data suggest that GADD45 and NMD act in a conserved circuit that triggers apoptosis of 

cells in which conditions have become unfavorable.  

Under what conditions might this circuit operate? ER stress is one likely condition, as this 

triggers NMD downregulation (Gardner, 2008; Li et al., 2016; Usuki et al., 2013; Wang et al., 

2011), and thus it would likely raise GADD45B/Gadd45 level and elicit cell death if the ER stress 

is not resolved in a timely manner. Likewise, other conditions that inhibit NMD—including hypoxia, 

specific NMD-modulatory miRNAs, c-myc, and possibly SG formation (see sections above)—

would be predicted to induce GADD45B/Gadd45 and thereby trigger apoptosis as a protective 

response. Nelson et al. speculated that this NMD/Gadd45 circuit could also serve as a defense 

mechanism to restrict viral growth (Nelson et al., 2016). Consistent with this possibility, many 

viruses encode factors that inhibit NMD (Mocquet et al., 2012), which could act as a “molecular 

tripwire” to induce a stress response and cell death through GADD45B/Gadd45 induction.  

Because the tumor microenvironment tends to inhibit NMD, this environment could also 

trigger a pro-apoptotic mechanism. Of note, however, NMD inhibition can also trigger events that 

favor tumor formation (such as changes in signaling pathways, including the TGFβ/BMP, Wnt, 

and Notch pathways (Lou et al., 2016)), and indeed evidence suggests the NMD pathway can act 
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as a tumor suppressor pathway (Liu et al., 2014; Lu et al., 2016; Wang et al., 2011). Thus, whether 

loss of NMD stimulates or inhibits tumor formation likely depends on a delicate balance of several 

pro- and anti-tumor mechanisms, with the GADD45B/Gadd45-dependent pro-apoptotic 

mechanism being just one of many events triggered by loss of NMD.  

GADD45B/Gadd45 mRNA is probably not the only pro-apoptotic RNA targeted by NMD 

to protect cells from death. A long non-coding (lnc) RNA—growth arrest-specific 5 (GAS5)—has 

been suggested by experiments performed by Tani et al. to act in a NMD-based circuit that is 

critical for avoiding cell death in response to serum starvation (Tani et al., 2013). Tani et al. 

regarded GAS5 as a good candidate to function in such a circuit, based on four previous 

observations. First, GAS5 is a well-established NMD target in both human and mouse cell lines 

(Tani et al., 2012b; Wang et al., 2011; Weischenfeldt et al., 2008). Second, GAS5 is an apoptotic 

lncRNA that acts by binding to the glucocorticoid receptor (GR) and perturbing this transcription 

factor from activating its anti-apoptotic program (Fig. 2.1) (Deveraux and Reed, 1999; Kino et al., 

2010; Mikosz et al., 2001; Tani et al., 2013). Third, GAS5 is induced by serum starvation and, 

when overexpressed, GAS5 triggers apoptosis and reduced cell cycle progression, suggesting it 

acts as a tumor suppressor (Kino et al., 2010).  Lastly, depletion of GAS5 has the opposite effect: 

it inhibits apoptosis and promotes cell cycle progression (Kino et al., 2010).  

These four qualities of GAS5 led Tani et al. to hypothesize that this lncRNA is a central 

component in a NMD-regulated circuit that controls apoptosis. They obtained several lines of 

evidence supporting the existence of such a circuit (Tani et al., 2013). First, they used a gold 

standard method—pulse-chase labeling with BrU—to determine whether indeed GAS5 is a direct 

NMD target. Previous studies had only examined GAS5 steady-state levels (Huang et al., 2011; 

Ideue et al., 2007; Weischenfeldt et al., 2008) or examined GAS5 RNA half-life using 

transcriptional inhibitors (Tani et al., 2012b; Wang et al., 2011), the latter of which is subject to 

artifacts (Blattner et al., 2000; Friedel et al., 2009; Tani et al., 2012b). Using BrU pulse-chase  
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Figure 2.1 NMD and apoptosis have a complex regulatory relationship I. 
NMD provides protection from apoptosis-inducing agents, including chemotherapeutic drugs. 
Evidence suggests that NMD achieves this through its targeting of Gas5 and Gadd45 RNAs, both 
of which promote apoptosis signaling. Not only does NMD regulate apoptosis, but apoptosis-
inducing agents can impact NMD. In the example depicted, chemotherapeutic agents trigger 
cleavage of the NMD factor, UPF1, which downregulates NMD 
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labeling, they found that GAS5 half-life was significantly longer than previously determined using 

conventional methods (i.e., transcriptional inhibitors) in HEK293T cells (6.6 hours, instead of 2.6 

hours (Tani et al., 2012b)). Second, Tani et al. depleted the NMD factor, UPF1, and found that 

this increased the steady-state level and half-life of GAS5 by ~7 fold and ~3 fold, respectively, 

confirming that this non-coding RNA is a NMD target. Third, they found that UPF1 knockdown 

decreased the expression of the two key anti-apoptotic genes in the GR pathway, cIAP2 and 

SGK1, as predicted given that they are both known to be negatively regulated by GAS5. Fourth, 

they found that apoptosis itself was also increased by UPF1 knockdown. Finally, Tani et al. 

examined the effect of serum starvation on GAS5 level, as it was previously shown that serum 

starvation inhibits NMD through reducing UPF1 phosphorylation (Pal et al., 2001). They found 

that serum starvation increased GAS5 steady-state level and half-life by a magnitude similar to 

that achieved by UPF1 knockdown. Serum starvation also reduced the expression of cIAP2 and 

SGK1.   

Together, these data supported a model in which GAS5 is constitutively expressed at low 

level to prevent apoptosis, but in response to stress conditions that inhibit NMD (such as mimicked 

by serum starvation), GAS5 is dramatically upregulated, leading to activation of the GR pathway 

and consequent apoptosis. Of note, however, Tani et al. did not perform a rescue experiment to 

directly test this model. Thus, while their data is consistent with a NMD-GAS5-apoptosis circuit, 

further work is required to definitively determine its validity.  

Here, I provide evidence that NMD regulates arsenic-induced toxicity at the level of cell 

cycle response and apoptosis, and that arsenic suppresses NMD in developing neurons, both in 

vitro and in vivo. I also provide, to my knowledge, the first RNA-sequencing data of arsenic 

exposure to mouse neural cells both in vitro, in embryo-derived mNSCs, and in vivo, in postnatal 

day 21 mice exposed in utero to arsenic via the water supply. These RNA-seq experiments should 

provide a valuable resource to the field. 
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MATERIALS AND METHODS 

Mouse neural stem cell generation, growth and arsenic exposure 

Primary mNSCs were isolated from embryonic day 14.5 (E14.5) mouse cortex and grown 

as neurospheres, as described previously (Bruno et al., 2011; Lou et al., 2014). Only mNSCs 

generated from male mice were utilized for these experiments, as they were the most well studied 

in Upf3b-null background. mNSCs were grown as undifferentiated neurospheres in Neurocult 

Basal mouse medium (StemCell Tech) supplemented with B27, N2A, and EGF (Gibco 17504044, 

17502048 and StemCell Tech 2633), and grown in ultra-low attachment plates (Corning). mNSCs 

were exposed to sodium arsenite (Sigma) diluted in water and then media. Sodium arsenite 

solutions were made fresh from powder the same day as use. mNSCs were grown 1-2 weeks 

prior to experiments. 

 

HeLa cell culture 

HeLa cells were grown in DMEM(Gibco), 10% fetal bovine serum (Hyclone). HeLa cells 

were transfected using Lipofectamine 2000 (Invitrogen). HeLa shUPF3B, shUPF3A, and 

shLuciferase constitutive knockdown cells were generated previously (Karam et al., 2015). 

 

Mouse arsenic exposure  

C57BL/6 Upf3b-null and littermate control mice were used for this study. These mice were 

maintained in agreement with protocols approved by the Institutional Animal Care and Use 

Committee at the University of California San Diego. All animals were housed under a 12 h light/12 

h dark cycle and provided with food and water ad libitum. Animal procedures comply with the UC 

San Diego IACUC and ACP standards. 

Mice were exposed in utero to 85 ppm sodium arsenite (Sigma) through the water supply. 

Sodium arsenite was added to water of pregnant mice at conception and changed weekly with 
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fresh sodium arsenite solution. Sodium arsenite exposure continued through p21, when mice 

were either weaned or sacrificed by carbon dioxide and cervical dislocation. 

 

RNA isolation 

Total cellular RNA from mouse frontal cortex was isolated as described previously (Chan 

et al., 2007). Total cellular RNA from mNSCs was isolated using Direct-zol RNA MiniPrep Plus 

Kit (Cat. R2072; ZYMO Research, Irvine, CA, USA). RNA used for RNA-seq was quality evaluated 

by TapeStation (Agilent, Santa Clara, CA, USA), and sequenced with an Illumina HiSeq 4000 

High-Throughput Sequencing System (Illumina, San Diego, CA, USA), as previously described 

(Huang et al., 2017). 

 

DNA isolation and genotyping 

DNA was isolated from embryos by removing tail or leg portion of embryo during 

generation of mNSCs, and boiling in 50mM NaOH in H2O at 95C for 1 hour. 1mM Tris-HCl pH 7.4 

was added after boiling. Tail DNA was genotyped using Upf3b and Sly/Xlr genotyping primers as 

previously described (Huang et al., 2017; McFarlane et al., 2013) (Table 2.1). 
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Table 2.1 Primers used for mouse genotyping 

Primer Name Primer sequence 

Upf3b-KO Forward GTG AGG GAA AAG GAG GGT TC 

Upf3b-WT Forward CTT GCA AAA TGG CGT TAC TTA 

Upf3b Reverse TCT GTC TGC TCC TCC AGG TT 

Sly/xlr Forward GAT GAT TTG AGT GGA AAT GTG AGG TA 

Sly/xlr Reverse CTT ATG TTT ATA GGC ATG CAC CAT GTA 
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Cell Cycle and Apoptosis FACS analysis 

For trypan blue cell-count analysis, cell counts were made with trypan blue using a 

hemocytometer. For cell-cycle analysis, cells were stained with propidium iodide (Thermo Fisher 

Scientific P3566) and analyzed by flow cytometry, using a BD Fortessa machine and FlowJo 

software. For apoptosis analysis, cells were stained with annexin V/propidium iodide kit (Sigma) 

and analyzed by flow cytometry, using either BD Canto 2 or BD Fortessa machines and FlowJo 

software. 

 

Mouse brain isolation and immunohistochemistry 

Mouse brains were harvested at postnatal day 21 and isolated following euthanasia with 

carbon dioxide. Brains were washed one time with 1XPBS, then sectioned in half using a razor 

blade between the two hemispheres. Half of the brain was drop fixed in 10% neutral buffered 

formalin for at least 72 hours, then paraffin embedded and sectioned for Nissl staining and IHC. 

The other half was sectioned for RNA analysis of frontal cortex using trizol extraction. Physical 

disruption was performed using cordless pellet pestle (Kimble Chase).  

Cresyl violet staining was performed by Sanford Consortium Histology and Imaging Core. 

IHC was performed as previously described (Song et al., 2016). Briefly, sections were immersed 

in two changes of xylenes, then re-hydrated in 100%, 95%, 70%, 50%, and 30% ethanol in water. 

Sections were washed in 1XPBS, then immersed in citrate-based antigen retrieval (Vector Labs) 

and microwaved to the point of boiling, then heated for an additional 12 minutes, and allowed to 

return to room temperature. Sections were then washed in 1XPBS and blocked in 1XPBS 

supplemented with 5% serum (donkey or goat depending on secondary antibody host) with 5% 

bovine serum albumin (BSA) and 0.25% Triton-X 100 (Sigma) for 1 hour at room temperature. 

Primary antibody was then applied (1:100 rabbit anti Ki67- Fisher scientific, 1:300 mouse anti 

H2AX-Abcam) in 1XPBS, 5% serum, 5% BSA overnight at 4C. Sections were washed, then 

incubated for 1-2 hours at room temperature with 1:1000 fluorescent secondary antibody 
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(Invitrogen), washed, and coverslipped using DAPI-containing mounting solution (Vector Labs) 

and clear nail polish.  

Microscopic analysis and quantification of colocalized protein intensity were calculated 

using the Leica Acquire software (LAS) Colocalization AF6000. Microscopic analysis of cresyl 

violet staining was conducted using the Olympus BX43 microscope and cellSens software. 

Analyses for light images and fluorescent images were conducted using ImageJ software.  

 

RNA sequencing analysis 

Libraries were constructed and reads mapped with the RNA-seq aligner STAR (Dobin et 

al., 2013; Dobin and Gingeras, 2015). PCR duplicates were removed from analyses. Counts for 

each gene were quantified using the featureCounts program and annotated using the Ensembl 

mm10 genome (Liao et al., 2014). For mNSCs, reads were filtered, such that transcripts without 

at least one sample with at least 5 raw reads in one sample were removed from the analysis. For 

frontal cortex, reads were filtered such that transcripts without at least 5 raw reads in at least 5 

samples were removed from the analysis. The count data were normalized and differential 

expression was performed using the R (v.3.4.1) Bioconductor (v.3.6) package DESeq2 (v.1.18.1). 

In brief, DESeq2 uses negative binomial generalized linear models and shrinkage estimation for 

dispersions and fold changes to improve stability and interpretability of the estimates. It reports a 

P-value and an adjusted P-value (q) using the Benjamini–Hochberg procedure. For mNSCs, 

genes with q<0.05 were considered differentially expressed unless otherwise noted. For frontal 

cortex, genes with p<0.01 were considered differentially expressed unless otherwise noted. Other 

plots were constructed using the R(v.3.1.1) package ggbiplot. All functional enrichment analyses 

were generated using Metascape gene analysis and amigo2 version 2.4.26 (Ashburner et al., 

2000; The Gene Ontology Consortium, 2017; Tripathi et al., 2015).  

 To identify NMD-inducing features, I used a script developed by the laboratory that was 

previously published (Huang et al., 2017; Shum et al., 2016). The following criteria were used to 
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identify transcripts with NMD-inducing features from the Ensembl database: (1) uORF defined by 

an ATG start site that encodes at least ten amino acids; (2) a 30 UTR at least 0.7 kb in length 

(based on the finding that >0.5 kb 30 UTR can trigger NMD (Singh et al., 2008)); and (3) an in-

frame stop codon >55 nt upstream of the last exon-exon junction. I only considered transcripts 

defined as full length in the database, e.g., those with an initiator ATG, valid stop codon, no 

frameshifts within the main reading frame, and consensus splice sites. 
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RESULTS 

Role of UPF3B in arsenic-induced apoptosis and cell cycle arrest in vitro  

As a first step to investigate the role of NMD in arsenic-induced toxicity, I investigated cell 

viability in HeLa cells stably transfected with either a control plasmid (shLuciferase), a plasmid 

that reduces NMD magnitude by depleting UPF3B by shRNA (shUPF3B) or a plasmid that might 

increase the magnitude of NMD by depleting UPF3A by shRNA (shUPF3A) (Shum et al., 2016). 

I subjected these cells to 50 μM of sodium arsenite in the media for 24 hours or 48 hours, then 

counted cells using a cell counter and trypan blue (Fig. 2.2). As trypan blue only enters dead cells, 

this can tell us the total viability (total cells minus trypan blue positive) in the population. As 

expected, arsenic reduced the live cells in all three groups both at 24 and 48 hours. Depletion of 

either UPF3B or UPF3A alone did not affect viability of HeLa cells. Together, UPF3B depletion 

and arsenic exposure for 48 hours had the most severe response in number of live cells. The 

reduction in live cells in the shUPF3B group at 48 hours was statistically more severe than the 

shLuciferase. The shUPF3A group had a trend of reduced cell death than shLuciferase, but the 

result was not significant. Neither shUPF3B nor shUPF3A showed a difference from shLuciferase 

at 24 hours of arsenic exposure. 

To look at a more sensitive measure of cell death, I performed flow cytometry using 

annexin V and propidium iodide (PI). If the cells have annexin V staining, this indicates at least 

early apoptosis. If propidium iodide enters the cells, these are in late apoptosis or necrotic stage. 

In this experiment as well, arsenic reduced viability of all cell types and more cells were in the 

apoptotic phases after arsenic exposure than without arsenic (Fig. 2.3). HeLa cells with shUPF3B 

and shUPF3A did not demonstrate any changes in live, early, or late apoptotic populations when 

not given arsenic as compared to shLuciferase. Cells from the HeLa shLuciferase, shUPF3B, and 

shUPF3A groups showed similar responses following 24 hours, or following 48 hours of arsenic 

exposure, as the cells from each category at 24 hours were equivalent between of each of the 

three cell types.   
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Figure 2.2 Viability of HeLa cells following arsenic exposure.  
HeLa cells expressing shLuciferase construct, shUPF3B construct, or shUPF3A construct were 
subjected to 50 μM Sodium Arsenite for 24 or 48 hours. All cells were collected and counted in 
Biorad TC10 instrument using Trypan blue and cell counter slide. n = 3, 1 experiment. Bars are 
standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001 by t-test 
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Figure 2.3 Apoptosis of HeLa cells following arsenic exposure. 
HeLa cells expressing shLuciferase construct, shUPF3B construct, or shUPF3A construct were 
subjected to 50 μM Sodium Arsenite for 24 or 48 hours. All cells were collected, dissociated, 
and counted using Annexin V/PI staining kit from Sigma on BD Canto 2 Flow cytometer. n = 3, 
bars are SEM 
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To investigate whether the putative effects of UPF3B on arsenic toxicity in HeLa cells 

extend to neural cells, first I looked at viability and apoptosis in mNSCs. As the Upf3b-null mouse 

model is viable through development (Huang, Shum, Jones et al. 2017), I was able to use cortical 

neural cells derived from embryos produced by these mice and wild-type (Fig. 2.4). I used male 

mice for these experiments for four reasons: 1) male Upf3b-null and wild-type mice are well-

studied and have stronger behavioral defects in Upf3b-null mice than females (Huang et al., 

2017), 2) as described below, I did not see structural changes nearly as large in the female brain 

as in the male brain, 3) arsenic has different effects on female and male mice with respect to 

miRNAs and neural stem cell fate which is directly relevant for my mouse brain and mNSC 

experiments (Tyler et al., 2017), and 4) mNSCs generated from male and female mice 

differentiate into different lineages by default in vitro (Cambiasso et al., 2017; Tyler et al., 2017; 

Waldron et al., 2010).  

I first investigated viability using trypan blue following arsenic exposure. Arsenic appeared 

to reduce viability over 48 hours by about half of what was seen without arsenic over the same 

time period although results were not significant (Fig. 2.5). Upf3b-null mice mNSCs had a similar 

percent of viable cells to wild-type mice mNSCs without arsenic treatment. The number of viable 

cells following arsenic treatment was similar in mNSCs from wild-type and Upf3b-null mice.   

As the trypan-blue viability assay may not detect all differences between Upf3b-null and 

wild-type mNSCs, I investigated apoptosis using annexin V/PI and flow cytometry following 

arsenic exposure (Fig. 2.6). Arsenic reduced the number of live cells and increased the number 

of apoptotic or late apoptotic cells. The viability of mNSCs from wild-type or Upf3b-null mice was 

similar prior to arsenic treatment. One of the doses (5 μM at 52 hours) showed a significant 

difference between the number of live and late-apoptotic cells from the wild-type and Upf3b-null 

mNSCs following arsenic exposure, indicating that NMD may regulate apoptosis following arsenic 

exposure. Unlike these results, many other experiments I ran to repeat this result showed no  
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Figure 2.4 Generation of mouse cortical neural stem cells. 
Embryos at day 14.5 post conception were dissected, and cortical cells were dissociated. Cells 
were maintained as neural spheres in a stem-like state 
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Figure 2.5 Viability analysis of mNSCs after arsenic exposure. 
Wild-type and Upf3b-null mNSCs grown as neural spheres were treated with 5 μM NaAsO2 for 0, 
24, 36, 48h. n = 3 biological replicates. Bars are standard error of the mean (SEM) 
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Figure 2.6 Apoptosis analysis by FACS of mNSCs. 
Wild-type and Upf3b-null mNSCs grown as neural spheres were treated with 5 or 10 μM NaAsO2. 
n = 3 biological replicates. Bars are standard error of the mean (SEM). *p < 0.05 by t-test 
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difference between how the wild-type and Upf3b-null mNSCs reacted to arsenic. The 

inconsistency across experiments may have been due to issues with consistency of passage 

number, time in cell culture, freeze/thaw cycles, and possibly arsenic shelf-life. 

As arsenic has been demonstrated to induce cell cycle arrest (Ivanov et al., 2013; Pozo-

Molina et al., 2015), and NMD depletion has been reported to also induce cell cycle arrest (Li et 

al., 2017; Lou et al., 2014), this led me to hypothesize that mNSCs from Upf3b-null mice would 

exhibit more cell cycle arrest following arsenic exposure than those from wild-type mice. To test 

this hypothesis, I treated mNSCs from wild-type and Upf3b-null mice with 5 μM sodium arsenite 

for 24, 36, and 48 hours, and investigated both cell cycle and indirectly cell viability (sub-G0 phase 

cells are likely dead, and cells that take up live-dead stain were dead on sorting). Although the 

results were not significant, there was a trend of reduced viability in both cell types with increased 

exposure to sodium arsenite (Fig. 2.7). Arsenic exposure showed a trend of reduced cells in G1 

phase, and increased cells in the dead category, but surprisingly did not increase cells stalled in 

S phase. Upf3b-null and wild-type mNSCs did not have any differences in percentage of cells in 

any of the cell cycle categories prior to arsenic exposure. There also did not appear to be much 

difference in percentage of cells in the cell cycle categories across groups following arsenic 

exposure, although there may have been a trend in increased dead cells in Upf3b-null mNSCs 

compared to wild-type mNSCs at 24, 36, and 48 hours of arsenic exposure. Cell cycle was hardly 

affected by arsenic exposure, Upf3b depletion and the combination of the two at this concentration 

of arsenic. 

 

Role of UPF3B in arsenic-induced changes to cell cycle in vivo  

 To investigate how UPF3B affects viability and cell cycle following arsenic exposure in 

vivo, I collected postnatal mouse tissue following arsenic exposure for immunohistochemistry. I 

chose to investigate postnatal day 21 brain, following arsenic exposure through the mother’s 

water supply starting from conception (Fig. 2.8). This age of brain is a stage which has previously  
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Figure 2.7 Cell Cycle analysis by FACS of mNSCs. 
Wild-type and Upf3b-null mNSCs grown as neural spheres were treated with 5 μM NaAsO2 for 0, 
24, 36, 48h. n = 3 biological replicates. Bars are standard error of the mean (SEM) 
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shown high levels of arsenic (Lu et al., 2014; Xi et al., 2010) and is a stage at which the 

hippocampus and cerebellum should be mostly developed. Changes in brain structure or 

expression at this stage should indicate defects that would persist after development and through 

adulthood. I collected half of the brain for immunohistochemistry, and RNA was extracted from 

sections of the other half for RNA-sequencing analysis.  

To investigate cell cycle changes, fixed brain sections were stained for Ki67 expression, 

a known marker of cycling cells (Scholzen and Gerdes, 2000). Ki67 nuclei were primarily found 

in the dentate gyrus, a site of neurogenesis throughout the mouse life cycle (Toda and Gage, 

2017). There was a trend towards reduced Ki67-positive nuclei in arsenic-treated wild-type mice, 

(Fig. 2.9), suggesting that arsenic treatment might modestly reduce cells proliferation. In contrast, 

there was a dramatic (and statistically significant) reduction in the frequency of Ki67+ nuclei in 

Upf3b-null as compared to control dentate gyrus (Fig. 2.9).  This suggests that loss of UPF3B 

causes a significant reduction in dentate gyrus neural cell proliferation, which raises the possibility 

that UPF3B is required for efficient adult neurogenesis in the hippocampus.  The low frequency 

of Ki67+ cells in Upf3b-null mice was not further reduced by arsenic treatment (Fig. 2.9)., 

indicating that UPF3B does not provide protection from arsenic-induced inhibition of cell 

proliferation, at least not at the dose of arsenic I used.   

 

Evidence that UPF3B protects specific brain regions from apoptosis and cell stress 

To investigate viability of neurons in postnatal brains and determine whether NMD-

deficient brains had differences from wild-type, I investigated several hallmarks of dying cells. The 

first marker, cleaved caspase-3, was not significantly changed by arsenic treatment or the 

absence of UPF3B in any of the four regions imaged (olfactory bulb, frontal cortex, hippocampus, 

or cerebellum) (Fig. 2.10). However, cleaved caspase-3 is a fairly transient marker of apoptosis, 

and is also spread throughout the cell body not just the nucleus, potentially making analysis 

difficult (Mao et al., 2015).  Another marker, H2AX, marks DNA damage by binding to fragmented  
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Figure 2.8 Mouse treatment paradigm.  
Mice were treated via water supply with 85 ppm sodium arsenite starting at conception and 
continuing through P21-P24. Water was changed weekly. Half of brain was collected and fixed in 
neutral buffered formalin for 72 h, then paraffin embedded and sectioned. Other half of brain was 
used for RNA collection 
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Figure 2.9 Proliferating cells in mouse Dentate Gyrus. 
A - Example Ki67 stained hippocampal section. B - Quantification of Ki67+ cells in hippocampus 
of arsenic-treated, and untreated, wild-type and Upf3b-null male mice. n = 4 wild-type male no 
arsenic, n = 4 Upf3b-null male no arsenic, n = 4 arsenic-treated wild-type males, n = 3 arsenic-
treated Upf3b-null males. Bars represent SEM. *p < 0.05, **p < 0.01  
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Figure 2.10 Apoptotic cells in wild-type and NMD-deficient cells. 
A - Example Cleaved-caspase stained hippocampal section. B - Quantification in arsenic-treated, 
and untreated, wild-type and Upf3b-null male mice. n = 6 wild-type male no arsenic, n = 4 Upf3b-
null male no arsenic, n = 4 arsenic-treated wild-type males, n = 4 arsenic-treated Upf3b-null 
males. Bars represent SEM  
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DNA, and is known to be activated by arsenic exposure (Yih et al., 2004). The number of H2AX 

positive nuclei only showed a non-significant trend of increased count with arsenic exposure. 

There was a significant increase in H2AX positive cells in Upf3b-null mouse dentate gyrus from 

untreated mice compared to untreated wild-type dentate-gyrus (Fig. 2.11). There was not a 

significant increase in H2AX positive cells from untreated Upf3b-null mice to arsenic-treated 

Upf3b-null mice, suggesting that the arsenic did not increase DNA damage caused by absence 

of UPF3B. The CA1 region of the hippocampus showed a similar trend, with arsenic treatment of 

wild-type mice eliciting a trend of increased H2AX positive cells, although not significant (Fig. 

2.11). CA3 and the frontal cortex did not show a trend of increased H2AX positive cells following 

arsenic exposure in wild-type mouse. Untreated Upf3b-null mice showed a trend of increased 

H2AX positive cells compared to untreated wild-type in CA1, as well as in CA3 and frontal cortex 

(Fig. 2.11). Like in dentate gyrus, CA1, CA3 and frontal cortex did not show a trend of increased 

H2AX between untreated and arsenic treated Upf3b-null mice (Fig. 2.11), suggesting that arsenic 

does not increase DNA damage response in UPF3B-deficient brains.  The increase in H2AX 

positive cells in untreated Upf3b-null mice compared to wild type appears to be specific to the 

dentate gyrus and not present in all areas of the brain.  

To get at the question of whether NMD affects brain function following arsenic exposure, 

I wanted to look for long-term changes, perhaps at the level of structural changes in the brain. 

Reduced viability following DNA damage could lead to changes in total numbers of cells in given 

layers of cortex. If cells undergo apoptosis, they may not be replaced with new neurons, resulting 

in a thinner layer. To investigate this, I visualized structure of the hippocampal areas using cresyl 

violet staining. The hippocampus has a characteristic shape with well-demarcated and studied 

layers, making it a great location to begin to identify gross brain structural changes. Mice were 

alive following arsenic exposure and weighed similar amounts between arsenic-exposed and 

untreated wild-type mice (Fig. 2.12). The only weight change due to arsenic alone came in 

females, which had a significantly lower weight after arsenic treatment than without arsenic  
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B 

Figure 2.11 DNA Damage in wild-type and NMD-deficient cells. 
A - Example H2AX stained hippocampal section. B - Quantification of H2AX+ cells in arsenic-
treated, and untreated, wild-type and Upf3b-null male mice. n = 3 wild-type males no arsenic, n 
= 3 Upf3b-null male no arsenic, n = 5 arsenic-treated wild-type males, n = 3 arsenic-treated 
Upf3b-null males. Bars represent SEM. *p < 0.05, **p < 0.01  
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Figure 2.12 Weights of postnatal day 21 mice. 
Whole animal, brain and lung weights of arsenic-treated and untreated wild-type and Upf3b-null 
mice. n = 8 wild-type (WT) male no arsenic, n = 5 Upf3b-null male no arsenic, n = 6 arsenic-
treated wild-type males, n = 3 arsenic-treated Upf3b-null males. n = 7 heterozygous (HET) wild-
type female no arsenic, n = 7 Upf3b-null female no arsenic, n = 7 arsenic-treated heterozygous 
females, n = 9 arsenic-treated Upf3b-null females. Bars represent SEM. *p < 0.05, **p < 0.01, 
***p < 0.001, N.S. = not significant 



 
 

     
 45 

treatment (Fig. 2.12). Brain and lung weights did not vary across arsenic-treated males or females 

in comparison to their untreated wild-type counterparts. Upf3b-null male and females on the other 

hand weighed significantly less than their wild-type or heterozygote counterparts without arsenic 

exposure; brain and lung weights were not different across groups. There was not a significant 

decrease in weight in either males or females when comparing Upf3b-null without arsenic 

treatment to Upf3b-null with arsenic treatment, suggesting that arsenic did not make the weight 

loss any worse in these mice (Fig. 2.12). 

Since weight changes in brain were nonsignificant across groups, and weight changes in 

body were not significant in males due to arsenic alone, it was not surprising that structural 

changes due to arsenic were fairly subtle (Fig. 2.13). There were not significant changes in the 

macro-structure of the male mouse brain (Fig. 2.13 B) due to arsenic alone, but there was an 

almost-significant increase in cell density in the CA1 area due to arsenic (Fig. 2.13 D), with no 

significant difference due to arsenic in either CA3 or DG cell density. Changes in the male mouse 

cerebellum and frontal cortex due to arsenic were also not significant (Fig. 2.14 C and E). 

Interestingly, there was a nearly significant decrease in polymorph layer thickness between 

untreated male wild-type and Upf3b-null mice. Male mice also had specific changes due to the 

absence of UPF3B in the density of the dentate gyrus, but not CA1 or CA3. There were no 

significant changes due to loss of UPF3B in cerebellum or frontal cortex (Fig. 2.14 C, E) 

suggesting that defects in the polymorph layer and dentate gyrus density were specific and may 

provide insight into specific defects in these mice. Another interesting area that may provide clues 

into specific defects is the fiber tract, which only displayed a significant reduction in thickness 

when comparing untreated wild-type male mice and arsenic-exposed Upf3b-null male mice (Fig. 

2.13 B). Other areas of the hippocampus as well as density of dentate gyrus, CA1 and CA3 did 

not show significant changes between untreated wild-type males and arsenic-exposed Upf3b-null 

males (Fig. 2.13 B, D). Similarly, male frontal and cerebellum structures did not show changes 

between these two groups. This suggests there is something particular about the fiber tract which  
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Figure 2.13 Cresyl violet staining of hippocampus. 
A - Example cresyl violet stained hippocampal section. B - Quantification of thickness of 
hippocampal layers in arsenic-treated and untreated wild-type and Upf3b-null mice. FT = fiber 
tracts, SO = stratum oriens, SP = stratum pyramidale, SR = stratum radiatum, SLM = stratum 
lacunosum moleculare, SM = stratum moleculare, SG = stratum granulosum, P = polymorph 
C - 40X magnification of CA1 region. D - Quantification of density of 40X magnification pictures. 
n = 8 wild-type male no arsenic, n = 5 Upf3b-null male no arsenic, n = 6 arsenic-treated wild-type 
males, n = 3 arsenic-treated Upf3b-null males. Bars represent SEM. *p < 0.05, **p < 0.01, ***p < 
0.001, N.S. = not significant 
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Figure 2.14 Cresyl violet staining of other brain regions. 
A - Female hippocampus cresyl violet quantification. FT = fiber tracts, SO = stratum oriens, SP = 
stratum pyramidale, SR = stratum radiatum, SLM = stratum lacunosum moleculare, SM = stratum 
moleculare, SG = stratum granulosum, P = polymorph. 
B - Example of cresyl violet stained cerebellum. C - Quantification of thickness of cerebellum 
layers male mice. D - Quantification of thickness of cerebellum layers in female mice. 
E - Cresyl violet staining of frontal cortex. F - Quantification was performed using imageJ measure 
tool on box. G - Quantification of frontal cortex pictures. n = 8 wild-type male no arsenic, n = 5 
Upf3b-null male no arsenic, n = 6 arsenic-treated wild-type males, n = 3 arsenic-treated Upf3b-
null males. n = 7 heterozygous wild-type female no arsenic, n = 7 Upf3b-null female no arsenic, 
n = 7 arsenic-treated heterozygous females, n = 9 arsenic-treated Upf3b-null females. Bars 
represent SEM 
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renders it more susceptible to the combination of UPF3B loss and arsenic together. 

Female mice had no changes due to arsenic alone, UPF3B depletion alone, or the 

combination of arsenic treatment and UPF3B depletion in hippocampal, cerebellum, or frontal 

cortex structure and density (Fig. 2.14 A, F, G), suggesting that defects may be specific to male 

mice. Another possibility is that defects would be more obvious when comparing wild-type females 

to Upf3b-null females, rather than heterozygotes. Perhaps the presence of one Upf3b allele is not 

enough to compensate fully for any defects. 

 

Identification of arsenic-regulated genes in mNSCs   

 Although I found that the doses of arsenic I used had a fairly subtle effect on mNSC and 

brain viability, cell cycle, and cell stress markers, there is a possibility that arsenic mainly acts 

through changes at the level of gene expression that will alter brain function. While many studies 

about arsenic exposure have demonstrated changes to cell function, few have looked at genome-

wide expression changes. To my knowledge, my datasets described below are the first 

transcriptome analysis of arsenic-induced changes in neural cells.  

My first dataset is generated from undifferentiated mNSCs (n = 5 Upf3b-null and n = 6 

wild-type mNSCs) treated for 12 hours with 5 μM sodium arsenite (equivalent to around 46 ppm 

in drinking water based on 0.5 g brain weight and arsenic amount at postnatal day 21 (Lu et al., 

2014)). While an unrealistic dose for chronic exposure seen by most humans, this dose should 

elicit maximal response and indicate what some of the hidden expression changes are in humans 

exposed chronically to high doses of arsenic in the drinking supply.  

I found that this dose of arsenic led to large changes in the expression profile of mNSCs, 

as demonstrated by separation of groups in a principal component analysis (Fig 2.15 A). Wild-

type mNSCs showed large changes in expression, with arsenic treatment resulting in upregulation 

of 9.62% mapped transcripts and downregulation of 8.46% mapped transcripts by greater than 4-

fold (q < 0.05) (data not shown). The upregulated and downregulated genes fell into many  
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Transcript changes upon arsenic exposure: 

Upregulated Downregulated 

A 

B C 

Figure 2.15 Expression changes in wild-type mNSCs versus Upf3b-null mNSCs following 
arsenic exposure. 
A - Principal component analysis of untreated and sodium arsenite treated mNSCs. n = 6 wild-
type male mNSCs and n = 5 Upf3b-null mNSCs, both treated and untreated with arsenite. 
B - Venn diagram of upregulated transcripts in wild-type cells and Upf3b-null cells treated with 
arsenic versus untreated cells. Up: q < 0.05 and log2 fold change > 2.  
C - Venn diagram of upregulated transcripts in wild-type cells and Upf3b-null cells treated with 
arsenic versus untreated cells. Down: q < 0.05 and log2 fold change < -2 
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different GO categories, but I focused on development categories (colored green), apoptotic 

categories (colored red) and cell cycle-related categories (colored purple) (Fig. 2.16). Some 

development categories associated with upregulated transcripts included “anatomical structures 

involved in axon guidance,” “morphogenesis,” “ossification,” “growth,” “organ development” and 

“muscle development” (Fig. 2.16 A). In contrast, categories associated with downregulated 

transcripts included “regulation of nervous system development” and “central nervous 

development” (Fig. 2.16 B). Overall, it appears that nervous system development was reduced in 

arsenic-treated wild-type mNSCs, perhaps in favor of development of other organs.  

The downregulated genes often fell into categories related to cell cycle progression and 

upregulated genes sometimes fell into categories related to differentiation (Fig. 2.16). Together, 

this suggests that arsenic strongly inhibits cell cycle progression and proliferation, driving cells to 

differentiate. Interestingly, several transcripts upregulated by arsenic exposure fall into the 

category of “negative regulation of apoptotic process” (Fig. 2.16A). This could represent a 

compensatory mechanism for cells overloaded with apoptotic signals. 

 

Identification of arsenic-induced transcripts whose expression pattern is modulated by 

UPF3B 

In order to determine whether loss of UPF3B had an effect on arsenic toxicity at the level 

of gene expression, I also performed RNA sequencing on untreated and arsenic-treated Upf3b-

null mNSCs. As UPF3B acts through the NMD pathway, any direct targets of UPF3B should be 

upregulated by loss of UPF3B. Putative UPF3B targets are addressed in Chapter 4, but here I 

will focus on the ability of UPF3B to affect arsenic-specific UPF3B targets. 

To determine whether loss of UPF3B in mNSCs results in a stronger arsenic toxicity, I first 

compared the number of transcripts which were upregulated and downregulated upon arsenic 

exposure in Upf3b-null mNSCs and compared these transcripts to those that changed in wild-

type mNSCs. There was a significant amount of overlap between transcripts upregulated  
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  Categories Changed in wild-type mNSCs exposed to arsenic: 

Figure 2.16 Expression changes in wild-type mNSCs following arsenic exposure. 
Gene ontology analysis of transcripts upregulated (A) or downregulated (B) by arsenic in wild-
type cells 
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(Fig. 2.15 B) and downregulated (Fig. 2.15 C) by arsenic exposure in wild-type and Upf3b-null 

mNSCs. However, more transcripts were upregulated in Upf3b-null mNSCs than wild-type 

mNSCs by arsenic exposure, and more transcripts were downregulated in Upf3b-null mNSCs 

than wild-type mNSCs by arsenic exposure, suggesting a more potent toxicity of arsenic in cells 

without UPF3B.  

I hypothesize that UPF3B protects mNSCs from arsenic toxicity. Thus, there should be 

several transcripts that are more highly upregulated or downregulated in mNSCs without UPF3B. 

To test this hypoghesis, I compared all of the transcripts which were significantly upregulated by 

arsenic exposure (log2 fold change > 2, q < 0.05) in Upf3b-null mNSCs to the log2 fold change in 

wild-type mNSCs exposed to arsenic, to obtain a difference in log2 fold change (Fig. 2.17 A). If 

the log2 fold change difference was greater than 1 (equating to a 2-fold change), a GO analysis 

was performed, resulting in Fig 2.18 A. The same was done for transcripts downregulated by 

arsenic in Upf3b-null mNSCs (log2 fold change < -2, q < 0.05) (Fig. 2.17 B), resulting in  Fig. 2.18 

B.  

One category related to cell stress (red) that changed more in the Upf3b-null mNSCs was 

“positive regulation of unfolded protein response” (Fig. 2.18 A). Two other interesting stress 

categories associated with transcripts downregulated more in Upf3b-null mNSCs in response to 

arsenic were “cellular response to decreased oxygen levels” and “cellular response to DNA 

damage stimulus” (Fig. 2.18 B). This suggests that UPF3B has a complex role in regulating stress 

response induced by arsenic, and may promote some forms of stress response like DNA damage 

and hypoxia responses, while protecting against overactivation of other forms of stress response 

like the unfolded protein response.  

There were also several categories involving “signaling” (blue) that changed more 

dramatically in Upf3b-null mNSCs as compared to wild-type mNSCs (Fig. 2.18). Transcripts 

related to “response to transforming growth factor beta (TGF-β)” and “positive regulation of tumor 

necrosis factor (TNF) production” were both upregulated (Fig. 2.18 A), but transcripts related to 
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Figure 2.17 Expression changes that are greater in Upf3b-null mNSCs than wild-type 
mNSCs following arsenic exposure. 
Analysis of numbers of transcripts upregulated (A) or downregulated (B) by arsenic more in 
Upf3b-null mNSCs than in wild-type cells, as assessed by subtracting log2 fold change in Upf3b-
null minus log2 fold change in wild-type cells. Pie charts contain all transcripts significantly 
upregulated or downregulated in Upf3b-null mNSCs following arsenic exposure. 
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  Larger transcript changes upon arsenic exposure in Upf3b-null than WT 

More upregulated in Upf3b-null 

More downregulated in Upf3b-null 

Figure 2.18 Expression changes that are greater in Upf3b-null mNSCs than wild-type 
mNSCs following arsenic exposure. 
Gene ontology analysis of transcripts upregulated (A) or downregulated (B) by arsenic more in 
Upf3b-null mNSCs than in wild-type cells, as assessed by subtracting log2 fold change in Upf3b-
null minus log2 fold change in wild-type cells. GO categories from transcripts with difference in 
fold change greater than 1 
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“regulation of smoothened signaling pathway” and “response to vascular endothelial growth 

factor” were downregulated (Fig. 2.18 B).  

In addition, several categories related to “development” preferentially changed in Upf3b-

null mNSCs as compared to wild-type mNSCs on exposure to arsenic. Similar to the effects on 

wild-type cells, transcripts related to a few areas of development, including “in utero embryonic 

development” and “embryonic pattern specification” are preferentially upregulated in Upf3b-null 

mNSCs (Fig. 2.18 A), but transcripts related to several categories of nervous system development 

were downregulated. These include “regulation of gliogenesis”, “telencephalon development” and 

“ectoderm development” (Fig. 2.18 B).  

 

Identification of arsenic-regulated genes in mouse frontal cortex 

To determine which targets of arsenic carry through into postnatal mice, pregnant females 

were treated from conception through weaning of the litter with 85 ppm of sodium arsenite in their 

water, changed weekly (Fig. 2.8). This dosage has been associated with neurobehavioral deficits 

in pups, but not a change in ratio of male : female progeny in each litter, or clear adverse health 

outcomes for the mother (Aung et al., 2016a; Moreno Avila et al., 2016; Stump et al., 1999). The 

amount of arsenic in the brain following this treatment is expected to be highest around postnatal 

day 21 (Lu et al., 2014). Around this stage, pups were sacrificed, and their frontal cortex was 

isolated according to the diagram (Fig. 2.8) for RNA-sequencing. The dams were all of the 

genotype Upf3b +/-, and breeding males either Upf3b -/y or Upf3b +/y, to generate both Upf3b -

/y and Upf3b +/y within the same litter. 

  RNAseq analysis revealed few significant differences between arsenic treated and 

untreated wild-type cortex, untreated wild-type and Upf3b-null cortex, and arsenic-treated Upf3b-

null and wild-type untreated pups. There was very little separation of groups on principal 

components 1 and 2 (Fig. 2.19 A), but principal components 3 and 4 (accounting for 12% of the 

total variance) separated the arsenic-treated and untreated wild-type groups, but there was less  
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Figure 2.19 Expression changes in wild-type frontal cortex versus Upf3b-null frontal 
cortex following arsenic exposure. 
A - Principal component analysis along PC1 and 2 of untreated and sodium arsenite treated 
frontal cortex. n = 7 wild-type males untreated, 7 wild-type arsenic-treated males, 5 Upf3b-null 
males untreated, and 5 Upf3b-null arsenic treated males. 
B - Principal component analysis of same data along PC3 and 4 
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separation by loss of UPF3B when comparing the untreated Upf3b-null and wild-type groups (Fig. 

2.19 B). The loss of UPF3B did not affect the separation of untreated and arsenic treated groups 

very much, and actually may have brought untreated wild-type and Upf3b-null with arsenic 

treatment closer together than untreated wild-type and wild-type arsenic treatment (Fig. 2.19 B).  

There were only 30 upregulated transcripts (q < 0.05, log2 Fold Change > 0) and 24 

downregulated transcripts (q < 0.05, log2 Fold Change < 0) in the arsenic-treated wild-type frontal 

cortices as compared to the untreated wild-type frontal cortices. Thus, I instead used a less 

stringent cutoff of p < 0.01 and found a much larger number of transcripts changing (232 

transcripts upregulated - 1.2%, 205 transcripts downregulated - 1.1% of all transcripts) (Fig. 2.20). 

This allowed for GO analysis of arsenic-regulated transcripts, and revealed that many upregulated 

transcripts belong to GO categories related to development, including “angiogenesis”, 

“telencephalon development”, and “axon guidance” (Fig. 2.21 A). There were also many 

transcripts related to signaling that were upregulated such as “receptor protein kinase” and “netrin 

signaling.” Transcripts related to neural function (colored orange) were also upregulated by 

arsenic exposure, including transcripts in categories such as “glutamatergic synapse”, “neuron 

recognition”, and “adult behavior” (Fig. 2.21 A). Transcripts that were downregulated also 

belonged to categories related to signaling, development, cell cycle, and cellular stress response 

and apoptosis (Fig. 2.21 B). The categories that upregulated and downregulated transcripts 

belonged to are fairly consistent with what was seen in mNSCs following arsenic treatment. 

 Transcript changes in frontal cortex between Upf3b-null mice and wild-type mice will be 

covered in chapter 4 when analyzing data for NMD targets. Here, I note the transcript changes 

due to arsenic in Upf3b-null mice, to investigate whether the loss of UPF3B affects arsenic toxicity 

in the frontal cortex. The Upf3b-deficient mice also showed subtle transcript level changes 

following arsenic exposure to dams, and with surprisingly less overlap with wild-type mice than 

was seen in the mNSCs (Fig. 2.20). Overall, a similar number of transcripts were upregulated by  
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Transcript changes upon arsenic exposure: 

Upregulated Downregulated B A 

Figure 2.20 Expression changes in wild-type frontal cortex versus Upf3b-null 
frontal cortex following arsenic exposure. 
Venn diagram of upregulated (A) and downregulated (B) transcript changes in wild-type 
frontal cortex and Upf3b-null frontal cortex treated with arsenic versus untreated frontal 
cortex. Up: p < 0.01 and log2 fold change > 0. Down: p < 0.01and log2 fold change < 0 
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  Categories Changed in wild-type Frontal cortex exposed to arsenic: 

Figure 2.21 Expression changes in wild-type frontal cortex following arsenic exposure. 
Gene ontology analysis of transcripts upregulated (A) or downregulated (B) by arsenic in wild-
type frontal cortex. n = 7 wild-type males untreated, 7 wild-type arsenic-treated males 

A 

B 

0 1 2 3 4 5

h o m o p h ilic  c e ll a d h e s io n  v ia  p la s m a  m e m b r a n e

N e tr in -1  s ig n a lin g

P r o te in -p r o te in  in te r a c t io n s  a t  s yn a p s e s

a d u lt  b e h a v io r

P a th w a ys  in  c a n c e r

r e g u la t io n  o f  c yto s k e le to n  o r g a n iz a t io n

tr a n s m e m b r a n e  r e c e p to r  p r o te in  tyr o s in e  k in a s e  s ig n a lin g

Ax o n  g u id a n c e

fo r e b r a in  d e v e lo p m e n t

n e u r o n  r e c o g n it io n

c e llu la r  r e s p o n s e  to  in te r fe r o n -g a m m a

r e g u la t io n  o f  c yc la s e  a c t iv ity

f lu id  tr a n s p o r t

c e ll-m a tr ix  a d h e s io n

L -g lu ta m a te  tr a n s m e m b r a n e  tr a n s p o r t

a n g io g e n e s is

G lu ta m a te r g ic  s yn a p s e

U p re g u la te d

- lo g 1 0 p  v a lu e

0 1 2 3 4 5

o rg a n e l le  a sse m b ly

h o rm o n e  m e ta b o l ic  p ro c e ss

n e g a tiv e  re g u la tio n  o f a p o p to tic  sig n a l in g  p a th w a y

re sp o n se  to  ra d ia tio n

re g u la tio n  o f m e ta l  io n  tra n sp o r t

re g u la tio n  o f c o e n z y m e  m e ta b o l ic  p ro c e ss

re g u la tio n  o f m i to tic  sp in d le  o rg a n iz a tio n

sk e le ta l  m u sc le  fib e r  d e v e lo p m e n t

re g u la tio n  o f p ro te a so m a l  u b iq u i tin -d e p e n d e n t c a ta b o l ism

c e l lu la r  re sp o n se  to  m e ta l  io n

l ip o x y g e n a se  p a th w a y

M A P K  sig n a l in g  p a th w a y

D o w n r e g u la te d

- lo g 1 0 p  v a lu e



 
 

     
 61 

arsenic in both wild-type and Upf3b-null mouse frontal cortex (Fig. 2.20 A), but there were a lot 

more transcripts significantly downregulated in Upf3b-null mouse frontal cortex by arsenic than in 

wild-type mice (Fig. 2.20 B). Overall, there were 225 upregulated (1.2%) and 299 downregulated 

(1.6%) transcripts in Upf3b-null mice in response to arsenic exposure (Fig. 2.20). This might 

reflect an increased susceptibility to arsenic toxicity in mice lacking UPF3B as compared to wild-

types. There were several categories of transcripts that were upregulated or downregulated 1.5x 

more in Upf3b-null mice than in wild-type (Fig. 2.22). Some transcripts that were misregulated in 

Upf3b-null mice compared to wild-type belonged to signaling pathways including “positive 

regulation of stress-activated MAPK cascade”, “cAMP signaling pathway”, and “smoothened 

signaling pathway”. In addition, transcripts belonging to two cellular stress pathways, and one 

development related pathway, were misregulated more in Upf3b-null than in wild-type mice, 

suggesting ways in which NMD-deficient mice might be more susceptible to expression changes 

due to arsenic toxicity. 
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Larger transcript changes upon arsenic exposure in Upf3b-null than WT: 

Upregulated 

Downregulated B 

A 

Figure 2.22 Expression changes that are greater in Upf3b-null than wild-type frontal 
cortex following arsenic exposure. 
Gene ontology analysis of transcripts upregulated (A) or downregulated (B) by arsenic more in 
Upf3b-null frontal cortex than in wild-type cortex, as assessed by subtracting log2 fold change in 
Upf3b-null minus log2 fold change in wild-type cortex. GO categories from transcripts with 
difference in fold change greater than 0.58 (total 1.5 fold greater change in Upf3b-null than wild-
type) 
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DISCUSSION 

In this study, I provide evidence that the NMD factor, UPF3B, may regulate the magnitude 

arsenic toxicity in neural cells. The wild-type HeLa cells tended to fare better in the face of arsenic 

than NMD-deficient cells, although the presence of UPF3B did not affect viability or apoptosis 

very much in neural cells or brain. These experiments support the idea that an NMD activator 

compound could be useful for protection against agents like arsenic that induce apoptosis, at least 

in HeLa cells. Research into putative NMD activators is explored in chapter 5. 

 

Effects of UPF3B on arsenic-induced changes in cell cycle and apoptosis 

As predicted, arsenic exposure resulted in an increase in cell death in HeLa cells and 

mNSCs. Arsenic is also predicted to cause oxidative stress, leading to DNA damage. This might 

explain the trend in increased H2AX staining in arsenic treated animals (Yih et al., 2004). 

However, the difference in H2AX staining in Upf3b-null mice as compared to wild-type mice is not 

explained by previous literature. NMD-deficient cells are thought to be more sensitive to other 

responses to stress, including the unfolded protein response and response to hypoxia (Gardner, 

2008; Karam et al., 2015; Sakaki et al., 2012). Perhaps NMD is required for sufficient DNA repair 

as well as these other forms of stress. 

Although arsenic did not affect the amount of cell cycle occurring in mNSCs or 

hippocampus of pups of arsenic-treated dams, my data suggests that UPF3B may regulate cell 

cycle in hippocampus. This is not surprising, given that NMD is thought to regulate cell cycle 

progression (Huang et al., 2017; Jolly et al., 2013; Lou et al., 2016, 2014). Perhaps more research 

should be done into the role of UPF3B in adult neurogenesis of the dentate gyrus. Some possible 

explanations for why less Ki67 positive cells were seen in Upf3b-null mouse dentate gyrus include 

a smaller pool of adult neural stem cells, or reduced numbers of cell divisions in the pool of neural 

stem cells before differentiation and final asymmetric cell divisions. As adult neurogenesis is 
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thought to be a way of manipulating circuitry for forming new memories, the ability of NMD to 

regulate the pool of neural stem cells would be important in learning and memory in adults.  

It is interesting that CA1 and dentate gyrus would show opposing changes in density in 

Upf3b-null mouse brain. It is well known that both too many neurons or connections, an imbalance 

of excitatory and inhibitory synapses, and too few neurons or connections, can cause neurological 

deficits. For example, autism is thought to be a disease of too many synapses (Hutsler and Zhang, 

2010), while microcephaly, lissencephaly, and other diseases are characterized by too few 

neurons (Romero et al., 2017), and Parkinson’s disease and Huntington’s disease are 

characterized by a poor balance of synapses (Lepeta et al., 2016). As UPF3B mutations in 

humans are known to result in mental retardation (Tarpey et al., 2007), a reduction in cells in the 

dentate gyrus could contribute to this phenotype, if this holds true for humans. This, combined 

with the alterations in spine density previously reported (Huang et al., 2017), might provide an 

explanation for behavioral deficits in Upf3b-null mice. The change in polymorph thickness in 

Upf3b-null mice is a new finding, and could also help explain why Upf3b-null mice have deficits in 

fear learning (Huang et al., 2017). 

 

Effects of Arsenic on Gene Expression  

Through RNA sequencing of embryonic mouse cortical neural stem cells and postnatal 

frontal cortex following arsenic exposure, I identified a large number of transcripts that are 

upregulated or downregulated over four-fold when exposed to 5 μM of sodium arsenite. To my 

knowledge, this kind of analysis on mouse neural cells has not been performed in the past and 

could provide clues about unstudied areas of arsenic toxicity. Only one study investigated gene 

expression changes in neural cells, but this was done in a very different system- human derived 

brain organoids- and likely with less sequencing coverage and replicates, as many possible 

toxicants were tested (Schwartz et al., 2015). In addition, this study was performed in a dish, and 

thus may have some artificial gene expression changes not due to arsenic exposure. 
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 One broad category that described a large number of transcripts downregulated by arsenic 

exposure was cell cycle related transcripts. Many transcripts related to GO categories related to 

cell cycle were downregulated, including categories such as “mitotic cell cycle process”, 

“regulation of cell cycle process”, “positive regulation of cell cycle”, “establishment of mitotic 

spindle localization”, and “cytokinesis” in mNSCs exposed to arsenic. As arsenic is thought to 

cause cell cycle arrest, this is not surprising. Specifically, transcripts from the category “neural 

precursor cell proliferation”, were also downregulated, supporting the literature evidence that 

arsenic has a major effect on brain development.  

 Another broad category which transcripts that were upregulated or downregulated upon 

arsenic exposure in mNSCs belonged to was development. Transcripts were related to many 

categories involved in forebrain development, which makes sense given the cortical origin of 

mNSCs. Transcripts also belonged to several categories related to in utero development, or early 

pattern specification. Arsenic’s ability to misregulate these categories of transcripts would have a 

large effect on the growth of the organism, and could partially explain the alterations in behavior 

and neurological deficits seen in both mice and humans exposed to high levels of arsenic in utero 

and early in development (Bardullas et al., 2009; Chang et al., 2015; States et al., 2012; Tsai et 

al., 2003; Wasserman et al., 2014). Also, in the frontal cortex, transcripts belonging to several 

categories related to adult brain function and synapse formation were misregulated. Defects in 

synapse development are very likely to affect behavior, as synapses are used for neural 

communication, and thus form the basis for most activities, memory, and thought. 

Interestingly, there were less severe changes in arsenic-treated frontal cortex RNA 

expression than in the mNSCs treated for far less time. There could be many reasons for this. 

One is that arsenic was fed to the mother, so the pups received arsenic in utero. Arsenic is 

metabolized into a methylated form, which may have different effects than unmetabolized arsenic 

(III). Arsenic is known to get through the blood-brain-barrier in embryos and neonates but may 

not make it to the pups’ brains for long after birth. Thus, arsenic exposure might not have 
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continued up to the point at which the pups were sacrificed. The small amount of change in 

transcript expression could be explained partially by the overall survival of the mice.  The mice 

treated with arsenic survive long past postnatal day 21, and have subtle defects that can be picked 

up by difficult behavioral paradigms (Aung et al., 2016b; Bardullas et al., 2009; BonakdarYazdi et 

al., 2017; Chang et al., 2015; Jing et al., 2012; Markowski et al., 2012; Moreno Avila et al., 2016). 

Also, mice generally have a greater amount of variability compared to cell culture, perhaps 

because the frontal cortex in arsenic-treated mice may be compensating in several different ways 

for the environmental insult. This would result in non-significant changes, if each mouse deals 

with the arsenic toxicity differently. Regardless of these caveats, I was able to see subtle 

alterations in the expression profile of frontal cortex. 

 

Effects of UPF3B on Arsenic-induced changes in Gene Expression  

As Upf3b-null mice are known to have altered neural behavior (Huang et al., 2017), it is 

not surprising that transcripts related to neural development categories are more susceptible to 

downregulation by arsenic exposure in Upf3b-null cells as compared to wild-type cells. Since the 

GO category gliogenesis appears here and in the wild-type most upregulated categories, it might 

be interesting to study how NMD and how arsenic affects gliogenesis, and glial viability. Arsenic 

is known to induce apoptosis of glia, but is less well studied in the formation of glia (Dringen et 

al., 2015; Wang et al., 2013). Future studies could focus both on how arsenic affects gliogenesis, 

and how NMD magnitude affects gliogenesis, to see if glial biology is at all related to why arsenic 

causes neurobehavioral defects or to why NMD-mutant people and rodents have neurological 

deficits.   

My RNAseq analysis found that arsenic misregulates transcripts related to cell signaling. 

As NMD has been demonstrated to regulate other signaling pathways such as Tgf-β and Wnt 

(Lou et al 2014, Lou et al 2016), it is not surprising that NMD might be able to modulate arsenic’s 

toxicity in these signaling events. NMD is thought to reduce TGF-β signaling in human embryonic 
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stem cells (Lou et al., 2016), so the absence of NMD in Upf3b-null mNSCs might result in an 

increase in TGF-β signaling in response to activators of this pathway. TNFα signaling was found 

to be upregulated by depletion of the NMD factor UPF1 in human embryonic stem cells (Lou et 

al., 2016), so this may be a conserved NMD target in Upf3b-null mNSCs. Transcripts related to 

the categories “regulation of smoothened signaling pathway” and “cellular response to vascular 

endothelial growth factor stimulus” were both downregulated more by arsenic in Upf3b-null 

mNSCs as compared to wild-type mNSCs. These two signaling pathways have not been 

previously studied with their link to NMD, but are good areas for future study, as NMD may 

promote them under conditions that stimulate these pathways. 

Sodium arsenite is known to activate several cellular stress response pathways, including 

the unfolded protein response (Weng et al., 2014; Yen et al., 2011). It is also known that NMD 

regulates the magnitude of the unfolded protein response, by increasing the threshold for 

activation, and limiting the duration of the response (Karam et al., 2015). Thus, it is not surprising 

that the unfolded protein response would be activated more highly in the NMD-deficient mNSCs 

than in the wild-type mNSCs when exposed to the cellular stressor, arsenic. What is surprising is 

that transcripts related to a different cell stress response category, “cellular response to oxygen 

levels,” were actually downregulated in response to arsenic, and downregulated more in Upf3b-

null mNSCs than wild-type mNSCs. This category might include response to hypoxia, a different 

form of stress from the unfolded protein response. It is interesting that transcripts which respond 

to stimuli causing DNA damage or response to hypoxia would respond differently compared to 

unfolded protein response transcripts. Another interesting question is why did the DNA-damage 

marker H2AX appear higher in the arsenic-treated Upf3b-null mouse brain as compared to wild-

type untreated brains, while the transcripts that are thought to respond to DNA damage stimuli 

were downregulated according to this RNA-seq. One issue is that the cells used to generate 

mNSCs were derived from an embryonic timepoint (E14.5) as compared to the brain slices from 

postnatal day 21-24 animals. Perhaps the early mNSCs from NMD-deficient animals are more 
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resistant to DNA-damage stimuli than the adult neurons. Another possibility is that the type of 

cells from mNSCs (cortex) are different from the adult neurons which showed an increase in DNA 

damage (dentate gyrus cells). Maybe the cortical cells are more robust against DNA damage as 

compared to dentate gyrus cells (Coimbra-Costa et al., 2017). 
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ABSTRACT 

Cells respond to internal and external cellular stressors by activating stress-response 

pathways that reestablish homeostasis. If homeostasis is not achieved in a timely manner, stress 

pathways trigger programmed cell death (apoptosis) to preserve organism integrity. A highly 

conserved stress pathway is the unfolded protein response (UPR), which senses excessive 

amounts of unfolded proteins in the ER. While a physiologically beneficial pathway, the UPR 

requires tight regulation to provide a beneficial outcome and avoid deleterious consequences. 

Recent work has demonstrated that a conserved and highly selective RNA degradation 

pathway—nonsense-mediated RNA decay (NMD)—serves as a major regulator of the UPR 

pathway. NMD degrades mRNAs encoding UPR components to prevent UPR activation in 

response to innocuous ER stress. NMD also promotes the timely termination of the UPR to avoid 

apoptosis. NMD also shapes responses to non-ER stressors, including hypoxia, amino-acid 

deprivation, and pathogen infection. NMD regulates stress responses in species across the 

phylogenetic scale, suggesting that it has conserved roles in shaping stress responses. Given 

that stress pathways are frequently constitutively activated or dysregulated in human disease, this 

raises the possibility that ‘‘NMD therapy’’ may provide clinical benefit by downmodulating stress 

responses.  

In this chapter, I first provide an in-depth Introduction to stress responses and their known 

relationship with NMD.  I then tested a series of environmental toxicants for their ability to activate 

the UPR. I narrowed down this list to inorganic arsenic, which I found activated the UPR and 

induced stress granule formation both in multiple cell types. I also found that NMD protected cells 

from UPR activation and stress granule formation in response to inorganic arsenic. 
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INTRODUCTION 

Cellular stress responses are conserved mechanisms that act across the phylogenetic 

scale to maintain homeostasis in response to changes in the internal or external environment. 

These stress pathways protect organisms from a wide variety of cellular stressors, including 

endoplasmic reticulum (ER) stress, hypoxia, osmotic stress, and pathogen-induced stress. If the 

stress pathway resolves the stress (e.g., rescues homeostasis), then the cell returns to normal 

operations. However, if the stress cannot be resolved in a timely manner or the stress is overly 

severe, stress pathways elicit apoptosis. Chronic activation of cellular stress pathways occurs in 

a variety of circumstances, including neurodegeneration (Hoozemans and Scheper, 2012), 

malignancy (Giampietri et al., 2015; Hasmim et al., 2015; Rodvold et al., 2015), infections (Chan, 

2014; Duwi Fanata et al., 2013). In these circumstances, cellular stress pathways can contribute 

to disease. Thus, the magnitude and duration of stress responses must be tightly regulated. In 

this chapter, I focus on how NMD is able to serve in this manner. This highly conserved and 

selective RNA degradation mechanism shapes responses to multiple forms of stress, as 

discussed below. 

 

The UPR 

One common form of stress is ER stress (Hetz et al., 2011). Both intrinsic and extrinsic 

signals can elicit ER stress. For example, low levels of nutrients elicit ER stress, as do 

developmental transitions, such as during B-cell differentiation (Moore and Hollien, 2011; Walter 

and Ron, 2011). Some toxicants and low oxygen (hypoxic) conditions can also trigger ER stress 

(Ron and Walter, 2007; Walter and Ron, 2011). The ER is a major site of protein folding, and thus 

a typical cause of ER stress is a high level of unfolded proteins. While misfolded proteins are 

normally dealt with by constitutive levels of molecular chaperones, protein-coding mutations can 

create excess unfolded proteins. Other causes of increased ER stress include aberrantly high 

translation of specific proteins in the ER and defective protein folding capabilities caused by low 
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energy levels or other mechanisms that decrease chaperone protein expression (Ma and 

Hendershot, 2004; Moore and Hollien, 2011; Ron and Walter, 2007; Walter and Ron, 2011).  

As a result of ER stress, a stress-response pathway termed the unfolded protein response 

(UPR) is activated. The UPR pathway upregulates factors that allow cells to adapt to the abnormal 

numbers of unfolded proteins and thereby return to normal homeostasis. Three distinct branches 

of the UPR pathway have been identified, each of which has a different sensor and activates a 

different (but sometimes overlapping) array of factors that permit return to normal protein folding 

capacity (Fig. 3.1). One UPR sensor is inositol requiring transmembrane kinase/endonuclease1 

(IRE1). When it binds to an unfolded protein, IRE1α undergoes trans-autophosphorylation and 

then drives non-canonical cytoplasmic splicing of the pre-mRNA encoding the X-box binding 

protein 1 (XBP1) transcription factor to generate spliced XBP1 mRNA (XBP1s) (Calfon et al., 

2002; Yoshida et al., 2001). XBP1 activates the transcription of genes encoding chaperones, 

which fold peptide chains into functional proteins.  XBP1 also transcriptionally activates genes 

encoding lipid synthesis proteins, which serve to increase the size of the ER membrane to 

accommodate increased protein load. XBP1 also induces genes encoding ER-associated 

degradation (ERAD) proteins, which move unfolded proteins back into the ER (Ron and Walter, 

2007). A second UPR sensor is protein kinase RNA (PKR)-like ER Kinase (PERK). When PERK 

encounters an unfolded protein, it is activated by trans-autophosphorylation, leading this kinase 

to phosphorylate the α-subunit of eukaryotic translation initiation factor 2 (eIF2α), which, in turn, 

decreases the rate of protein translation initiation. Decreased translation is an important survival 

response, as it reduces the translation of unfolded proteins in order to allow the cell to properly 

fold the already high load of unfolded proteins. Phosphorylation of eIF2α also increases 

transcription of genes encoding factors important for responding to ER stress, including ATF4 and 

its downstream target, C/EBP homologous protein (CHOP) (Ron and Walter, 2007). The third 

UPR sensor is activating transcription factor 6 (ATF6). Once activated by the exit of the chaperone 

immunoglobulin binding protein (BiP; also known as glucose-regulated protein 78) from its binding  
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Figure 3.1 NMD degrades mRNAs encoding UPR components.  
A simplified diagram depicting the three UPR pathways, activated by the PERK, IRE1, and ATF6 
sensors, respectively. When chaperones, including BiP and TNRC5, leave these sensors to bind 
unfolded proteins, the sensors activate intracellular signaling, leading to transcriptional activation, 
as shown. UPR components encoded by high-confidence NMD target RNAs are designated in 
red font; UPR components encoded by mRNAs that less evidence suggests are NMD target 
mRNAs are designated in black font. XBP1u XBP1 unspliced, XBP1s XBP1 spliced isoform 
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site, ATF6 is packaged and sent to the Golgi, where it is cleaved and sent to the nucleus to 

activate the transcription of several genes encoding proteins localized to the ER and important 

for protein folding, including BiP (Walter and Ron, 2011). The ability of ATF6 to transcriptionally 

activate the BiP gene, coupled with the fact that BiP suppresses ATF6 activation, creates a 

negative feedback loop to buffer the UPR pathway. Together, these three sensors allow 

mammalian cells to react in a comprehensive manner to abnormal levels of unfolded proteins in 

order to alleviate ER stress. 

While the UPR permits cells exposed to stress to return to normal homeostasis, this 

pathway is not always able to resolve the stress in a timely manner.  If the ensuing chronic stress 

is sufficiently strong and is sustained (>12 hours), cells undergo apoptosis (Oslowski and Urano, 

2011). By analogy, the “guardian of the genome”—p53—elicits cell death if aberrations at the 

DNA level are not dealt with in a timely manner (Sun and Cui, 2015; Yoshida and Miki, 2010). 

The UPR-mediated pro-apoptotic mechanism may serve to preserve resources and prevent 

deleterious consequences of persistent stress. Each of the 3 UPR branches described above can 

trigger apoptosis in the event that there is excessive stress. The most conserved UPR sensor—

IRE1α—elicits cell death via activation of the JNK signaling pathway, which leads to caspase-12 

activation and subsequent cell death. Caspase-12 activation is specific to UPR induced 

programmed cell death, as it is not induced by other cellular stressors, including serum 

deprivation, tumor necrosis factor, or cycloheximide treatment. The PERK and ATF6 UPR 

sensors induce apoptosis by downregulating the anti-apoptotic protein BCL2 (Ma and 

Hendershot, 2004). Given that activation of any of the three sensors can lead to apoptosis, this 

provides versatility in dealing with chronic stress. However, it comes at a potential cost, as in 

some circumstances, it is not advantageous to the organism for chronically stressed cells to die, 

particularly if they are only subject to low-level stress.  

The UPR is tightly regulated so that cells can appropriately respond to stress, but at the 

same time avoid the deleterious consequences of long-term UPR activation. A large body of 
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research has focused on the role of post-translational pathways (such as phosphorylation events) 

that regulate the UPR and other stress signaling pathways (Ma and Hendershot, 2004; Ron and 

Walter, 2007; Walter and Ron, 2011). In this chapter, I discuss recent work showing that the UPR 

is regulated by the NMD RNA degradation pathway. As described in detail below, NMD shapes 

the UPR, as it influences all phases of the UPR, including determining whether it initiates and 

dictating when it will terminate. NMD also buffers cells from an overactive UPR and thus reduce 

potentially deleterious consequences of the UPR, including apoptosis. In turn, the UPR regulates 

NMD to allow for a maximal UPR in response to acute stress.  

 

NMD suppresses the UPR pathway 

The UPR must be regulated to maximize its physiological value. For example, the UPR is 

inducible to allow it to efficiently respond to high levels of unfolded and misfolded proteins. UPR 

inducibility is achieved through both signaling and post-translational mechanisms (Brewer, 2014; 

Moore and Hollien, 2011; Walter and Ron, 2011). The UPR is also actively repressed when the 

stress is no longer encountered. This downregulatory mechanism is critical, as it avoids the 

potential deleterious effects of this pathway, including apoptosis and decreased translation. The 

UPR must also be suppressed to avoid deleterious effects when innocuous (e.g., low level) stress 

is encountered over long periods of time. While transcriptional regulation can, in principle, confer 

UPR suppression, it suffers from being slow. Furthermore, while transcriptional shut-off of UPR 

component genes will eliminate the production of new mRNAs encoding these components, it will 

not eliminate the UPR mRNAs already present. Thus, it is critical that other mechanisms exist to 

allow complete suppression of the UPR. Below, I discuss the role of mRNA destabilization in UPR 

regulation. Not only does the regulation of RNA stability permit rapid suppression of the UPR but 

it has the potential to drive a more robust and rapid initial UPR by stabilizing mRNAs transcribed 

from UPR genes induced by stress.  
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The first hint that the UPR is regulated at the level of RNA stability came from Mendell et 

al., who found that ATF3 and ATF4 mRNA are stabilized when NMD is suppressed (Mendell et 

al., 2004) (Fig. 3.1). This suggested that these two mRNAs, both of which encode transcription 

factors in the UPR pathway, are direct targets of the NMD pathway. ATF3, which acts in the PERK 

branch of the UPR and binds cAMP responsive elements, regulates several genes critical for 

responding to cellular stress. ATF4 acts downstream of PERK and activates the transcription of 

many genes encoding other UPR pathway factors. Interestingly, one of the targets of ATF4 is the 

ATF3 gene. Because NMD represses both of these factors, this raises the possibility that NMD 

could dramatically downregulate the magnitude of the UPR.   

The first direct evidence that NMD regulates the magnitude of the UPR came from a study 

conducted by Gardner (Gardner, 2008). This study utilized the ER stress inducer, tunicamycin, to 

activate the UPR in U2OS and HeLa cells. To determine the role of NMD, the NMD factor, UPF1, 

was depleted. This increased the magnitude of the UPR, as measured by the level of several 

UPR factors, including ATF3, ATF4, CHOP, and GADD34. UPF1 knockdown also increased 

tunicamycin-induced phosphorylation of eIF2α, a known marker of UPR activation. Conversely, 

overexpression of UPF1 decreased expression of ATF3/4 and CHOP, indicating that 

hyperactivation of the NMD pathway suppresses UPR magnitude.  

To investigate whether the ability of NMD to suppress the UPR confers a physiological 

benefit, Karam et al. performed dose-response studies with different levels of ER stress (Karam 

et al., 2015). By investigating the effect of low levels of ER stress, these investigators aimed to 

determine whether NMD might dampen deleterious responses to innocuous stressors. They 

found that HeLa cells depleted of the NMD factor, UPF3B, exhibited UPR activation in response 

to low doses of tunicamycin that triggered little or no response in control cells. UPF3B depletion 

increased the level of XBP1 spliced product, phosphorylation of IRE1α, and ATF6 cleavage. This 

suggested that the IRE1α and ATF6 branches of the UPR pathway are specifically suppressed 

by the NMD pathway.  
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Karam et al. also obtained in vivo evidence that NMD suppresses the UPR. They found 

that hepatocytes from NMD-deficient mice lacking the NMD factor, UPF3B, had a lower threshold 

for UPR activation in response to tunicamycin than did control mice. Of note, UPF3B is required 

for a specific branch of the NMD pathway (Chan et al., 2007) and thus this in vivo data, coupled 

with the in vitro data described above, suggest that this particular arm of NMD is critical for raising 

the threshold for UPR activation. Unlike the NMD pathway as a whole, the UPF3B-dependent 

branch of NMD is not required for embryonic development (Huang et al., 2011; Li et al., 2015; 

McIlwain et al., 2010; Medghalchi et al., 2001; Weischenfeldt et al., 2008), but instead has roles 

in neural differentiation and brain development (Jolly et al., 2013; Nguyen et al., 2013; Tarpey et 

al., 2007). This raises the possibility that the UPF3B-dependent branch of NMD regulates the 

transient UPR activation that occurs during normal neural differentiation (Luo et al., 2006; Weng 

et al., 2011; Zhao et al., 2005), as well as the chronic UPR activation that accompanies some 

forms of neural disease (Hoozemans and Scheper, 2012). 

The discovery that NMD suppresses the UPR also raised the possibility that NMD has a 

role in the termination of the UPR after the stress has been resolved.  This is important because 

timely termination can prevent apoptosis and other deleterious effects of extended stress 

responses. Karam et al. tested the role of NMD in UPR termination and found that NMD-deficient 

HeLa cells exhibited a prolonged stress response when exposed to moderate doses of 

tunicamycin, as measured by XBP1s, BIP and CHOP mRNA levels 15-18 hours post exposure 

(Karam et al., 2015). In vivo mouse studies showed that Upf3b-null mouse hepatocytes also 

exhibited an abnormally long UPR in response to moderate doses of tunicamycin (Karam et al., 

2015). Together with their other findings, these results from Karam et al. support the notion that 

NMD protects cells not only from innocuous levels of ER stress, but also prolonged UPR in 

response to bona fide stress.  
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UPR transcripts are targeted for decay by the NMD pathway 

Recently, progress has been made in determining the molecular mechanism by which 

NMD suppresses the UPR. As described in the Introduction, NMD specifically recognizes and 

degrades transcripts that harbor termination codons in specific contexts. The most reliable NMD-

inducing feature is an exon-exon junction at least ~50 nt downstream of the stop codon 

terminating the main ORF. While the underlying molecular basis for this “-50 boundary rule” is not 

known, the available evidence suggests that it is the consequence of ribosomes displacing a large 

molecular complex that drives NMD—called the exon-junction complex (EJC)—from mRNAs 

during the first round of translation (Dostie and Dreyfuss, 2002). The EJC is deposited just 

upstream of most exon-exon junctions after RNA splicing. According to a consensus model, if all 

EJCs are displaced during translation, the EJC cannot interact with NMD factors deposited upon 

translation termination and thus EJC-dependent NMD does not occur. Thus, it is critical that at 

least one exon-exon junction is downstream of the main ORF to retain at least one EJC. Stop 

codons closer than ~50 nt do not elicit NMD probably because they allow the ribosome to displace 

the EJC, as the latter is typically centered ~24 nt upstream of the exon-exon junction and the 

footprint of the ribosome is ~20 nt on either side (Kataoka et al., 2000; Le Hir et al., 2000). In 

addition to exon-exon junctions downstream of the main ORF, open reading frames upstream of 

the main ORF—called “uORFs”—can, in some circumstances, also elicit NMD (He et al., 2003; 

Mendell et al., 2004). While it is not known how uORFs trigger NMD, it may be through EJCs just 

downstream of the uORF (He et al., 2003; Mendell et al., 2004; Somers et al., 2013). A third NMD-

inducing feature is long 3’UTRs, which may act  by increasing the distance of factors bound at 

the site of translation termination and those bound at the poly(A) tail (Chapin et al., 2014; Hogg 

and Goff, 2010; Hurt et al., 2013; Peccarelli and Kebaara, 2014; Popp and Maquat, 2013).  

As described above, Mendell et al. were the first to identify UPR component mRNAs that 

are likely degraded by NMD (Mendell et al., 2004). They found that both ATF3 and ATF4 mRNA 

are stabilized by NMD perturbation (Mendell et al., 2004), a finding that was confirmed by Gardner 
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(Gardner, 2008). Gardner went on to demonstrate that uORFs in ATF4 mRNA provide the signal 

responsible for decay by NMD. He also identified the mRNA encoding the UPR component, 

CHOP, as another transcript stabilized by NMD suppression, suggesting that CHOP mRNA is 

another NMD target.  

Spurred by these findings, Karam et al. investigated whether other UPR mRNAs might be 

targeted by NMD (Karam et al., 2015). Microarray analysis identified several candidates, which 

Karam et al. further pursued by investigating their response to depletion of the central NMD factor, 

UPF1, and the branch-specific factor, UPF3B. Several UPR components were identified that were 

upregulated by both UPF1 and UPF3B depletion, indicating that they are likely targets of the 

UPF3B-dependent branch of NMD. This included the previously identified NMD targets—ATF3 

and ATF4—as well as new targets - IRE1α, TRAF2, FSD1L, and TNRC5 (Fig. 3.1). All of these 

mRNAs were stabilized by UPF1 depletion, providing strong evidence they are bona fide NMD 

targets. IRE1α, FSD1L, TRAF2 and TNRC5 all have relatively long 3’UTRs, raising the possibility 

that they are degraded through this NMD-inducing feature. In addition, TRAF2 has an uORF, and 

TNRC5 exists as an alternative isoform with a stop codon upstream of an exon-exon junction. 

Two transcripts – HERP and PERK – were identified that were upregulated and stabilized by 

UPF1 depletion, not UPF3B depletion (Fig. 3.1), suggesting they are degraded by the UPF3B-

independent branch of NMD (Chan et al., 2007). ATF6, BAX, and PDRG1 mRNA were 

upregulated and stabilized by UPF3B depletion, but not UPF1 depletion, raising the possibility 

that these mRNAs are targeted for a decay by a UPF3B-dependent mechanism that does not 

involve NMD.  An alternative possibility is that these transcripts are targeted by a putative UPF1-

independent branch of NMD. In support, both ATF6 and PDRG1 mRNA have relatively long 

3’UTRs and thus may be NMD targets.  However, the possibility that they are degraded by a 

UPF1-independent branch of NMD requires further research, as UPF1 is regarded as a central 

factor in the NMD pathway (Fatscher et al., 2015).  
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Karam et al. also found that UPR transcripts are regulated by the UPF3B paralog—

UPF3A—which was recently shown to act primarily as a NMD repressor (Shum et al., 2016). 

Consistent with this property, UPF3A was found to reverse NMD-driven downregulation of some 

UPR transcripts - TNRC5, TRAF2, and BAX (Karam et al., 2015). In contrast, UPF3A appeared 

to downregulate some UPR transcripts (Karam et al., 2015), consistent with the evidence that 

UPF3A can sometimes serve as an NMD activator (Shum et al., 2016) and thus act redundantly 

with UPF3B (Chan et al., 2007).  

The ability of NMD to target UPR component genes was confirmed recently by a proteomic 

study conducted by Sieber et al. (Sieber et al., 2016). Through Pulse-SILAC and click-chemistry, 

these investigators found that several UPR proteins induced by the stressor, Dithiothreitol, were 

also upregulated in response to UPF1 depletion. Interestingly, only two of the three UPR branches 

(PERK and IRE1) were impacted, suggesting a selective effect of NMD. This study was also 

significant because it showed that NMD-driven shifts in UPR component mRNAs is also manifest 

at the protein level. 

The above studies defined many RNAs encoding UPR components targeted by NMD.  

Which, if any, of these transcripts must be degraded by NMD to drive UPR suppression? Karam 

et al. considered IRE1α mRNA as a particularly appealing candidate to be critical for UPR 

suppression, based on their findings that: 1) IRE1α mRNA was among the most strongly 

upregulated mRNAs in response to NMD perturbation, 2) IRE1α protein levels were increased 

and more phosphorylated in NMD-deficient cells, and 3) IRE1α protein was elevated in both 

NMD-deficient human cells and mice, regardless of which NMD factor was depleted and 

regardless of whether the UPR was induced (Karam et al., 2015). In order for IRE1α mRNA to 

directly participate in NMD-mediated UPR repression, it is critical that it is directly targeted for 

decay by NMD. While, as described above, Karam et al. obtained some evidence that this is the 

case, to definitively evaluate this possibility they examined whether IRE1α’s long 3’ UTR confers 

NMD-dependent degradation. They inserted its long 3’UTR into a β-globin mini-gene reporter 



 

    
 92 

system and showed that this downregulated the reporter mRNA in an UPF1-dependent manner 

(Karam et al., 2015). This confirmed that IRE1α is a NMD direct target and demonstrated it is 

mediated by its 3’UTR region. To determine whether downregulation of IRE1α has a role in the 

ability of NMD to suppress the UPR, Karam et al. performed rescue experiments. In one rescue 

experiment, they prevented the upregulation of IRE1α that normally occurs in NMD-deficient 

cells (by depleting IRE1α with RNAi) and found that this increased the UPR activation threshold, 

as measured by the dosage of tunicamycin required to induce BiP and CHOP expression 

(Karam et al., 2015). They then confirmed this using an IRE1α inhibitor, STF-083010, which 

inhibited the upregulation of BiP and CHOP in NMD-deficient cells upon exposure to 

tunicamycin. Together, these data constituted strong evidence that the ability of NMD to 

degrade IRE1α mRNA is essential for NMD to strongly suppress the UPR. IRE1α mRNA is the 

first NMD target mRNA shown to have functional consequences in a biological system. Since 

then, other mRNAs have been defined that must be degraded by NMD to drive biological 

responses: Smad7 mRNA (its decay maintains the stem-cell state in neural precursors) (Lou et 

al., 2014), c-myc mRNA (its decay permits mouse embryonic stem cell differentiation) (Li et al., 

2015), and Gadd45 mRNA (its decay protects from embryonic lethality) (Nelson et al., 2016). 

 

NMD suppression has differential effects in mammals and C. elegans  

The finding by several groups that NMD perturbation upregulates the levels of UPR 

components in response to ER stress (Gardner, 2008; Karam et al., 2015; Mendell et al., 2004; 

Usuki et al., 2013) raises the possibility that suppression of NMD alone is sufficient to induce ER 

stress. Given that NMD degrades large batteries of aberrant mRNAs (Fatscher et al., 2015; Hurt 

et al., 2013; Hwang and Maquat, 2011; Popp and Maquat, 2013), NMD suppression would allow 

these aberrant mRNAs to accumulate, which alone could potentially elicit ER stress. To determine 

whether this was the case, Gardner measured several hallmarks of UPR activation following NMD 

suppression (Gardner, 2008). To assess PERK activation, eIF2α phosphorylation was measured, 
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and to assess IRE1α activation, XBP1 splicing, and the expression of downstream UPR genes 

were measured. He found that NMD suppression did not elicit detectable activation of either the 

PERK or IRE1α branches of the UPR pathway in U2OS and HeLa cells. Another study conducted 

in HeLa cells came to the same conclusion (Sieber et al., 2016), as did a study performed in 

C2C12 myoblast cells (Usuki et al., 2013). In addition, Karam et al. examined whether 

perturbation of the UPF3B-dependent branch of NMD was sufficient to elicit UPR activation and 

found no evidence for this either in HeLa cells or mouse hepatocytes in vivo (Karam et al., 2015).  

The collective findings of these many independent studies, conducted in different contexts, 

provides strong evidence that NMD inhibition is not sufficient to activate the UPR in mammalian 

cells; i.e., perturbation of the NMD pathway does not cause ER stress. Instead, as described 

above, many lines of evidence strongly support the notion that NMD perturbation activates the 

UPR only in the presence of ER stress.  

In striking contrast to the above findings in mammalian cells, Sakaki et al. found that—in 

C. elegans—NMD perturbation is sufficient to elicit ER stress (Sakaki et al., 2012). This study 

demonstrated that NMD-deficient mutant worms (with mutations in the smg1, smg4, or smg6 

gene) exhibited heightened heat shock response activity and increased expression of heat shock 

response genes in the absence of external stressors. This suggests that NMD suppression itself 

induces a stress response. The authors speculated that NMD suppression may activate the UPR 

in C. elegans because it allows aberrant mRNAs to encode aberrant proteins, including unfolded 

proteins. Intriguingly, Sakaki et al. also obtained evidence that NMD proteins are, in part, localized 

to the ER, which places the NMD machinery in the right location to directly respond to ER stress.  

Thus, it would appear that C. elegans uses the NMD pathway to actively suppress ER 

stress. In support of the possibility that this is also the case in mammalian cells, Sakaki et al. 

found that depletion of the NMD factor, SMG6, was sufficient to induce ER stress in HeLa cells 

(Sakaki et al., 2012). In particular, they found that SMG6 depletion increased CHOP and GRP78 

levels, ATF4 activity, and XBP1 splicing. Conversely, SMG6 overexpression decreased CHOP 



 

    
 94 

expression in response to the ER stress inducer tunicamycin (Sakaki et al., 2012). These results 

suggested that SMG6 suppresses the UPR, which raised the possibility that perturbation of NMD 

is sufficient to trigger the UPR in mammalian cells, just as it does in C. elegans. This contrasts 

with the studies described above, which showed that depletion or loss of several other NMD 

factors from HeLa cells, other mammalian cell lines, and hepatocytes in vivo did not trigger ER 

stress (Gardner, 2008; Karam et al., 2015; Usuki et al., 2013). One explanation for this 

discrepancy is that perturbation of a non-NMD SMG6 function is responsible for the ER stress in 

SMG6-depleted cells.  In support of this possibility, SMG6 has been shown to have non-NMD 

functions, including telomerase binding and chromosome uncapping (Frizzell et al., 2012; 

Mascarenhas et al., 2013; Reichenbach et al., 2003). In further support, Sakaki et al. found that 

depletion of another NMD factor, SMG1, did not trigger the UPR in HeLa cells as measured by 

BiP mRNA levels (Sakaki et al., 2012). Thus, the finding that depletion of SMG6 triggered the 

UPR in mammalian cells may be because of a SMG6 function that is not shared with most other 

NMD factors.  

Thus, the available evidence suggests that the relationship of NMD and the UPR is 

different in mammals and C. elegans.  In mammals, NMD is critical for responding appropriately 

to exogenous ER stress. NMD shapes the UPR by both increasing the threshold for initial UPR 

activation (to avoid inappropriate activation in response to innocuous ER stress) and by triggering 

the timely termination of the UPR once the stress has been resolved. NMD performs these 

functions by targeting UPR components for degradation. In contrast, in C. elegans, NMD protects 

from endogenous ER stress, such as might be triggered by high levels of abnormal proteins 

translated by C. elegans mRNAs normally degraded by NMD. Thus, NMD serves to actively 

prevent UPR activation in C. elegans. Further studies may shed light on why there appears to be 

a fundamental difference in how NMD impacts the UPR pathway in different species.  

 

 



 

    
 95 

Other Stress Signals 

Several environmental toxicants cause ER stress, including acrolein (Kitaguchi et al., 

2012), arsenic (Li et al., 2011; Weng et al., 2014), carbon tetrachloride (Marumoto et al., 2008), 

dichloroacetic acid (Lu et al., 2015), manganese (Xu et al., 2013), naphthalene (Jeong et al., 

2013), TCDD (Agent Orange) (Duan et al., 2014), and Urea (Cai and Brooks, 2011).  The cellular 

stress these toxicants cause may also be altered by NMD magnitude. In addition, as the UPR is 

known to suppress NMD (Discussed in Chapter 4), NMD suppression could be a source of some 

of their toxicity.  Suppression of NMD might lead to stabilization of mRNAs normally degraded by 

NMD, leading to an inappropriate cellular response and possibly enhanced toxicity. 

 

Arsenic UPR Activation 

Several lines of evidence suggest that inorganic arsenic exerts its effects on cell cycle, 

differentiation and programmed cell death through activation of the unfolded protein response 

(UPR)  (Li et al., 2011; Weng et al., 2014). Arsenic has been shown to inhibit protein folding by 

binding directly to cysteine residues in unfolded proteins (Ramadan et al., 2009). Treatment of 

the vascular endothelial cell line SVEC4-10 with arsenic trioxide induces classical UPR signaling 

features, including CHOP expression, ATF4 induction, ATF6 processing and eIF2α 

phosphorylation (Weng et al., 2014).  Interestingly, arsenic trioxide and sodium arsenite, both of 

which cause oxidative stress, have different effects on cells despite containing the same charge 

of arsenic (III) (Jiang et al., 2013). Arsenic trioxide tends to cause more severe cellular stress 

when applied at the same concentration as sodium arsenite. Arsenic trioxide is also a known 

cancer therapeutic, perhaps because of these strong effects. However, sodium arsenite is the 

more commonly used form in studies identifying neural toxicity. 

Sodium arsenite is a common treatment to induce stress granules, because they reliably 

and strongly form within 1 hour when used at 500 μM (Kedersha et al., 2008). Although stress 

granules may not indicate future cell death, and might not indicate all forms of UPR activation, 
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stress granule activity could serve as a potentially useful indicator of the overall stress state of 

the cell.   

 

Stress Granules and RNA Degradation 

Stress granules (SGs) are non-membrane-bound cytoplasmic bodies that frequently form 

as a consequence of stress (Protter and Parker, 2016). These dynamic cytoplasmic bodies 

contain translation elongation factors, other RNA-binding proteins, post-translational modifying 

enzymes, and signaling components. They form in response to several kinds of mammalian 

stress, including ER stress, hypoxia, heat shock, DNA damage, oxidative stress, and inflammation 

(Kedersha and Anderson, 2007).  

The formation of SGs is triggered by eIF2α phosphorylation (Kedersha and Anderson, 

2007).  Because this post-translational event also inhibits NMD (Gardner, 2010; Wang et al., 

2011a, 2011b), this raises the hypothesis that cellular stress inhibits NMD through a mechanism 

involving SGs. An attractive model for how this could occur is supported by three key findings. 

First, eIF2α phosphorylation is known to lead to inhibited translation of most mRNAs. Indeed, SGs 

are enriched in mRNAs that are translationally silenced and thus are regarded as sites of 

translational repression (Buchan and Parker, 2009; Kedersha and Anderson, 2007; Martin and 

Ephrussi, 2009) (Fig. 3.2). Second, NMD requires translation (Carter et al., 1995). This follows 

from the fact that NMD is triggered by stop codons in specific contexts (Fatscher et al., 2015). 

Third, SGs sequester NMD factors in response to stress. In particular, SG-inducing stressors 

cause several key NMD factors, including UPF1, SMG1, and UPF2, to become enriched in SGs 

and thus depleted in the surrounding cytosol (Abrahamyan et al., 2010; Brown et al., 2011; 

Gardner, 2008). Together, this supports a model in which translationally active mRNAs in the 

cytosol in stressed cells would not have access to NMD factors and thus would be immune to 

NMD.  
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A key feature of this model is that SGs are sites of inactive translation. It remains to be 

determined how eIF2α phosphorylation leads to this translationally repressed state. One 

possibility—the “transport model”—is that mRNAs bound by ribosomes associated with 

phosphorylated eIF2α are marked for transport to SGs (Gardner, 2008). Once in the SG, such 

mRNAs become translationally repressed and largely immune to NMD. An alternative 

possibility—the “aggregation model”—posits that eIF2α phosphorylation stalls translation, which, 

in turn, coaxes messenger ribonucleoproteins (mRNPs) to coalesce into NMD-incompetent SGs. 

While both models are well supported and thus worthy of further investigation, it is worth noting 

that, there is evidence that eIF2α phosphorylation inhibits NMD by a translation-independent 

mechanism (Wang et al., 2011b). Thus, it will also be important to further explore whether this is 

indeed the case and to determine what specific mechanism downstream of eIF2α phosphorylation 

leads to inhibited NMD.  

Not only do SGs appear to influence NMD, but there is evidence that NMD promotes the 

formation of SGs. Knockdown of SMG1—a key component of the NMD pathway—decreases the 

number of SGs formed in response to sodium arsenite treatment (Brown et al., 2011). Together 

with the evidence that SG formation inhibits NMD and the finding that NMD factors become 

concentrated in SGs in response to stress, this supports the existence of a feedback loop that 

maintains RNA metabolism homeostasis by buffering both RNA decay and translation from stress 

insults. This is likely to be physiologically important, as selective RNA decay and translational 

regulatory pathways influence many developmental events and are linked to disease when 

defective (Gong et al., 2009; Jolly et al., 2013; Lou et al., 2016, 2014; Metzstein and Krasnow, 

2006; Thoren et al., 2010; Weischenfeldt et al., 2008; Wittkopp et al., 2009) (Louros and Osterweil, 

2016).  

Another RNA degradation pathway—Staufen-mediated mRNA decay (SMD)—has the 

opposite effect as NMD: it suppresses SG formation. When STAU1 is depleted from stressed 

cells, the number of SGs is increased (Thomas et al., 2009). Conversely, STAU1 overexpression 
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Figure 3.2 UPR inhibits NMD through eIF2α phosphorylation, a posttranslational event that 
gives rise to stress granules (SGs).  
Various stressors—including ER stress, hypoxia, chemical agents, and viruses—can trigger 
eIF2α phosphorylation. This phosphorylation event causes the formation of stress granules, which 
are enriched in translationally arrested mRNAs. NMD requires translation and thus SGs may be 
subcellular sites where NMD is repressed. NMD promotes SG formation, suggesting the 
existence of a negative feedback loop. SGs are also considered to be sites where small RNAs 
such as miRNAs are functionally silenced 
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reduces the number of SGs induced in response to stress (Thomas et al., 2009). The finding that 

SMD has the opposite effect on SG formation as NMD is consistent with the fact that SMD and 

NMD are competitive pathways that both depend on the RNA helicase UPF1 (Gong et al., 2009). 

In the future, it will be interesting to determine the mechanism by which SMD suppresses SG 

formation. One possibility is that SMD acts indirectly; e.g., it inhibits SG formation through SMD’s 

ability to inhibit NMD activity (Fig. 3.2). A non-mutually exclusive possibility is that SMD or its 

components inhibit SG formation more directly. In this regard, the protein most critical for the SMD 

pathway—STAU1—is enriched in SGs (Thomas et al., 2009) and thus it is possible that this RNA-

binding protein could directly impact SG formation and/or disassembly.   

Other RNA decay pathways also appear to be impacted by SGs. A prime example is the 

microRNA (miRNA) pathway. AGO2—a key component of the miRNA machinery—is enriched in 

SGs when cells are incubated with hippuristanol, an eIF4A translation factor inhibitor that induces 

SG formation (Leung et al., 2006). Hippuristanol also causes AGO2 to undergo poly-ADP-

ribosylation, which is likely to cripple AGO2’s ability to interact with target mRNAs (Leung et al., 

2011). Other stressors that trigger SG formation—including arsenite, heat shock, and glucose 

deprivation—also trigger AGO2 poly-ADP-ribosylation (Leung et al., 2011). The polymerases 

responsible for this post-translational modification are also recruited to SGs during stress, so their 

colocalization in SGs could be a means to post-translationally modify AGO2 and decrease this 

protein’s ability to support miRNA activity (Leung, 2015). Another mechanism by which SG 

formation likely represses miRNAs is by repressing their synthesis. DICER—an enzyme critical 

for miRNA biogenesis—is decreased in level by stressors that trigger SG formation, such as 

reactive oxygen species (ROS) (Mori et al., 2012; Wiesen and Tomasi, 2009). Since a large 

proportion of miRNAs are encoded by introns, another mechanism by which SGs could regulate 

miRNAs is through sequestration of RNA splicing proteins. For example, the mRNA splicing 

factor, T-Cell-Restricted Intracellular Antigen-1 related protein, is abundant in SGs (Anderson and 

Kedersha, 2002), and thus may be sequestered in SGs as a means to promote alternative splicing 
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of miRNA-containing introns and thus alter miRNA levels. Another RNA regulatory mechanisms 

that may be impacted by SGs is the AU-mediated RNA decay pathway, which degrades mRNAs 

harboring AU-rich elements in their 3’UTR. AUF1, an RNA-binding protein that binds to AU-rich 

RNA is recruited to SGs in response to viral infection (Wu et al., 2014).  

In conclusion, the discovery that factors from many different mRNA degradation pathways 

are enriched in SGs in response to stress raises the possibility that these cytoplasmic bodies are 

key regulators of RNA stability. This notion is supported by functional studies showing that 

depletion of SG-inducing proteins decreases mRNA levels globally, consistent with reduced 

mRNA stability (Aulas et al., 2015; Fred et al., 2016).  However, it is important to keep in mind 

that SGs may, instead, be a consequence of translation repression rather than a cause of 

translational repression. For example, translationally repressed mRNAs may have intrinsic 

properties that cause them to aggregate to form SGs, but the SGs do not have a function in RNA 

decay per se. In support, one study found that inhibition of SG formation had no effect on mRNA 

degradation rates (Bley et al., 2015). One possibility is that eIF2α phosphorylation—the upstream 

driver of SG formation—is responsible for inhibiting RNA decay, not SGs themselves. Since 

several steps are required downstream of eIF2α phosphorylation for SG formation (Kedersha et 

al., 2016), it is reasonable that one or more of these steps are involved in regulating RNA decay, 

not SGs themselves. Thus, further work is required to elucidate whether SGs have an active role 

in regulating RNA degradation pathways—such as NMD—or they are merely a consequence of 

such regulation.  

 

NMD and Autophagy 

One important mechanism to adapt to stress is autophagy, a recycling process that 

replenishes the building blocks required to synthesize proteins and organelles, as well as to 

generate energy (Garcia-Huerta et al., 2016). During autophagy, the cell forms a double-layered 

membrane around the targeted organelle or targeted protein aggregate; this autophagosome then 
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fuses with lysosomes to degrade the contents for recycling (Fig. 3.3). Autophagy is a constitutive 

process but is upregulated under some circumstances, including cellular stress, as a means to 

replenish/maintain amino acid levels, maintain protein synthesis, and maintain ATP levels 

(Garcia-Huerta et al., 2016). The well-established finding that the UPR stimulates autophagy 

(Kania et al., 2015), coupled with the discovery that NMD suppresses the UPR (Gardner, 2008; 

Karam et al., 2015; Sakaki et al., 2012; Usuki et al., 2013), led Wengrod et al. to hypothesize that 

NMD represses autophagy. In support of this hypothesis, these investigators inhibited NMD in 

U2OS cells and observed several hallmarks of increased autophagy (Wengrod et al., 2013). 

Combination treatment with rapamycin, an autophagy inducer, and NMD inhibition, resulted in 

more autophagosomes than rapamycin treatment alone, providing evidence that NMD also 

increases the threshold for induced autophagy (Wengrod et al., 2013). Confidence as to generality 

was instilled by finding similar results in two independent cell lines and with two in vivo mouse 

models (Sun et al., 1998; Wengrod et al., 2013). Further evidence that NMD suppresses 

autophagy and increases the threshold for autophagosome formation comes from experiments in 

which the NMD factor, UPF1, was overexpressed (Wengrod et al., 2013). NMD appears to inhibit 

autophagy at an early stage (Fig. 3.3), as a late-stage autophagy inhibitor, chloroquine, did not 

significantly impair this regulation (Wengrod et al., 2013). 

Given that autophagy recycles amino acids (Garcia-Huerta et al., 2016), one potential 

consequence of the ability of NMD to inhibit autophagy is reduced amino-acid availability (Fig. 

3.3). If correct, this predicts that NMD activation would decrease amino-acid levels. Indeed, 

Wengrod et al. found that overexpression of the NMD factor, UPF1, led to decreased levels of 

several amino acids (Wengrod et al., 2013). This is a potentially important consequence of NMD 

activation that could potentially affect the growth of both normal and malignant cells.  

 How does NMD suppress autophagy? Wengrod et al. tested whether NMD achieves this 

by targeting the mRNA encoding the UPR factor, ATF4. ATF4 seemed a particularly good 

candidate to play this role, as it is a transcription factor that activates the autophagy genes LC3B 
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Figure 3.3 Model for how NMD regulates autophagy and amino-acid availability.  
The PERK arm of the UPR, as well as other cues, including Rapamycin, can trigger autophagy 
in cells via induction of ATF4, a transcription factor that, in turn, drives the expression of another 
transcription factor, CHOP. CHOP activates transcription of genes encoding essential autophagy 
factors, including those shown in the figure. ATF4 and CHOP are both encoded by NMD target 
mRNAs, providing a molecular basis for how high NMD activity represses autophagy. Since 
amino acids are recycled by autophagy, one downstream consequence of this regulation is 
altered amino-acid availability. NMD also impacts amino-acid availability by repressing the 
expression of the cystine-glutamate transporter xCT. NMD targets SLC7A11 mRNA, which 
encodes one of the subunits of this amino acid transporter 
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and ATG5 (Garcia-Huerta et al., 2016) and is encoded by a well-established direct NMD target 

(Gardner, 2008; Karam et al., 2015; Li et al., 2015; Oren et al., 2014; Weischenfeldt et al., 2008). 

To test its role, Wengrod et al. asked whether ATF4 depletion rescues autophagy inhibition in the 

face of inhibited NMD. Indeed, they found that depletion of both ATF4 and the NMD factor, UPF2, 

resulted in less autophagy compared to depletion of UPF2 alone (Wengrod et al., 2013). 

Together, this data indicates that NMD shapes the autophagy pathway by degrading a specific 

mRNA.  

In this chapter, I investigate whether NMD alters the threshold or duration of UPR activity 

and stress granule formation in response to environmental toxicants. In brief, I find some evidence 

that in HeLa cells, U2OS cells, and mNSCs, NMD may regulate the speed of the UPR expression 

response and stress granule formation. 
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MATERIALS AND METHODS 

U2OS Cell culture 

U2OS RDG3 cells were a gift from Paul Anderson (Kedersha et al., 2008). Cells were 

grown in DMEM (Gibco), 10% fetal bovine serum (Hyclone). Cells were transfected using 

Lipofectamine 2000 (Invitrogen) and siUpf1 or siControl (Ambion) (Karam et al., 2015). 

 

Environmental toxicants 

Urea (Fisher Scientific ICN19485790) Carbon tetrachloride (Sigma 48604) Manganese (II) 

chloride tetrahydrate (Sigma 3634) Arsenic trioxide (Sigma A1010) Sodium Arsenite (Spectrum 

LC22870-06) were used by first diluting, then adding to media in a sterile fashion. Arsenic trioxide 

was diluted in 1 M NaOH prior to use, manganese (II) chloride tetrahydrate, urea and sodium 

arsenite in water, and carbon tetrachloride was only diluted in DMEM media prior to addition to 

the cells. Media was disposed of according to UCSD EH&S protocols. 

 

Immunostaining 

Stress granule staining for G3BP1 (Santa Cruz 81940) was performed as previously 

described (Panas et al., 2015). 

 

RNA isolation and analysis 

Total cellular RNA for HeLa cells and U2OS cells was isolated using Trizol (Invitrogen), 

as described (Lou et al., 2014). Total RNA for mNSCs was isolated using Trizol combined with 

Direct-zol RNA MiniPrep Kit (Zymo Research). RNA was isolated in Trizol, and bound to a spin 

column, according to Zymo instructions. Eluted RNA was used for RNA sequencing. Quantitative 

PCR (qPCR) analysis was performed in triplicate using cDNA made using iScript reverse 

transcriptase (Bio-Rad) and SYBR-green Real-Time PCR kits (Bio-Rad), as described (Lou et al., 
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2014). Unless otherwise noted, all qPCR experiments were normalized to the level of Rpl19 RNA 

in mice and RPL19 in humans. All primer sequences are provided in Table 3.1. 
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Gene Forward Primer (5'->3') Reverse Primer (5'->3') Species 

ATF4 GTCAGTCCCTCCAACAACAGC GTCATCTATACCCAACAGGGC human 

Atf4 CACAACATGACCGAGATGAG CGAAGTCAAACTCTTTCAGATCC mouse 

XBP1S CCGCAGCAGGTGCAGG GAGTCAATACCGCCAGAATCCA human 

Xbp1s CTGAGTCCGCAGCAGGTG CCAACTTGTCCAGAATGCCC mouse 

GADD34 ACTGCAAAGGCGGCTCAAGC GAGAAGCGCACCTTTCTGGC human 

CHOP ACCAAGGGAGAACCAGGAAAC TCACCATTCGGTCAATCAGAG human 

Chop CTGCCTTTCACCTTGGAGAC CGTTTCCTGGGGATGAGATA mouse 

 
  

Table 3.1 qPCR primers for UPR targets 
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RESULTS 

Some Environmental Toxicants Trigger the Unfolded Protein Response  

There are several known UPR activators including thapsigargin and tunicamycin (Lin et 

al., 2007; Thastrup et al., 1990), but also many chemicals that have been speculated to initiate 

UPR activity but have not been extensively tested.  One particularly interesting category of 

putative UPR activators are environmental toxicants. Several environmental toxicants, including 

carbon tetrachloride, manganese chloride tetrahydrate, urea and inorganic arsenic compounds 

are thought to activate the UPR (Cai and Brooks, 2011; Marumoto et al., 2008; Weng et al., 2014; 

Xu et al., 2013), among their many other effects on cells. To see if the published levels of these 

toxicants activated the UPR in a semi-high-throughput fashion, I treated HeLa cells that 

constitutively expressed shLuciferase control plasmid or shUPF3B plasmid with various 

environmental toxicants. I collected RNA to measure expression-level results of unfolded protein 

response activity. Several of the toxicants had very little effect on UPR magnitude (Fig. 3.4). 

CHOP is a transcription factor that is upregulated in response to ER stress. When CHOP is 

activated, usually the amount of RNA is in the range of 10-100 times as highly expressed as when 

the ER stress is not present. However, none of the three toxicants (carbon tetrachloride, 

manganese chloride tetrahydrate, or urea) reached those levels. ATF4, which is both an NMD 

target and a UPR downstream gene, was also hardly upregulated, although there was some 

difference in the activation time in shLuciferase and shUPF3B cells after Urea exposure and CCl4 

exposure. This may indicate some effect of NMD magnitude on subtle changes due to these 

toxicants. A similar effect on XBP1s was seen when comparing the cell types, which is a measure 

of IRE1 pathway activity, after CCl4 and manganese (II) chloride tetrahydrate. These results 

suggest that many of these toxicants, while the literature suggested they can activate the UPR, 

might not activate the UPR in HeLa cells at the doses I used.  
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Figure 3.4 qPCR analysis of UPR RNA in HeLa cells after exposure to various 
environmental toxicants.  
HeLa cells expressing shLuciferase or shUPF3B were exposed to environmental toxicants for 
0, 3, 6, 12 or 24 hours, and RNA was collected. A - Carbon Tetrachloride (CCl4) was added at 
concentration of 40 mM, B - Manganese (II) chloride tetrahydrate (MnCl2•4(H2O)) at 200 μM, 
and C - Urea (CH4N2O) at 200 mM to the DMEM/10% FBS media. n = 1. qPCR performed by 
author as well as Charlotte Marx. Data analyzed using R program made by Nadav Elata 
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Inorganic arsenic upregulates UPR gene expression in HeLa cells 

Unlike carbon tetrachloride, manganese (II) chloride tetrahydrate, and urea, inorganic 

arsenic treatment did appear to trigger UPR action, at least as judged by the expression level of 

UPR genes (Fig. 3.5 A). CHOP expression increased dramatically in HeLa cells somewhere 

between 3 and 6 hours after arsenic treatment. ATF4 and XBP1s showed upregulation more in 

the range of 12-24 hours after initial exposure. 

As NMD is known to regulate the threshold and duration of a UPR response to canonical 

cell stressors such as thapsigargin and tunicamycin (Karam et al., 2015; Sakaki et al., 2012), it 

was not known if this held up for other activators of the UPR.  Generally, the shUPF3B expressing 

HeLa cells reached peak expression of each of these 3 mRNAs before the shLuciferase 

expressing HeLa cells. However, the peak expression of the shUPF3B expressing cells was not 

higher than the peak expression of shLuciferase expressing cells. This suggests that UPF3B may 

regulate the speed of response, but not the response magnitude when reacting to arsenic 

exposure through the UPR pathway. 

 While arsenic trioxide is the more potent form of inorganic arsenic (III) compounds, sodium 

arsenite is actually more studied in neural contexts, and in stress granule formation. Therefore, I 

decided to test whether there was a difference in response to arsenic trioxide and sodium arsenite. 

I used a red/green fluorescent U2OS model (RDG3 cells) to assess this, as it would prove useful 

later for stress granule dynamics. When exposed for 5 hours to 10 μM arsenic trioxide (a dose 

which exhibited moderate amounts of cell death in SVEC cells (Weng et al., 2014)) or 50 or 300 

μM of sodium arsenite (below the levels to induce stress granule formation within 1 hour (Gardner, 

2008; Kedersha et al., 2008)), U2OS cells showed a trend of elevated levels of CHOP compared 

to control (Fig. 3.5 B). Other components of the UPR pathway also showed a trend of upregulation 

relative to untreated cells, including BIP, IRE1 and ATF4 (Fig. 3.5 B). However, it seems the 

largest change at this timepoint was caused by sodium arsenite exposure, rather than arsenic 

trioxide. Perhaps the dosage difference could account for this, or maybe the timing. In either case,  
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Figure 3.5 qPCR analysis of UPR RNA after exposure to two different forms of inorganic 
arsenic.  
A - HeLa cells expressing shLuciferase  or shUPF3B were exposed to environmental toxicants 
for 0, 3, 6, 12, 24 hours and RNA was collected. 5 μM arsenic (III) trioxide (As2O3) was added. 
Bars are standard error of the mean. n = 3. qPCR performed by author as well as Charlotte 
Marx. Data analyzed using R program made by Nadav Elata 
B - Arsenic trioxide or Sodium arsenite treatment given to RDG3 U2OS cells for 5 hours before 
RNA collection and qPCR. As2O3 10= 10 μM arsenic (III) trioxide, NaAsO2 50 = 50 μM Sodium 
arsenite (III), NaAsO2 300 = 300 μM Sodium arsenite (III). n = 1. qPCR performed by author as 
well as Charlotte Marx 
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both arsenic trioxide and sodium arsenite are able to activate the expression of UPR components 

in U2OS cells. 

 

Sodium arsenite upregulates UPR gene expression earlier and for a prolonged time in 

NMD-deficient HeLa cells or mNSCs 

As arsenic trioxide was able to activate the UPR in both HeLa cells and U2OS cells, I 

wanted to determine whether sodium arsenite is also able to activate the UPR in HeLa cells, and 

whether NMD magnitude can affect the speed, threshold or duration of UPR activity. When 15 

μM of sodium arsenite was added to HeLa cells, several UPR RNAs showed a trend of increased 

expression over the course of 24 hours (Fig. 3.6). Similar to arsenic trioxide, sodium arsenite 

elicited a faster UPR activation in NMD-deficient shUPF3B HeLa cells than in control cells. 

However, UPR magnitude did not appear to be higher in these cells than in controls. In addition, 

GADD34, which is a downstream UPR target that can lead to apoptosis (Farook et al., 2013), was 

upregulated more in the NMD-deficient HeLa cells during this time period.  

 As arsenic is known to have toxic effects in the nervous system, I hypothesized that 

sodium arsenite also activates the UPR in neural cells. When mNSCs were exposed to sodium 

arsenite (at a low dose of 5 μM), several UPR components showed a trend of upregulation (Fig. 

3.7). The peak of several of these elevated genes in Upf3b-null mNSCs appeared sometime 

between 12 and 24 hours. This timeline helped to determine when to perform RNA-sequencing 

that was discussed in Chapter 2. There appeared to be a fairly large difference between the UPR 

RNA levels of NMD-deficient cells and control cells at 12 hours. This may explain why one 

category of transcripts that were upregulated more in the Upf3b-null than wild-type mNSCs was 

“positive regulation of unfolded protein response” (Fig. 2.18 A). 

 

NMD deficient HeLa cells form stress granules at higher rates than wild-type cells 

UPR RNA upregulation is not the only measure of cellular stress activity. Another measure  
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Figure 3.6 qPCR analysis of NMD-deficient and control HeLa cells treated with 15 µM 
NaAsO2 for the times shown.   
The data shows that the gene encoding the UPR component, CHOP, has a premature induction 
response to Arsenic in shUPF3B expressing (NMD-deficient) cells.  The UPR genes, ATF4, 
XBP1 and GADD34, have a prolonged induction response to Arsenic in UPF3B-depleted cells. 
qPCR performed by author as well as Charlotte Marx. Data analyzed using R program made 
by Nadav Elata   
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Figure 3.7 qPCR analysis of Upf3b-null mNSCs and wild-type mNSCs after arsenic 
treatment.  
mNSCs were treated as spheres with 5 μM Sodium arsenite exposure. WT = wild-type 
mNSCs, Upf3b-null were derived from mNSCs from Upf3b-null embryos, n = 2. qPCR 
performed by author and Justina Nguyen 
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of cellular stress is the formation of stress granules. As previously discussed, stress granules are 

formed following phosphorylation of eIF2α, which occurs when the PERK pathway is activated or 

under many other kinds of cellular stress (Fig. 3.2). As expected, sodium arsenite triggered stress 

granules formation in HeLa cells (Fig. 3.8). If NMD dampens stress caused by arsenic, this 

predicts that NMD deficiency would increase stress granule formation. In support of this 

prediction, NMD-deficient HeLa cells formed statistically more stress granules than control cells 

in response to 50 μM sodium arsenite (Fig. 3.8). Stress granules are transient, so after some time 

the stress granules were no longer able to be visualized. As there were hardly any stress granules 

in the control HeLa cells, that suggested that the threshold amount of sodium arsenite for stress 

granule formation is higher in control HeLa cells than NMD-deficient cells.  

 

NMD deficient U2OS form stress granules at higher rates and lower thresholds than 

control cells 

To confirm the effect of NMD on stress granule formation, a modified version of U2OS 

cells was used. These U2OS cells were generated previously to express eGFP under control of 

G3BP1, a component of stress granules (Kedersha et al., 2008). This allows for live analysis of 

stress granule dynamics in cells. In order to compare NMD-deficient cells and controls, siUPF1 

or si-control vector were transfected into this cell line. These cells readily formed stress granules 

in response to 50 μM sodium arsenite (Fig. 3.9). There was statistically greater stress granule 

formation in the NMD-deficient U2OS cells than the control. This may reflect a reduced threshold 

for stress granule formation in NMD-deficient U2OS cells, just as in the HeLa cells. 
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shLuciferase HeLa           shUPF3B HeLa 

Figure 3.8 Stress granule analysis of HeLa cells after arsenic treatment.  
HeLa cells either constitutively expressing shLuciferase or shUPF3B were treated with 50 
μM of sodium arsenite and fixed after 0h, 1h, 2h. The cells were stained for G3BP1, a marker 
of stress granules. 10 cells per image were counted for average stress granules/cell. Bars 
represent SEM, n = 3. *p<0.05, **p<0.01. Stress granules stained and counted by author 
and Amy Yan 
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siLuciferase                                      siUPF1 

Figure 3.9 Stress granule analysis of RDG3 U2OS cells with transient knockdown of 
UPF1 after arsenic treatment.  
RDG3 U2OS cells were transfected with plasmid expressing siLuciferase or siUPF1 for 24 
hours. Sodium arsenite was then added to the media (50 μM), and pictures were taken using 
fluorescent microscope. Bars represent SEM, n = 3. **p<0.01, ***p<0.001. Stress granules 
stained and counted by author and Amy Yan 
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DISCUSSION 

In this chapter, I analyzed the interplay of stress responses with the post-transcriptional 

pathway NMD. I focused on how the highly conserved and selective NMD RNA degradation 

pathway impacts stress responses. Much has been learned about the interplay between stress 

and NMD, but there are also many future questions, some of which I address below. 

My data suggests that NMD regulates the UPR and the formation of stress granules, not 

only in response to canonical stimulators of the UPR, but also to the environmental toxicant 

arsenic. This appears to be relevant for many cell types, as human HeLa and U2OS cells showed 

the same response, as well as mNSCs. In addition, while the other environmental toxicants I 

tested (carbon tetrachloride, manganese chloride tetrahydrate, and urea) did not activate the UPR 

very strongly in the concentrations I tried, it remains to be seen whether they could activate the 

UPR at other doses or in cell types I didn’t try. It would be interesting to determine whether NMD 

regulates all UPR activator activity in the same fashion, and to what degree of exposure to these 

cellular stressors can NMD prevent activation. 

This raises the question of how NMD regulates the response to arsenic-induced cellular 

stress. While Karam et al. found that IRE1 is regulated by NMD (Karam et al., 2015), and that this 

may be responsible for regulation of threshold and duration of UPR activity in HeLa cells and liver 

cells following tunicamycin exposure, this may not be the same pathway for arsenic. For example, 

arsenic exposure induces stress granule formation, which are formed following eIF2α 

phosphorylation (Anderson and Kedersha, 2002).  Phosphorylation of eIF2α can be performed by 

PERK, a different UPR pathway than IRE1, suggesting that the ability of NMD to suppress 

arsenic-induced UPR activation could be through a PERK regulated mechanism rather than IRE-

1 regulated. Phosphorylation of eIF2α can also be performed by other kinases, which may be 

activated by other forms of stress. Arsenic is known to cause oxidative stress, which could also 

cause this phosphorylation event (Wek et al., 2006). It is possible that NMD regulates arsenic’s 

effect on cellular stress responses through an oxidative stress related eIF2α kinase. 
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An outstanding question is how NMD is able to regulate stress granule formation. To 

address this question, it is critical to decipher how stress granules form, a process that is only 

beginning to be unraveled.  One leading model is that intrinsically disordered regions are 

responsible for their formation and that mRNA-protein interactions can facilitate their formation 

(Protter and Parker, 2016). It is known that eIF2α phosphorylation promotes stress granule 

formation. This phosphorylation also reduces translation efficiency for most transcripts. Maybe 

NMD can regulate the expression of eIF2α kinases post-transcriptionally. From Karam et al., it 

appeared that PERK mRNA may be slightly stabilized by knock down of UPF1 in HeLa cells 

(Karam et al., 2015). This could provide a mechanism for control of eIF2α phosphorylation, and 

thus stress granule formation. It is also possible that NMD targets some RNA-binding protein, 

which would affect stress granule formation. Under reduced magnitude NMD conditions, this 

binding protein might be more prevalent, and able to facilitate rapid stress granule formation. 

These possibilities will need to be tested further to explain how NMD can regulated stress granule 

formation. 

While it is clear that NMD has a profound impact on many cellular adaptations to stress—

including the UPR, the hypoxic stress response, and autophagy- and apoptosis-associated stress 

responses—it is not known whether NMD’s reach stretches beyond this. For example, NMD may 

also shape stress responses to heat, pH alterations, high concentrations of heavy metals, and 

amino-acid under-availability. In this chapter, I focused on mammalian stress responses. Does 

NMD also influence adaptations to stress in non-mammalian species? NMD influences the ability 

of mammalian cells to survive oxidative stress by targeting the mRNA encoding a glutathione 

factor transporter, SLC7A11, for degradation (Martin and Gardner, 2015). The yeast, 

Schizosaccharomyces pombe, has also evolved a NMD-regulated oxidative stress response 

pathway. NMD-deficient (Upf1-mutant) S. pombe are more vulnerable than controls to oxidative 

stress in response to hydrogen peroxide-induced oxidative stress (Rodríguez-Gabriel et al., 

2006). This protection conferred by NMD from oxidative stress is specific, as it does not extend 
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to protection from osmotic shock or UV irradiation. It remains for the future to determine whether 

oxidative stress protection in S. pombe and mammalian cells is mediated by a conserved NMD-

dependent mechanism. In other cases, it is very likely that species-specific NMD-dependent 

strategies have evolved to shape stress responses. In part, this follows from the fact that species 

have unique needs, and therefore they need to adapt to different forms of stress. For example, 

plants and yeast may be more sensitive than mammals to changes in temperature, pH alterations, 

heavy metals, changes in sunlight availability, and amino-acid availability, because they have 

fewer defenses from the external environment than mammals.  

It is important to note that some factors critical for the NMD RNA degradation pathway 

have other functions, including in other RNA decay pathways, telomere maintenance, and 

genome surveillance (Azzalin and Lingner, 2006; Frizzell et al., 2012; Isken and Maquat, 2008). 

Thus, the effects of depleting NMD factors on stress responses could result from perturbation of 

one or more of these other mechanisms, rather than NMD. Mitigating this possibility, it has been 

shown that the UPR is impacted by depletion of any of several different NMD factors (Gardner, 

2008; Karam et al., 2015; Sakaki et al., 2012). This supports the notion that NMD—not other 

pathways—is most critical for UPR regulation. It is worth noting, however, that the ability of NMD 

factors to promote RNA decay may not be their primary role. It has been suggested that the 

primary function of NMD factors is to promote ribosome recycling and regulate ribosome density 

(Brogna et al., 2016). Thus, the ability of NMD factors to enhance RNA decay may be merely a 

secondary consequence of these effects on translation. Future experiments will be required to 

unravel precisely why NMD factors have critical roles in stress responses, as well as associated 

processes, including autophagy and apoptosis.  

 As NMD has been shown to regulate stress responses in mammalian cells, this raises the 

need to identify compounds that alter NMD magnitude in order to curb the effects of excessive 

stress. The possibility and uses of an NMD activator compound are discussed in Chapter 6. 
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ABSTRACT 

 Previous studies have found that traditional cellular stressors, including the UPR 

activators, tunicamycin and thapsigargin, inhibit NMD. In this chapter, I provide several lines of 

evidence that arsenic also inhibits NMD, including the UPF3B-dependent branch of NMD that 

evidence suggests is critical for normal cognition and behavior in humans. To demonstrate this, I 

make use of the various means available to measure NMD magnitude. Each approach has 

advantages and disadvantages. For example, luciferase-based and fluorescence-based reporters 

are accurate means to measure NMD magnitude but require being introduced exogenously. This 

is both technically challenging for some cell types and may not fully recapitulate the 

physiologically normal state of a NMD target mRNA. Endogenous NMD reporter mRNAs have the 

advantage of not requiring being introduced into cells but individual NMD target mRNAs often 

yield different results, perhaps because of “non-NMD” influences on their expression (e.g., 

transcriptional shifts) and the existence of different NMD branches. The ability of arsenic exposure 

to inhibit NMD has many implications, as detailed in the Discussion. 
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INTRODUCTION 

NMD plays an important role in regulating not only cellular stress, but also in development 

and proliferation/differentiation decisions.  In all these cases, it stands to reason that mechanisms 

have evolved to regulate NMD.  This follows from the idea that these biological events are time 

and location restricted, and thus NMD targets related to these events would need to be more or 

less abundant, at a given moment, in a particular tissue. Upregulation of NMD leads to increased 

decay of its hundreds of target mRNAs, which can lead to biological consequences.  Likewise, 

NMD downregulation leads to reduced decay of target mRNAs, leading to buildup of these target 

mRNAs and causing different biological effects. In support, many studies have shown that NMD 

is a highly regulated pathway.  For example, NMD is suppressed by various factors and 

mechanisms, including by miRNAs and cellular stress (Ivone G Bruno et al., 2011; Jin et al., 2016; 

Karam et al., 2013). In order to study regulation of NMD magnitude, several tools have been made 

that measure NMD magnitude. 

. 

 

Tools for studying NMD 

Several of the first tools generated to measure NMD magnitude took advantage of the fact 

that NMD is known for regulating transcripts with premature stop codons (PTCs). One tool was a 

luciferase-based reporter using a modified β-globin, either with or without PTC 39 (Lykke-

Andersen et al., 2000). The PTC was naturally occurring in the second exon of β-globin in β-

thalassemia patients, and is an NMD-sensitive isoform (Trecartin et al., 1981). By transfecting or 

infecting this reporter into a cell, one can compare the luciferase activity of the NMD-sensitive, 

PTC-containing β-globin, to the NMD-insensitive version without a PTC. The PTC-containing 

vector should produce less luciferase activity under normal conditions with intact NMD, whereas 

in the case of NMD suppression, the PTC-containing vector would elicit more luciferase activity. 
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Another version of this construct was made with TCR-β, which also has naturally occurring PTCs 

(Chan et al., 2007). 

Other tools have built on the basis of PTC incorporation, adding fluorophores to allow for 

visualization using other methods. For example, a group made a reporter that expresses red 

Katushka as a control in all transfected cells, and TagGFP2 under the control of either a PTC-

containing β-globin gene or one which does not contain a PTC (Pereverzev et al., 2015). The 

group demonstrated that cycloheximide, caffeine, and shUPF1 were able to reduce the green/red 

ratio of the PTC-/PTC+ vector containing cells by Flow cytometry, in HeLa and HEK cells. The 

group also expressed the reporters in Xenopus embryos and showed an increase in NMD activity 

over 120 hours of development. However, sometimes this reporter appeared too dim to quantify 

sensitively, or showed differing transfection efficacy across cells, making comparison difficult.  

Another reporter, called Fireworks, was developed with multiple fluorophores to combat this 

problem (Alexandrov et al., 2017). It uses 5 TdTomato reporters with protease cleavage sites or 

5 GFP reporters with the same protease cleavage sites, expressed prior to the protease gene, 

followed by the β-globin gene with or without a premature termination codon. The organization of 

this reporter allows for very bright signal of the fluorophores and control over their expression by 

expression of the protease being tied to the reporter gene. In addition, the reporter made use of 

reporter-flanking tDNA-based chromatin insulators, a destabilizing N-sterine in the protease, 

autocatalytic cleavage of the protease, and destabilization of the β-globin gene to enhance 

expression of the reporter and limit reporter silencing and toxicity (Alexandrov et al., 2017). The 

group demonstrated this reporter could be used for forward CRISPR-based genetic screening for 

NMD factors, using flow cytometry.  

There are several issues with these kinds of reporters. For one thing, it may not be easy 

to get a fluorescent reporter into all cell types, particularly in vivo. There may also be differences 

in efficiency of transfection or infection in different cell types, making it difficult to assess 

differences across cell types. One of the first groups to look at NMD in vivo generated a reporter 
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mouse expressing a PTC-containing Men1 gene in a heterozygous fashion (Zetoune et al., 2008). 

Since only 1 of the two alleles for Men1 contained a PTC, the comparison of expression of PTC-

containing Men1 to normal Men1 expression would yield a measure of NMD activity. The group 

created a mutant Men1 mouse line to assess the expression ratio in different tissue types. Overall, 

the levels of NMD assessed were similar across tissue types, but testes, ovarian and brain tissues 

tended to have higher levels of NMD and lung, intestines and thymus had lower magnitude of 

NMD (Zetoune et al., 2008).  

The issue with this approach is that not only is generating a mutant mouse time-consuming 

in vivo, but there could be issues with the promoter expression across tissues and with genetic 

silencing sometime during development. Another issue with this reporter and the fluorescent 

reporters are that they introduce exogenous material, and this may disrupt normal activity. 

To counteract these problems, some groups have started finding endogenous targets that 

can be used to assess NMD magnitude. Often, groups have used alternative splicing isoforms to 

assess NMD activity. Alternative splicing of these genes can result in NMD-sensitive isoforms. 

What is nice about this approach is that the genes are endogenous, and transcription theoretically 

should be identical between isoforms, as they are controlled by the same promoter. This level of 

internal control of transcription should allow for accurate comparison between the different 

isoforms. 

One set of endogenous targets that were used for such an approach are serine/arginine-

rich splicing factors (SRSF). These 11 proteins all have alternative splicing patterns, and at least 

one pattern for each is expected to be degraded by NMD (Lareau et al., 2007).  Several of these 

SR genes contained a cassette exon that was skipped, giving rise to in-frame PTCs. Others 

exhibited intron-retention in some isoforms, leading to PTCs. Another group of SR genes had 

alternative splicing of the 3’UTR, introducing new exon-exon junctions in this region. Disruption 

of NMD in HeLa cells led to upregulation of PTC-containing mRNAs, including those of SR genes. 

Interestingly, alternative splicing isoforms of some SR genes such as SRSF5 are conserved 
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across species (Lareau and Brenner, 2015), raising the possibility that this approach could be 

used in multiple species to detect NMD magnitude. 

Sika Zheng’s group found a handful of endogenous NMD targets and their isoforms that 

can be quantified by quantitative PCR (Li et al., 2016). These endogenous targets are found in 

mouse neural cell types but might be applicable to other cell types. The lab found 5 genes with a 

natural NMD-targeted isoform and a non-targeted isoform. By designing qPCR primers for specific 

isoforms (utilizing differences in exons and exon-spanning junctions), they were able to 

distinguish levels of the NMD-sensitive isoform and the insensitive forms. This gave a measure 

of NMD that was independent of transcriptional changes. They also were able to distinguish 

results from alternative splicing regulation, making these reporters more valuable. The reporters 

were validated against various means of NMD suppression, including cellular stress and inhibition 

of NMD factors. 

While prior methods provide a decent view at the single or several gene level, new 

approaches have been developed to study NMD magnitude at the genome-wide scale. Several 

new approaches have used genomic analysis to identify putative NMD targets. The Zhang group 

performed RNA-sequencing on mouse cortex ranging from embryonic timepoints to adulthood to 

identify conserved splicing patterns among RNAs important for central nervous system function 

(Yan et al., 2015). They found many tissue-specific splicing patterns with a high degree of 

conservation across nervous system development and across evolution. While performing this 

analysis, they identified several splicing patterns that were likely to trigger NMD, resulting in lower 

levels of expression of these genes in many tissue types.  Several exons in these alternative 

splicing patterns were assigned the identity of NMD-inclusion or NMD-exclusion exons, based on 

their ability to render an mRNA sensitive or insensitive to NMD. Several of these NMD-inclusion 

and -exclusion exons were well-conserved across species, suggesting they may have functional 

relevance in these tissues, perhaps as a means to regulate expression at the level of RNA 

stability. 
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A second group from Taiwan developed a tool to recognize NMD-sensitive exons on the 

genomic scale, from both annotated and de novo assembled transcripts (Hsu et al., 2017). This 

group also used PTC presence as the primary identifier of an NMD-target and describe that the 

rule of a PTC located 50 nucleotides or more upstream of the last exon-exon junction most 

accurately predicted an NMD target.  

Besides predicting targets of NMD, one can use mRNAs which are established as 

upregulated or stabilized by NMD depletion as a measure of NMD magnitude. Many NMD targets 

have been identified both in vitro and in vivo by stabilization or upregulation following NMD factor 

depletion (Gardner, 2008; Huang et al., 2017, 2011; Karam et al., 2015; Lou et al., 2016, 2014; 

Martins et al., 2012; McIlwain et al., 2010; Mendell et al., 2004; Schmidt et al., 2015; Singh et al., 

2008; Tani et al., 2012; Thoren et al., 2010; Toma et al., 2015; Viegas et al., 2007; Wang et al., 

2011b; Weischenfeldt et al., 2008; Zheng et al., 2012). Still others have been identified as binding 

targets for UPF1 through RNA-immunoprecipitation experiments (Colak et al., 2013; Hurt et al., 

2013; Kurosaki et al., 2014; Yepiskoposyan et al., 2011; Zünd et al., 2013). However, UPF1 is 

not just involved in NMD, but also in SMD and other RNA-decay pathways (Gong et al., 2009). 

This complicates whether upregulated RNAs are actually NMD targets, or a target of some other 

activity of NMD. Thus, comparison of several studies can yield more high confidence NMD 

targets. 

In addition, NMD targets can vary both across species and across tissue, further 

complicating whether certain RNAs are targets of NMD only in certain tissues, or whether these 

are universal targets (Huang et al., 2011). Regardless, inhibition or knockout of NMD factors in 

vitro and in vivo using transgenic mouse models remain useful tools to determine targets of NMD. 

Many of the same pathways that NMD regulates also have the capability to regulate NMD 

magnitude. This creates a feedback mechanism, which aids in promoting homeostasis, as 

discussed below. 
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The UPR suppresses the NMD pathway 

The finding that NMD suppresses the UPR presents a problem – how can a strong UPR 

occur in the face of the inhibitory effects of NMD? From a teleological perspective, it would seem 

counter-productive for NMD to perturb a robust stress response when needed to resolve 

pervasive ER stress. Indeed, evidence suggests that NMD does not prevent a strong UPR. For 

example, a deficiency in NMD was found to not significantly impair the UPR of either cultured 

HeLa cells or mouse hepatocytes in vivo in response to maximal doses of the ER stressor, 

tunicamycin (Karam et al., 2015). A different stressor, thapsigargin, also triggered a normal UPR 

in NMD-deficient HeLa cells (Karam et al., 2015). Together with the data described in the above 

sections, these results suggest that while NMD raises the threshold of UPR activation and 

facilitates timely termination of the UPR, it does not inhibit the UPR when cells are challenged 

with strong ER stress (Fig. 4.1).  

How might this be achieved? Several lines of evidence suggest that NMD does not inhibit 

the UPR in response to a high magnitude of ER stress by virtue of the fact NMD is repressed 

under such conditions. Indeed, this has been shown in several cell types. For example, Wang et 

al. showed that treatment of MEFs with arsenic, a cellular stress inducer, decreased NMD 

magnitude, as assessed with a NMD β-globin reporter (Wang et al., 2011b). This reporter system 

has two forms of the β-globin gene—one with an NMD-inducing feature and the other without—

and thus the ratio of reporter expression from these two genes is a measure of NMD magnitude. 

Gardner found that hypoxic stress also reduces NMD activity in U2OS cells, as assessed by NMD 

reporter activity and RNA half-life analysis of known NMD target mRNAs (Gardner, 2008). Another 

study showed that the ER stress inducer, thapsigargin, reduced NMD activity in C2C12 myoblast 

cells, as assessed by upregulation of the endogenous NMD substrate Snhg1, reduced Upf1-

phosphorylation, and reduced expression of several NMD genes, including Upf1, Eif4A3 and 

Smg6 (Usuki et al., 2013).  Finally, it was shown that ER stress also suppresses NMD in Neuro-

2a neuroblastoma cells; thapsigargin was found to inhibit NMD via the PERK pathway in these  
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Figure 4.1 NMD promotes timely termination of the UPR.  
A - The UPR can be thought of as a clock. If the stress is resolved in a timely 
manner, the result is homeostasis. Alternatively, prolonged stress leads to apoptosis. NMD 
promotes both maintenance of homeostasis and timely termination of the UPR.  
B - NMD is suppressed by the UPR to allow for maximal activation of the UPR pathway. After 
the resolution of the stress, the UPR is downregulated, which is thought to rescue normal levels 
of NMD, thereby leading to further downregulation of the UPR. This regulatory spiral eventually 
leads to complete shut-off of the UPR pathway.  
C - In chronic stress, the UPR is constitutively activated and NMD is suppressed, which, 
together, typically leads to apoptosis 
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neural-lineage cells (Li et al., 2016). 

How does ER stress elicit NMD suppression? Several lines of evidence suggest that 

cellular stress achieves this by triggering phosphorylation of the translation initiation factor eIF2α 

(Fig. 3.2). One means by which this is accomplished is through the ER stress sensor, PERK, a 

kinase that directly phosphorylates eIF2α. Extrinsic activation of PERK using the small molecule 

AP20187—in either murine embryo fibroblasts (MEFs) or Chinese hamster ovary cells (CHOs)—

triggered both eIF2α phosphorylation and stabilization of a NMD reporter (Wang et al., 2011b). In  

contrast, mutant MEFs with a mutant form of eIF2α that cannot be phosphorylated did not exhibit 

suppressed NMD in response to PERK activators (Wang et al., 2011b). As further evidence that 

eIF2α phosphorylation inhibits NMD, another eIF2α kinase, PKR, also was found to inhibit NMD. 

Vaccinia virus infection, which activates this kinase, was also found to inhibit NMD, while a mutant 

vaccinia virus that lacks the ability to phosphorylate eIF2α did not significantly perturb NMD (Wang 

et al., 2011b) (Fig. 3.2). As described below, NMD is also inhibited by many other conditions that 

trigger eIF2α phosphorylation; e.g., hypoxia, amino acid starvation, double-stranded RNA, and 

reactive oxygen species. Together, these experiments strongly support the notion that a major 

means by which stressors repress NMD is through eIF2α phosphorylation.   

How does eIF2α phosphorylation inhibit NMD? Because NMD depends on in-frame stop 

codons and thus translation (Carter et al., 1995; Li et al., 1997), one obvious potential mechanism 

is the well-known ability of eIF2α phosphorylation to inhibit translation (Wek et al., 2006). While 

an appealing mechanism, eIF2α phosphorylation only decreases translation by 20-45% (Wang et 

al., 2011b), which casts doubt as to whether this is sufficient to inhibit NMD. Indeed, dose-

response studies with several different translation inhibitors (cycloheximide, anisomycin, and 

emetine) have shown that a well-established NMD substrate (out-of-frame T-cell receptor mRNA) 

is only upregulated when protein synthesis is inhibited by greater than 70% (Carter et al., 1995; 

Qian et al., 1993).  Nevertheless, it is possible that the translational repression conferred by eIF2α 

phosphorylation can influence NMD magnitude in some cell types and/or developmental stages. 
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Thus, the mechanism by which eIF2α phosphorylation inhibits NMD is still under investigation 

(see also the “Stress Granules” section, below).  

Another mechanism by which eIF2α phosphorylation may stabilize mRNAs—particularly 

stress response-related mRNAs—is through “local,” rather than “global,” control of NMD. One 

likely target of this local regulation is ATF4.  This UPR transcription factor is encoded by an mRNA 

with two uORFs, one of which overlaps with the main ORF and thus inhibits ATF4 translation. 

These uORFs allow ATF4 mRNA to undergo a translational switch in response to different 

degrees of eIF2α phosphorylation (Vattem and Wek, 2004). Under non-stress conditions—when 

eIF2α phosphorylation is low—the uORFs are translated (by virtue of their being 5’ and thus read 

first by the scanning 40S subunit), thereby inhibiting translation of the downstream main ORF 

encoding ATF4 protein. In response to stress, eIF2α becomes hyperphosphorylated, which 

inhibits translation of the uORFs, allowing for translation of the main ORF and hence ATF4 

protein. Not only does eIF2α phosphorylation promotes ATF4 translation, but it also likely 

promotes ATF4 mRNA stability. This follows from the fact that ATF4 mRNA is a direct NMD target 

that is degraded by NMD through an uORF-dependent mechanism (Gardner, 2008). Thus, 

translation of the ATF4 uORF under non-stress conditions would be predicted to trigger uORF-

dependent NMD, while the switch to main ORF translation in response to stress should allow 

evasion from NMD, thereby stabilizing the ATF4 mRNA (Holcik and Sonenberg, 2005). Another 

likely example of this type of regulation is conferred on the stress pathway protein GCN4, as it is 

encoded by an mRNA that has multiple uORFs that inhibit GCN4 translation specifically under 

non-stress conditions (Holcik and Sonenberg, 2005). The potential ability of stress to trigger NMD 

evasion, coupled with stress-induced increased translation, provides a powerful 2-prong 

mechanism to increase the expression of these stress pathway proteins.  
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The NMD and UPR pathways intersect as a means to efficiently respond to ER stress     

Together, these findings support a model in which NMD and the UPR regulate each 

other in a manner that generates an efficient ER stress protective mechanism that exhibits both 

high specificity and signal-to-noise ratio (Fig. 4.1). In this model, NMD inhibits the expression of 

critical UPR components, including IRE1α, to largely prevent inappropriate activation of the UPR 

pathway in response to innocuous or low levels of ER stress. But when strong stress is 

encountered, this leads to inhibited NMD, which relieves its inhibitory effect on the UPR, 

allowing for maximal UPR pathway stimulation. As the UPR resolves the cellular stress, NMD 

magnitude is allowed to increase, which facilitates termination of the UPR (Fig. 4.1). 

 

NMD magnitude is suppressed in tumors 

Tumors typically encounter stressors that come in many forms, including hypoxia and ER 

stress (Giampietri et al., 2015). As NMD is repressed by some forms of stress, it follows that NMD 

also might be repressed in tumors. In support, Wang et al. found that subcutaneous injection of 

PC3 prostate tumor cells into mice caused these cells to exhibit decreased NMD magnitude 

(Wang et al., 2011b). Using a B-cell tumor line in which the levels of the oncogene, c-myc, can 

be manipulated, these investigators found that c-myc has a role in the repression of NMD 

magnitude (Wang et al., 2011a). Interestingly, c-myc overexpression induced eIF2α 

phosphorylation in this B-cell tumor line, suggesting that c-myc suppresses NMD through an 

eIF2α phosphorylation-dependent mechanism. Wang et al. obtained evidence that c-myc 

activates phosphorylation of eIF2α through induction of ROS, based on the finding that the ROS 

scavenger, N-acetylcysteine, reversed c-myc-induced NMD suppression (Wang et al., 2011a).  

To further assess whether c-myc inhibits NMD, Wang et al. investigated whether any 

mRNAs upregulated by c-myc are likely to be NMD targets, based on their being stabilized by 

both NMD inhibition and translation inhibition. They identified 63 mRNAs that fit this criteria (Wang 

et al., 2011a). This degree of overlap was reasonably high considering the datasets were from 
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different cell lines (P493 and U2OS cells were used to identify c-myc- and NMD-regulated 

transcripts, respectively). Together, this data is consistent with the notion that many c-myc “target 

genes” are actually mRNAs regulated indirectly through the ability of c-myc to suppress NMD.  

 

NMD is a tumor suppressor pathway 

The finding that tumors exhibit suppressed NMD, raises the possibility that this imparts a 

selective advantage to tumors because NMD is a tumor suppressor pathway. In support of this 

notion, Wang et al. found that overexpression of the NMD factor, UPF1, reduced both the number 

and size of PC3 prostate tumor cell colonies in soft agar (Wang et al., 2011b). Clinical evidence 

for this notion comes from recent studies showing that debilitating mutations in the UPF1 gene 

are extremely common in pancreatic adenosquamous (ASC) tumors (Liu et al., 2014) and 

inflammatory myofibroblastic tumors (IMT) (Lu et al., 2016). In both ASC and IMT, the UPF1 

mutations are somatic and they are clustered in specific regions of the gene that cause alternative 

UPF1 splicing, leading to low or undetectable levels of UPF1 protein. Consistent with low UPF1 

expression, NMD is greatly suppressed, as shown by the elevated levels of NMD substrate 

mRNAs in these tumors. In the case of IMT, one elevated NMD substrate is the mRNA encoding 

mitogen activated protein kinase kinase kinase 14 (MAP3K14/NIK), an enzyme in the NFκb 

pathway known to trigger inflammatory responses, including chemokine expression. Consistent 

with this, IMTs with UPF1 mutations were found to have elevated levels of chemokines and 

infiltrating B cells. Together, these data support a model in which UPF1 mutations downregulate 

NMD, leading to NIK mRNA upregulation and the consequent immune infiltration characteristic of 

benign IMTs (Lu et al., 2016).  

In the case of ASC, it is unknown what transcripts dysregulated by NMD contribute to the 

generation of these malignant tumors. Wang et al. found that the high-confidence NMD target 

transcripts in another tumor type—osteosarcoma—encode several statistically overrepresented 

categories of proteins, including those involved in cell cycle, cell growth, growth factor signaling, 
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cell migration, and apoptosis (Wang et al., 2011a). This raises the possibility that NMD acts as a 

tumor suppressor pathway by degrading transcripts encoding proteins promoting cell growth and 

survival. In tumors in which NMD is suppressed, these transcripts would be stabilized, leading to 

higher expression of growth- and survival-promoting proteins, and thus more favorable conditions 

for the tumor.  

 

Glutathione-mediated defense against ROS stress  

A common form of stress elicited under many circumstances, including in the tumor 

microenvironment, is ROS (Estrela et al., 2006). Indeed, tumor cells themselves can generate 

ROS and thereby trigger the death of surrounding cells (Estrela et al., 2006). ROS-induced 

damage is counteracted by glutathione (GSH), a well-studied antioxidant that directly neutralizes 

free radicals and reactive oxygen compounds (Estrela et al., 2006; Valko et al., 2007). GSH is a 

tripeptide made up of glutamic acid, glycine, and cystine, the latter of which is an oxidized form of 

cysteine. Cystine is transported to the inside of cells though a cystine-glutamate antiporter called 

xCT. The critical subunit of this cystine-glutamate transporter is SLC7A11, which is encoded by 

an RNA that is targeted for decay by NMD (Lewerenz et al., 2013; Martin and Gardner, 2015) 

(Fig. 3.3). This has important potential implications, as it predicts that the many circumstances 

that lead to inhibited NMD (as described in the sections above) will raise SLC7A11 level and thus 

increase the levels of the amino acids needed to generate GSH for protection against ROS-

induced damage. Indeed, it has been empirically found that perturbed NMD triggers increased 

SLC7A11-mediated cystine transport and increased cellular GSH levels (Martin and Gardner, 

2015). Both hypoxia and the UPR-activating agent, tunicamycin, increased GSH and SLC7A11 

mRNA levels, mimicking the effects of NMD inhibition (Martin and Gardner, 2015). This effect 

depends on eIF2α phosphorylation, consistent with hypoxia and tunicamycin acting by inhibiting 

NMD. 
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 These results raise the possibility that NMD is an integral part of an inducible system that 

provides antioxidant protection. In this system, stress inhibits NMD, which leads to increased 

cystine transport and consequent increased levels of the antioxidant GSH. If this inducible model 

is correct, this leads to the prediction that suppressing NMD would enhance the ability of cells to 

handle H2O2 toxicity. In support, Martin et al. depleted U2OS cells of UPF1, and found that this 

treatment allowed the cells to survive higher doses of H2O2 (Martin and Gardner, 2015). This 

effect depended on SLC7A11, as depletion of SLC7A11 did not allow NMD-suppressed cells to 

survive high H2O2 doses (Martin and Gardner, 2015). This data indicating that the NMD pathway 

reduces the ability of cells to survive H2O2 stress, contrasts with NMD’s ability to increase survival 

in response to ER and hypoxic stress (Gardner, 2008; Karam et al., 2015; Sakaki et al., 2012; 

Usuki et al., 2013). The finding that suppressed NMD enhances cell survival to H2O2 stress raises 

the possibility that combination treatment with both NMD repression therapy and antioxidants is 

a more efficacious prophylactic treatment for cancer than antioxidants alone.  

 

Pro-apoptotic agents inhibit NMD 

Not only does NMD influence apoptosis, but apoptosis activation has been found to affect 

NMD. Two recent studies—Popp et al. and Jia et al.—showed that several different pro-apoptotic 

agents—including doxorubicin, etoposide, cycloheximide, and staurosporine—all have the ability 

to suppress the NMD pathway (Jia et al., 2015; Popp and Maquat, 2015). NMD magnitude was 

decreased by 2- to 4-fold. Cell lines from a wide variety of species—human, canine, hamster, 

bovine, and green monkey—responded to staurosporine and doxorubicin by suppressing NMD, 

indicating that this NMD suppression response is conserved. Intriguingly, chemotherapeutic 

agents were found to suppress NMD by triggering cleavage of the NMD factors, UPF1 and UPF2 

(Fig. 2.1). UPF1 is cleaved after the Aspartate at position 37, which is in a well-conserved region 

just upstream of the UPF2- and eRF3-binding domain - the CH domain (Hwang and Maquat, 

2011). UPF2 is cleaved in the second MIF4G domain, which is thought to be essential for UPF2 
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activity (Clerici et al., 2014). Caspase 3 and Caspase 7 were found to be responsible for UPF1 

and UPF2 cleavage. Caspase-induced cleavage of UPF1 and UPF2 was relatively specific, as 

staurosporine treatment did not lead to cleavage of the branch-specific NMD factor, UPF3B, 

despite its harboring a potential Caspase-cleavage site (Clerici et al., 2014).  

 How does UPF1 and UPF2 cleavage lead to reduced NMD? One obvious possibility is 

that the truncated versions of these two UPF proteins are non-functional, which both groups found 

to be the case (Jia et al., 2015; Popp and Maquat, 2015). For this to lead to reduced NMD 

magnitude, a significant proportion of full-length functional UPF1 and/or UPF2 would need to be 

cleaved. Indeed, Jia et al. found the level of both full-length UPF1 and UPF2 was significantly 

reduced by chemotherapeutic agents. However, this may not be the only mechanism by which 

NMD magnitude is depressed.  Both groups found that the truncated forms of UPF1 and UPF2 

generated by Caspase-induced cleavage had dominant-negative activity. Thus, it is likely that 

chemotherapeutic agents inhibit NMD through a Caspase-mediated mechanism by both reducing 

the level of full-length UPF proteins and generating an NMD-inhibitory cleavage product.  

NMD deficiency is known to make cells more likely to undergo apoptosis in response to 

ER stress and hypoxia (Gardner, 2008; Karam et al., 2015; Sakaki et al., 2012). This raised the 

possibility that inhibited NMD triggered by chemotherapeutic agents leads to a downward spiral—

that ensures an apoptotic outcome—by increasing the sensitivity of apoptotic pathways. To 

assess the validity of this hypothesis, Popp et al. examined whether inhibiting NMD by an 

independent means rendered cells more sensitive to apoptotic death by chemotherapeutic 

agents. They found that the NMD inhibitor, NMDI-1—which interferes with the interaction of SMG5 

and UPF1—increased the sensitivity to apoptosis triggered by the chemotherapeutic agent 

doxorubicin (Popp and Maquat, 2015). In contrast, when HeLa cells expressed a non-cleavable 

version of UPF1, they were less sensitive to doxorubicin-induced apoptosis and thus had higher 

viability compared to control cells. These results strongly suggest that UPF1 cleavage induced by 

chemotherapeutic agents causes increased sensitivity to pro-apoptotic agents.  
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Together, these studies suggest there is an intimate interplay between apoptosis and 

NMD. Conditions that favor apoptosis suppress NMD, while NMD protects cells from apoptosis 

(Fig. 4.2). What might be the physiological significance of this? As indicated above, I suggest that 

suppression of NMD by conditions favoring apoptosis would further sensitize these cells towards 

apoptosis engagement, thereby creating a positive feedback loop to ensure that the apoptosis 

mechanism is triggered. This would also potentially tend to drive more rapid apoptosis induction, 

allowing for faster recycling of cellular components for neighboring healthy cells. By promoting 

rapid and efficient death of diseased and stressed cells, NMD would allow an organism to survive.   

In this chapter, I investigate whether the inducer of cellular stress and of apoptosis as a 

result can inhibit NMD and compare results by various methods. I also investigate new targets of 

NMD, which may be used to measure NMD magnitude in the future. 

 

  



 

 147 

  

Figure 4.2 NMD and apoptosis have a complex regulatory relationship II. 
A - NMD inhibits cell death triggered by apoptosis-inducing agent. 
B - Sustained and/or strong stress leads to suppression of NMD, thereby triggering 
apoptosis 
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MATERIALS AND METHODS 

Cell culture 

HeLa, Neuro-2a, and U2OS cells were grown in DMEM (Gibco), 10% fetal bovine serum 

(Hyclone). HeLa cells and were transfected using Lipofectamine 2000 (Invitrogen). P19 cells were 

grown in α-MEM (Gibco 12561), 10% fetal bovine serum. To differentiate, P19 cells were grown 

in 5x10-7 M retinoic acid (Sigma R2625-50MG) in α-MEM for up to 7 days as sphere-like structures 

in low attachment plates (Fisher 07-200-601). 

Cycloheximide (Sigma C7698-1G) was dissolved in 100% ethanol to 100 mg/mL, then 

added to cells at 1:1000 concentration in cell culture media. 

 

Transfection  

NMD activity was measured using a ratio of expression of the NMD reporter plasmids pCI-

Neo-WT PTC (-) and pCI-Neo-NS39 PTC (+), which both express Renilla luciferase (Boelz et al., 

2006). These were cotransfected with pCI-Neo-FLY, a firefly luciferase plasmid, to control for 

transfection efficiency, using Lipofectamine 2000 (Invitrogen 11668019) at levels specified by 

manufacturer in OPTI-MEM (Invitrogen 31985-088). Treatment of cells with arsenic occurred 24 

hours post transfection. Luciferase level was measured using the Dual Luciferase Reporter Assay 

System (Promega E1960). NMD activity was also measured using NMD reporter plasmids 

previously described in (Pereverzev et al., 2015) and in HeLa cells constitutively expressing 

Fireworks NMD reporters (Alexandrov et al., 2017). siRNAs against human UPF1 and control 

siRNA (Ambion) were used as described in Chapter 3 on U2OS cells. 

 

Vectors (NMD reporter)  

NMD activity was measured in mNSCs using lentiviral constructs containing the NMD 

reporters pCI-NEO-WT PTC (-) and pCI-NEO-NS39 PTC (+), which both express Renilla 

luciferase (Boelz et al., 2006). They were coinfected with pCI-NEO-FLY, a Firefly luciferase 
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control virus, for 12-16 hours before media was changed. Virus was produced in HEK cells. Virus 

was co-infected with 6 μg/mL polybrene (Sigma TR1003). Media was changed and collected as 

per EH&S regulations morning after infection. Sodium arsenite (Spectrum LC22870-06) was 

added to mNSCs 48 hours post infection. Cells were subsequently washed in 1XPBS and 

collected in 1X Passive Lysis Buffer (Promega E1960).  

 

Incucyte 

The incucyte zoom system was briefly demo-ed in the building. 96-well plates were used 

with HeLa cells transfected with GFP/RFP NMD reporters. 24 hours after transfection, N2A cells 

were split into 96 well plates and arsenic was added in varying amounts. Cells were monitored 

every 30 minutes by instrument, and software computed green object count. 

 

SRSF RT-PCR 

HeLa cells were grown in 12 well plates, and sodium arsenite or arsenic trioxide was 

added for up to 24 hours. HeLa cells were collected in Trizol, and RNA was collected as previously 

described. cDNA was made using iScript as previously described, and PCR was performed using 

30 cycles of PCR reaction (95C 30s, 55C 30s, 68C 1minute). Reactions were run on a gel and 

imaged. 

 

RNA isolation and analysis 

Total cellular RNA for HeLa cells, mouse cortex, and N2A cells was isolated using Trizol 

(Invitrogen), as described (Lou et al., 2014). Total RNA for mNSCs was isolated using Trizol 

combined with Direct-zol RNA MiniPrep Kit (Zymo Research). RNA was isolated in Trizol, and 

bound to a spin column, according to Zymo instructions. Eluted RNA was used for RNA 

sequencing. Quantitative PCR (qPCR) analysis was performed in triplicate using cDNA made 

using iScript reverse transcriptase (Bio-Rad) and SYBR-green Real-Time PCR kits (Bio-Rad), as 
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described (Lou et al., 2014). Unless otherwise noted, all qPCR experiments were normalized to 

the level of Rpl19 RNA in mice and RPL19 in humans. All primer sequences are provided in Table 

4.1.  

To determine the half-life of endogenous mRNAs, HeLa and U2OS cells were treated with 

actinomycin D (Thermo Fisher 11805017 at 5μg/mL) and collected at 15 min, 30 min, 1 h 15 min, 

2 h 15 min and/or 4 h 15 min after treatment.  

For exon analyses, .bam files from STAR were normalized, analyzed for differential 

expression, and filtered using LimmaVoom. Exons were mapped to a previously established 

dataset demarcating putative NMD sensitive exons (Yan et al., 2015). This analysis was 

performed by Dana Burow, a postdoc in Miles Wilkinson’s lab. 

mNSC Growth and Differentiation 

mNSCs were derived from mice as described in chapter 2. To grow undifferentiated, the 

mNSCs were grown as spheres in Neurocult basal media (StemCell Tech 5700) plus 0.5X B-27 

(Thermo Fisher 12587010) plus 0.5X N2 supplement (Life Technologies 17502048), with 20 nM 

EGF (StemCell Tech 2633). To differentiate cells, cells were accutased (StemCell Tech) into 

single cells and grown on dishes coated with poly-L-ornithine (Sigma-Aldrich P4957) and laminin 

(Sigma-Aldrich L2020). Cells were grown in basal media above but without any EGF. Media was 

changed at least once every two days. 
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Table 4.1 qPCR primers 
 

Gene Forward Primer (5'->3') Reverse Primer (5'->3') Species 

L19 ATGAGTATGCTCAGGCTACAGA GCATTGGCGATTTCATTGGTC mouse 

GAPDH 
TTCCAG TATGAC TCCACT 
CACGG 

TGAAGA CACCAG TAGACT 
CCACGAC mouse 

SdhA GCTTGCGAGCTGCATTTGG CATCTCCAGTTGTCCTCTTCCA mouse 

Hnrnpl CAACCTCAGTGGACAAGGTG  CCTCATATTCTGCGGGATGA mouse 

Hnrnpl 
NMD GGTCGCAGTGTATGTTTGATG  GGCGTTTGTTGGGGTTACT mouse 

Psd95 TCCAGTCTGTGCGAGAGGTA ACGGATGAAGATGGCGATAG mouse 

Psd95 
NMD CGAGAGGTAGCAGAGCAGAGA AAGCACTCCGTGAACTCCTG mouse 

Tra2b GGAGCTTGACAGCTTCAGGA  AAGCAGAACGGGATTCCC mouse 

Tra2b 
NMD TGGAATCAGAAAGCACTACGC  GAGTCTTCCTTGGAGCGAGA mouse 

Srsf11 TCCAGACTCAGCAGTTGTGG  TCTCATCAGGAATAACTCTTCAGC mouse 

Srsf11 
NMD TCCAGACTCAGCAGTTGTGG  GGCTGAACCAGGGAAAAGA mouse 

Gadd45B CAACGCGGTTCAGAAGATGC GGTCCACATTCATCAGTTTGGC mouse 

Gas5 TTTCCGGTCCTTCATTCTGA TCTTCTATTTGAGCCTCCATCCA mouse 

GAS5 CCTGTGAGGTATGGTGCTGG CTGTGTGCCAATGGCTTGAG human 

UPF1 aag gtc cct gat aat tat ggc atc ctg tca aag gag gtc gac human 

UPF2 AGG GAG CAC CTA ATG CAG AT CTC ATT CAA TTG CTG GAG GA human 

UPF3B 

GAA TCT CAG TGA TGA AAG 
AGC 

CCG CTC TCA TCT TCA GGT CTC 
human 

ATF3 GATGTCCTCTGCGCTGGAAT CTTCTTGTTTCGGCACTTTGC human 
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Table 4.1 qPCR primers, Continued 
 

Gene Forward Primer (5'->3') Reverse Primer (5'->3') Species 

CHOP ACC AAG GGA GAA CCA GGA AAC TCA CCA TTC GGT CAA TCA GAG human 

GADD45 AGACAGGACCCCCGAAGCT GGGCTTGCAGTCAGTCTCACT human 

L19 TGCCCGAATGCCAGAGAAG TCAGGTACAGGCTGTGATACA human 

GAPDH CTG CTC CTC CTG TTC GAC AGT ACC TTC CCC ATG GTG TCT GA human 

BACTIN cct ggc acc cag cac aat gcc gat cca cac gga gta ct human 

ARFRP1 GGCCTAAACATCGGCACTGT ACTCCGCATAATACTTGTCCCA human 

CHST3 CATATCAAGGGTCTCAGACAAGC GCGTTCTCAGCTAAGATCAGGG human 

MAPK7 GGTGACTTTGGTATGGCTCGT CCAGAGGTCAATAGCCTGTGTA human 

MAP3K14 CCACCTTTTCAGAACGCATTTTC GTAGCATGGGCCACATTGTTG human 

RP9 CTGGCTCATGCACCAACTAAA GTTCGGTGACCATAGCGTTTG human 

UPP1 GGTGCTCCAACGTCACTATCA TTGAAGCAGGTATCCACTGCC human 

AS3MT GCTACATTGAGAAGTTGGGAGAG CACCCGATATGCCTCCTGAA human 

CYB561 TATAGCGCATTTGAGCCCGAG CCGGGTCAAGATGTAGAGCAC human 

TSSC4 GCTGGACCAAGTACAGCCTG GGAGGACACGCAGTCAGTG human 

ZNF581 GCATTTTCCTCCGTTGAGACC CCCTGAGTGTCAATAAGCAGGTA human 

Srsf1 F gtctatctgccctggtttgtgtg ggattgggatccagtgagcc human 
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RESULTS 

Arsenic increases the level of known NMD target RNAs 

One way to assess whether NMD is suppressed by arsenic exposure is to look at NMD 

targets. Since NMD is an RNA decay pathway, inhibition of NMD should lead to upregulation of 

mRNA targets. I found that two direct UPR genes, ATF3 and CHOP, are upregulated by arsenic 

exposure in HeLa cells (Fig. 4.3). Two other NMD target genes, GAS5 and GADD45B, are 

indirectly related to cellular stress, as they are components of apoptotic signaling as described in 

chapter 2. RNA of these genes is also upregulated in expression by arsenic exposure.  

 

Arsenic suppresses NMD activity, as measured by NMD reporters 

NMD is likely suppressed by arsenic toxicity, as arsenic activates a cellular stress pathway 

called the unfolded protein response (Li et al., 2011; Martin and Gardner, 2015; Weng et al., 

2014). The unfolded protein response is known to inhibit NMD. Arsenic exposure also causes the 

formation of stress granules, which are known to form under low translation conditions, and which 

are known to inhibit NMD activity (Brown et al., 2011). Thus, it is a possibility that arsenic’s 

upregulation of processed pseudogenes may reflect an alteration of NMD, or some other RNA 

regulatory pathway. Indeed, we find that NMD activity is suppressed by arsenic exposure in HeLa 

cells transfected with an NMD reporter, and in mNSCs via infection of an NMD reporter (Fig. 4.4). 

It appears that NMD magnitude is much lower following exposure to arsenic after 24 hours, and 

this reduction in NMD magnitude may start as early as 6 hours after exposure in HeLa cells. There 

was much more variability in response of mNSCs compared to HeLa cells, but this would be 

expected as mNSCs were derived from 3 separate individuals, whereas HeLa cells are 

immortalized cells. 

As the luciferase reporter is not the only way to measure NMD magnitude, we used other 

approaches to measure NMD magnitude following arsenic exposure. I was lucky to have access 

to the Incucyte instrument to perform this experiment and record data from NMD reporters over  
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Figure 4.3 Arsenic affects expression of putative NMD targets.  
A - qPCR analysis of UPR components in control HeLa cells (shLuciferase) after treatment with 
15 µM  NaAsO2. The data shows that the UPR was activated. n = 1. 
B - qPCR analysis of known stress-independent NMD substrates after 15 µM NaAsO2 exposure. 
n = 1. “1” is the level of RPL19 in untreated cells at each timepoint 
 
  

A 
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Figure 4.4 NMD magnitude reduced following arsenic exposure in HeLa cells and mNSCs. 
A - HeLa cell exposure to 50 μM sodium arsenite for different lengths of time following transfection 
of PTC+ or PTC- NMD reporter plasmids, along with firefly plasmid. Bars represent SEM. “1” 
represents normalized PTC-/+ value in untreated, transfected, cells. Data acquired by author and 
Charlotte Marx. 
B - female mNSC exposure to arsenic for 24 hours following infection of virus for PTC+ or PTC- 
NMD reporter, along with firefly virus. Bars represent SEM. “1” represents normalized PTC-/+ 
value in untreated, infected, cells. Virus was made by Kun Tan 
 

A 
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time. The GFP/RFP PTC+ reporter (Pereverzev et al., 2015) was transfected into Neuro 2a cells, 

which are derived from a mouse neuroblastoma. After transfection, these cells were exposed to 

arsenic and NMD reporter activity (green and red fluorescence) was measured over time (Fig. 

4.5). Green fluorescence of the PTC+ reporter indicated that NMD magnitude was low. If NMD 

magnitude was high enough, only red fluorescence would be seen. One thing to note is that 

arsenic causes apoptosis, and the reporter might not be expected to perform properly following 

apoptosis. I did see an increase in green fluorescent objects from arsenic addition over control. 

The peak of fluorescent objects was around 6-12 hours for 50 and 100 μM sodium arsenite, but 

then the reporter was dramatically reduced. This could have been due to cells dying off, and no 

longer expressing the reporter. However, the 25 μM sodium arsenite treated well had sustained 

increase in green objects, peaking around 12 hours, but continuing through 48 hours above 

control levels of green fluorescent objects. From these experiments, it appears that arsenic 

inhibits NMD, at least while the cells remain viable.  

A third way to measure NMD magnitude is through flow cytometry analysis of NMD 

reporter cells. While the GFP/RFP reporter from before may have been used successfully with 

flow cytometry analysis, there was a new, brighter reporter system for this task, called Fireworks 

(Alexandrov et al., 2017). There are two HeLa based reporter cell lines from this lab, which were 

generously gifted to us. One example, the “green” reporter line, expresses GFP under control of 

β-globin without a premature termination codon, and expresses RFP under control of β-globin 

with a premature termination codon. The PTC renders the RFP reporter sensitive to NMD 

magnitude. When sodium arsenite was added to these cells for 24 hours, the cells expressed 

more RFP than control cells (Fig. 4.6). If repeated, this experiment may also support the claim 

that arsenic suppresses NMD magnitude.  
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Figure 4.5 NMD magnitude suppressed by arsenic exposure as measured by RFP/GFP 
reporter in Neuro-2A cells. 
Neuro-2A cells transfected with PTC+ version of GFP/Petrushka reporter were then exposed to 
NaAsO2 and monitored over time for GFP expression, a marker of PTC+ using incucyte 
instrument. Bars represent standard deviation, n = 3 
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None          50 μM NaAsO
2
 24 h 

Figure 4.6 NMD magnitude suppressed by arsenic exposure as measured in HeLa green 
fireworks cells. 
HeLa cells expressing green Fireworks reporter (RFP is expressed by PTC+, GFP is expressed 
by PTC- version of β-globin) were exposed to 50 μM of NaAsO2 for 24 hours before flow 
cytometric analysis. n = 1 
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Arsenic inhibits NMD, as judged by the ratio of NMD-sensitive and -insensitive RNA 

isoforms 

The previous approaches all required transfection or infection of a non-endogenous 

expression vector. As a result, the reporter may not behave the same as endogenous targets of 

NMD in vivo. To combat this problem, one can measure levels of endogenous targets. The best 

way to do this is to measure two RNAs whose transcription should be regulated equally. This 

would reduce the chance that expression differences are transcriptionally derived, rather than 

derived from degradation of the mRNA post-transcriptionally. In this regard, Sika Zheng’s lab 

reported on several mRNAs which express both an NMD-sensitive and an NMD-insensitive 

isoform (Li et al., 2016). We tested expression levels of 4 of these genes, both the NMD-sensitive 

forms and NMD-insensitive forms by qPCR in Neuro-2A cells (Fig. 4.7). After sodium arsenite 

exposure, several of the NMD-sensitive isoforms (Hnrnpl NMD sensitive and Tra2b NMD 

sensitive) increased in expression, while their insensitive isoforms remained expressed at the 

same level as in untreated Neuro-2A cells. This suggests that arsenic suppresses NMD. However, 

two other targets, Psd95 and Srsf11, did not show changes in the NMD sensitive transcript relative 

to untreated. Perhaps these particular NMD-sensitive isoforms do not respond to arsenic because 

only a particular branch of NMD is affected by arsenic exposure. Another possibility is that these 

transcripts are not highly enough expressed in Neuro-2A cells, which might make it difficult to 

assess differences in expression level upon NMD suppression. Two other well-known NMD 

targets, GADD45 and GAS5 (Nelson et al., 2016; Tani et al., 2013a) were upregulated by arsenic 

exposure in these cells (Fig. 4.7).  

 Like the targets identified by Sika Zheng’s group, serine arginine rich splicing factors 

(SRSF) genes are also commonly spliced into NMD-sensitive and insensitive isoforms (Lareau et 

al., 2007; Lareau and Brenner, 2015). SRSF1 is one of these genes, and when a particular intron 

is spliced out, it becomes sensitive to NMD. The ratio of the shortened isoform (NMD sensitive) 

to the longer isoform (NMD insensitive) can give a measure of NMD magnitude. The   
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Figure 4.7 Arsenic exposure increases expression of NMD-sensitive isoforms of 
some targets relative to non-NMD sensitive isoforms.  
Neuro-2A cells were exposed to 25 μM sodium arsenite (NaAsO2) for 24 hours. n = 3, 
bars represent SEM. “1” is the level of GAPDH in untreated cells. Bars represent SEM, 
n = 3. “1” is the level of GAPDH in untreated cells 
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more NMD sensitive isoform, the lower NMD must be in the cells. When HeLa cells were exposed 

to arsenic trioxide or sodium arsenite for up to 24 hours, we would expect NMD to be reduced, 

and the lower band to be more prevalent than the upper. This was not really the case for 9 or 12 

hours of exposure, either of arsenic trioxide or sodium arsenite (Fig. 4.8). However, after 24 hours 

there appeared to be more of the lower band than the upper for 10 μM arsenic trioxide and 10-15 

μM sodium arsenite. This data partially supports the idea that arsenic reduces NMD magnitude. 

If other splicing factors showed similar patterns, this would further support arsenic’s ability to 

suppress NMD. 

 

Arsenic does not measurably suppress expression of NMD factor RNAs 

 Theoretically, there could be several ways to inhibit NMD. One way could be by affecting 

expression of factors involved in NMD. To test whether arsenic inhibits expression of NMD factors, 

HeLa cells were exposed to arsenic for varying lengths of time before RNA was collected for 

qPCR. Generally, NMD factor expression levels remained constant across 24 hours of exposure 

(Fig. 4.9). There may have been a slight dip in expression around 12 hours, but the RNA levels 

returned to normal by 24 hours of arsenic exposure, suggesting that this is not a lasting effect on 

expression. The known NMD target GAS5 only showed modestly increased expression, which 

was not very correlated with NMD factor expression (Fig. 4.9). This suggests that the GAS5 

changes, although subtle, were likely not due to NMD target expression changes, but some other 

mechanism for altering NMD magnitude. This fits with prior literature, which demonstrate that 

NMD suppression occurs through alterations in translation efficiency, inhibited eIF2α 

phosphorylation, and miRNAs (Gardner, 2008; Wang et al., 2011b). 

 

Arsenic inhibits the UPF3B-independent branch of NMD  

Although arsenic inhibits NMD, it is not clear whether arsenic inhibits all forms of NMD or 

just certain branches of NMD requiring specific factors. One branch of NMD is the UPF3B-  
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Figure 4.8 Arsenic exposure might increase expression of NMD-sensitive isoforms of 
SRSF1 relative to non-NMD sensitive isoforms.  
HeLa cells were exposed to 5, 10 or 15 μM sodium arsenite (NaAsO2) or 0, 5, or 10 μM arsenic 
trioxide (As2O3) for the durations listed, then RNA was collected and RT-PCR was performed 
using primers for NMD-sensitive SRSF1 (lower band) and NMD-insensitive form of SRSF1 (upper 
band) using primers from prior literature (Lareau et al., 2007).  
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Figure 4.9 Environmental toxicants do not affect NMD component expression although 
they may affect NMD target expression.  
HeLa cells expressing shLuciferase were exposed to 5 μM arsenic (III) trioxide (As2O3) for 0, 3, 
6, 12 or 24 hours. Bars represent SEM, n = 3. “1” is the level of L19 in untreated cells at each 
timepoint. qPCR performed by author and by Charlotte Marx. Data analyzed using R program 
made by Nadav Elata 
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dependent branch (Chan et al., 2007). If arsenic inhibits the UPF3B-dependent branch of NMD, 

upregulated targets of UPF3B depletion should also be upregulated by arsenic exposure. 

However, there was little overlap when comparing targets upregulated by lack of UPF3B or by 

arsenic exposure in mNSCs or in mouse frontal cortex (Fig. 4.10). Although this undermines the 

idea that arsenic might suppress UPF3B-dependent NMD, there are a few reasons arsenic could 

still target this particular branch of NMD. One reason is that the cutoff for arsenic upregulated 

transcripts in mNSCs was very stringent - log2fold change of greater than 2 (i.e., a 4-fold change). 

NMD magnitude alterations often lead to much more subtle changes, in the range of 2- to 3-fold 

(Mendell et al., 2004; Wang et al., 2011b). In addition, many targets of NMD and of UPF3B do 

not exhibit changes at the steady-state expression level. Instead, they show altered stability, 

which could be assessed by other means such as degradation after actinomycin D treatment, or 

through TU tagging methodologies. Nevertheless, the low degree of overlap between arsenic 

upregulated transcripts and UPF3B KO-upregulated transcripts suggests that arsenic’s main 

mode of action is through altering the magnitude of UPF3B-independent NMD, a pathway that my 

laboratory defined 10 years ago (Chan et al., 2007). 

To determine whether there might be any patterns in the types of transcripts that are 

regulated by arsenic, we found classifications for each transcript provided by Ensembl and 

Havana. The majority of transcripts detected by RNA-seq were protein-coding (Fig. 4.11). 

However, there was a marked increase in the unprocessed- and processed-pseudogene 

categories among the transcripts which were upregulated in arsenic-treated wild type mouse 

frontal cortex as compared to the enrichment across all transcripts. Processed pseudogenes are 

regulated by NMD, as they are formed by genetic drift and evolution resulting in mutations; many 

of these mutations result in formation of a PTC, a common feature of NMD target mRNAs 

(Mitrovich and Anderson, 2005; Muir et al., 2017). There is also an increase in lincRNAs among 

the downregulated transcripts (Fig. 4.11). This is consistent from recent findings suggesting   
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               mNSCs:             Frontal Cortex: A B 

Figure 4.10 The transcript expression changes due to arsenic exposure show minimal 
overlap with expression changes due to UPF3B depletion. 
A - Venn diagram of transcript changes in mNSCs following arsenic exposure (“Arsenic”) and 
changes in Upf3b-null mNSCs versus wild-type (“3BKO”). 
B - Venn diagram of transcript changes in frontal cortex following arsenic exposure (“Arsenic”) 
and changes in Upf3b-null frontal cortex versus wild-type frontal cortex (“3BKO”). 
Frontal cortex categories: Up: p < 0.01 and log2 fold change > 0. Down: p < 0.01and log2 fold 
change < 0 
Arsenic mNSCs: q < 0.05 and log2 fold change > 2 
3BKO mNSCs: q < 0.05 and log2 fold change > 0 
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Figure 4.11 Ensembl biotypes of changes in wild-type frontal cortex following arsenic 
exposure. 
Classification of transcripts in frontal cortex by Ensembl/Havana/Vega biotyping. Up: p < 
0.01 and log2 fold change > 0. Down: p < 0.01 and log2 fold change < 0 
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changes in lincRNAs in workers exposed to arsenic trioxide, and changes in the lincRNA Gas5 in 

mice exposed to arsenic (Caldwell et al., 2017; Wen et al., 2016). 

The finding that arsenic inhibits NMD predicts that arsenic would increase the level of 

inclusion of NMD-sensitive isoforms in alternative splicing and decrease the level of NMD-

insensitive or NMD-exclusion isoforms. However, my results did not conform to this prediction, as 

there was no change in the number of NMD_in (inclusion results in NMD sensitivity), NMD_ex 

(exclusion results in NMD sensitivity), coding, and other exons in the transcripts significantly 

upregulated by arsenic exposure or by loss of UPF3B as compared to baseline (Fig. 4.12). For 

the analysis of exon inclusion in Upf3b-null versus wild-type mNSCs, the distribution of these 

categories may not have changed because too few exons were actually significantly changed 

compared to controls. The number of changed transcripts was low because this was a steady-

state experiment, and was not able to measure changes in stability of transcripts in an NMD-

deficient model. In the case of arsenic, there were a large number of exons to pull from, so this 

explanation would not be valid. Another possibility is that changes at the global exon level were 

not visible but might be easier to distinguish at the level of exons within individual genes. To 

examine this, exons from various putative NMD targets were gathered, and a heatmap was made 

of their expression level log2fold change in arsenic-treated cells and in Upf3b-null mNSCs 

compared to wild type mNSCs (Fig. 4.13). Here too, it appears that exons from the same gene 

were correlated in their exon expression changes in both arsenic and Upf3b-null changes. It may 

be difficult to distinguish which coding exons are part of an alternatively spliced isoform of a 

transcript, and which are present in all alternatively spliced forms. This may make quantification 

difficult. It is also possible again, that since these changes were measured at steady-state levels, 

not stabilization of given transcripts, we were not able to see a difference in general expression 

patterns of these exons. 
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Significantly changed exons: 

Figure 4.12 Arsenic and UPF3B depletion do not change general ratio of upregulated 
exon subtypes. 
Classification of exons in transcripts upregulated by arsenic in mNSC by database by Yan et 
al. (Yan et al., 2015). NMD ex- NMD exclusion exon. NMD in- NMD inclusion exon. Coding- 
exon involved in normal coding isoform. Other- not classified as usual coding exon or targeted 
by NMD. 
(A) Bars represent total range of values. (B) Cumulative frequency plot of exon type/total exons 
counted. Arsenic significantly up: q < 0.05 and log2 fold change > 2. 3bko significantly up: q < 
0.05 and log2 fold change > 0. Exons mapped and analyzed by Dana Burow, PhD 
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Figure 4.13 NMD inclusion and exclusion exons present in about same amount as coding 
in mNSCs after arsenic exposure or in Upf3b-null mNSCs compared to WT mNSCs. 
Classification of exons in transcripts upregulated by arsenic in mNSC by database by Yan et al. 
(Yan et al., 2015). Transcripts surveyed are common NMD targets. NMD ex- NMD exclusion exon. 
NMD in- NMD inclusion exon. Coding- exon involved in normal coding isoform. Other- not 
classified as usual coding exon or targeted by NMD. Arsenic significantly up: q < 0.05 and log2 
fold change > 2. 3bko significantly up: q < 0.05 and log2 fold change > 0. Exons mapped and 
analyzed by Dana Burow, PhD 
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DISCUSSION 

Arsenic suppression of NMD 

My evidence from multiple methods of measuring NMD magnitude supports an ability of 

inorganic arsenic to suppress NMD. This was expected, as inorganic arsenic is known to activate 

cellular stress pathways that repress NMD, such as the unfolded protein response, stress granule 

formation, and eventual apoptosis (Panas et al., 2015; Rocha et al., 2011; Weng et al., 2014). It 

was also previously claimed that arsenic inhibits NMD, based on a NMD luciferase reporter assay 

(Wang et al., 2011b), supporting my findings. While evidence supports an ability of arsenic to 

inhibit NMD, it is not entirely clear by what mechanism. 

We discussed one possible mechanism by which stress inhibits NMD – through eIF2α 

phosphorylation and SG formation, in chapter 3. However, it will be important to determine 

whether other mechanisms might also be involved. For example, the discovery that exogenous 

pro-apoptotic agents inhibit NMD by triggering caspase-dependent UPF1 and UPF2 cleavage (Jia 

et al., 2015; Popp and Maquat, 2015) (Fig. 2.1), raises the possibility that this mechanism might 

also contribute to NMD inhibition in response to endogenous, naturally occurring signals. For 

example, ER stress might inhibit NMD through not only induction of eIF2α phosphorylation 

(Gardner, 2008; Wang et al., 2011b), but through UPF cleavage. In addition, UPF cleavage-

mediated NMD inhibition could provide a mechanism by which stressors promote timely apoptosis 

during early embryonic development in the nervous system and immune system, and in wound 

healing in the skin (Greenhalgh, 1998; Nijhawan et al., 2000; Opferman and Korsmeyer, 2003). 

Indeed, even circumstances that require NMD downregulation for normal biological events not 

necessarily involving apoptosis—such as neural and endoderm differentiation (Ivone G. Bruno et 

al., 2011; Lou et al., 2016, 2014)—could involve UPF cleavage.   

An avenue for future research is to investigate why NMD tends to be inhibited, rather than 

activated, by stress in mammals. In this regard, it is worth noting that—in Saccharomyces 

cerevisiae—evidence suggests that osmotic stress increases NMD magnitude (Garre et al., 2013; 
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Kawashima et al., 2014). This may be a mechanism to degrade ribosomal protein mRNAs by 

NMD and thereby redirect the translational apparatus to stress-response mRNAs, many of which 

are immune to NMD. It would be interesting to see if there are any cases where NMD is instead 

activated by cellular activity, as there must be some way for NMD to return to homeostasis.  

The ability of NMD to both regulate and shape stress responses raises the possibility that 

NMD modulatory therapy could be clinically beneficial in some disease settings. One example is 

cancer.  NMD activator therapy would be predicted to be efficacious for the treatment of tumors, 

as increasing evidence suggests that NMD is a tumor suppressor pathway (Liu et al., 2014; Lu et 

al., 2016; Wang et al., 2011a) and tumors are known to have suppressed NMD as a result of 

hypoxia and ER stress (Gardner, 2008; Wang et al., 2011b). NMD activator therapy could also 

potentially protect normal cells from chemotherapy-induced death. This follows from the findings 

that (i) chemotherapeutic agents reduce NMD factor expression and NMD activity in mice in vivo 

(Jia et al., 2015) and (ii) NMD protects normal cells from apoptosis (Nelson et al., 2016; Popp and 

Maquat, 2015; Tani et al., 2013b). If, indeed, future studies show that NMD activator therapy 

increases normal cell survival, this may allow higher doses of chemotherapeutic agents to be 

administered to cancer patients, and it could facilitate recovery after chemotherapy treatment.  

 

Need for NMD Activators 

 NMD activator therapy could also potentially be used to treat some forms of 

neurodegenerative disease. This follows from the fact that the hallmark of several 

neurodegenerative diseases—including Alzheimer’s and Parkinson’s disease—is chronic UPR 

activity (Hoozemans and Scheper, 2012). Because the UPR pathway inhibits NMD (Gardner, 

2008; Karam et al., 2015; Wang et al., 2011b), it is likely (though not yet directly tested) that NMD 

is suppressed in neural cells from such patients. Suppressed NMD is known to cause apoptosis 

(Nelson et al., 2016; Tani et al., 2013b) and, indeed, neurodegenerative disease is often 

accompanied by neuron loss (Lim et al., 2016). By restoring high levels of NMD, NMD activator 
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therapy has the potential to promote neuron survival. Neurodegenerative disease is also 

commonly accompanied by autophagy dysregulation (Lim et al., 2016), which may have a role in 

the formation of potentially toxic aggregates—such as amyloid plaques, tau tangles, and Lewy 

bodies—which are often present in diseased neurons (Lim et al., 2016). One approach to deplete 

such bodies is NMD inhibitory therapy, as this treatment would be predicted to stimulate 

autophagy (Wengrod et al., 2013). Conversely, NMD activator therapy could provide clinical 

benefit for neural diseases in which autophagy is abnormally elevated (Lim et al., 2016). Signaling 

pathways are also known to be dysregulated in several neurodegenerative diseases (Atwood and 

Bowen, 2015; Eixarch et al., 2017; Singh et al., 2016), which is interesting in light of the recent 

work demonstrating that the NMD pathway regulates TGF-β signaling and possibly Wnt and Notch 

signaling (Lou et al., 2016, 2014). This raises the possibility that NMD activation or inhibition 

therapy that reverses dysregulated signaling in neurodegenerative disease could provide clinical 

benefit. Future studies will reveal the full range of disease states in which NMD modulatory 

therapy reverses stress-related defects for therapeutic purposes. 

In order to measure whether new therapies can activate or inhibit NMD, it will be important 

to gain a further understanding of what normal targets of NMD are, and how these vary across 

cell populations and across stages of development and aging. While transfected and infected 

reporters are easy to use, they cannot be applied to all cell types due to issues with efficiency of 

transfection/infection in some cell types, and due to toxicity that might be caused by 

overexpression or by transfection/infection reagents themselves. Also, these reporters may affect 

cells in other ways that could affect NMD magnitude. Thus, there is justification to move to an 

endogenous approach to measure NMD. Nevertheless, the current endogenous reporters 

available have some issues, possibly related to cell type and developmental time. As NMD targets 

seem to vary across tissue types, the field needs to figure out which NMD targets are common 

across all cells, and which are dependent on certain factors intrinsic to the nature of the cells 

being tested. In addition, some targets may only be conserved in UPF3B-independent branches 
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of NMD, which could affect the ability to read out NMD magnitude. Maybe magnitude of each 

NMD branch needs to be measured, rather than general NMD magnitude as a whole. New 

reporters, endogenous or exogenous, need to be developed for this purpose. 
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ABSTRACT 

The full scope of NMD target RNAs has yet to be discovered. In this chapter, I investigate 

new targets of the NMD factor, UPF3B, in mouse neural cells in vitro and the brain in vivo. I 

compare these RNAs to previously identified candidate UPF3B target RNAs expressed in the 

adult mouse brain to uncover high-confidence NMD target mRNAs expressed across neural 

development into adults. Among these candidate NMD target RNAs are those encoding proteins 

involved in cellular signaling, cell fate and circadian rhythms.  
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INTRODUCTION 

As introduced in chapter 1, NMD targets mRNAs with specific features including an exon-

exon junction following the main open reading frame (Hurt et al., 2013; Mendell et al., 2004; 

Ramani et al., 2009; Somers et al., 2013a; Yepiskoposyan et al., 2011), long 3’ untranslated 

regions (Buhler et al., 2006; Eberle et al., 2008; Hogg and Goff, 2010; Huang et al., 2011a; Hurt 

et al., 2013; Singh et al., 2008; Yepiskoposyan et al., 2011), and upstream open reading frames 

(Somers et al., 2013b). RNAs with these features have been found to play important roles in many 

areas of biology, including cell cycle (Lou et al., 2014), self-renewal versus differentiation of stem 

cells (Jolly et al., 2013; Lou et al., 2014; Metzstein and Krasnow, 2006; Wittkopp et al., 2009), 

neural development (Colak et al., 2013; Huang et al., 2017; Long et al., 2010; Nguyen et al., 2014, 

2013; Tarpey et al., 2007), and development of many other cell lineages (Gong et al., 2009; 

Thoren et al., 2010; Weischenfeldt et al., 2008). Recent studies have also established a role for 

NMD in regulation of developmental signaling pathways, including BMP and TGF-β (Lou et al., 

2016, 2014). However, there are many other signaling pathways important for development that 

may also be regulated by NMD, such as Sonic hedgehog (Shh) and Notch.  

Shh is involved in patterning the ventral spinal cord during embryonic development. Shh 

may also be involved in axon guidance, plasticity and migration during development and 

adulthood, and is therefore involved in many aspects of neural development (Ferent and Traiffort, 

2015). Shh is secreted from the notochord and the floorplate of the neural tube. Those neurons 

that receive the most Shh become V3 neurons, which express Nkx2.2.  The neurons that receive 

the second highest amount of Shh become MN motor neurons, which express Olig2. The 

population that receives the least amount of Shh become V1 or V2 neurons, and these express 

Pax6 (Cohen et al., 2013). Shh signals through the Patched receptor. If Patched is unbound by 

Shh, it represses Smoothened signaling by keeping it localized in the cytoplasm; in this case 

Cos2/Kif7 and Suppressor of Fused (Sufu) direct phosphorylation of Gli activator transcription 

factors and degrade these factors through the proteasomal degradation pathway. Gli3 serves as 
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a repressor of Shh signaling, and thus it turns off Shh downstream genes. Once Shh binds 

Patched, Smoothened becomes localized to the membrane, and Sufu and Cos2/Kif7 release Gli 

activator proteins (Gli1/2) to localize to the nucleus. Once in the nucleus, Gli1/2 can act as 

transcription factors for downstream genes, and promote neural cell fate (Cohen et al., 2013). The 

mRNAs encoding several components of Shh signaling pathway display “NMD-inducing 

features,” such as a long 3’UTR and an intron in the 3’UTR, suggesting that Shh signaling may 

be targeted by NMD. My hypothesis is that NMD regulates components of Shh signaling to control 

cell fate.   

NMD targets can vary both by tissue type and by stage of development (Huang et al., 

2011b). In addition, there are multiple branches of NMD which may target different RNAs. 

Previous members of the Wilkinson lab demonstrated that there are UPF3B-dependent and -

independent branches of NMD, and these target different RNA substrates (Chan et al., 2007). 

Differences in targets may also exist between SMG6 and SMG7-dependent forms of NMD (Ottens 

et al., 2017). Thus, it is increasingly important to determine targets of each branch of NMD in each 

tissue type, as there is so much variability across NMD targets. 

In this chapter, I investigate new targets of UPF3B-dependent NMD in embryo-derived 

mouse neural stem cells and in early adult mice. I investigate how these targets compare to 

UPF3B targets in later adult mice (Huang et al., 2017). I also explore the possibility that NMD 

regulates other cell signaling pathways, namely Shh and Notch, and the ability of NMD to regulate 

circadian rhythms in human cells. 
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METHODS 

Cell culture 

HeLa, Neuro-2a, and U2OS cells were grown in DMEM (Gibco), 10% fetal bovine serum 

(Hyclone). HeLa cells and were transfected using Lipofectamine 2000 (Invitrogen). P19 cells were 

grown in α-MEM (Gibco 12561), 10% fetal bovine serum. To differentiate, P19 cells were grown 

in 5x10-7 M retinoic acid (Sigma R2625-50MG) in α-MEM for up to 7 days as sphere-like structures 

in low attachment plates (Fisher 07-200-601). 

Cycloheximide (Sigma C7698-1G) was dissolved in 100% ethanol to 100 mg/mL, then 

added to cells at 1:1000 concentration in cell culture media. siRNAs against human UPF1 and 

control siRNA (Ambion) were transfected as described in Chapter 3 on U2OS cells. 

 

RNA isolation and analysis 

Total cellular RNA for HeLa cells, mouse cortex, P19, and N2A cells was isolated using 

Trizol (Invitrogen), as described (Lou et al., 2014). Total RNA for mNSCs was isolated using Trizol 

combined with Direct-zol RNA MiniPrep Kit (Zymo Research). RNA was isolated in Trizol, and 

bound to a spin column, according to Zymo instructions. Eluted RNA was used for RNA 

sequencing. Quantitative PCR (qPCR) analysis was performed in triplicate using cDNA made 

using iScript reverse transcriptase (Bio-Rad) and SYBR-green Real-Time PCR kits (Bio-Rad), as 

described (Lou et al., 2014). Unless otherwise noted, all qPCR experiments were normalized to 

the level of Rpl19 RNA in mice and RPL19 in humans. All primer sequences are provided in Table 

5.1. 

 To determine the half-life of endogenous mRNAs, HeLa and U2OS cells were treated with 

actinomycin D (Thermo Fisher 11805017 at 5μg/mL) and collected at 15 min, 30 min, 1 h 15 min, 

2 h 15 min and/or 4 h 15 min after treatment.  
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Table 5.1 qPCR primers for putative NMD targets 

Gene Forward Primer (5'->3') Reverse Primer (5'->3') Species 

L19 ATGAGTATGCTCAGGCTACAGA GCATTGGCGATTTCATTGGTC mouse 

GAPDH TTCCAG TATGAC TCCACT 
CACGG 

TGAAGA CACCAG TAGACT 
CCACGAC 

mouse 

SdhA GCTTGCGAGCTGCATTTGG CATCTCCAGTTGTCCTCTTCC
A 

mouse 

L19 TGCCCGAATGCCAGAGAAG TCAGGTACAGGCTGTGATACA human 

GAPDH CTG CTC CTC CTG TTC GAC 
AGT 

ACC TTC CCC ATG GTG TCT 
GA 

human 

BACTIN cct ggc acc cag cac aat gcc gat cca cac gga gta ct human 

CLOCK CAACACCAACCAAGATCCCGA AATGATGACCTTCTTTGCACC
A 

human 

BMAL1 AAGGGAAGCTCACAGTCAGAT GGACATTGCGTTGCATGTTGG human 

PER1 GCCAACCAGGAATACTACCAGC GTGTGTACTCAGACGTGATGT
G 

human 

PER2 GACATGAGACCAACGAAAACTG
C 

AGGCTAAAGGTATCTGGACTC
TG 

human 

PER3 GCAGAGGAAATTGGCGGACA GGTTTATTGCGTCTCTCCGAG human 

CRY1 CTCCTCCAATGTGGGCATCAA CCACGAATCACAAACAGACGG human 

CRY2 TCCCAAGGCTGTTCAAGGAAT TGCATCCCGTTCTTTCCCAAA human 

REVERB
a 

ATCGTCCGCATCAATCGCAA CTGCTTCTCTCGTTTGGGGAT human 

Notch1 ACAGTGCAACCCCCTGTATG TCTAGGCCATCCCACTCACA mouse 

Numb CTGTCAAAGACACGGGGGAA TCCCGCTTCTGTTTACGCTC mouse 

Jagged1 CCTCGGGTCAGTTTGAGCTG CCTTGAGGCACACTTTGAAGT
A 

mouse 

Ncor2 AACACCACCCCCGTGACTA CTGAGACCGTTCACTCCCA mouse 

SPEN GGCTTCAGATAACAGGGAGCG CCTGATCGTAATGTCTTGTCC
GA 

mouse 

Shh CTCACCCCCAATTACAACCCC TGTCTTTGCACCTCTGAGTCA
TC 

mouse 

Ptc AAAGAACTGCGGCAAGTTTTTG CTTCTCCTATCTTCTGACGGG
T 

mouse 

Gli2 CTGACTTGAGTTAGCAACCCCC TTGGTGGCGGACCCAGAAAG mouse 

Gli3 GCCATCCACGGTAGCCC CTCAAAGGAATCCCTGCGGCT mouse 

Sufu TCCTCCAGATTGTTGGTGTCTG CAATGGGCACTGTCCGTAGT mouse 

Disp1 ACCCTGGGGAATTACATCGC GTGCCGTTTTGGTAGTGCTT mouse 

Pax6 GCGCAGACGGCATGTATGATA GGGTTGCCCTGGTACTGAAG mouse 

Olig2 TCCCCAGAACCCGATGATCTT CGTGGACGAGGACACAGTC mouse 

Nkx2.2 AAGCATTTCAAAACCGACGGA CCTCAAATCCACAGATGACCA
GA 

mouse 

Math1 GAGTGGGCTGAGGTAAAAGAG
T 

GGTCGGTGCTATCCAGGAG mouse 

Ngn1 CCAGCGACACTGAGTCCTG CGGGCCATAGGTGAAGTCTT mouse 

Pax7 TCTCCAAGATTCTGTGCCGAT CGGGGTTCTCTCTCTTATACT
CC 

mouse 
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mNSC Growth and Differentiation 

mNSCs were derived from mice as described in chapter 2. To grow undifferentiated, the 

mNSCs were grown as spheres in Neurocult basal media (StemCell Tech 5700) plus 0.5X B-27 

(Thermo Fisher 12587010) plus 0.5X N2 supplement (Life Technologies 17502048), with 20 nM 

EGF (StemCell Tech 2633). To differentiate cells, cells were accutased (StemCell Tech) into 

single cells and grown on dishes coated with poly-L-ornithine (Sigma-Aldrich P4957) and laminin 

(Sigma-Aldrich L2020). Cells were grown in basal media above but without any EGF. Media was 

changed at least once every two days. 

Mouse embryo isolation and immunohistochemistry 

Mouse embryos were harvested at E11.5 as assessed by when the plug formed. Dams 

were sacrificed using euthanasia with carbon dioxide. Embryos were washed one time with 

1XPBS, then fixed using 4% paraformaldehyde (Sigma) at 4 C for 2 hours. Embryos were 

transferred to 10%, 20%, and 30% sucrose solution at 4 C until equilibrated. Embryos were then 

cryopreserved in OCT (Tissue-Tek) and frozen at -80 C until sectioning could be performed by 

cryostat.  

Sections were washed in 1XPBS, then blocked in 1XPBS supplemented with 5% serum 

(donkey or goat depending on secondary antibody host) with 5% bovine serum albumin (BSA) 

and 0.25% Triton-X 100 (Sigma) for 1 hour at room temperature. Primary antibody was then 

applied (1:100 rabbit anti Ki67- Thermo scientific, 1:500 rabbit anti Olig2- Millipore, 1:300 chick 

anti Neurofilament 2-gift of Martin Marsala lab, 1:300 mouse anti Tubb3-Sigma) in 1XPBS, 5% 

serum, 5% BSA overnight at 4C. Sections were washed, then incubated for 1-2 hours at room 

temperature with 1:1000 fluorescent secondary antibody (Invitrogen), washed, and coverslipped 

using DAPI-containing mounting solution (Vector Labs) and clear nail polish.  

Microscopic analysis and quantification of colocalized protein intensity were calculated 

using the Leica Acquire software (LAS) Colocalization AF6000.  
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RESULTS 

Identification of UPF3B-regulated genes in mNSCs and mouse frontal cortex 

In comparison with arsenic, loss of UPF3B caused differential expression of far fewer 

transcripts in mNSCs and mouse frontal cortex. Only 35 transcripts were upregulated and 21 were 

downregulated in Upf3b-null mNSCs as compared to wild-type. Of the upregulated transcripts, 

several of them were classified as “nonsense-mediated-decay” by Ensembl, suggesting my list 

may have some real NMD targets (Fig. 5.1). Slightly more transcripts passed the p<0.01 cutoff 

for the frontal cortex Upf3b-null versus wild-type sample (307 transcripts upregulated and 159 

downregulated). These also had a larger proportion of “nonsense-mediated decay” by Ensembl 

in the upregulated category than in all transcripts (Fig. 5.2). There were enough upregulated 

transcripts in Upf3b-null frontal cortex to perform GO analysis (Fig. 5.3). There were a few 

categories related to cellular stress, including “cellular response to DNA damage stimulus” and 

“positive regulation of neuron apoptotic process” that were upregulated. This makes sense given 

literature on how NMD regulates apoptosis. There was also an upregulated category related to 

neural development, “regulation of calcium ion transmembrane transporter”, and one related to 

signaling: “cAMP signaling pathway”. In addition, two developmentally relevant categories were 

upregulated by UPF3B depletion: “negative regulation of multicellular organism growth” and “cell 

growth”. Other interesting categories that were upregulated include “circadian entrainment”, and 

two cell adhesion related pathways, all of which may deserve further study. 

While much progress has been made into identifying NMD targets (Gehring et al., 2005; 

Karam et al., 2015; Kurosaki et al., 2014; Li et al., 2016; Lou et al., 2016, 2014; Tani et al., 2012; 

Viegas et al., 2007), there is still contention on which transcripts are actually regulated by NMD 

in specific tissues, and which transcripts are targeted by specific branches of NMD, including the 

Upf3b-dependent branch. In particular, there are only a few studies investigating NMD targets in 

the nervous system (Huang et al., 2017; Jolly et al., 2013; Li et al., 2016; Lou et al., 2014; Shum 

et al., 2016; Yap and Makeyev, 2013). To address the question of what targets may be regulated  
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Figure 5.1 Ensembl biotypes of changes between untreated in wild-type and Upf3b-null 
mNSCs. 
Classification of transcripts in mNSCs by Ensembl/Havana/Vega biotyping. Up: q<0.05 and log2 
fold change>0. Down: q<0.05 and log2 fold change<0 
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Figure 5.2 Ensembl biotypes of changes between untreated in wild-type and Upf3b-null 
frontal cortex. 
Classification of transcripts in frontal cortex by Ensembl/Havana/Vega biotyping. Up: p < 0.01 
and log2 fold change > 0. Down: p < 0.01 and log2 fold change < 0 
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Figure 5.3 Upregulated transcript gene categories in Upf3b-null frontal cortex as compared 
to wild-type cortex. 
Gene ontology analysis of transcripts upregulated in Upf3b-null cortex as compared to cortex of 
wild-type mice. Up: p < 0.01 and log2 fold change > 0 
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across nervous system development, the transcripts that changed in Upf3b-null frontal cortex as 

compared to wild-type frontal cortex were compared to data from Huang et al. looking at 

differences in the same mice and brain area, but in 8- to 11-week old mice (Huang et al., 2017) 

(Table. 5.2). A large number of transcripts (170) overlapped between these two datasets, although 

the amount of upregulation in the two different systems was often quite different (Table 5.2). For 

example, the NMD target Brd2 was upregulated 4.5-fold in this dataset but only 1.2- fold in the 8-

to 11-week old mice. Although the upregulation is very slight in the older Upf3b-null mice, perhaps 

the variability in older mice is greater, as they might have different expression due to life events, 

or maybe this particular transcript is more important in early development, and less important in 

later stages of adulthood.  Upf3b was also downregulated in both datasets to ~0.004x of its wild-

type level in postnatal day 21, and 0.147x of its wild-type level in 8- to 11-week old mice, lending 

confidence to these datasets and to these mice that Upf3b-null was actually knocked out at the 

RNA level. 

Other genes overlapping in these datasets were not known targets of the UPF3B-

dependent branch of NMD. For example, Dscam and Dscaml1 are known cell adhesion 

molecules, and are upregulated in both datasets. Supt20 is a modulator of gastrulation and 

autophagy, two categories which have yet to be studied in the context of NMD. Two other 

identified transcripts are related to RNA processing: Ago4 is a well-known component of the RNA 

interference silencing complex, involved in degradation of mRNAs; Dis3 is an endoribonuclease 

and exoribonuclease, which is involved in degradation of unstable mRNAs as well as histones. 

These putative UPF3B targets support the notion that NMD targets RNA regulatory pathways. 

  Another method of identifying high-confidence UPF3B targets is comparing transcripts 

upregulated in Upf3b-null mNSCs with those upregulated in frontal cortex. There are very few 

transcripts that change in Upf3b-null mNSCs as compared to wild-type mNSCs, similarly to Upf3b-

null frontal cortex as compared to wild-type frontal cortex. In the comparison of these changed 

transcripts with transcripts that changed in Upf3b-null frontal cortex as compared to wild-type,  
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 Table 5.2 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice 
versus wild-type to that in adult mice from Huang et al. 2017 

Ensembl_id symbol Frontal_KOvsW
Tlog2FC 

pvalue padj Huang_log2FC Huang_padj 

ENSMUST0
0000146254 

Cd300lf 3.743432 0.000979 NA 0.348932 0.000639 

ENSMUST0
0000179687 

Brd2 2.15733 8.19E-05 0.023874 0.348322 5.92E-10 

ENSMUST0
0000139821 

Mro 1.779493 0.000312 0.055213 0.361723 0.003815 

ENSMUST0
0000151986 

Brd2 1.729603 3.63E-11 7.37E-08 0.348322 5.92E-10 

ENSMUST0
0000031040 

Cwh43 1.624237 5.58E-05 0.01769 1.29658 6.18E-28 

ENSMUST0
0000152263 

Pla2g4e 1.62096 0.000165 0.037453 0.410357 0.001409 

ENSMUST0
0000107589 

Gas2 1.601891 0.004866 0.302066 0.261852 0.034254 

ENSMUST0
0000191237 

Tmem1
83a 

1.554809 4.09E-08 3.52E-05 0.251928 3.92E-06 

ENSMUST0
0000129826 

Dhps 1.444147 1.96E-15 1.77E-11 0.225267 0.011026 

ENSMUST0
0000130186 

Ankrd16 1.435849 8.92E-09 1.01E-05 0.389041 0.000422 

ENSMUST0
0000134818 

181003
2O08Ri
k 

1.377122 0.003658 0.259138 0.35955 0.020521 

ENSMUST0
0000161704 

Ipo9 1.374464 0.000244 0.047908 0.108516 0.03757 

ENSMUST0
0000150239 

Ttc39ao
s1 

1.362201 0.001063 0.139154 0.828545 2.18E-08 

ENSMUST0
0000118605 

Inpp5f 1.347015 7.23E-15 4.35E-11 0.539969 4.37E-22 

ENSMUST0
0000144609 

Hira 1.313112 0.001492 0.164343 0.262324 8.9E-05 

ENSMUST0
0000119598 

Egfem1 1.302783 1.86E-08 1.87E-05 1.024942 2.02E-16 

ENSMUST0
0000182956 

Pvt1 1.28444 0.001205 0.145719 1.002046 1.63E-47 

ENSMUST0
0000004055 

Dzip1 1.236102 1.36E-06 0.000743 0.464199 9.13E-14 

ENSMUST0
0000152081 

Spen 1.217892 0.005897 0.327091 0.501482 4.9E-08 

ENSMUST0
0000108506 

493342
7D14Ri
k 

1.19608 7.04E-06 0.003263 0.653196 3.07E-22 

ENSMUST0
0000173204 

Brd2 1.195175 0.000614 0.090143 0.348322 5.92E-10 

ENSMUST0
0000107977 

Vsig10l 1.176758 8.70E-12 2.62E-08 0.532363 0.000274 

ENSMUST0
0000143299 

Rsad1 1.147361 0.006908 0.354477 0.258147 0.021866 

ENSMUST0
0000031018 

Rbks 1.135783 2.20E-05 0.007957 0.529207 0.000464 
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Table 5.2 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in adult mice from Huang et al. 2017, Continued 
Ensembl_id symbol Frontal_KOvsW

Tlog2FC 
pvalue padj Huang_log2FC Huang_padj 

ENSMUST0
0000018556 

Kansl1 1.117529 0.000156 0.037453 0.265649 1.73E-07 

ENSMUST0
0000136214 

Mettl2 1.117241 5.93E-05 0.018465 0.446553 2.25E-07 

ENSMUST0
0000050373 

Tssk6 1.099949 0.006095 0.333487 0.379734 0.013865 

ENSMUST0
0000020413 

Zpbp 1.09593 3.67E-11 7.37E-08 0.473716 0.001386 

ENSMUST0
0000181202 

953003
6O11Ri
k 

1.027182 0.000232 0.046991 0.324105 0.04412 

ENSMUST0
0000142518 

Cemip 1.007955 0.00696 0.355131 0.305146 0.031409 

ENSMUST0
0000127249 

Slc19a1 1.004981 0.006344 0.336103 0.465039 2.82E-08 

ENSMUST0
0000114764 

Slc26a8 0.991485 2.16E-09 2.78E-06 0.771162 4.17E-09 

ENSMUST0
0000068175 

Arhgef3
3 

0.96749 5.07E-06 0.002546 0.343819 0.025219 

ENSMUST0
0000047208 

Dzip1 0.945315 0.002937 0.227717 0.464199 9.13E-14 

ENSMUST0
0000181873 

543041
6N02Ri
k 

0.936329 0.003249 0.238589 0.726554 1.07E-08 

ENSMUST0
0000056102 

Dscam 0.925412 3.41E-08 3.08E-05 0.532371 4.24E-25 

ENSMUST0
0000136605 

Inpp5k 0.923638 0.000999 0.133726 0.161067 0.03137 

ENSMUST0
0000166940 

Adck1 0.901935 0.008913 0.378427 0.25037 0.000962 

ENSMUST0
0000021921 

Ptch1 0.883268 0.000449 0.071204 0.534751 4.9E-05 

ENSMUST0
0000170552 

Supt20 0.779057 3.69E-05 0.012579 0.653456 7.44E-09 

ENSMUST0
0000067784 

Cdh24 0.777334 4.80E-09 5.78E-06 0.829369 5.15E-12 

ENSMUST0
0000129815 

Iqsec3 0.768107 0.008984 0.378846 0.191364 0.002954 

ENSMUST0
0000069763 

Lancl3 0.76202 0.004226 0.277582 0.314721 0.038718 

ENSMUST0
0000153748 

682043
1F20Rik 

0.758489 0.000492 0.075281 0.509076 1.43E-07 

ENSMUST0
0000020958 

Klhl29 0.745891 3.04E-08 2.89E-05 0.52064 3.18E-17 

ENSMUST0
0000039419 

Igsf10 0.71743 1.66E-05 0.006376 0.544257 0.000313 

ENSMUST0
0000066140 

Pcdhgc
4 

0.688204 0.000638 0.092183 0.40845 0.000169 

ENSMUST0
0000087996 

Krt77 0.665942 1.65E-13 5.97E-10 0.738991 1.16E-07 
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Table 5.2 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in adult mice from Huang et al. 2017, Continued 

Ensembl_id symbol Frontal_KOvsW
Tlog2FC 

pvalue padj Huang_log2FC Huang_padj 

ENSMUST0
0000147441 

Cdk12 0.6498 0.001081 0.140435 0.32727 0.000973 

ENSMUST0
0000097425 

Fndc1 0.636649 0.008419 0.375487 0.432134 0.004403 

ENSMUST0
0000118960 

Car15 0.630922 0.005899 0.327091 0.629406 1.21E-06 

ENSMUST0
0000029315 

Supt20 0.618352 4.50E-11 8.12E-08 0.653456 7.44E-09 

ENSMUST0
0000032402 

Bcat1 0.613642 1.34E-10 2.21E-07 0.103674 0.03373 

ENSMUST0
0000034592 

Dscaml
1 

0.609248 0.000166 0.037453 0.526929 1.21E-06 

ENSMUST0
0000028897 

Cpxm1 0.590455 0.001227 0.145811 0.501523 7.23E-05 

ENSMUST0
0000093113 

Adamts
18 

0.587831 0.002712 0.219681 0.372393 0.016825 

ENSMUST0
0000180896 

160002
0E01Ri
k 

0.583094 0.004051 0.271002 0.319114 0.023646 

ENSMUST0
0000172278 

Chrm2 0.572838 0.000244 0.047908 0.348054 0.02209 

ENSMUST0
0000156846 

Trub2 0.572209 0.001173 0.145071 0.326416 0.000209 

ENSMUST0
0000046663 

Dcbld2 0.569041 8.03E-05 0.023787 0.242675 0.003165 

ENSMUST0
0000064763 

Zfp608 0.566152 0.002891 0.226023 0.496167 4.38E-06 
 

ENSMUST0
0000180598 

Gm105
16 

0.560873 1.71E-05 0.006436 0.658424 7.15E-08 

ENSMUST0
0000090457 

493045
1G09Ri
k 

0.55431 0.000769 0.106849 0.562352 7.88E-05 

ENSMUST0
0000114741 

Pstpip2 0.544388 0.000979 0.132921 0.430575 0.001019 

ENSMUST0
0000075540 

Mcm9 0.544005 1.57E-07 0.000109 0.496381 0.000145 

ENSMUST0
0000040506 

Fam13b 0.541533 0.000515 0.078145 0.261163 0.002041 

ENSMUST0
0000035842 

Rassf4 0.535019 0.005648 0.322825 0.285401 0.023758 

ENSMUST0
0000065398 

Nup214 0.519326 0.003276 0.239573 0.35654 2.48E-06 

ENSMUST0
0000025482 

Atp8b1 0.512478 0.001915 0.184629 0.318368 0.042072 

ENSMUST0
0000042103 

Myo16 0.506547 0.007522 0.361833 0.282538 0.004275 

ENSMUST0
0000039059 

Pcsk7 0.505056 2.43E-07 0.000157 0.4147 1.05E-05 
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Table 5.2 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in adult mice from Huang et al. 2017, Continued 

Ensembl_id symbol Frontal_KOvsW
Tlog2FC 

pvalue padj Huang_log2FC Huang_padj 

ENSMUST0
0000071703 

Zcchc6 0.497276 0.000693 0.098493 0.333134 2.03E-07 

ENSMUST0
0000183171 

A83008
2K12Ri
k 

0.495031 0.008797 0.378427 0.34269 0.012371 

ENSMUST0
0000027053 

Rdh10 0.487017 0.000356 0.06132 0.357843 0.000981 

ENSMUST0
0000084289 

Ago4 0.48426 0.00016 0.037453 0.554559 8.08E-06 

ENSMUST0
0000085314 

Nin 0.47842 5.71E-07 0.000344 0.585196 3.79E-14 

ENSMUST0
0000000505 

Mcm7 0.477851 0.001381 0.157384 0.275834 0.005262 

ENSMUST0
0000042471 

Dis3 0.47609 0.000139 0.036309 0.297072 0.003129 

ENSMUST0
0000111917 

Fam35a 0.474562 0.000161 0.037453 0.288478 0.042626 

ENSMUST0
0000099241 

Ccl28 0.471955 0.00161 0.171095 0.524648 0.000498 

ENSMUST0
0000090247 

Trio 0.465625 0.006327 0.336103 0.347124 2.01E-06 

ENSMUST0
0000073724 

Phf1 0.459103 6.33E-05 0.019108 0.390108 4.09E-10 

ENSMUST0
0000067927 

Msra 0.458613 0.000319 0.056022 0.271956 0.013572 

ENSMUST0
0000032839 

Det1 0.452943 0.003373 0.243684 0.323838 0.02961 

ENSMUST0
0000061568 

Slc36a4 0.449855 1.18E-07 8.86E-05 0.356313 0.000126 

ENSMUST0
0000027251 

Rev1 0.446183 2.35E-05 0.008334 0.272521 0.004912 

ENSMUST0
0000121990 

Syt2 0.439651 0.008179 0.373874 0.366025 0.006106 

ENSMUST0
0000059704 

463241
5L05Rik 

0.425842 0.001207 0.145719 0.273348 0.000539 

ENSMUST0
0000044620 

Brca2 0.421717 0.00025 0.048107 0.508747 2.64E-05 

ENSMUST0
0000025908 

Kcnk4 0.413581 0.003007 0.231102 0.336564 0.027737 

ENSMUST0
0000026218 

Cwf19l1 0.411843 1.12E-05 0.004575 0.378554 4.54E-05 

ENSMUST0
0000042771 

Sbno2 0.399841 0.000152 0.037194 0.387416 1.48E-05 

ENSMUST0
0000061618 

Patl1 0.387483 0.00183 0.179638 0.37661 1.55E-06 

ENSMUST0
0000092629 

Soga3 0.3839 0.001117 0.143084 0.152535 0.006365 

ENSMUST0
0000149604 

Syna 0.378123 0.006083 0.333487 0.422082 0.000766 



 

 198 

Table 5.2 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in adult mice from Huang et al. 2017, Continued 

Ensembl_id symbol Frontal_KOvsW
Tlog2FC 

pvalue padj Huang_log2FC Huang_padj 

ENSMUST0
0000045004 

Dopey2 0.378122 0.001812 0.179638 0.260876 1.29E-05 

ENSMUST0
0000098842 

Tti2 0.377127 1.02E-06 0.000574 0.432907 2.64E-06 

ENSMUST0
0000002848 

Grin2d 0.374355 0.00021 0.044551 0.364003 0.000627 

ENSMUST0
0000035661 

Cspg4 0.373335 0.001179 0.145071 0.405303 0.00017 

ENSMUST0
0000029311 

Trpc4 0.372819 0.000151 0.037194 0.225415 0.04754 

ENSMUST0
0000132484 

Spopl 0.369929 8.56E-06 0.003772 0.316481 0.007642 

ENSMUST0
0000011526 

Dhdh 0.366156 0.002742 0.220163 0.39168 0.000985 

ENSMUST0
0000077687 

Ccdc14
8 

0.359982 0.001627 0.171858 0.551001 7.43E-13 

ENSMUST0
0000031895 

Casp2 0.359625 0.002924 0.227628 0.368961 7.09E-05 

ENSMUST0
0000016279 

N4bp2l1 0.355804 1.48E-06 0.000786 0.266238 0.001523 

ENSMUST0
0000037974 

Ptprm 0.352002 0.003948 0.265428 0.183927 0.00919 

ENSMUST0
0000181325 

E53001
1L22Rik 

0.349572 0.005166 0.308295 0.322165 0.011637 

ENSMUST0
0000050234 

Jrk 0.346681 0.001901 0.184576 0.280443 0.012723 

ENSMUST0
0000086831 

Pkd2 0.343832 1.30E-05 0.005114 0.193272 0.015748 

ENSMUST0
0000092627 

933015
9F19Rik 

0.342159 1.34E-07 9.71E-05 0.31396 2.18E-08 

ENSMUST0
0000181620 

D93001
6D06Ri
k 

0.326771 0.00061 0.090143 0.542004 3.23E-10 

ENSMUST0
0000024860 

Ehd3 0.309014 0.001587 0.170837 -0.1872 0.001493 

ENSMUST0
0000013338 

Arih2 0.301701 7.33E-06 0.00331 0.140282 0.021931 

ENSMUST0
0000047875 

Eef2k 0.293115 0.003134 0.234914 0.173567 0.011749 

ENSMUST0
0000107720 

Stx17 0.287543 0.002078 0.190932 0.246157 0.000381 

ENSMUST0
0000049994 

Rimkla 0.287122 0.008589 0.377618 0.371312 0.007411 

ENSMUST0
0000039568 

Pcdh8 0.285053 0.002671 0.217303 0.252596 0.018026 

ENSMUST0
0000032566 

Qpctl 0.2687 0.006952 0.355131 0.259091 0.002673 

ENSMUST0
0000151288 

Slc45a4 0.260777 0.006111 0.333487 0.218207 0.002045 
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Table 5.2 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in adult mice from Huang et al. 2017, Continued 

Ensembl_id symbol Frontal_KOvsW
Tlog2FC 

pvalue padj Huang_log2FC Huang_padj 

ENSMUST0
0000072838 

Hsf1 0.254196 0.002804 0.222118 0.280931 0.000565 

ENSMUST0
0000045931 

Zfp410 0.250801 0.00549 0.31652 0.362928 8.97E-06 

ENSMUST0
0000027973 

Sephs1 0.244649 0.009962 0.388472 0.322853 2.63E-06 

ENSMUST0
0000054836 

Hrk 0.242429 0.000404 0.065189 0.238897 0.008898 

ENSMUST0
0000049168 

Cog3 0.240356 0.001162 0.145071 0.154966 0.03192 

ENSMUST0
0000036156 

Ipo13 0.232593 0.003356 0.243425 0.114435 0.026052 

ENSMUST0
0000044338 

Arhgap
33 

0.226875 0.003717 0.261391 0.228003 0.000453 

ENSMUST0
0000103143 

Fbxl20 0.222726 0.00496 0.304742 0.148948 0.010057 

ENSMUST0
0000041138 

Elac1 0.220631 0.004627 0.294439 0.176769 0.008883 

ENSMUST0
0000016088 

Gatsl2 0.220121 0.008754 0.378427 0.118404 0.043123 

ENSMUST0
0000032909 

Pde3b 0.219343 0.009625 0.385478 0.259433 0.008689 

ENSMUST0
0000103013 

Tbcd 0.218701 0.007087 0.355131 0.277786 2.48E-05 

ENSMUST0
0000097888 

Ago1 0.215246 0.005692 0.323307 0.193525 0.006231 

ENSMUST0
0000049920 

Ino80 0.211472 0.004756 0.297252 0.280529 0.000212 

ENSMUST0
0000034697 

Slc44a2 0.190019 0.001506 0.16491 0.216869 0.004302 

ENSMUST0
0000045905 

Fermt2 -0.17741 0.0058 0.326384 -0.18446 0.000645 

ENSMUST0
0000088237 

Nanos1 -0.18015 0.008782 0.378427 -0.25319 0.001761 

ENSMUST0
0000130491 

Cebpg -0.23863 0.00343 0.246811 -0.18353 0.004385 

ENSMUST0
0000033597 

Hmgn5 -0.27955 0.006641 0.346704 -0.25171 0.047878 

ENSMUST0
0000027989 

Hsd17b
7 

-0.28504 0.002216 0.20114 -0.19901 0.010077 

ENSMUST0
0000095458 

Smim15 -0.28599 0.007389 0.358769 -0.18523 0.01115 

ENSMUST0
0000081848 

Fdps -0.30741 0.007666 0.365898 -0.20298 0.009272 

ENSMUST0
0000029909 

Coq3 -0.31347 0.009203 0.381313 -0.22667 0.020185 

ENSMUST0
0000038661 

Slc25a3
4 

-0.36467 0.008915 0.378427 -0.53656 3.34E-05 

ENSMUST0
0000144349 

Psip1 -0.36912 0.000834 0.114174 -0.23376 5.69E-07 
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Table 5.2 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in adult mice from Huang et al. 2017, Continued 

Ensembl_id symbol Frontal_KOvsW
Tlog2FC 

pvalue padj Huang_log2FC Huang_padj 

ENSMUST0
0000042046 

Scara3 -0.37432 0.002597 0.216189 -0.34876 3.99E-05 

ENSMUST0
0000035034 

Mrps22 -0.37464 0.003941 0.265428 -0.20972 0.033031 

ENSMUST0
0000143107 

Rpl27a -0.39566 0.004703 0.295556 -0.24972 0.000633 

ENSMUST0
0000087511 

Tmem1
28 

-0.42439 0.007142 0.355131 -0.2299 0.012152 

ENSMUST0
0000108297 

Pdp1 -0.42614 6.35E-05 0.019108 -0.21 0.000544 

ENSMUST0
0000150125 

Ly6h -0.43852 0.004331 0.282418 -0.26617 0.000353 

ENSMUST0
0000034026 

Hpgd -0.46098 0.007989 0.369997 -0.28274 0.048764 

ENSMUST0
0000064775 

Adcyap
1 

-0.469 0.001673 0.17471 -0.31374 0.000509 

ENSMUST0
0000161326 

Naa50 -0.49747 0.007847 0.367223 -0.14489 0.007329 

ENSMUST0
0000035779 

Acsl3 -0.50362 0.005087 0.307301 -0.25327 1.85E-05 

ENSMUST0
0000029382 

Ppid -0.50566 0.004551 0.291627 -0.3168 6.77E-07 

ENSMUST0
0000108344 

Akt2 -0.53589 0.001828 0.179638 -0.12061 0.048841 

ENSMUST0
0000168235 

Ngef -0.63887 0.004641 0.294439 -0.24907 0.000188 

ENSMUST0
0000090986 

Fcrls -0.73566 0.00023 0.046991 -0.56822 1.07E-06 

ENSMUST0
0000023514 

Ndufb4 -0.75591 0.001966 0.186897 -0.34748 0.000352 

ENSMUST0
0000128414 

Dnajc7 -0.76687 0.001309 0.151945 -0.16525 0.002864 

ENSMUST0
0000152453 

Sptan1 -0.79033 0.002282 0.206137 -0.12627 0.042895 

ENSMUST0
0000138608 

Abhd12 -0.79564 0.000129 0.034201 -0.31857 2.66E-05 

ENSMUST0
0000147203 

Klc1 -0.80016 0.007455 0.360357 -0.28367 6.08E-06 

ENSMUST0
0000181150 

Ptms -0.88313 0.003555 0.252841 -0.28158 0.000409 

ENSMUST0
0000186814 

Apbb1 -0.93302 0.008122 0.373874 -0.24823 0.0003 

ENSMUST0
0000085461 

Klk8 -1.10731 0.008311 0.373874 -0.38824 0.014053 

ENSMUST0
0000150946 

Snf8 -1.19918 0.007255 0.355131 -0.1848 0.022339 

ENSMUST0
0000160488 

Slirp -1.253 8.66E-05 0.024455 -0.27299 0.026679 

ENSMUST0
0000133481 

Upf3b -6.03058 1.04E-09 1.56E-06 -2.77071 1.7E-139 
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Table 5.2 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in adult mice from Huang et al. 2017, Continued 

Ensembl_id symbol Frontal_KOvsW
Tlog2FC 

pvalue padj Huang_log2FC Huang_padj 

ENSMUST0
0000076265 

Upf3b -7.93111 7.03E-33 1.27E-28 -2.77071 1.7E-139 
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there are 165 transcripts that change in all four datasets in the same direction, ignoring for q value 

cutoff in mNSCs (Table 5.3). These include Tmem183a, a transmembrane protein identified as a 

nonsense-mediated-decay target by Ensembl, Brd2, a gene associated with acetylated chromatin 

during mitosis and possibly having a role in signaling, Supt20, which is a modulator of gastrulation 

and autophagy, and Vcpkmt, a protein metabolism gene.  As expected, UPF3B was 

downregulated in all Upf3b-null datasets (Table 5.3). Of note, there are more statistically 

upregulated transcripts than downregulated transcripts. This is fitting, as nonsense-mediated 

RNA decay is an RNA degradation pathway, so downregulation of this pathway should result in 

increased stability of RNAs normally degraded by the UPF3B-dependent branch of NMD.  The 

high ratio of upregulated-to-downregulated transcripts is consistent with the notion that most of 

the upregulated transcripts are direct target mRNAs. 

 

Identification of new NMD target RNAs 

There are several genes that are consistently upregulated by NMD factor depletion across 

multiple studies but have not been confirmed to be direct NMD target mRNAs. In order to further 

test whether some of these are NMD targets, HeLa cells were treated with the protein synthesis 

inhibitor, cycloheximide (CHX), for 6 hours, and the pre-CHX levels were compared to treated 

levels (Fig. 5.4). CHX inhibits translation elongation, which NMD depends on; thus, NMD targets 

are upregulated by this treatment (Carter et al., 1995). Compared to L19, only three of these 

targets were upregulated: ARFRP1, MAP3K14 and UPP1. CHST3, MAPK7, and RP9 showed 

similar upregulation to β-actin, another control, and therefore are unlikely to be actually 

upregulated by CHX treatment. As many of these genes were upregulated in at least 2 other 

papers (Lou et al., 2016), it is not surprising that there is an issue in the field of NMD research in 

identifying true NMD targets. It is also possible these are all NMD targets in certain contexts, but 

that cell type matters a large amount in these analyses, as suggested by Huang et al. (Huang et 

al., 2017).   
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Table 5.3 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in mNSCs 

Ensembl
_id 

symbo
l 

Frontal_
None_lo
g2FC 

pvalue Frontal
_As_lo
g2FC 

pvalue None_
mNSC
_Log2
FC 

padj As_ 
mNSC
_Log2
FC 

padj 

ENSMUS
T000000
02298 

Ppm1j 2.6112 0.0015 0.6357 0.1324 0.9178 0.8969 0.9383 0.023
0 

ENSMUS
T000001
28401 

Rexo4 2.2084 0.0001 1.0807 0.0946 0.2830 0.9706 1.3416 NA 

ENSMUS
T000001
79687 

Brd2 2.1573 0.0001 2.4028 0.0000 0.8270 0.0446 1.6602 0.001
1 

ENSMUS
T000001
35128 

Tlk1 2.0415 0.0000 1.6687 0.0000 0.6174 0.9366 0.1810 NA 

ENSMUS
T000001
62445 

Usp7 1.9165 0.0003 0.4563 0.4473 0.5388 0.9368 0.0542 NA 

ENSMUS
T000001
51986 

Brd2 1.7296 0.0000 1.1581 0.0004 0.8781 0.0955 0.9085 0.003
7 

ENSMUS
T000001
48461 

Pwwp2
a 

1.6994 0.0004 1.1292 0.0062 0.8173 0.6732 0.8602 NA 

ENSMUS
T000001
07589 

Gas2 1.6019 0.0049 0.3796 0.5058 0.2220 0.9741 0.2408 0.774
3 

ENSMUS
T000000
84434 

Rplp2 1.5632 0.0063 0.8276 0.0896 1.4849 0.4755 0.5848 0.312
8 

ENSMUS
T000001
91237 

Tmem1
83a 

1.5548 0.0000 1.4404 0.0000 1.1240 0.0266 1.4800 0.000
0 

ENSMUS
T000001
71494 

Nabp2 1.4608 0.0086 1.1560 0.0496 0.8217 0.6552 0.6688 0.211
5 

ENSMUS
T000001
29826 

Dhps 1.4441 0.0000 1.6199 0.0000 1.7816 0.0004 1.1803 0.096
9 

ENSMUS
T000001
30186 

Ankrd1
6 

1.4358 0.0000 0.9170 0.0009 0.7778 0.5598 0.4340 NA 

ENSMUS
T000001
49246 

241001
8L13Ri
k 

1.4339 0.0000 1.3829 0.0019 1.5619 0.8602 1.3273 NA 

ENSMUS
T000001
41355 

Aldoa 1.4307 0.0000 0.8241 0.0067 0.7970 0.7526 0.5100 0.071
9 

ENSMUS
T000001
34818 

181003
2O08Ri
k 

1.3771 0.0037 0.9831 0.0524 0.1072 0.9940 0.9324 0.163
6 
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Table 5.3 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in mNSCs, Continued 

Ensembl
_id 

symbo
l 

Frontal_
None_lo

g2FC 

pvalue Frontal
_As_lo

g2FC 

pvalue None_
mNSC
_Log2

FC 

padj As_ 
mNSC
_Log2

FC 

padj 

ENSMUS
T000001
50239 

Ttc39a
os1 

1.3622 0.0011 0.6644 0.0157 1.0294 0.0521 0.0932 0.932
6 

ENSMUS
T000001
47153 

Lipo2 1.3613 0.0047 1.5772 0.0007 1.0522 0.9485 1.8141 NA 

ENSMUS
T000001
18605 

Inpp5f 1.3470 0.0000 1.1565 0.0000 1.1414 0.0004 0.4120 0.127
9 

ENSMUS
T000001
44609 

Hira 1.3131 0.0015 0.5531 0.1402 0.5158 0.8700 0.4788 0.455
4 

ENSMUS
T000001
82956 

Pvt1 1.2844 0.0012 1.3260 0.0019 1.1040 0.1997 1.3152 0.001
1 

ENSMUS
T000001
53686 

Aldoa 1.2054 0.0000 1.2734 0.0000 0.6821 0.8700 0.2186 0.532
3 

ENSMUS
T000001
73204 

Brd2 1.1952 0.0006 0.8320 0.0384 1.1509 0.0045 1.0412 0.035
8 

ENSMUS
T000001
60082 

Mrpl30 1.1612 0.0000 1.2826 0.0000 0.6592 0.5382 0.1961 0.850
4 

ENSMUS
T000000
31018 

Rbks 1.1358 0.0000 1.1112 0.0000 0.0919 0.9925 0.9374 0.096
9 

ENSMUS
T000000
18556 

Kansl1 1.1175 0.0002 0.2417 0.3856 0.4885 0.9135 0.1077 NA 

ENSMUS
T000001
36214 

Mettl2 1.1172 0.0001 0.7362 0.0036 0.8904 0.5003 0.6324 NA 

ENSMUS
T000000
50373 

Tssk6 1.0999 0.0061 1.6092 0.0000 0.9559 0.0581 0.5058 0.372
2 

ENSMUS
T000000
20413 

Zpbp 1.0959 0.0000 0.9926 0.0000 0.0273 0.9982 0.0002 NA 

ENSMUS
T000001
74731 

Nt5c2 1.0935 0.0000 0.9371 0.0030 0.4084 0.9269 1.0102 NA 

ENSMUS
T000001
07638 

Fktn 1.0490 0.0087 0.3323 0.4012 0.4157 0.9485 0.1991 NA 

ENSMUS
T000000
31667 

Tex26 1.0138 0.0088 0.7304 0.0648 0.1134 0.9830 1.0377 NA 
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Table 5.3 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in mNSCs, Continued 

Ensembl
_id 

symbo
l 

Frontal_
None_lo

g2FC 

pvalue Frontal
_As_lo

g2FC 

pvalue None_
mNSC
_Log2

FC 

padj As_ 
mNSC
_Log2

FC 

padj 

ENSMUS
T000001
27249 

Slc19a
1 

1.0050 0.0063 1.0462 0.0041 1.4569 0.1823 0.8958 NA 

ENSMUS
T000001
71629 

Arhgef
37 

0.9872 0.0000 0.2081 0.3873 0.2015 0.9719 0.2833 0.700
9 

ENSMUS
T000001
81873 

543041
6N02Ri
k 

0.9363 0.0032 1.5747 0.0000 0.6879 0.8300 0.7974 0.234
1 

ENSMUS
T000000
56102 

Dscam 0.9254 0.0000 0.3777 0.0246 0.1006 0.9686 0.0288 0.974
3 

ENSMUS
T000001
36605 

Inpp5k 0.9236 0.0010 0.6999 0.0040 0.4358 0.9582 0.5956 NA 

ENSMUS
T000001
25343 

Pbdc1 0.9208 0.0059 0.6387 0.0918 0.6370 0.9191 0.9313 0.000
8 

ENSMUS
T000001
70710 

Glod4 0.9149 0.0000 0.5483 0.0041 0.7072 0.9117 0.6741 NA 

ENSMUS
T000001
85539 

Uchl5 0.8986 0.0041 0.9889 0.0010 0.9009 0.8700 0.6478 NA 

ENSMUS
T000001
60393 

Osgep 0.8699 0.0069 0.8094 0.0351 0.4715 0.9135 0.2180 NA 

ENSMUS
T000001
33884 

Gm126
55 

0.8697 0.0017 0.6339 0.0203 0.9372 0.3935 1.0733 NA 

ENSMUS
T000001
85854 

Pcbp4 0.8416 0.0084 0.7998 0.0114 0.7486 0.8936 0.2598 NA 

ENSMUS
T000001
82520 

Gm269
17 

0.8062 0.0054 0.3260 0.4490 0.4997 0.9072 0.6431 0.261
1 

ENSMUS
T000000
42954 

Poln 0.8020 0.0088 0.7147 0.0286 0.1190 0.9803 0.6866 0.080
1 

ENSMUS
T000001
70552 

Supt20 0.7791 0.0000 0.4681 0.0000 0.5985 0.0000 0.4364 0.175
9 

ENSMUS
T000000
67784 

Cdh24 0.7773 0.0000 0.6439 0.0000 0.5409 0.7841 0.3426 0.521
9 

ENSMUS
T000001
29815 

Iqsec3 0.7681 0.0090 0.0584 0.7382 0.8250 NA 2.5603 NA 
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Table 5.3 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in mNSCs, Continued 

Ensembl
_id 

symbo
l 

Frontal_
None_lo

g2FC 

pvalue Frontal
_As_lo

g2FC 

pvalue None_
mNSC
_Log2

FC 

padj As_ 
mNSC
_Log2

FC 

padj 

ENSMUS
T000001
53748 

682043
1F20Ri
k 

0.7585 0.0005 0.6953 0.0000 0.3838 0.3205 0.2406 0.565
8 

ENSMUS
T000000
20958 

Klhl29 0.7459 0.0000 0.4672 0.0000 0.2920 0.9579 0.8380 0.292
9 

ENSMUS
T000001
27505 

Ddx39 0.7403 0.0077 0.5460 0.0430 0.2111 0.9638 1.4486 0.000
0 

ENSMUS
T000001
65744 

Gm373
9 

0.7389 0.0001 0.7914 0.0009 0.8889 0.6277 0.7177 0.199
1 

ENSMUS
T000000
87871 

Gnas 0.7281 0.0004 0.5365 0.0006 0.8581 0.0400 0.8473 0.003
6 

ENSMUS
T000001
36269 

Rpl7a 0.7110 0.0047 0.6302 0.0001 0.5618 0.3205 0.3580 0.320
9 

ENSMUS
T000001
76510 

Xkr6 0.6859 0.0001 0.5580 0.0014 0.6193 0.0347 0.4875 0.087
0 

ENSMUS
T000000
95774 

Cdhr3 0.6546 0.0051 0.3261 0.2891 0.9814 NA 0.8473 NA 

ENSMUS
T000001
47441 

Cdk12 0.6498 0.0011 0.5675 0.0039 0.0112 0.9982 0.3680 0.498
5 

ENSMUS
T000000
29315 

Supt20 0.6184 0.0000 0.7519 0.0000 0.7717 0.0000 0.6406 0.002
2 

ENSMUS
T000000
25411 

Prelid3
a 

0.6141 0.0000 0.6450 0.0000 0.6961 0.0400 0.6288 0.058
5 

ENSMUS
T000000
32402 

Bcat1 0.6136 0.0000 0.0336 0.8152 0.2794 0.9485 0.0148 0.979
8 

ENSMUS
T000000
93113 

Adamts
18 

0.5878 0.0027 0.6135 0.0073 2.0777 NA 1.7707 NA 

ENSMUS
T000001
80896 

160002
0E01Ri
k 

0.5831 0.0041 0.9108 0.0000 0.4477 0.6487 1.1676 0.004
4 

ENSMUS
T000000
46663 

Dcbld2 0.5690 0.0001 0.1901 0.0687 0.2568 0.7768 0.4882 0.267
7 

ENSMUS
T000000
96485 

Gm218
11 

0.5674 0.0075 0.4612 0.0026 0.2917 0.7869 0.0835 0.850
4 
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Table 5.3 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in mNSCs, Continued 

Ensembl
_id 

symbo
l 

Frontal_
None_lo

g2FC 

pvalue Frontal
_As_lo

g2FC 

pvalue None_
mNSC
_Log2

FC 

padj As_ 
mNSC
_Log2

FC 

padj 

ENSMUS
T000000
97690 

Gm105
57 

0.5637 0.0035 0.4036 0.0292 0.2117 0.8912 0.3027 0.274
0 

ENSMUS
T000001
36174 

Rps6 0.5617 0.0093 0.9255 0.0000 0.5400 0.8966 0.9738 0.061
2 

ENSMUS
T000000
85953 

Dmac2 0.5614 0.0003 0.0198 0.9184 0.2785 0.9394 0.3204 NA 

ENSMUS
T000001
80598 

Gm105
16 

0.5609 0.0000 0.6202 0.0000 0.3021 0.9135 0.2585 0.719
4 

ENSMUS
T000000
58639 

Vcpkmt 0.5506 0.0000 0.7160 0.0000 0.7452 0.0001 0.7204 0.003
0 

ENSMUS
T000000
40506 

Fam13
b 

0.5415 0.0005 0.3407 0.0003 0.2061 0.8477 0.6366 0.133
1 

ENSMUS
T000000
25482 

Atp8b1 0.5125 0.0019 0.5625 0.0022 0.0933 0.9958 0.7855 0.326
9 

ENSMUS
T000000
39059 

Pcsk7 0.5051 0.0000 0.2356 0.0861 0.2981 0.5217 0.3820 0.210
3 

ENSMUS
T000000
71703 

Zcchc6 0.4973 0.0007 0.1368 0.2844 0.1972 0.7261 0.2286 0.434
3 

ENSMUS
T000000
27053 

Rdh10 0.4870 0.0004 0.5207 0.0006 0.3548 0.7875 0.3312 0.337
8 

ENSMUS
T000000
84289 

Ago4 0.4843 0.0002 0.2641 0.0069 0.1709 0.9209 0.7237 0.056
4 

ENSMUS
T000000
57716 

Catspe
rz 

0.4839 0.0078 0.9354 0.0000 0.7803 0.8477 0.4269 NA 

ENSMUS
T000000
86278 

Zfp810 0.4830 0.0000 0.2760 0.0022 0.2454 0.8444 0.1032 0.935
6 

ENSMUS
T000000
85314 

Nin 0.4784 0.0000 0.6256 0.0000 0.2648 0.9161 0.1672 0.566
9 

ENSMUS
T000000
00505 

Mcm7 0.4779 0.0014 0.2394 0.0892 0.0194 0.9978 0.2923 0.434
3 

ENSMUS
T000000
42471 

Dis3 0.4761 0.0001 0.3281 0.0003 0.2973 0.2404 0.2572 0.133
1 
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Table 5.3 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in mNSCs, Continued 

Ensembl
_id 

symbo
l 

Frontal_
None_lo

g2FC 

pvalue Frontal
_As_lo

g2FC 

pvalue None_
mNSC
_Log2

FC 

padj As_ 
mNSC
_Log2

FC 

padj 

ENSMUS
T000000
99241 

Ccl28 0.4720 0.0016 0.4116 0.3092 0.7336 0.9312 0.1356 0.933
5 

ENSMUS
T000000
73724 

Phf1 0.4591 0.0001 0.4829 0.0002 0.2426 0.6619 0.2390 0.501
6 

ENSMUS
T000000
67927 

Msra 0.4586 0.0003 0.7369 0.0000 0.4048 0.1899 0.3408 0.345
2 

ENSMUS
T000000
32839 

Det1 0.4529 0.0034 0.3070 0.0449 0.4082 0.5304 0.1188 0.848
8 

ENSMUS
T000000
85835 

Map4k
1 

0.4511 0.0086 0.4967 0.0158 0.4151 0.4652 0.2249 0.811
1 

ENSMUS
T000000
61568 

Slc36a
4 

0.4499 0.0000 0.3070 0.0010 0.1852 0.8898 0.2701 0.550
5 

ENSMUS
T000000
27251 

Rev1 0.4462 0.0000 0.1637 0.0831 0.2372 0.2383 0.2782 0.509
8 

ENSMUS
T000001
33472 

Gm620
6 

0.4388 0.0038 0.7795 0.0000 0.9498 0.0266 0.6534 0.028
5 

ENSMUS
T000000
25908 

Kcnk4 0.4136 0.0030 0.5386 0.0001 0.0861 0.9902 0.1138 NA 

ENSMUS
T000000
26218 

Cwf19l
1 

0.4118 0.0000 0.3366 0.0020 0.2233 0.8700 0.2961 0.510
6 

ENSMUS
T000000
42771 

Sbno2 0.3998 0.0002 0.1817 0.0697 0.4873 0.8934 0.1473 0.712
4 

ENSMUS
T000000
61618 

Patl1 0.3875 0.0018 0.2560 0.0322 0.0562 0.9666 0.2631 0.422
3 

ENSMUS
T000000
98842 

Tti2 0.3771 0.0000 0.4606 0.0000 0.2475 0.7268 0.1682 0.502
3 

ENSMUS
T000000
02848 

Grin2d 0.3744 0.0002 0.1756 0.1200 0.4994 0.8700 0.1199 0.883
4 

ENSMUS
T000000
29311 

Trpc4 0.3728 0.0002 0.1514 0.4208 1.1457 0.7723 3.2247 NA 

ENSMUS
T000001
32484 

Spopl 0.3699 0.0000 0.5291 0.0000 0.8245 0.0009 0.2878 0.635
9 
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Table 5.3 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in mNSCs, Continued 

Ensembl
_id 

symbo
l 

Frontal_
None_lo

g2FC 

pvalue Frontal
_As_lo

g2FC 

pvalue None_
mNSC
_Log2

FC 

padj As_ 
mNSC
_Log2

FC 

padj 

ENSMUS
T000000
77687 

Ccdc14
8 

0.3600 0.0016 0.3551 0.0016 0.3593 0.9191 0.6190 0.457
6 

ENSMUS
T000000
31895 

Casp2 0.3596 0.0029 0.4328 0.0001 0.2245 0.9061 0.2494 0.552
6 

ENSMUS
T000000
16279 

N4bp2l
1 

0.3558 0.0000 0.3445 0.0016 0.1582 0.9666 0.3189 0.449
2 

ENSMUS
T000000
19276 

BC005
537 

0.3462 0.0000 0.3692 0.0000 0.5252 0.0143 0.3534 0.361
0 

ENSMUS
T000001
36990 

Emx2o
s 

0.3442 0.0087 0.3922 0.0793 0.6096 0.0561 0.4484 0.305
9 

ENSMUS
T000000
48702 

Papd4 0.3433 0.0000 0.2909 0.0026 0.2688 0.3692 0.2772 0.141
2 

ENSMUS
T000000
92627 

933015
9F19Ri
k 

0.3422 0.0000 0.3528 0.0000 0.3676 0.0834 0.3061 0.670
8 

ENSMUS
T000000
39177 

Dpyd 0.3378 0.0094 0.0273 0.8530 0.0243 0.9972 0.1486 0.856
7 

ENSMUS
T000001
81620 

D9300
16D06
Rik 

0.3268 0.0006 0.3650 0.0247 0.3373 0.6611 0.0674 0.846
3 

ENSMUS
T000001
12498 

Crim1 0.3216 0.0008 0.0647 0.6105 0.4552 0.7378 0.3884 0.432
0 

ENSMUS
T000001
45167 

Selenoi 0.3211 0.0007 0.2194 0.0030 0.2130 0.8945 0.1488 0.767
7 

ENSMUS
T000001
66156 

Pkd2l2 0.3112 0.0087 0.4782 0.0003 0.1836 0.9368 0.5748 0.129
0 

ENSMUS
T000000
79869 

Znrf2 0.3032 0.0003 0.2928 0.0137 0.5274 0.5419 0.3996 0.089
5 

ENSMUS
T000000
13338 

Arih2 0.3017 0.0000 0.1749 0.0548 0.0995 0.8969 0.1943 0.546
2 

ENSMUS
T000000
34920 

Map2k
5 

0.2965 0.0039 0.2502 0.0365 0.1297 0.8945 0.0601 0.905
2 

ENSMUS
T000000
73149 

Slc9a5 0.2958 0.0039 0.1579 0.0964 0.0507 0.9958 0.1516 0.773
8 
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Table 5.3 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in mNSCs, Continued 

Ensembl
_id 

symbo
l 

Frontal_
None_lo

g2FC 

pvalue Frontal
_As_lo

g2FC 

pvalue None_
mNSC
_Log2

FC 

padj As_ 
mNSC
_Log2

FC 

padj 

ENSMUS
T000001
05646 

Ajap1 0.2814 0.0013 0.2001 0.1097 2.4017 NA 1.6798 NA 

ENSMUS
T000000
32566 

Qpctl 0.2687 0.0070 0.3181 0.0077 0.2727 0.8656 0.0679 0.885
7 

ENSMUS
T000000
72838 

Hsf1 0.2542 0.0028 0.2164 0.0333 0.2786 0.4216 0.5688 0.035
5 

ENSMUS
T000000
45931 

Zfp410 0.2508 0.0055 0.2508 0.0017 0.0540 0.9701 0.2729 0.192
4 

ENSMUS
T000000
62387 

Kcnj9 0.2469 0.0080 0.2251 0.0461 0.2827 0.9288 0.7589 NA 

ENSMUS
T000000
27973 

Sephs1 0.2446 0.0100 0.2891 0.0133 0.0643 0.9831 0.0385 0.946
9 

ENSMUS
T000000
26154 

Zdhhc1
6 

0.2413 0.0028 0.3134 0.0016 0.3821 0.0469 0.2955 0.445
1 

ENSMUS
T000000
49168 

Cog3 0.2404 0.0012 0.1667 0.0105 0.0977 0.9061 0.4277 0.188
2 

ENSMUS
T000000
50078 

Sdf4 0.2386 0.0046 0.1233 0.2435 0.0714 0.9666 0.3306 0.600
4 

ENSMUS
T000000
46245 

Zscan1
8 

0.2249 0.0067 0.0276 0.8068 0.3486 0.7196 0.0743 0.859
6 

ENSMUS
T000000
32909 

Pde3b 0.2193 0.0096 0.2499 0.0143 0.0189 0.9952 0.0848 0.759
9 

ENSMUS
T000000
53737 

Sfswap 0.2167 0.0070 0.1382 0.0910 0.1840 0.8477 0.2367 0.279
7 

ENSMUS
T000000
25270 

Riok3 0.2120 0.0002 0.2717 0.0000 0.2206 0.6668 0.3416 0.089
5 

ENSMUS
T000000
89185 

Zdhhc1
4 

0.2119 0.0070 0.1471 0.2646 0.0231 0.9962 0.2920 0.441
6 

ENSMUS
T000000
49920 

Ino80 0.2115 0.0048 0.3842 0.0001 0.4319 0.0173 0.5309 0.164
7 

ENSMUS
T000000
01451 

Smg5 0.2010 0.0057 0.1400 0.0981 0.3508 0.5131 0.1968 0.707
4 



 

 211 

Table 5.3 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in mNSCs, Continued 

Ensembl
_id 

symbo
l 

Frontal_
None_lo

g2FC 

pvalue Frontal
_As_lo

g2FC 

pvalue None_
mNSC
_Log2

FC 

padj As_ 
mNSC
_Log2

FC 

padj 

ENSMUS
T000000
55128 

Tapt1 0.1703 0.0052 0.0833 0.2075 0.1730 0.8969 0.0910 0.652
2 

ENSMUS
T000000
33463 

Slc9a9 -0.2724 0.0075 -0.1214 0.1605 -0.1354 0.9667 -0.1345 0.719
5 

ENSMUS
T000001
86531 

281001
3P06Ri
k 

-0.2751 0.0064 -0.0817 0.3928 -0.1186 0.9688 -0.3290 0.292
1 

ENSMUS
T000000
78357 

Emp2 -0.2892 0.0006 -0.1345 0.2284 -0.2530 0.9117 -0.2641 0.175
9 

ENSMUS
T000000
29574 

Vcam1 -0.3143 0.0021 -0.1654 0.2196 -0.4249 0.8495 -0.4578 0.502
7 

ENSMUS
T000000
87638 

Aldh1a
1 

-0.3153 0.0016 -0.1952 0.0637 -0.7509 0.8477 -0.7313 0.307
7 

ENSMUS
T000000
25236 

Stard4 -0.3202 0.0066 -0.1092 0.2448 -0.2779 0.9201 -0.6456 0.274
3 

ENSMUS
T000000
38661 

Slc25a
34 

-0.3647 0.0089 -0.1616 0.2675 -0.4603 0.9210 -1.4947 NA 

ENSMUS
T000000
42046 

Scara3 -0.3743 0.0026 -0.0909 0.3042 -0.7131 0.4463 -0.4692 0.652
2 

ENSMUS
T000000
73879 

Fnbp1 -0.3764 0.0058 -0.0308 0.8179 -0.1707 0.9161 -0.4338 0.288
3 

ENSMUS
T000000
41874 

Npl -0.4097 0.0054 -0.0397 0.7490 -0.2147 0.9164 -0.4051 0.639
7 

ENSMUS
T000000
28241 

Stom -0.4364 0.0096 -0.2368 0.1422 -0.1284 0.9381 -0.1821 0.619
4 

ENSMUS
T000000
34026 

Hpgd -0.4610 0.0080 -0.1217 0.4985 -0.0670 0.9972 -0.5708 NA 

ENSMUS
T000000
32761 

Pex11a -0.4660 0.0028 -0.1759 0.2328 -0.0113 0.9978 -0.4709 0.568
7 

ENSMUS
T000000
25488 

C3300
18D20
Rik 

-0.4706 0.0020 -0.0273 0.7951 -0.2649 0.8174 -0.1801 0.714
9 

ENSMUS
T000000
50034 

Pcdhb1
5 

-0.4917 0.0062 -0.3455 0.0803 -0.1217 0.9811 -0.0952 0.942
2 
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Table 5.3 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in mNSCs, Continued 

Ensembl
_id 

symbo
l 

Frontal_
None_lo

g2FC 

pvalue Frontal
_As_lo

g2FC 

pvalue None_
mNSC
_Log2

FC 

padj As_ 
mNSC
_Log2

FC 

padj 

ENSMUS
T000000
24984 

Tmem2
04 

-0.5412 0.0011 -0.1654 0.3914 -0.0995 0.9952 -2.1272 NA 

ENSMUS
T000000
34029 

Ednra -0.5464 0.0064 -0.1671 0.3431 -0.3094 0.9311 -0.7016 0.414
2 

ENSMUS
T000000
74660 

Chrdl1 -0.6004 0.0003 -0.1977 0.3017 -0.0048 0.9985 -0.2227 0.765
4 

ENSMUS
T000001
88621 

Gpr45 -0.6047 0.0092 -0.3607 0.1125 -0.5879 0.9117 -0.2011 NA 

ENSMUS
T000001
08964 

Gm144
10 

-0.6363 0.0072 -0.1707 0.4395 -0.0567 0.9902 -0.5675 0.477
5 

ENSMUS
T000000
29925 

Ndufaf
4 

-0.6592 0.0039 -0.1504 0.4929 -0.1039 0.9924 -1.3479 NA 

ENSMUS
T000000
57243 

Tmem2
52 

-0.7185 0.0028 -0.1556 0.5659 -0.3087 0.9772 -0.7027 0.499
6 

ENSMUS
T000001
18121 

Fam22
0a 

-0.7300 0.0082 -0.1377 0.5530 -0.1177 0.9751 -0.1398 0.898
0 

ENSMUS
T000001
81587 

181001
4B01Ri
k 

-0.7555 0.0011 -0.0391 0.8570 -0.0283 0.9972 -0.4692 0.582
9 

ENSMUS
T000001
07050 

Fmo5 -0.7658 0.0086 -0.2769 0.3053 -0.5858 0.9161 -1.2108 NA 

ENSMUS
T000001
28414 

Dnajc7 -0.7669 0.0013 -0.0978 0.7081 -0.1402 0.9741 -0.0455 0.972
2 

ENSMUS
T000001
52453 

Sptan1 -0.7903 0.0023 -0.0472 0.8820 -0.1357 0.9896 -0.0155 NA 

ENSMUS
T000001
38608 

Abhd1
2 

-0.7956 0.0001 -0.1390 0.5540 -0.6255 0.9135 -2.1262 NA 

ENSMUS
T000001
29816 

Dpf2 -0.8889 0.0084 -0.1151 0.6698 -0.1619 0.9807 -0.1369 0.889
0 

ENSMUS
T000001
86814 

Apbb1 -0.9330 0.0081 -0.4005 0.3579 -0.2283 0.9751 -0.0447 NA 

ENSMUS
T000001
28922 

Paxbp1 -1.0160 0.0063 -0.0876 0.7847 -0.0102 0.9984 -0.3801 0.597
5 
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Table 5.3 Comparison of log2 fold change in Frontal cortex in p21 Upf3b-null mice versus 
wild-type to that in mNSCs, Continued 

Ensembl
_id 

symbo
l 

Frontal_
None_lo

g2FC 

pvalue Frontal
_As_lo

g2FC 

pvalue None_
mNSC
_Log2

FC 

padj As_ 
mNSC
_Log2

FC 

padj 

ENSMUS
T000000
85461 

Klk8 -1.1073 0.0083 -0.3457 0.2583 -0.6626 0.8969 -0.8407 NA 

ENSMUS
T000000
22725 

Dct -1.8363 0.0023 -0.4021 0.5888 -1.1236 0.8974 -1.6058 NA 

ENSMUS
T000001
29338 

Actn4 -2.2825 0.0053 -0.0720 0.9210 -0.1942 0.9870 -0.4438 NA 

ENSMUS
T000001
33481 

Upf3b -6.0306 0.0000 -6.4661 0.0000 -7.9202 0.0000 -4.0509 NA 

ENSMUS
T000000
76265 

Upf3b -7.9311 0.0000 -8.9915 0.0000 -
10.632

3 

0.0000 -8.8546 0.000
0 

  



 

 214 

   

  

 

 

 
Figure 5.4 Identification of several new NMD substrates from prior papers. 
HeLa cells were exposed to Cycloheximide for 6 hours, either as 100 μM (RQ 100), 200 μM (RQ 
200), or 500 μM (RQ 500). n = 1-2, “1” is the level of RPL19 in untreated cells. qPCR performed 
by author and by Justina Nguyen 
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While several true NMD targets have been identified in the past, there are likely many 

more yet to be discovered. In the sections below, I examine novel putative NMD targets that could 

function in physiological functions. 

 

NMD may regulate circadian rhythms genes 

As “circadian entrainment” was one of the GO categories that was different between 

Upf3b-null and wild-type mouse frontal cortex (Fig. 5.3), NMD might in fact regulate circadian 

rhythms (CR). Prior literature on this topic is scarce, but a recent study demonstrated that upf1-3 

mutants in the yeast Neurospora crassa had aberrant circadian rhythms (Wu et al., 2017). In N. 

crassa, UPF1 regulates the circadian clock through alternative splicing of the frequency (FRQ) 

gene. In addition, plants with NMD mutations may have altered circadian entrainment, because 

they exhibit heightened stress to longer days, although there are few changes in their growth on 

shorter days (Shi et al., 2012). This suggests that their circadian entrainment to sunlight might be 

compromised in relation to wild-type plants. Further support that NMD may regulate CR in plants 

is that several Arabidopsis CR genes are alternatively spliced in such a way as they would be 

sensitive to NMD (Kwon et al., 2014). Little work has been done to determine whether NMD 

regulates CR genes or CR itself in other species, including humans. A database with siRNA 

expression of various NMD factor genes demonstrated that U2OS cells treated with siRNAs 

against UPF1 and UPF3B have altered CR compared to control negative result siRNAs (Zhang 

et al., 2009). Both genes appear to have reduced amplitude in CR compared to control, although 

it is unclear if the period changes (Fig. 5.5). The UPF1 siRNA had an effect on amplitude in both 

replicates, but the UPF3B siRNA only affected one replicate. Because UPF1 is central to NMD, 

this suggests that NMD likely regulates CR. Since UPF3B only has a role in one branch of NMD, 

this data suggests that the UPF3B-dependent branch of NMD might not have as strong of an 

effect on CR, although the UPF3b-independent branch may regulate CR. This data indicates there 

may be some role for NMD, or at least for UPF1, in regulating CR in mammalian cells. 
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UPF1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
UPF3B 

Figure 5.5 BioGPS Circadian Rhythms Screen indicates reduced amplitude of UPF1 and 
UPF3B depleted U2OS cells. 
Data from genomic screen using siRNAs against UPF1 and UPF3B, respectively, in U2OS 
cells with a Bmal1 luciferase reporter (Zhang et al., 2009). Red is data from UPF1 or UPF3B, 
Blue line is negative control data, and Green line is positive control data. Each gene was tested 
with 2 different siRNAs per well, and both wells are represented here 



 

 217 

Several genes involved in biological clock function have features that suggest they encode 

transcripts susceptible to decay by NMD. Genes were tested using a program developed in the 

lab to measure common NMD-inducing features, described at the beginning of this chapter and 

in chapter 1. CRY2 has a downstream exon junction. PER3 has 2-3 uORFs per transcript, and a 

relatively long (2425 nt) 3’UTR (4 isoforms). PER2 has a long 3’UTR (2337 nt). CLOCK has a 

long 3’UTR (7514 nt) and 2-4 uORFs (2 isoforms). To determine whether NMD regulates any of 

these genes and other clock genes, I performed CHX and siUPF1 experiments in U2OS cells 

(Fig. 5.6). I found that several CR-related genes were upregulated in response to CHX, including 

BMAL1, PER1, PER2, and REVERBα (Fig. 5.6 A). However, only PER1 and PER2 seemed to be 

upregulated by UPF1 depletion in U2OS cells (Fig. 5.6 B). Nevertheless, this data is only able to 

assess the steady-state levels of RNAs related to clock function. The better way to assess this is 

using RNA half-life analysis. I performed half-life analysis in U2OS cells using actinomycin D 

following control transfection or transfection of siRNA targeted against UPF1 and collected RNA 

to see the decay rate (Fig. 5.7). The control gene, GAPDH, actually had some stabilization with 

siUPF1. However, GAPDH is known to potentially be stabilized by NMD depletion, so this is not 

too surprising. BMAL1 may also have been stabilized by UPF1 depletion. However, PER1 and 

PER2 genes did not look very stabilized by UPF1 depletion, and thus may not be NMD targets. 

Further experiments should be done in U2OS cells and other cell lines to see if BMAL1 indeed is 

stabilized by UPF1 depletion, and whether NMD can affect the circadian rhythmicity of cells or of 

mice. 

 

NMD may regulate Shh and Notch signaling genes 

Another common category of genes that change in response to NMD is signaling (Fig. 

2.18, 2.22, 5.3). In order to study possible Shh and Notch components as targets of NMD, I first 

investigated whether these signaling components have features that make them likely NMD 

targets. Indeed, several genes in the Notch and Shh families encode mRNAs with fairly long  
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Figure 5.6 Circadian rhythms gene expression may change with cycloheximide or 
siUPF1. 
A - U2OS cells were exposed to Cycloheximide for 6 hours, either as 100 μM (RQ 100), 200 μM 
(RQ 200), or 500 μM (RQ 500). n = 3, “1” is the level of RPL19 in untreated cells. Bars represent 
standard error of the mean 
B - U2OS cells were transfected with 50, 100, or 200 nM of siUPF1 for 24 hours and RNA was 
collected for qPCR. n = 3 for other targets. “1” is the level of GAPDH in control siRNA cells Bars 
represent standard error of the mean 
 

A 

B 
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Figure 5.7 Circadian rhythms genes are partially stabilized by UPF1 depletion. 
U2OS cells were transfected either with siUPF1 (UPF1) or control siRNA (LUC) and split into 
different wells. Actinomycin D was added, and RNA was collected 15 minutes, 30 minutes, 1 hour 
or 2 hours after addition. n = 1, “1” is the level of RPL19 15 minutes after addition of actinomycin 
D 
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(longer than 1kb) 3’UTRs (Notch1, Jagged1, Patched1, Gli3, Sufu), several have uORFs (Numb, 

Ncor2, SPEN, Shh, Gli2, Gli3, Disp1), and others even have a PTC or retained intron in some 

isoforms (Notch1, Numb, Ncor2, Patched1, Gli2, Sufu). RNAs from these genes may be sensitive 

to NMD, allowing NMD to regulate Shh and Notch signaling.  

Since several components have NMD features, I decided to investigate their mRNA 

regulation in P19 cells. I grew P19 cells in culture either in undifferentiated state or with retinoic 

acid treatment, which makes them differentiate towards neural cell types. I then treated the P19 

cells with CHX, a protein translation inhibitor, for 6 hours, and performed qPCR to compare them 

to untreated cells.  Since NMD acts through translational mechanisms, using exon-junction 

complex recognition, blocking translation using CHX is a well-known way to block NMD activity.  

NMD targets are stabilized by this treatment (Carter et al., 1995). 

There should be a difference in magnitude of stabilization between undifferentiated and 

retinoic acid differentiated cells, because in the Lou et al. 2014 paper from my mentor’s laboratory  

(Lou et al., 2014), it was established that NMD needs to be repressed in order for stem cells to 

become neurons.  Therefore, I expected less stabilization of Shh and Notch signaling transcripts 

in differentiated cells than in undifferentiated P19 cells. For Notch signaling, I actually found this 

to be opposite for Notch1 and Numb (Fig. 5.8 A). These were stabilized Jagged1 and Ncor2 

showed elevated response to CHX in the differentiated P19 cells compared to more in 

undifferentiated P19 cells by CHX than in differentiated P19 cells. Nevertheless, undifferentiated. 

SPEN hardly changed upon CHX treatment in any of the cells. For Shh signaling, Shh, Gli2 and 

Disp1 were more stabilized upon CHX treatment in differentiated cells (Fig. 5.8 B). However, 

Patched1 (Ptc), Gli3, and Sufu were more stabilized in undifferentiated P19 cells than 

differentiated P19 cells. Overall, this suggests that CHX treatment, and NMD, can have very 

different effects in immature and differentiated cell types, and it cannot always be predicted by 

assumed NMD magnitude which targets will be most relevant for NMD. 
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A 

B 

Figure 5.8 Notch and Shh gene expression may change with cycloheximide. 
P19 cells were treated with cycloheximide either undifferentiated (Undifferentiated CHX-U) or 
after 3 (RA3 day CHX-U) or 7 days (RA7 day CHX-U) of retinoic acid treatment. Cells were 
exposed to 100 μM cycloheximide for 6 hours. Genes relevant to Notch signaling (A) and Shh 
signaling (B) were measured by qPCR. n = 1, “1” is the level of RPL19 in untreated cells in 
each category. qPCR performed by author and Charlotte Marx 
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UPF3B regulates several neural cell fate genes but does not appear to regulate cell fate 

determination in the developing spinal cord 

As CHX regulates many Shh and Notch signaling factors, NMD may have an effect on 

their expression in differentiating neural cells. To determine whether NMD regulates the 

expression pattern of these factors, I used mNSCs derived from wild-type or Upf3b-null mice and 

differentiated them in vitro. I collected RNA and performed qPCR to measure expression of 

various Shh genes and downstream neural fate markers. Pax6, Olig2, Nkx2.2, Math1, Ngn1 and 

Pax7 are downstream markers of Shh signaling, and markers of different neural cell fates (Jessell, 

2000). They also demarcate areas of the developing spinal cord/neural tube, which might make 

this system a good one to investigate how NMD affects neural cell fate and migration. Wild-type 

7-day differentiated cells expressed less Gli3, Disp1, Pax6, Olig2, Nkx2.2, Math1, Ngn1 and Pax7 

than Upf3b-null (KO) mNSCs (Fig. 5.9).  

To determine whether NMD affects cell fate determination in the nervous system, I used 

the embryonic spinal cord as a model. The embryonic spinal cord has a well-characterized 

structure and well-defined markers for various subpopulations. I assessed a few of these here in 

embryonic day 11.5 (E11.5) old mouse spinal cord derived from wild-type or Upf3b-null mice (Fig. 

5.10). I found that despite differences in expression in the cortically derived mNSCs, there were 

no differences in cell fate specification in these different mice for Olig2, Tubb3 (a general neural 

marker) or Neurofilament 2 (an axonal marker).  
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Figure 5.9 Notch and Shh gene expression may change with differentiation and be 
different in WT and Upf3b-null mNSCs. 
mNSCs derived from wild-type or Upf3b-null mice were collected undifferentiated or after 7 or 
14 days of differentiation attached to laminin-coated plates. Relative RNA quantification for Shh 
genes/targets (A) and downstream markers of dorsal spinal cord (B) were measured by qPCR. 
n = 1, “1” is the level of RPL19 in undifferentiated cells in each category. qPCR performed by 
author and Charlotte Marx 
 
 

A 

B 



 

 224 

 
 

Figure 5.10 Downstream neural fate markers do not change expression in the developing 
spinal cord of Upf3b-null mice at E11.5. 
Embryonic day 11.5 (E11.5) wild-type or Upf3b-null mice were collected, fixed and stained by 
immunofluorescence for various neural and general cell markers. A was stained for Olig2 using 
alexa-488 secondary, and B was stained for Tubb3 using alexa-488 secondary and Neurofilament 
2 using alexa-555 secondary 
 

A 

B 
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DISCUSSION 

The full spectrum of NMD RNA targets in any cell type has yet to be discovered. One area 

that merits further study is whether NMD can regulate cell adhesion. Two GO categories in my 

comparison of Upf3b-null to wild-type mouse frontal cortex were upregulated. Prior studies from 

the lab have also suggested adhesion genes are targets of NMD in Upf3b-null mouse cortex 

(Huang et al., 2017), in UPF3B-null iPSCs from human patients (Shao et al. unpublished) and lab 

members have suggested that cells of several varieties lacking in UPF3B (HeLa cells, P19 cells, 

H9 human embryonic stem cells, mNSCs) may not adhere as strongly to each other or to culture 

dishes as wild-type. Genes involved in adhesion often promote axon guidance during neural 

development; thus, their misregulation by NMD could result in neural deficits. A more complete 

understanding of the targets of NMD, and whether these targets are affected at the level of steady 

state expression levels or at the level of RNA stability, will help the field understand the biological 

effects of NMD regulation.  

 

Circadian rhythms 

My experiments suggest that NMD may regulate CR in addition to adhesion and other 

previously known categories. BMAL1 and PER1 and 2 seem to be likely candidates for 

degradation by NMD, as they displayed upregulation by CHX and by depletion of UPF1. They 

only displayed slight changes in stability in U2OS cells, but many factors could affect stability of 

these RNAs. For one thing, these genes are regulated by the circadian cycle very heavily. 

Perhaps I looked for stability at a time when the genes are only transcribed at lower levels; this 

would reduce the amount of stabilization I might see, because there may have been too little RNA 

present to begin the experiment. 

The potential of NMD to regulate CR raises the question of whether CR can also regulate 

NMD. Recent studies have found that levels of some NMD component RNAs cycle in various 

tissues in baboons. For example, UPF1 was found to cycle in 20 of the 64 tissues tested, including 
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several tissues of the brain and the master circadian regulation area, the suprachiasmatic nucleus 

(Mure et al., 2018). UPF2 and UPF3A also were regulated in 3 tissues each. This suggests that 

CR may have a way to manipulate NMD magnitude.   

 

Developmental Signaling 

While signaling was not a GO category represented by RNAs upregulated in Upf3b-null 

versus wild-type frontal cortex in my study, another study found NMD likely degrades several 

transcripts encoding proteins involved in the TGF-β, Wnt, Hippo, and FGF signaling pathways 

(Lou et al., 2016, 2014). However, this study did not explore the ability of NMD to regulate the 

Shh or Notch pathways.  This is important, as these signaling pathways are involved in a host of 

developmental events (Jessell, 2000). For example, Notch is very involved in the neural 

proliferation/differentiation decision (Giachino and Taylor, 2014). The proliferation/differentiation 

decision has been demonstrated to be regulated by NMD (Jolly et al., 2013; Li et al., 2015; Lou 

et al., 2014), lending support to the idea that NMD may act through Notch or Shh to regulate 

proliferation. 

Upf3b-null mNSCs might have been more differentiated than wild-type in my differentiation 

experiments. This may be in part because of inhibitory Shh signaling based on Gli3 and Disp1 

expression. Cells differentiated for 14 days had a similar pattern when comparing wild-type and 

Upf3b-null mNSCs. Perhaps this differentiation protocol directed wild-type mNSCs to a different 

fate, not controlled by Shh signaling. Other differentiation protocols might direct wild-type mNSCs 

to these lineages. Another issue is that these mNSCs are derived from embryonic cortex, not 

spinal cord. Thus, they may not express the same kinds of markers as embryonic spinal cord.  

Perhaps there are still alterations in cell fate between wild-type and Upf3b-null mice, but 

the markers I tested did not identify any differences. There could also be differences along the 

rostro-caudal axis that I was not able to quantify through these quick staining analyses. On the 

other hand, as Upf3b-null mice are not known to have motor coordination problems or defects in 
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general motor activity (Huang et al., 2017), if there was a defect at the level of spinal cord 

populations, it must be resolved by some sort of compensatory mechanisms. 

As I explored in this chapter, there is the possibility that NMD can target circadian rhythms 

genes, Shh signaling genes and Notch component genes. Further investigation may be required 

to support or deny the ability of NMD to regulate these physiological activities and signaling 

pathways. 
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 NMD regulates the stability of mRNAs encoding proteins important for many areas of 

biology. Our understanding of NMD has come very far from the initial interpretation of it as an 

RNA surveillance mechanism that degrades aberrant mRNAs. We now know it regulates a wide 

range of pathways, including those important in development and cellular stress responses. In 

my dissertation, I focused on the ability of NMD to influence cellular stress and apoptosis caused 

by arsenic exposure. I investigated this in both human cell lines and cell lines derived from mouse 

embryonic brain cortex. I also investigated whether NMD protects cells from dysregulated gene 

expression due to arsenic exposure. I obtained evidence that the NMD factor, UPF3B, has this 

role in both embryonic cortex cells in vitro and in adult frontal cortex tissue in vivo. I found that 

UPF3B regulates arsenic-induced expression changes in transcripts encoding proteins involved 

not only in cellular stress, but also cell cycle, apoptosis, and neural functions. 

 My studies support a model in which NMD protects cells from neural defects caused by 

cell cycle arrest, the UPR, and apoptosis in response to arsenic (Fig. 6.1).  Evidence from Chapter 

3 demonstrates that NMD-deficient cells exhibit signs of increased stress in the form of increased 

stress granule formation and increased expression of RNAs that translate into proteins important 

for the UPR following arsenic exposure (Fig. 3.6 - 3.9). Experiments in HeLa cells revealed 

increased cell death in response to arsenic in NMD-deficient cells (Fig. 2.2). Another feature of 

this model is that arsenic suppresses NMD, which creates a negative feedback loop that reduces 

the ability to cells to survive after arsenic exposure. Indeed, using several different NMD assays, 

I found this was the case in many different cell lines (Fig. 4.3 - 4.8). The ability of arsenic to 

suppress NMD would prevent this RNA turnover pathway from performing protective functions in 

the cell and from influencing cellular signaling events that are crucial to proper development. 

  There are several caveats to this model. First, I only provide evidence for elevated cellular 

stress in NMD-deficient cells at the RNA level, not the level of protein expression or protein 

modifications. Protein modifications such as phosphorylation events are common activators of 

cellular stress pathways including the UPR (Fig. 3.1). Second, although HeLa cells deficient in  
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Figure 6.1 Model by which NMD modulates arsenic toxicity. 
NMD may prevent neural toxicity due to arsenic through cell stress, cell cycle arrest and 
apoptosis. Arsenic inhibits NMD, which prevents it from influencing these events 
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the NMD factor UPF3B have reduced viability following arsenic exposure as compared to controls, 

experiments in mNSCs and frontal cortex did not indicate increased sensitivity of NMD-deficient 

neural cells to arsenic-induced cell death (Fig. 2.5, 2.10, 2.11). In addition, the results of mNSC 

experiments were inconsistent, perhaps due to the difficulty in obtaining stable mNSCs from mice 

and matching the passage number and age across samples. The amount of arsenic provided in 

the frontal cortex may not have been sufficient to elicit cell death, as many areas of the brain did 

not exhibit signs of increased apoptosis with arsenic exposure. Perhaps a different dose would 

illuminate differences in susceptibility of Upf3b-null brain to arsenic. Third, my experiments only 

examined the effects of UPF3B on arsenic toxicity. It is possible that the effects of UPF3B on 

arsenic susceptibility and neural development are due to reduced NMD magnitude, but it is also 

possible that UPF3B protects from arsenic toxicity in HeLa cells through some mechanism other 

than NMD. Other NMD factors would need to be tested for their ability to alter sensitivity to arsenic. 

 Several questions remain. For example, do other toxicants that stimulate the UPR, 

including manganese, urea, and carbon tetrachloride (Fig. 3.4), share with arsenic the ability to 

suppress NMD? Does NMD protect cells from these toxicants? Does the interplay between 

arsenic and NMD extend to non-mammalian species? This latter question may have economic 

implications, particularly if it is found that NMD has roles in arsenic toxicity in plants.   

 

NMD Modulation Therapy 

 My evidence that NMD provides defense against the unwanted side effects of UPR 

activation raises the possibility that NMD activators would provide protection against these 

unwanted UPR-induced side effects. As far as I am aware, no NMD activators have yet been 

definitively defined. One way to screen for NMD activator compound would be through high-

throughput screening of compounds using some sort of NMD reporter, such as those described 

in Chapter 4.  This approach was successfully used by Nickless et al. to identify NMD inhibitors, 

but also identified several putative NMD activators (Nickless et al., 2014). Another putative NMD 
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activator is rapamycin, as it has been shown to reduce the levels of PTC-containing mRNAs 

(Martinez-Nunez et al., 2016). 

 Another approach to identify NMD activators is to mine the literature. For example, the 

fact that the UPR suppresses NMD (Gardner, 2008; Li et al., 2016; Usuki et al., 2013) suggests 

that some UPR suppressing agents might be NMD activators. A candidate for this is saffron. A 

study used saffron combined with arsenic in rats and saw improved behavioral outcomes 

compared to arsenic treatment alone (Reddy Karnati et al., 2015). Saffron might provide a 

protection from arsenic by activating NMD. Other compounds known to reduce the magnitude, 

threshold or duration of UPR activity are telithromycin, quercetin, and crocin (Ben Salem et al., 

2016, 2015; Boussabbeh et al., 2016; Mehri et al., 2015; Tran et al., 2014). I obtained preliminary 

evidence that two of these compounds—crocin (a component of saffron) and telithromycin—

increase the viability of HeLa cells following arsenic exposure (data not shown). However, I did 

not obtain statistically significant evidence that NMD was elevated in cells treated with these 

compounds using NMD luciferase reporter analysis.  

 Regulators of cell metabolism (in particular dietary restriction), could also affect NMD 

magnitude, based on the recent finding that C. elegans undergoing dietary restriction had 

elevated expression of NMD factors (Tabrez et al., 2017). The dietary restriction pathway—

involving PHA-4/FOXA—was found to regulate alternative-splicing-driven NMD, suggesting that 

activators of this pathway might activate NMD.   

 Another potential class of NMD activators are those that modulate known biochemical 

steps critical for NMD, such as UPF1 phosphorylation. While the precise function of UPF1 

phosphorylation is not known, it is clear that a cycle of UPF1 phosphorylation and 

dephosphorylation is critical for NMD (Chang et al., 2007).  Unphosphorylated UPF1 is thought to 

be bound by all mRNAs but is displaced by translating ribosomes on non-NMD targets. In contrast, 

NMD targets allow UPF1 to persist, leading to its being phosphorylated by the kinase and 

essential NMD factor SMG1. UPF1 phosphorylation promotes the formation of a “NMD complex,” 
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which, in turn, promotes mRNA degradation by exonucleases and endonucleases (Hug et al., 

2016). The essential role of UPF1 phosphorylation in NMD raises the possibility that agents that 

facilitate this step can activate NMD. For example, small molecules that stimulate UPF1 kinases 

or UPF1 phosphatase inhibitors would be predicted to activate NMD. In support, Durand et al. 

found that UPF1 hyperphosphorylation promoted NMD by allowing for more efficient NMD 

complex formation on PTC-containing mRNAs (Durand et al., 2016). Hyperphosphorylation of 

UPF1 promoted its association with downstream NMD factors (such as SMG5, SMG6, and 

SMG7), providing a plausible mechanism by which NMD is stimulated. Given that the only known 

kinase that phosphorylates UPF1 is SMG1, this is a prime candidate to target in a small-molecule 

screen for NMD activators. In support of its being a good target, over expression of SMG1 has 

been shown to stimulate NMD (Huang et al., 2011).  

 An alternative to identifying agents that promote UPF1 phosphorylation is to screen for 

agents that promote the association of UPF1 with UPF1-binding partners critical for NMD. As an 

example, CARM1, a gene found to be upregulated in spinal muscular atrophy, encodes a protein 

that promotes the decay of PTC-containing mRNAs, through binding to UPF1 in an RNA-

dependent fashion (Sanchez et al., 2015). Thus, activators of CARM1 expression or activity could 

potentially activate NMD. 

 Agents that perturb natural inhibitors of the NMD pathway could also serve to activate 

NMD. In work from my mentor’s laboratory, it was found that the UPF3B paralog, UPF3A, 

antagonizes NMD by competing with UPF3B for binding to the exon junction complex (Shum et 

al., 2016). Thus, knocking down UPF3A activates NMD. If small molecules were found which 

could selectively inhibit the actions of UPF3A but not UPF3B or other NMD factors, these would 

be predicted to activate NMD. To identify them, one could perform a high-throughput screen for 

small molecules that prevent UPF3A binding to UPF2 or repress UPF3A transcription.  

 While NMD activators have many potentially useful clinical applications as a means to 

suppress deleterious stress responses, including the UPR, NMD activators may have side effects. 
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Elevated NMD might result in enhanced degradation of mRNAs encoding proteins important for 

normal function, such as those involved in signaling and development. Many NMD target mRNAs 

encode proteins important for cell cycle progression and differentiation, and thus reduced levels 

of these would likely alter the ability of cells to replace dying cells and return to homeostasis.    

 Although NMD activators have not yet been definitively identified, several NMD inhibitors 

have been defined by the field.  The rationale behind using NMD inhibitors is they would increase 

the expression of disease genes harboring PTCs that encode mutant proteins that retain full or 

partial function (Keeling and Bedwell, 2011). This could alleviate the symptoms of genetic 

disorders. Several NMD inhibitors have been identified and tested against several genetic 

disorders, including cancer and cystic fibrosis (Gotham et al., 2016; Iwatani-Yoshihara et al., 

2017; Martin et al., 2014; Miller and Pearce, 2014; Nomakuchi et al., 2016). Of note, a potential 

side effect of using NMD inhibitors is buildup of PTC-containing aberrant RNAs, which might 

produce deleterious proteins. Indeed, some cancers have mutations or a reduction in expression 

of key NMD factors, leading to tumor formation (Chang et al., 2016; Lu et al., 2016). 

 

NMD and the DNA Damage Response  

 In order to fully understand the impact of NMD inhibitors or activators on cellular stress 

response, there is a need to understand how NMD regulates forms of stress response other than 

the UPR and stress granule formation. Pertaining to this, I found that NMD may have a role in the 

DNA damage response in the brain, as Upf3b-null mice have increased H2AX staining in the 

dentate gyrus (Fig. 2.11). It will be interesting to determine whether this is a brain-specific effect, 

or whether NMD controls DNA damage in other tissues and cell types.   

 

NMD and the Adult Brain 

 While the field has some understanding of the role NMD plays in the development of the 

nervous system, including in embryonic neural proliferation and differentiation, it is not known 
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whether NMD has an effect on the adult nervous system (Huang et al., 2017; Jolly et al., 2013; 

Lou et al., 2014). My experiments demonstrated that Upf3b-null mice have few Ki67-positive cells 

in the dentate gyrus, a site of neurogenesis throughout adulthood (Fig. 2.9) (Toda and Gage, 

2017). This suggests that there might be fewer neural stem cells in this region of the brain. 

Alternatively, the number of stem cells might be the same in wild-type and Upf3b-null mice, but 

the stem cells in Upf3b-null mice are relatively quiescent or have a much longer cell cycle than in 

wild-type mice. Since neurogenesis is thought to promote plasticity in the adult hippocampus, 

allowing for change in the function of particular neurons or regions of the brain, the ability of NMD 

to promote adult neurogenesis could be very important for behavior. As adult neurogenesis is 

known to be affected by many outside factors, including exercise, sleep, and stress, it is not 

surprising that this area could be vulnerable to perturbations at the post-transcriptional level as 

well (Lucassen et al., 2010). Adult neurogenesis also occurs in the subventricular zone of the 

olfactory bulb. It will be intriguing in the future to determine whether Upf3b-null mice have defects 

in neurogenesis in this brain region.  

 Another area of research that requires further investigation is the role of NMD in sensory 

modalities. Several papers suggest that NMD has roles in the visual system in flies and possibly 

in humans (Jolly et al., 2013; Metzstein and Krasnow, 2006; Nelson et al., 2016; Nguyen et al., 

2013). Although no obvious visual abnormalities were detected in the Wilkinson laboratory’s 

behavioral analysis of Upf3b-null mice, several genes involved in retinal neural cell connectivity 

were upregulated by loss of Upf3b in frontal cortex (Huang et al., 2017). One of these upregulated 

genes is Sdk2, which is important in formation of visual circuitry used in motion detection (Huang 

et al., 2017). This suggests that more detailed analyses of Upf3b-null mice, including into retinal 

connectivity patterns and motion detection, might reveal visual defects in these NMD-mutant 

mice. Further studies in Upf3b-null mice might show problems with visual system development, 

either at the level of the eye structure themselves, or in visual processing.  
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 Unpublished work in the Wilkinson laboratory suggests that NMD regulates olfactory 

neurogenesis and the olfactory receptor repertoire. For example, Upf3b-null mice have alterations 

in the numbers of olfactory sensory neuron subsets in the olfactory epithelium and increased 

numbers of immune cells (Jones et al. unpublished). While no olfactory behavioral deficits have 

been definitively found in Upf3b-null mice, it is likely that these mice have a partial smelling defect, 

as they have a reduced weight compared to wild-type mice during early postnatal development 

(Jones et al. unpublished). Early postnatal mice are blind and thus they rely entirely on their sense 

of smell to find their mother’s milk and gain weight.  

 Another sensory modality that might be influenced by NMD is somatosensation. The 

follows from two findings: (i) the ability to sense touch has been linked to neurodevelopmental 

disorders, including autism (Cascio, 2010) and (ii) many intellectual disability patients with UPF3B 

mutations have autism (Laumonnier et al., 2010). Upf3b-null mice have not yet been tested for 

somatosensation defects. Less is known about taste than other sensory modalities, but this might 

be an area of future study with regard to NMD, as well. Indeed, it would not be surprising if some 

of the same NMD targets that are important for neural proliferation and differentiation affecting 

memory formation and smell are also important for formation of vision, touch, and taste. This 

follows from the fact that similar cues direct proliferation of neurons for all of these sensory 

modalities, and because similar developmental signaling guide axons in all of these systems 

(Petrovic and Schmucker, 2015). 

 Although a fair amount is known about the factors involved in NMD and the molecular 

mechanism by which it specifically degrades particular RNA targets, we have much to learn about 

the biological role played by NMD. By understanding mechanisms that regulate NMD and learning 

how to modulate its activity, we may be able to treat humans with genetic diseases and those 

exposed to high levels of environmental toxicants. It will be exciting to determine the efficacy of 

NMD therapy in different clinical scenarios, including for treatment of complex diseases, 

particularly those that are refractory to current therapies. 
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