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Abstract of the Dissertation 

ABSTRACT OF THE DISSERTATION 

The Role of Nonsense-mediated mRNA Decay in Neural Development 

by 

Samantha Helen Jones 

Doctor of Philosophy in Biomedical Sciences 

University of California San Diego, 2018 

Professor Miles F. Wilkinson, Chair 

 

 The nonsense-mediated RNA decay (NMD) pathway serves as a quality control 

mechanism and regulator of normal gene expression.  Here, we report our analysis of two gene 

paralogs, UPF3A and UPF3B, which we found to have opposing roles in NMD.  Previous gain-

of-function studies indicated that UPF3A encodes a protein exhibiting little or no NMD activity.  

We were therefore perplexed as to what property allowed UPF3A to survive since it arose at the 

dawn of vertebrates, over 400 million years ago. Using loss-of-function approaches, we found 

that UPF3A is a potent NMD repressor both in vitro and in vivo.  We generated Upf3a-null mice 

and found that global UPF3A knockout causes mouse embryonic lethality and conditional 

knockout in male germ cells leads to spermatogenic defects, particularly at the meiotic stage 



 

 
 xiii 

where UPF3A is highly expressed.  We propose that UPF3A serves as a molecular rheostat to 

upregulate critical NMD target mRNAs at specific developmental time points, a model supported 

by RNAseq analysis.  In contrast to UPF3A, UPF3B does not function in the testis; instead it is 

critical for neural development and human cognition.  Mutations in UPF3B cause a form of X-

linked intellectual disability, with patients often also suffering from autism or schizophrenia. To 

understand UPF3B function in vivo, we generated Upf3b-null mice and found that they display 

defects in fear-conditioned learning and pre-pulse inhibition (PPI), a measure of sensorimotor 

inhibition often deficient in individuals with schizophrenia. Consistent with these defects, cortical 

pyramidal neurons from Upf3b-null mice exhibit decreased spine density and RNAseq analysis 

identified transcripts encoding key neural regulators as targets of UPF3B. Our findings 

demonstrated that UPF3A and UPF3B have opposing functions in the NMD pathway and act in 

distinct developmental processes.  

A major focus of my thesis work was to further investigate the role of UPF3B in 

neurogenesis using the olfactory system as a model. We and found (at the transcript level) 

fewer early OE cell types in the Upf3b-null mouse but similar numbers of mOSNs, the cells 

responsible for odorant detection. Pooled RNA sequencing of Upf3b-null and wild type mOSNs 

revealed decreased class-II olfactory receptor (olfr) expression, which may (at least partially) 

underlie a previously observed partial olfaction defect. When comparing pooled data with our 

single cell RNA sequencing (scRNAseq) results, we also found a significantly reduced number 

of cells expressing one or more olfrs. Closer examination of the scRNAseq data also indicated a 

role for UPF3B in immune response and presented the possibility that multiple OE cell types are 

bifunctional, playing a role in both detecting odorant molecules and responding to infection. This 

work was also the first to define the “translome” of pooled mOSNs, building a framework for 

what transcripts are more often translated in a healthy model and how that can change in a 

disease (in our case UPF3B-depleted) state.   
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Chapter 1 
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Nonsense-Mediated RNA Decay  
 

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

present in all eukaryotes examined so far, from yeast to humans (Lykke-Andersen and Jensen, 

2015). NMD has two known roles. First, it acts as a surveillance pathway, degrading mRNAs 

harboring premature termination codons (PTCs) generated as a result of mutation or 

biosynthetic errors, for instance, in RNA splicing (Figure 1.1). While the functional significance 

of this RNA surveillance role is not known, it is hypothesized to protect cells from the deleterious 

effects of dominant-negative truncated proteins translated from PTC-bearing mRNAs (Chang et 

al., 2007; Nicholson et al., 2010; Rebbapragada and Lykke-Andersen, 2009). Second, NMD 

serves as a regulator of normal gene expression through its ability to degrade subsets of 

functional RNAs (He et al., 2003). NMD magnitude is regulated in a stage- and cell type-specific 

manner, allowing it to alter the levels of target mRNAs throughout the course of development 

(Huang and Wilkinson, 2012; Karam et al., 2013). The action and various purposes of NMD are 

further explained in the sections below.  

 
NMD-Inducing Features 
 

NMD is a translation-dependent pathway that recognizes specific features in RNA that 

leads to their decay. Many of these features only elicit decay when in specific contexts, and 

many of these contexts remain undefined. Thus, it is often not possible to predict if a given 

transcript will be degraded by NMD. The best-established and reliable NMD-inducing feature is 

an exon-exon junction downstream of the stop codon terminating the main ORF (Nicholson et 

al., 2010). After splicing, if an exon-exon junction is present, a group of proteins, making up the 

exon junction complex (EJC), come together and act as a second signal initiating the NMD 

response (Bhuvanagiri et al., 2010; Bruno et al., 2011). Exon-exon junctions serve as nucleation 

points that recruit the exon junction complex (EJC), a set of proteins deposited on RNAs post-

splicing that mediate several functions, including NMD activation (Hir et al., 2016). The EJC is a 
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highly stable tetramer core comprised of the RNA-binding proteins eIF4AIII, MLN51, Y14, and 

MAGOH (Figure 1.2).  

In the current consensus model of NMD, RNA decay is triggered when the EJC interacts 

with the NMD factor UPF3B (Figure 1.2). The NMD complex is comprised of three trans-acting 

Up-frameshift (UPF) proteins: UPF1, UPF2, and UPF3B (described in more detail below) 

(Figure 1.2). UPF3B, along with UFP1 and UPF2, are considered the “core” NMD factors. Upon 

translation termination, release factors recruit UPF1 and the UPF1 kinase SMG-1, forming the 

SURF (SMG-1-UPF1-eRF1-eRF3) complex. This complex transiently interacts with the EJC, 

and that interaction defines a stop codon as premature, leading to the phosphorylation of UPF1 

(Chan et al., 2007). Because the NMD core complex only forms at sites of translation 

termination, it is limited to only interacting with EJCs downstream of the main ORF stop codon—

upstream EJCs are believed to be ejected by the pioneer round of translation (Kim et al., 2001). 

Because of this only stop codons in middle exons, not the final exon, elicit EJC-dependent 

NMD. This provides a simple mechanism by which PTCs are distinguished from normal stop 

codons, as the main ORF ends in the final exon in most normal mRNAs, making them immune 

to NMD. Although not well understood, other contexts (for example, long 3’ untranslated regions 

[UTRs]) often also elicit NMD (Hogg and Goff, 2010; Shum et al., 2016).   

 
NMD Factors 
 

A great deal of interest surrounds the core proteins in the NMD complex, which, in 

vertebrates, includes UPF1, UPF2, and paralogs UPF3A and UPF3B, because of their essential 

roles in development. As was briefly mentioned previously, UPF1 is a RNA helicase, part of the 

group 1 helicase family (Bhattacharya et al., 2000). A couple of years ago, researchers showed 

that ATP hydrolysis by UPF1 is required for efficient translation termination and ribosome 

release at a PTCs (Serdar et al., 2016). Even more recently, it was discovered that UPF1 

interaction with translation release factors is indirect (as opposed to direct, as was previously 
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assumed) and is likely mediated by UPF3B (Neu-Yilik et al., 2017). UPF1 contains multiple 

serine residues in both its N and C termini that are subject to cyclical phosphorylation and 

dephosphorylation. The Suppressor with Morphogenetic effect on Genitalia-1 (SMG1) kinase is 

responsible for phosphorylation of UPF1, while SMG5, SMG6, and SMG7 promote its 

dephosphorylation. This regulation of UPF1 is essential for normal NMD function (Grimson et 

al., 2004).  

In HeLa cells, UPF2 has been shown to accumulate in the perinuclear region of the 

cytoplasm and is recruited to mRNAs in the nucleus as a result of splicing (Mendell et al., 2004). 

UPF2 associates with the SURF complex cells, eRFIII binding to the C-terminus of UPF2 

(López-Perrote et al., 2015). UPF2 has been shown to interact with several NMD factors, 

including UPF3b at the EJC and previously mentioned eRFIII at the ribosome, In addition, UPF2 

has been shown to interact with UPF1 and SMG1 (López-Perrote et al., 2015). Normal UPF2 

function has been shown to be essential for the proper trajectories of axons emanating from 

spinal commissural neurons (Colak et al., 2013). 

UPF3B is a well-studied protein with well-defined biochemical functions required for a 

branch of the NMD pathway. UPF3B has been shown to associate with the EJC, and this 

association allows for UPF1 phosphylation and downstream activity. Recently, it was shown that  

UPF3B also interacts with translation release factors, has the ability to dissociate post-

termination ribosomal complexes, and is involved in  translation termination (Chan et al., 2007; 

Geissler et al., 2013; Karousis et al., 2016; Neu-Yilik et al., 2017). 

The Role of UPF3B in Neural Development 
 

The primary focus of this thesis is UPF3B. Mutations in the human UPF3B gene cause 

intellectual disability and are highly associated with neuro-developmental disorders, including 

schizophrenia and autism (Rujescu et al., 2009; Swerdlow et al., 2008; Tarpey et al., 2007). 
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While the underlying basis for its role in neural development and cognition are not known, in 

vitro studies have shown that UPF3B promotes neural differentiation and it is regulated by 

neurally expressed microRNAs that influence neural self-renewal vs. differentiation decisions 

(Jolly et al., 2013; Lou et al., 2014). UPF3B also shapes the unfolded protein response, a 

pathway critical for normal neural development (Karam et al., 2015).   

Recent work from our lab showed that Upf3b-null mice exhibit deficits in prepulse 

inhibition, a common defect in individuals with schizophrenia. Upf3b-null mice display deficient 

dendritic spine maturation in pyramidal neurons in their frontal cortex and RNAseq analysis of 

the frontal cortex identified UPF3B-regulated RNAs, including direct NMD target transcripts 

encoding proteins with known functions in neural differentiation, maturation, and disease. In 

vitro, Upf3b-null mouse neural stem cells require prolonged culture to give rise to functional 

neurons with electrical activity and an impaired ability to undergo differentiation (Huang et al., 

2017).  

The UPF3A/UPF3B Paradox 
 

UPF3B is unique among known NMD factors in having a sister protein: UPF3A. UPF3A 

and UPF3B are encoded by an ancient gene paralog pair that exists in all sequenced 

vertebrates, including all mammals, frogs, fish, and birds. Until more recently, scientists were 

perplexed as to why both of these paralogs persisted since the origin of vertebrates. It had been 

hypothesized that UPF3A and UPF3B have redundant functions (Chan et al., 2007; Chang et 

al., 2007; Kunz et al., 2006; Lykke-Andersen et al., 2000), a notion supported by the fact that 

UPF3A is dramatically upregulated when UPF3B is downregulated or eliminated and the 

association between the magnitude of this UPF3A upregulatory response and the severity of 

neurological symptoms in intellectual disability patients with UPF3B mutations (Nguyen et al., 

2012). As discussed in Chapter 5, we re-evaluated the function of UPF3A using loss-of-function 

approaches, both in vitro and in vivo, and found that UPF3A is in fact a broadly acting NMD 
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inhibitor, acquiring the ability to repress RNA decay through impairment of its N-terminus 

domain. In addition to acting as an inhibitor of the NMD pathway, mice lacking UPF3A die not 

long after conception. Male mice with depleted UPF3A display defects in gametogenesis, 

suggesting the role of UPF3A in male fertility (Shum et al., 2016). This discovery was exciting, 

as it implied that UPF3A and UPF3B do not primarily work in a complementary or redundant 

manner as previously supposed; instead, they oppose each other (Figure 1.3).  

Outside of the role of the previously mentioned NMD factors, the specifics behind the 

decay of the RNA itself have not been fully resolved, but it is believed that ribonucleases are 

responsible for the destruction of PTC-bearing mRNAs. This is based on the fact that, in 

mammals, both the decapping-dependent 5′-to-3′ exoribonuclease pathway and the exosome-

mediated 3′-to-5′ exoribonuclease pathway degrade mRNAs harboring PTCs (Chlebowski et al., 

2013; Lejeune and Maquat, 2005).  

NMD is a Branched Pathway 
 

Several lines of evidence suggest that NMD is not a linear pathway, but rather has 

different branches. This concept was first suggested by NMD factor knockdown experiments in 

HeLa cells. Depletion of EJC factors and the NMD factor, UPF2, selectively upregulated only 

some NMD substrate RNAs, providing evidence for EJC- and UPF2-independent branches of 

NMD (Gehring et al., 2005; Metze et al., 2013). The existence of a UPF2-independent branch of 

NMD was later confirmed in Upf2-KO mice (Weischenfeldt et al., 2008).   

The UPF3B-independent branch of the NMD pathway was initially suggested by two 

lines of evidence. First, lymphoblastoid cells from patients harboring UPF3B frameshift 

mutations, that generated PTCs, have reduced levels of UFP3B mRNA (indicative of active 

NMD) despite no active UPF3B protein (Tarpey et al., 2007). Second, stable and transient 

depletion of UPF3B from HeLa cells failed to reverse the destabilization of a subset of NMD 

substrates (Chan et al., 2007). The existence of both UPF3B-dependent and –independent 
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branches of NMD was later confirmed in vivo (Huang et al., 2011; Karam et al., 2015). NMD 

branches afford the opportunity for more subtle regulation than regulation conferred by the NMD 

pathway as a whole.  For example, by degrading only a subset of NMD target transcripts, a 

given NMD branch can influence a development event in a more specific manner. 

 

NMD Regulates Normal Biological Events 
 

NMD was first recognized solely as a quality control mechanism, yet over the last 

decade or so it has been shown to degrade subsets of normal mRNAs in species spanning the 

phylogenetic scale (Chang et al., 2007). Genome-wide analysis has revealed that NMD 

regulates up to 15% of wild-type transcripts from a wide variety of species ranging from C. 

elegans to mammals (Lykke-Andersen and Jensen, 2015). Finding that NMD not only acts as a 

quality control pathway but also shapes the normal transcriptome was indicative of its 

importance in overall biological function and led researchers to hypothesize that the magnitude 

of NMD may be subject to regulation over the course of development.  

 

NMD Magnitude Varies Over the Course of Development 
 

Many studies have shown that NMD factor levels and NMD magnitude are altered during 

development. In most cases, NMD level and NMD magnitude is downregulated, which allows for 

an effect similar to transcriptional activation - mRNA targets increase, leading to an increase in 

protein expression (Huang and Wilkinson, 2012). In other cases, NMD is instead upregulated, 

which leads to NMD target downregulation.   

 The first study investigating NMD levels over the course of development was done in 

Drosophila melanogaster (fruit flies) about fifteen years ago. Researchers used a nonsense 

allele-containing reporter and found that NMD (judged by Upf1 expression by in situ) was 

strongest just after egg laying (3hrs) and then rapidly decreased over the next 20 hours (Alonso 
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and Akam, 2003).  

To explore the potential role of NMD in Caenorhabditis elegans, researchers analyzed 

regulated unproductive splicing and translation (RUST) targets (Barberan-Soler et al., 2009). 

RUST had been previously shown to be NMD-dependent (McGlincy and Smith, 2008). In 

summary, Barberan-Soler et al. found that RUST regulated mRNAs that were nonfunctional and 

subject to NMD were more strongly downregulated in C. elegans embryos than they were in 

adults.   

In the case of vertebrates, work over the last decade has shown that NMD is regulated 

during brain development (Bruno et al., 2011). In 2011, Bruno et al. found that the microRNA 

(miRNA) miR-128 represses NMD by targeting the mRNAs encoding UPF1 and EJC protein 

MLN51. The downregulation of these NMD proteins by miR-128 allows for the upregulation of 

essential transcripts for normal brain development. The action of this miRNA is well 

conserved—not only was it shown to act in mammals—it was also essential in chickens and 

frogs.  

In the case of B cell maturation, recombination is frequent, and so the prevalence of 

nonfunctional, out-of-frame sequences is increased as well. B cells are lymphocytes of the 

adaptive immune system that experience random V(D)J recombination. V(D)J refers to variable 

(V), joining (J), and diversity (D) gene segments, the rearrangement of which allows for the 

creation of novel antigen binding regions that can then recognize a wide range of antigens from 

bacteria, cancer cells, etc. If left unmonitored, aberrant transcripts encoding truncated proteins 

could lead to major biological distress and dysfunction of the immune system. In 2004, Delpy et 

al. found that increased NMD during B cell maturation allowed for degradation of those 

transcripts (Delpy et al., 2004). 

 

The Olfactory System  
 

For my thesis studies, I examined the role of NMD in the olfactory system. This line of 
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investigation followed from a former Wilkinson lab member’s evidence that the NMD factor, 

UPF3B, is involved in mouse olfaction.  

The olfactory is one of only two systems shown to experience ongoing neurogenesis into 

adulthood—the other is the hippocampus (Whitman and Greer, 2010). Olfactory signals are key 

to mammalian development as they are responsible for reproductive, feeding and social 

behaviors (Lledo and Lagier, 2006). In rodents, the olfactory system is often thought of in terms 

of the olfactory epithelium and the vomeronasal organ. The rodent vomeronasal organ (VNO) 

and olfactory epithelium (OE) arise from the olfactory placode (also called the olfactory pit). 

When the placode invaginates early in development, the nasal cavity is formed (Brann and 

Firestein, 2014). During development, neuroblasts from the SVZ migrate along the rostral 

migratory stream (RMS) into the olfactory bulb and differentiate into interneurons (Whitman and 

Greer, 2010). The VNO develops earlier than the OE, but they share many of the same 

features, both in terms of structure and function. They are both columnar epithelia containing a 

variety of cell types, including basal cells, immature and mature sensory neurons, and 

sustentacular (support) cells. Sensory neurons in both regions are bipolar (having two 

extensions, axons and dendrites) and detect odorants (Brann and Firestein, 2014). 

The vomeronasal neuroepithelium is part of the accessory olfactory system, and is 

historically referenced for its role in pheromone detection. It is located within the vomeronasal 

bone, at the base of the nasal septum. The VNO neuroepithelium contains sensory neurons 

(V1R and V2R) whose axons innervate the rostral and caudal regions of the accessory olfactory 

bulb, respectively (Munger, 2009; Spehr and Munger, 2009; Takahashi, 2014).   

The olfactory mucosa, part of the main olfactory system (MOS), is generally broken 

down into three components: the olfactory epithelium (OE), basement membrane, and lamina 

propria (Chen et al., 2014). The homogeneous basement membrane, also referred to as the 

basal lamina, lies below the OE (Inaki et al., 2004). The lamina propria lies below the basement 

membrane and contains blood capillaries, multiple immune cell types, and stem cells (Chen et 
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al., 2014). 

The OE is located within the nasal cavity, and is home to both traditional OE cell types 

and those involved in immune defense. In the OE, there are multiple cell types: horizontal basal 

cells (HBCs), globose basal cells (GBCs), immature olfactory sensory neurons (iOSNs), mature 

olfactory sensory neurons (mOSNs), and sustentacular cells (SUS).  

HBCs are oblong in shape and reside closest to the basement membrane in the OE. 

They are relatively quiescent, rarely dividing under normal circumstances. In the case of severe 

injury, HBC activity is stimulated and they give rise to multiple cell types of the OE, including 

GBCs (Packard et al., 2011). GBCs lie above the HBCs and have shown to be necessary for 

regeneration of OE after modest injury, giving rise to neuronal and non-neuronal cell types 

(Thakur et al., 2014). Both immature and mature olfactory neurons (iOSNs and mOSNs) are 

sensory cells in the OE that are specialized for detecting odorants.  

Mature OSNs are Golgi type I neurons are the only mature neuron population in the OE 

(Firestein, 2001). The axons of mOSNs in the OE project to the olfactory bulb (OB), forming 

glutamatergic synapses with mitral cells in the OB, and eventually the primary olfactory cortex, 

connecting the nasal cavity to the central nervous system. Mature OSNs span the OE, their 

dendrites (that terminate in odorant-detecting cilia) dispersed in between sustentacular cells 

(SUS). SUS are columnar cells that play an important role in the regulation of sensory neuron 

homeostasis (Chen et al., 2014). OSNs expressing olfactory receptors (ORs), trace amine 

associated receptors (TAARs), and guanylyl cyclase type D receptors (GC-D) are all found in 

the OE. Both ORs and TAARS are G-Coupled protein receptors (GPCRs), coupling to the G 

protein Gαolf (Buck and Axel, 1991). 

Mice have ~1200 functional olfactory receptor (Olfr) genes. One incredible aspect of the 

olfactory system is that each mOSN only expresses one Olfr protein, abiding by the “one 

neuron-one receptor” rule. Olfr gene expression in a given mOSN is critical for axonal targeting 

to the OB, and thereby the transmission of information in odorant detection. This projection site 
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is called the glomerulous. The glomerulus is located in the OB and is where synapses form 

between mOSN axons termini and dendrites of mitral, tufted, and periglomerular cells. 

Replacement of OSNs throughout adulthood demands that new axons find their correct 

glomerulous and synaptic target while also integrating into existing circuitry (Beites et al., 2005). 

Advantages of the Olfactory as an Experimental System 
 

The olfactory system (OS) presents a far more accessible, simplified version of the 

brain, with one mature neuronal cell population, making it a more straightforward model for 

studying neurogenesis, neuronal plasticity and neurological disease (Fletcher et al., 2011; Oboti 

and Peretto, 2014). Making it even more appealing, the OS is an excellent model of 

regeneration as it is possible to chemically deplete all but the olfactory stem cells (HBCs). It is 

also relevant for clinical research, as olfactory defects have been shown to be predictors of CNS 

disorders (Haehner et al., 2011; Rupp, 2010). 

The Role of NMD in the Olfactory 
 

Although a great deal of work has provided evidence for NMD playing an essential role 

in the nervous system, the underlying mechanism by which NMD acts is not well understood. 

My thesis work poses the following question: what is the importance of RNA regulation in 

neurogenesis? I addressed this question in the olfactory system, using a mouse model deficient 

in the RNA turnover pathway NMD.  

I focused my studies on the role of UPF3B in the olfactory system. Studies over the last 

decade have revealed that mutations in human UPF3B cause intellectual disability (ID), and 

patients with this disease often suffer from additional disorders including autism, schizophrenia, 

and attention deficit disorder, suggesting the importance of UPF3B in proper brain development 

(Rujescu et al., 2009; Swerdlow et al., 2008; Tarpey et al., 2007). Our laboratory created and 

characterized a Upf3b-null mouse line and found that some of their behaviors aligned with what 

had been observed in these patients (Huang et al., 2017).  
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In addition to the previously mentioned behavioral defects, the lab observed that Upf3b-

null mice displayed a significant weight loss defect, growing at a slower rate compared to their 

wild type littermates, however, about two months after birth Upf3b-null mice reach the same 

weight as their littermates, indicating a partial olfaction defect (further address in Thesis Chapter 

4), bring about the possibility that UPF3B is important for complete function of the olfactory 

system.  

For the majority of my thesis work, I used this Upf3b-null mouse model to interrogate the 

role of UPF3B in the olfactory system with the goal of understanding the larger role of this 

branch in the NMD pathway in neurogenesis. Using this model, I was able to ask how UPF3B 

affects gene expression changes at the mOSN level, as well as in early OE cell types, as well 

as what transcripts are most often translated under wild type and UPF3B-deficient 

circumstances, building a framework for steady state translation rates in a healthy model while 

providing insight into changes in translation in a model of disease. 

 

Acknowledgments 
 

Chapter 2 contains material as a reprint that was published in Molecular Psychiatry, 

2017.  

Chapter 4 contains material as a reprint that was published in Cell, 2016.  

Chapter 5 contains, in part, material as a reprint that was published in RNA Biology, 

2017.  

Chapter 3 contains material that will be prepared for submission for publication. The 

dissertation author was the primary investigator and author of this material. Co-authors at this 

point include: Jennifer Dumdie, Dr. Dana Burow, Dr. Blue Lake, Shivam Pandya, Dr. Kun Zhang 

and Dr. Miles F. Wilkinson.   



 

     
 13 

 

Figure 1.1 The nonsense-mediated RNA decay (NMD) pathway targets transcripts with a 
premature termination codon (PTC) for degradation.  
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Figure 1.2 Interaction of the UPF proteins with the EJC to trigger mRNA decay 
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Figure 1.3 UPF3A suppresses NMD, leading to increased transcript survival  
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Abstract 
 

In humans, mutations in the nonsense mediated RNA decay (NMD) factor gene, UPF3B, 

cause intellectual disability (ID) and are strongly associated with autism spectrum (ASD), 

attention deficit hyperactivity disorder (ADHD), and schizophrenia (SCZ). We generated Upf3b-

null mice and found that they exhibited selective defects in behavior that, in part, mimic those 

found in human UPF3B patients. These defects include specific memory and sensorimotor 

gating deficits accompanied by dendritic spine maturation defects. Cultured mouse neural stem 

cells (mNSCs) from Upf3b-null mice exhibit proliferation and differentiation abnormalities that 

suggest Upf3b functions by promoting neural differentiation. To investigate the underlying 

mechanism, we performed RNA sequencing (RNA-seq) analysis on Upf3b-null vs. control 

frontal cerebral cortices and identified a remarkably selective set of RNAs dysregulated by loss 

of Upf3b, several of which we found are high-confidence direct NMD targets. Several of these 

mRNAs encode neural differentiation factors and proteins known to be associated with neuro-

developmental disorders. Our data suggests that Upf3b-null mice are an excellent model for 

deciphering cellular and molecular defects underlying ID and neuro-developmental disorders.   

 

Introduction 
 
 Several lines of evidence suggest that NMD is not a linear pathway, but rather has 

different branches, one of those being a UPF3B-independent branch. The existence of a 

UPF3B-independent branch of the NMD pathway was initially suggested by two lines of 

evidence. First, lymphoblastoid cells from patients harboring UPF3B frameshift mutations, that 

generated PTCs, have reduced levels of UFP3B mRNA (indicative of active NMD) despite no 

active UPF3B protein (Tarpey et al., 2007). Second, stable and transient depletion of UPF3B 

from HeLa cells failed to reverse the destabilization of a subset of NMD substrates (Chan et al., 

2007). The existence of both UPF3B-dependent and –independent branches of NMD was later 

confirmed in vivo (Huang et al., 2011; Karam et al., 2015).  NMD branches afford the 
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opportunity for more subtle regulation than regulation conferred by the NMD pathway as a 

whole.  For example, by degrading only a subset of NMD target transcripts, a given NMD 

branch can influence a given development event in a more specific manner. 

NMD not being a strictly linear pathway was first suggested by NMD factor knockdown 

experiments in HeLa cells. Depletion of EJC factors and the NMD factor, UPF2, selectively 

upregulated only some NMD substrate RNAs, providing evidence for EJC- and UPF2-

independent branches of NMD (Gehring et al., 2005; Metze et al., 2013). The existence of a 

UPF2-independent branch of NMD was later confirmed in Upf2-KO mice (Weischenfeldt et al., 

2008).   

Genetic studies over the last decade have revealed that mutations in the UPF3B gene 

cause intellectual disability (ID) in humans (Addington et al., 2011; Tarpey et al., 2007; Xu et al., 

2013). Mutations in UPF3B are also associated with other neurodevelopmental disorders, 

including autism spectrum disorder (ASD), schizophrenia (SCZ) and attention deficit 

hyperactivity disorder (ADHD) (Addington et al., 2011; Lynch et al.; Szyszka et al., 2012). These 

findings raised the possibility that NMD is important for brain development, a notion supported 

by recent studies, one showing that neural differentiation cues trigger NMD downregulation, an 

event that is sufficient to trigger neuronal differentiation and another demonstrating that NMD 

downregulation is triggered, at least in part, by brain-enriched miRNAs that target the NMD 

factors UPF1, CASC3, and UPF3B(Bruno et al., 2011; Lou et al., 2014). UPF3B is also 

expressed in neural progenitor cells (NPCs) in subventricular zone of developing cortex and its 

knockdown increases NPC proliferation and reduces their differentiation (Huang and Wilkinson, 

2012). These in vitro studies supported the attractive possibility that NMD and UPF3B functions 

in neural development but it remained to be determined whether this was the case in vivo.  

Methods 
 
Cell culture  
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Gene-trap C57BL6 embryonic stem cell (ESC) clones harboring insertions in the Upf3b 

gene (obtained from the Texas A&M Institute for Genomic Medicine) were cultured as described 

in our previous study (Huang et al., 2011). The IST14619B5 gene trap clone was injected into 

6(Cg)-Tyrc-2J/J (albino) donor blastocysts to generate chimeric Upf3b-mutant mice, which were 

bred with C57BL/6J mice to obtain progeny harboring a germline copy of the mutant Upf3b 

(IST14619B5 gene trap) allele.  mNSC cultures were maintained and differentiated as described 

(Lou 2014). In brief, mNSCs cultures were isolated from E14.5 Upf3b-null and control embryos 

(n=3 per genotype) and cultured as neurospheres in the presence of EGF and FGF (StemCell 

Technologies) for 2 weeks before being cryopreserved. Cryopreserved cells were then thawed 

and expanded for an additional 3 weeks before experimentation. Neurosphere cultures (n=3 per 

genotype) were dissociated into single cells and plated onto ploy-L-ornithine and laminin-coated 

coverslips (Becton Dickinson and Company). Cells were grown in the presence of EGF for 24 

hours before EGF was removed to promote differentiation. Cultures were fixed for analysis 72 

hours after plating. Fixed cultures were stained for IF analysis, using standard techniques, 

employing the following primary antibodies as per manufactures instructions: anti-SOX2 

(Millipore, AB5603) anti-GFAP (Sigma, G9269) anti-βIII-TUBULIN (Sigma, T5076). A minimum 

of 300 cells were scored per culture (n=3 per genotype; SOX2 staining: n=902 control cells, 

n=990 Upf3b-null cells; GFAP/TUBB3 staining: n=904 control cells, n=956 Upf3b-null cells). For 

the EdU pulse-chase experiment, mNSCs were incubated for 48 hours after plating and then 

labeled with 10 µM EdU (Life Technologies) for 8 hours before being removed and cultured for 

an additional 24 hours and fixed. EdU was detected using the Clickit-Edu kit (Life Technologies) 

and stained using both SOX2 and ant-KI67 (Abcam, ab15580) antibodies. At least 100 EdU-

positive cells were scored per culture (n=3 per genotype; SOX2 staining, n=305 control cells, 

n=308 Upf3b-null cells; KI67 staining, n=306 control cells, n=304 Upf3b-null cells). All analyses 

were conducted blind to genotype. All graphed data points for cell counts represent the mean of 

n=3 of each genotype (biological replicates) and error bars represent standard deviation. 
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Significance was set at p<0.05 using Students two-tailed t-test assuming equal variance. Total 

cellular RNA was isolated from mNSCs and other cell cultures using Trizol (Thermo Fisher 

Scientific), as described (Bruno et al., 2011). For the electrophysiology experiments, directed 

differentiation of NSC cultures (n=3 per genotype) into pure populations of neurons was 

conducted as previously described ((Yuan et al., 2011). In brief, neurospheres were dissociated 

into single cells and plated on multi-electrode array culture plates featuring 64 planar indium tin-

oxide (ITO) platinum black electrodes (50 µm × 50 µm electrode size in 8 X 8 rows, with 150 µm 

spacing). Cultured cells were grown in FGF in the absence of EGF for 1 week to promote 

expansion of neural-committed mNSCs (over glial-committed mNSCs) before FGF removal to 

drive neuronal differentiation and maturation. Spontaneous neuron spikes were measured with 

the integrated MED64 system (Alpha MED Science, Japan). 

 

Mice  

Adult C57BL/6 (8- to 11-weeks old) Upf3b-null and littermate control mice 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 12h light/12h dark cycle and provided with food and water ad libitum. Animal 

procedures comply with the UC San Diego IACUC and ACP standards. Power analyses for 

behavioral tests were performed on data generated in the Mouse Behavioral Assessment Core 

examining genotype effects. A simple calculator (http://powerandsamplesize.com/Calculators/) 

that uses effect size, n, and p = 0.05 significance level was used. Y-maze alteration: N = 14, 

power = 0.96; Barnes maze test: N = 12, power = 0.72; acoustic startle, PPI: N = 8, power = 

0.92; cued and contextual fear conditioning: N = 10, power = 0.97; EEG studies (sleep, auditory 

brainstem response): N = 6, power = 0.82. Sample sizes were estimated based on power 

analyses of past similarly designed studies.  None of the samples or animals was excluded from 

analyses.  All animals were treated identically. Male mice were always tested prior to females; 
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mice within a cage were randomly assigned numbers so that the different genotypes were 

randomly ordered. The experimenters were blinded to genotype throughout testing and initial 

analyses and were only unblinded at the time of graphing and statistical analysis.  All mice were 

assigned a discreet number that was used to track them throughout experimentation and this 

number was not associated with a genotype until unblinding. The behavioral data were normally 

distributed and variances were similar between groups to be compared, therefore parametric 

statistical tests were justified and used.  

 

Protein analysis  

For Western blot analysis, adult female wild-type and Upf3b-/- brains were isolated, 

chopped into small pieces, and placed into a RIPA lysis buffer (Sigma) containing 

phenylmethane sulfonyl fluoride for 30 minutes on ice to lyse cells and release proteins. Protein 

concentration was calculated using a DC BSA assay (Bio-Rad Laboratories) and Western 

blotting was performed as described previously (Lou et al., 2014). For immunohistochemistry, 

adult male wild type and Upf3b-null brains were isolated and immediately placed into optimal-

cutting temperature (OCT [Sakura]) solution and frozen for cryosectioning. Cryosectioning was 

done at 12 mm thickness using a Leica 1500 machine and tissue sections were placed on 

Superfrost microscope slides (Fisherbrand) and stored at -80C until ready for use. At the time of 

staining, the sections were air-dried for 20 min, followed by incubation with 4% 

paraformaldehyde (Electron Microscopy Sciences) for 10 min to fix the tissue. After PBS 

washes, the sections were permeabilized with 0.1% Triton-X 100 for 10 minutes. The 

subsequent staining procedures were done as previously described (Bruno et al., 2011). 

mNSCs immunohistochemistry was performed as described previously (Jolly et al., 2013). 

Microscopy analysis was performed using a Leica AF6000 epi-fluorescence microscope. 
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Behavioral analyses  

In all assays, Upf3b-mutant and wild-type littermates were compared. Prepulse inhibition 

(PPI) testing was performed as described in a previous study, using startle chambers to 

produce high-frequency acoustic stimuli (Barros et al., 2009). Locomotor, light/dark transfer, 

cued and contextual fear conditioning, and Barnes maze test were performed as previously 

described (Roberts et al., 2004). Y maze and paw clasping behavior were performed as 

described previously (Li et al., 2008). 

 

Golgi staining of neurons and dendritic spine analysis  

Golgi staining was performed using the FD Rapid GolgiStain Kit (FD Neurotechologies). 

In brief, freshly dissected brains were immersed in the impregnation solution for 3 weeks in the 

dark and cryopreserved. Sections were cut to 0.1 mm thickness and placed on gelatin-coated 

microscope slides and stained according to the manufacturer’s protocol. Imaging of dendritic 

spines was performed using the BioRad Radiance 2000 laser scanning, brightfield upright 

confocal microscope. Dendritic spine counting was done using ImageJ and Cell Counter plug-in 

script. 

 

RNAseq analyses 

RNA was isolated from five Upf3b-null frontal cortices and six wild-type mouse frontal 

cortices with the Direct-zol RNA MiniPrep Plus Kit (Cat. R2072; ZYMO Research), quality 

evaluated by TapeStation (Agilent), and sequenced with an Illumina HiSeq 4000 High-

Throughput Sequencing System. Libraries were constructed and reads mapped with the RNA-

seq aligner STAR (Dobin and Gingeras, 2015; Dobin et al., 2013). Counts for each gene were 

quantified using the python script rpkmforgenes.py and annotated using the Refseq mm10 

genome (Ramsköld et al., 2009). Reads were filtered, such that genes without at least one 
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sample with at least 10 raw reads and one RPKM reads were removed from the analysis. 

Overlapping RefSeq transcripts were collapsed giving one expression value per gene locus. 

The count data was normalized and differential expression was performed using the R (v.3.1.1) 

package DESeq2 (v.1.4.5). 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 using the 

Benjamini–Hochberg procedure. Genes with an adjusted P value <0.05 were considered 

differentially expressed unless otherwise noted. Other plots were constructed using the 

R(v.3.1.1) package gplots. All functional enrichment analyses were generated using DAVID 

gene annotation and analysis resource (Huang et al., 2007; Sherman et al., 2007). For analysis 

of NMD-inducing features, corresponding Refseq transcripts were converted into Ensemble 

transcript IDs and sequences were obtained using the UCSC Table Browser.  To identify NMD-

inducing features, we used a script developed by the laboratory that was previously published 

(Shum et al., 2015). Transcripts defined as having NMD-inducing features have either a >1200 

nt 3’UTR, a stop codon defining the main ORF >55 nt upstream of at least one exon-exon 

junction, or an uORF at least 30 codons long defined by an ATG in a Kozak context. Only 

Ensembl-defined transcripts harboring both 5’UTR and 3’UTR regions were considered for 

analysis. 

 

Results 
 
Generating Upf3b-null mice   

We selected the IST14619B5 clone (cassette insertion in intron 1) to inject into donor 

blastocysts for the generation of chimeric Upf3b-mutant mice (Figure 2.1A). Following breeding 

for germline transmission of the mutant Upf3b gene, we obtained global Upf3b-mutant mice, 

which were normal in appearance and were viable and fertile. To determine UPF3B protein was 

no longer expressed in these mice, we performed Western blot analysis and found that UPF3B 
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protein was undetectable in brains from Upf3b-mutant mice, whereas it was abundant in control 

brains (Figure 2.1B). As the mice we generated lacked detectable UPF3B, we will refer to them 

as Upf3b-null mice. Immunofluorescence analysis of the frontal cortex (Figure 2.1C) and 

hippocampus (Figure 2.1D) from adult Upf3b-null and control mice also showed little to no 

UPF3B expression.  

 

Upf3b-null mouse behavioral analysis 

Given that humans with UPF3B mutations exhibit intellectual disability and also often 

suffer from neuro-developmental disorders, we performed behavioral tests on male and female 

Upf3b-null mice to see where there may be similarities. For females, we compared complete KO 

(Upf3b-/-) and heterozygotes (Upf3b+/-) with littermate controls (Upf3b+/+). For males, we 

compared only KO (Upf3b-/Y) with littermate controls (Upf3b+/Y), as Upf3b is a X-linked gene. We 

performed our initial analysis on both sexes together and thus analyzed only Upf3b-null and 

wild-type mice. Later, we analyzed the 3 genotypes separately in females to determine whether 

there was an effect with heterozygosity.  

In most respects, Upf3b-null mice were not significantly different from their control 

littermates. Upf3b-null mice showed no significant vision deficit, as determined by optomotor 

test (Figure 2.2A). Upf3b-null mice also performed normally in the light/dark transfer test of 

anxiety-like behavior (Figure 2.2B) and in a locomotor activity test (Figure 2.2C) in which 

ambulatory, center, and rearing activity is recorded (Belzung and Pape, 1994). The only motor 

defect we observed in Upf3b-null mice was paw-clasping behavior, a trait relatively common in 

mouse models of several neurological disorders, including Alzheimer’s disease, Rett’s 

syndrome, and Huntington’s disease (Figure 2.2D) (Lalonde and Strazielle, 2011). In this test, 

mice are picked up by the distal third of their tails and observed for 10 sec to determine if they 

clasp their front paws.    
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Following the fact that UPF3B mutations in humans cause ID, we next assessed 

whether Upf3b-null mice have learning defects. We observed no significant effects of genotype 

(or sex x genotype interactions) in either the Y maze test (Figure 2.3A-B) or the Barnes maze 

test (Figure 2.3C-D), which measure simple working memory and spatial learning/memory, 

respectively (Dudchenko, 2004). In striking contrast, Upf3b-null mice showed deficits in both 

contextual and cued fear conditioning (Figure 2.4A-B). Upf3b-null mice showed decreased 

freezing in the context test relative to wild-type mice (F [1,47] = 6.1; p <0.05). Examination of the 

cued test (pre-cue exposure vs. cue exposure) also revealed significant genotype effects (F 

[1,47] = 19.5, p <0.0001) and genotype x test effects (F [1,47] = 19.0, p <0.0001). Upf3b-null 

mice showed decreased freezing in the cued test relative to wild-type mice (F [1,47] = 19.9, p 

<0.0001). In females, there was a significant effect of genotype x test in the cued test 

(RMANOVA pre-cues vs. cue exposure; (F [2,34] = 5.0, p <0.05) with the Fisher’s PLSD post-

hoc testing revealing a difference between Upf3b-null and control mice during cue exposure. 

Heterozygotes exhibited an intermediate response. Together, these data suggest UPF3B is 

specifically critical for both contextual and cued fear-based learning, but not for simple working 

memory or spatial learning and memory.  

We observed that Upf3b-null mice also exhibited abnormal sleep behaviors.  Male and 

female Upf3b-null and control mice revealed significant overall genotype differences in time 

spent awake (KO>WT; F [1,25] = 8.3; p <0.01), in slow wave sleep (WT>KO; F [1,25] = 5.7; p 

<0.05), and in rapid eye movement (REM) sleep (WT>KO; F [1,25] = 14.6; p <0.001) (Figure 

2.4C-D).  

The startle response is a largely automatic defensive response to sudden stimuli.  Given 

that the startle response is deficient in several mouse models of human neural diseases, we 

examined Upf3b-null mice for this behavior (Swerdlow et al., 2008). We found that Upf3b-null 

males and females exhibited a statistically significant deficiency in the magnitude of the acoustic 
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startle response to 90 — 110 dB(A) pulse intensities (Figure 2.5A-B). Prepulse inhibition (PPI) is 

an operational measure of sensorimotor gating defined as a reduction in startle magnitude when 

the startling pulse is immediately preceded by a weak prepulse (Braff et al., 2001). Given that 

human schizophrenia patients exhibit deficient PPI, and humans with UPF3B mutations often 

manifest symptoms of SCZ and other neuropsychiatric disorders associated with impaired PPI 

we elected to examine PPI of Upf3b-null mice (Swerdlow et al., 2008). We found that Upf3b-

mutant mice had a profound defect in PPI. RMANOVA analysis and post hoc Fisher PLSD 

testing of Upf3b-null and WT genotypes of both sexes revealed a significant effect of genotype, 

when PPI was tested using 100 ms prepulse intervals (gap from prepulse onset to pulse onset) 

and three prepulse intensities (Figure 2.5C), and when PPI was tested using a single 85 dB(A) 

prepulse intensity and 25 – 500 ms prepulse intervals (Figure 2.5D).  

 

In vivo analysis of Upf3b-null mouse neurons reveals halted maturity 

Previous studies have demonstrated that several mouse models with perturbed neural 

function defects have dendritic spine defects (Geyer et al., 2002). To examine whether Upf3b-

null mice harbor dendritic spine defects, we examined dendritic spine density and morphology 

using Golgi staining and bright-field confocal microscopy (Figure 2.6). In both cortical pyramidal 

neurons (Figure 2.6A-B) and dentate granule cells of the hippocampus (Figure 2.6C), we 

observed a statistically significant reduction in dendritic spine density in Upf3b-null mice relative 

to control mice. As evidence of specificity, pyramidal neurons in the hippocampal CA1 region 

did not have significantly reduced dendritic spine density (Figure 2.6D). To examine this defect, 

we quantified the different categories of dendritic spines in cortical pyramidal neurons. We found 

that Upf3b-null mice had significantly fewer mature spines than in control mice, but normal 

numbers of immature spines (Figure 2.6E). We hypothesize that UPF3B promotes the 

maturation of dendritic spines in cortical pyramidal neurons. 
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In vitro analysis of Upf3b-null neural progenitors reveals decreased differentiation   

In addition to functioning in neural maturation, we considered the possibility that Upf3b 

has roles in neural development. To test this hypothesis, we performed in vitro differentiation 

assays on cortical mouse neural stem cells (mNSCs) isolated from embryonic Upf3b-null and 

control brains (Figure 2.7). This revealed several lines of evidence that Upf3b-null mNSCs have 

a defect in their capacity to differentiate. Upf3b-null mNSCs showed lower expression of several 

early neuronal marker genes (Tuj1 [Tubb3], NeuroD1, and Psd95) compared to wild-type 

mNSCs (Figure 2.7A). As further evidence of their immature status, Upf3b-null mNSC cultures 

also had reduced expression of Ascl1, which is considered a master transcriptional regulator for 

neuronal differentiation (Raposo et al., 2015). Second, neural progenitor cell (NPC) marker 

genes (Nestin and Sox2) were expressed at higher levels in Upf3b-null cells grown under 

differentiation conditions, as compared to control cells (Figure 2.7B). Third, 

immunofluorescence/cell count analysis demonstrated that Upf3b-null cultures had a greater 

percentage of cells expressing NPC marker SOX2, and a lower percentage of cells expressing 

the differentiation marker TUBB3 (Figure 2.7C). Fourth, pulse-chase EdU-labeling followed by 

immunofluorescence analysis showed that the percentage of cells undergoing self-renewing 

divisions was higher for Upf3b-null cultures than control cultures (Figure 2.7D). This higher rate 

of self-renewal is consistent with a differentiation defect. Lastly, pulse-chase EdU-labeling 

followed by immunofluorescence analysis with the proliferation marker, KI-67, demonstrated 

that Upf3b-null cultures were more proliferative than control cultures (Figure 2.7E). Together, 

these results indicated that Upf3b normally serves to limit mNSC self-renewal and to promote 

neurogenesis.     

To further assess the role of Upf3b in neuronal differentiation and maturation, we 

cultured Upf3b-null and control mNSCs under conditions that drive the differentiation and 

maturation of neurons. Over an extended culture period, we assayed their ability to undergo 

electrical firing. A multi-electrode array system was used to examine spontaneous firing and 
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synchronized spontaneous firing. During our 4-week analysis, we observed a dramatic delay in 

the synchronized spontaneous firing in Upf3b-null cells as compared to wild-type cells (Figure 

2.7F). The firing pattern of Upf3b-null and control cells only become comparable after 4 weeks 

in vitro culture, however, even after 4-weeks culture, the frequency of spontaneous electrical 

activity was significantly less in Upf3b-null cells compared to control cells (Figure 2.7G). We 

conclude that neural cells differentiated from Upf3b-null nNSCs have a profound defect in 

spontaneous electrical firing.  

 

In vivo identification Upf3b-regulated transcripts in the frontal cortex   

Given that UPF3B is a critical factor in a degradation pathway that has roles in neural 

development and function, we elected to identify transcripts regulated by UPF3B in a neural 

context in vivo (Figure 2.8). We performed RNA-seq analysis on frontal cortices from Upf3b-null 

and control mice. Principal components analysis (PCA) demonstrated that the transcriptome 

signatures of Upf3b-null and control frontal cortices from individual mice clustered separately 

(Figure 2.8A). A total of 141 genes were significantly upregulated in the Upf3b-null samples as 

compared to control samples (q <0.05; >1.41-fold change) (Figure 2.8B).  Since NMD is a RNA 

degradation pathway, these genes upregulated by loss of UPF3B are NMD direct target 

candidates. In contrast, only 23 genes were downregulated in Upf3b-null mice cortices as 

compared to control cortices (Figure 2.8B). The finding that ~5-fold more RNAs were 

significantly upregulated mRNAs than downregulated is consistent with the possibility that most 

of the upregulated mRNAs are NMD direct targets. Another possibility is that Upf3b negatively 

regulates many transcripts through an indirect mechanism. Gene ontology analysis of the 

upregulated genes revealed enrichment for numerous functional categories, including several 

functions related to “Adhesion” (Figure 2.8C) (Huang et al., 2007). Some genes in these groups 

overlapped with those in the “Behavior” category and have known roles in neural-specific 

functions.        
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 As previously described, the most reliable feature that targets RNAs for degradation by 

the NMD pathway is an exon-exon junction >55 nt downstream of the stop codon defining the 

end of the main ORF (“dEJ”). We found that 17% of genes upregulated in Upf3b-null frontal 

cortex (45 of 264) had at least one transcript isoform with a dEJ (data not shown). In contrast, 

only 6% of the downregulated genes (2 of 34) encoded known RNA isoforms with a dEJ. The 

presence of a dEJ was statistically enriched for upregulated transcripts as compared to 

downregulated and unchanged transcripts (p<0.0005) (Figure 2.8D).  

 

Discussion 
 

This was the first study introducing Upf3b-null mice as an in vivo system for 

understanding the role of post-transcriptional regulatory pathways in neuronal development and 

behavior. Intriguingly, these Upf3b-null mice exhibit strikingly similar phenotypes as mouse 

models for other human neurodevelopmental disorders, raising the possibility that NMD 

impinges on common pathways critical for normal neural development.  

Our data is an excellent addition to previous research that showed cell type-specific 

regulation of UPF3B in neuronal development. Both UPF3B mRNA and UPF3B protein were 

shown to be downregulated in a rat neural stem line upon differentiation, yet Upf3b mRNA 

expression increases during cortical neuron maturation, especially in those that are synaptically 

active (Alrahbeni et al., 2015; Jolly et al., 2013). Upf3b expression in mature neurons also 

appeared to be regulated by synaptic activity, as depolarization of hippocampal neurons was 

shown to depresses UPF3B expression (Jolly et al., 2013). In addition to its role in synapse 

structure and function, NMD has been show to function in axon guidance, based on work done 

with mouse commissural neurons (Colak et al., 2013).  

Upf3b-null mice serve as a model system to understand the neuropathology underlying 

the behavioral defects in human patients with UPF3B mutations; i.e., intellectual disability, ASD, 
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ADHD, and schizophrenia, as we found that these NMD-deficient mice have learning and 

memory defects that mimic mouse models of those disorders (Huang et al., 2017). In addition, 

the PPI deficits in Upf3b-null mice may prove useful in understanding the basis for impaired PPI 

in human brain disorders, including schizophrenia. Through RNA sequencing, we identified 

many transcripts in the cerebral cortex whose dysregulation in Upf3b-null mice may contribute 

to the behavioral defects seen, providing an important resource for future investigations into the 

molecular basis for learning and sensorimotor defects.  
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Figure 2.1 Generation of the Upf3b-null mouse 
(A) Map of the Upf3b locus in the iESC clone IST10135A8, which harbors the gene trap 
cassette in Upf3b intron 4 
(B) Western blot analysis of UPF3B and β-ACTIN levels in brain lysates from adult Upf3b-null 
and control (Wt) mice.  The Upf3b-null mice were generated from the iESC clone, IST14619B5, 
as described in the text.  Western blot analysis was performed using a Mouse UPF3B (1:5000) 
antibody were generated by immunizing rabbit with peptide of UPF3B N’-terminal region from 
amino acid 1 to 255 (PYGLAB).  
(C) Immunofluorescence analysis of the frontal cortex from adult Upf3b-null and control mice, 
using antibodies against UPF3B (PYGLAB) and the neuronal marker NeuN (Santa Cruz 
Biotechnologies). 
(D) Immunofluorescence analysis of the hippocampus from adult Upf3b-null and control mice, 
using antibodies against UPF3B (PYGLAB) and the neuronal marker NeuN (Santa Cruz 
Biotechnologies). 
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Figure 2.2 Upf3b-null mouse health, sensory and neurological screen.  
(A) Optomotor vision test: males & females.  
(B) Light/dark anxiety-like test: males & females.  
(C) Locomotor activity test: males & females.   
(D) Paw clasping test: males & females. 
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Figure 2.3 Upf3b-null mice exhibit normal spatial learning behavior.   
(A) Y maze spontaneous alteration frequency 
(B) Y maze spontaneous alteration frequency, females 
(C) Barns maze percentage of time spent 
(D) Barns maze percentage of time spent, females  
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Figure 2.4 Upf3b-null mice have cued/contextual fear learning defects and sleep 
alterations.  
(A) Measurement of freezing times during habituation periods and after cue introduction and 
contextual environment introduction in males and females combined  
(B) Measurement of freezing times during habituation periods and after cue introduction and 
contextual environment introduction in females alone.  
(C) Measurement of time in light and dark environments in wakefulness, slow wave, non-REM 
sleep in males and females combined  
(D) Measurement of time in light and dark environments in wakefulness, slow wave, non-REM 
sleep in females alone  
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Figure 2.5 Upf3b-null mice display startle and PPI deficits.  
(A) Measurement of the startle magnitude across different startle pulse intensities in males and 
females combined. 
(B) Measurement of the startle magnitude across different startle pulse intensities in females 
alone.  
(C) Prepulse inhibition measured at different prepulse intensities (78 – 86 dB) background. 
(D) Prepulse inhibition measured at different prepulse intervals (25 – 500 ms) 
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Figure 2.6 Dendritic spine analysis in Upf3b-null mice.  
(A) Image of prefrontal cortex stained with the Golgi-Cox protocol to reveal neuronal 
morphology in wild type and Upf3b-null mice.  
(B-D) Quantification of dendritic spine density in different neuronal populations in wild type and 
Upf3b-null brains. (B) pyramidal neurons in the frontal cortex. (C) granule cells from the dentate 
gyrus. n = 3 per genotype. (D) pyramidal neurons in the CA1 region of the hippocampus 
(E) Quantification of different categories of spine based on maturation stage between wild type 
and Upf3b-null pyramidal neurons in the frontal cortex. n = 3 per genotype. 
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Figure 2.7 Upf3b-null NPCs have a differentiation defect.  
(A-B) qPCR analysis of markers between wild type and Upf3b-null NPC clones after 5 days of 
differentiation in vitro. (A) Neuronal markers and (B) NPC markers, n = 3 NPC lines from 
independent animals per genotype.   
(C) Quantification of cells with NPC marker SOX2 or neuron marker TUBB3 5 days after 
differentiation in vitro in wild type and Upf3b-null.  
(D-E) Quantification of proliferation in wild type and Upf3b-null differentiating NPCs by 
measuring (D) NPC marker SOX2 and EdU labeling; and (E) Ki67 and EdU labeling.  
(F) Measurement of electrical activity in wild type and Upf3b-null differentiating mNSCs in 
different days in vitro.  Each indicated interval is 20 second window of a 300 second recording 
of NPCs and suggest that Upf3b-null have delayed development of electrical activity.   
(G) Measurement of synchronized firing per 300s at different days in vitro between wild type and 
Upf3b-null NPCs. 
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Figure 2.8 Identification Upf3b-regulated transcripts in the frontal cortex.  
(A) Principal component analysis (PCA) of Upf3b-null frontal cortex and control samples, with 
each point representing a cortex sample from a single mouse. Data was plotted along the first 
and second principal components.  
(B) Differentially expressed genes in Upf3b-null frontal cortex samples compared to wild type 
controls identified 141 genes upregulated upon loss of Upf3b (q<0.05, >1.41-fold change).  
(C) Gene ontology analysis of RNAs upregulated upon loss of Upf3b in the frontal cortex 
indicated enrichment for several functional categories  
(D) The presence of a dEJ was statistically enriched in transcripts upregulated in Upf3b-null 
cortex, as compared. 
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Abstract  
 

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

pathway across all sequenced eukaryotes. Mutations in NMD factor gene UPF3B cause 

intellectual disability in humans and correlate with the presence of other neurological diseases 

such as schizophrenia and autism. We previously reported that Upf3b-null mice show 

behavioral and neurological defects mirroring those in humans, but more recently discovered 

that these mice also showed a weight loss defect indicative of a partial olfaction defect. Decline 

in olfaction has been linked to diseases of the central nervous system, including Parkinson’s 

and Alzheimer’s, further prompting us to use the olfactory system to investigate the mechanistic 

role of UPF3B. Upf3b-null mice showed a significant decrease in early stage olfactory 

epithelium cell transcript-level markers and pooled RNA sequencing of Upf3b-null and wild type 

mature olfactory sensory neurons (mOSNs) revealed decreased class-II olfactory receptor (olfr) 

expression. Single-cell RNA sequencing (scRNAseq) clarified that fewer cells expressed these 

specific class-II olfrs, not that they were just expressed at a lower level. Single cell data also 

revealed that UPF3B affects immune system response at the transcript level and also presented 

the possibility that the traditional OE cell types are bifunctional, playing a role in both detecting 

odorant molecules and responding to infection. This work was also the first to define the mOSN 

translome, based on what transcripts are more often ribosomally bound in mOSNs, providing 

insight into what transcript are preferentially translated in both a healthy model and a disease 

state.   

 

Introduction  
 

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

that is regulated in a tissue-specific manner (Huang and Wilkinson, 2012). Loss or depletion of 

NMD factors disrupts developmental events in organisms spanning the phylogenetic scale, and 

over the last decade, the important role of NMD in neurogenesis has become evident. Neural 
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differentiation cues have been shown to trigger NMD downregulation, resulting in neuronal 

differentiation. NMD downregulation is triggered, at least in part, by brain-enriched miRNAs that 

target the NMD factors UPF1, CASC3, and UPF3B (Bruno et al., 2012; Lou et al., 2014). In the 

brain, NMD factor UPF3B is expressed in neural progenitor cells (NPCs) in the subventricular 

zone of developing cortex, and its knockdown increases NPC proliferation in lieu of 

differentiation (Huang and Wilkinson, 2012) 

A decade ago, a study revealed that mutations in the UPF3B gene cause intellectual 

disability (ID) in humans (Tarpey et al., 2007). These patients often also suffered from other 

neurodevelopmental disorders, including autism spectrum disorder, schizophrenia, and attention 

deficit hyperactivity disorder, suggesting the importance of NMD, specifically UPF3B, in brain 

development (Tarpey 2007). In line with this finding, recent work from our laboratory showed 

that Upf3b-null mice exhibit deficits in pre-pulse inhibition, a common defect in individuals with 

schizophrenia. Upf3b-null mice display deficient dendritic spine maturation in pyramidal neurons 

in their frontal cortex and RNAseq analysis of the frontal cortex identified UPF3B-regulated 

RNAs, including direct NMD target transcripts encoding proteins with known functions in neural 

differentiation, maturation, and disease. In vitro, Upf3b-null mouse neural stem cells require 

prolonged culture to give rise to functional neurons with electrical activity and an impaired ability 

to undergo differentiation (Huang et al., 2017).  

The role of UPF3B, or the NMD pathway for that matter, had never been explored in the 

olfactory system (OS), an exceptional model of neural development. In mammals, odor 

processing begins with the mature olfactory sensory neurons (mOSNs) in the olfactory 

epithelium (OE) whose axons project to the olfactory bulb (OB) and eventually the primary 

olfactory cortex, resulting in our perception of smell. Olfactory signals are key to mammalian 

development as they are responsible for reproductive, feeding and social behaviors (Spehr and 

Munger, 2009).  

The mouse OE is comprised of multiple major cell types outside of mOSNs, including: 
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horizontal basal cells (HBCs), globose basal cells (GBCs), immature olfactory sensory neurons 

(iOSNs), sustentacular cells (SUS), olfactory ensheathing cells (OECs), and microvillar cells 

(MVs). The mOSNs are Golgi type I neurons and the only mature neuron population in the OE. 

Their long axons form glutamatergic synapses with mitral cells in the OB, connecting the nasal 

cavity to the central nervous system (CNS). The CNS can be difficult to manipulate, whereas 

the olfactory system is easily accessible (M. Witt et al., 2009). Study of the olfactory system also 

has clinical applications, as a decline in olfaction has been linked to diseases of the CNS, 

including Parkinson’s and Alzheimer’s, and researchers are actively working to find more 

effective ways of using olfaction to test for the onset of these diseases (Doty et al. 2017). 

Single cell RNA sequencing is a relatively new, incredibly powerful technology for 

discerning between cell types and also creates a basis for creating cell trajectory predictions 

(Hanchate et al., 2015). Recently, researchers have begun studying expression at the single cell 

level in the olfactory system to begin better defining OE lineage and olfactory receptor 

expression, a technique I employed for a portion of this chapter of my thesis work.  

In 2015, Hanchate et al. used single cell sequencing to investigate the previously 

mentioned one-neuron one-receptor rule (see main Introduction) and found that it was far more 

complex than previously hypothesized (Hanchate et al., 2015). During development, individual 

neurons initially express different olfactory receptor alleles, only paring that down to one 

receptor when fully differentiated (i.e. mOSNs).  

In addition to these questions concerning olfactory receptor selection, researchers have 

begun teasing apart OE cell lineage. In 2017, Fletcher et al. found that the HBC lineage 

trajectory splits right before cell division, producing sustentacular cells or GBCs. From there, 

GBCs continue to branch, giving rise to not only olfactory sensory neurons but microvillous and 

Bowman’s gland cells. It was also discovered that quiescent HBCs can directly fate convert, 

giving rise to sustentacular cells without dividing. In the course of their study, Fletcher et al. also 

discovered that the Wnt signaling pathway was essential for driving HBCs toward differentiation 
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and that some cell fate decisions could, under limited circumstances, remain reversible during a 

limited period early in the trajectory (Fletcher et al. 2017).   

Although there is substantial evidence for NMD playing an essential role in the nervous 

system, the underlying mechanism is not well understood (Long et al., 2010). In this chapter, I 

will discuss research on the role UPF3B in the OE, with a focus on mOSNs. We identified 

multiple subsets within many well-established cell types of the OE and lay a foundation for gene 

expression, and corresponding pathways, over the course of development. This work is also the 

first to define both the transcriptome and translome of mOSNs, building a framework for steady 

state translation rates in a wild type mouse model.  

Using the olfactory as a model for disease in the context of UPF3B depletion holds the 

potential for not only understand how UPF3B functions more broadly in the brain, but to gain a 

greater understanding of how this changes in olfaction could be used to detect 

neurodegenerative disease in its earliest stages.  

 

Methods 
 
Mice 

Adult C57BL/6 (6–11 weeks old) Upf3b-null and littermate control mice were used. 

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.  

 

Whole olfactory epithelium dissociation protocol 

Olfactory epithelium of one animal was dissected into 360 µl PBS (pH 7.4) and cut into 

small pieces using scissors. Tissue was digested by adding 20 µl of 50 mM Cysteine HCl plus 

10 mM EDTA and 20 µl Papain (500 U/ml). Homogenized tissue was then incubated for 10 min 

in 37°C water bath before it was triturated with a P1000 plastic pipette tip 20 times, avoiding 
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bubbles. 10 µl DNase1 (2000U/ml) was added and then the sample was incubated at room 

temperature for 5 minutes. After incubation, sample was triturated with a P1000 plastic pipette 

tip 20 times, avoiding bubbles. DNase was stopped in 1 ml 1% FBS in PBS [Gibco]. Sample 

was then put through a 70uM mesh filter. Amsbio ClioCell Nanoparticle debris removal kit [cat: ] 

was then used to remove dead cells and debris.  

 

RNA Isolation 

RNA was isolated with the Direct-zol RNA MiniPrep Plus Kit (Cat. R2072; ZYMO 

Research), quality evaluated by Bioanalyzer (Agilent), sequenced with an Illumina HiSeq 2500 

High-Throughput Sequencing System.  

 

Library Construction and Sequencing Analysis 

Libraries were constructed using 10 ng input RNA per sample. Approximately 28.1 

million reads were generated per sample, and 81% of these reads were uniquely mapped via 

STAR (v2.3.0.1) (Dobin and Gingeras, 2015; Dobin et al., 2013) after trimming for low quality 

reads and adapter sequences via cutadapt (v1.8.1) (Martin, 2011). Processing of .sam files was 

accomplished with Samtools (Li et al., 2009). Counts for each gene were quantified using the 

featureCounts script within the Subread package (Liao et al., 2013, 2014) and annotated using 

the Ensembl GRCm38 transcriptome. Reads were filtered, such that genes without at least one 

sample with at least 10 raw reads were removed from the analysis. The count data was 

normalized and differential expression was performed using the R (v.3.1.1) package DESeq2 

(v.1.4.5). Briefly, 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 using the Benjamini–Hochberg 

procedure. Genes with an adjusted P value less than 0.05 were considered differentially 

expressed unless otherwise noted. Heatmaps, scatter plots, and boxplots were constructed 
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using the R (v.3.1.1) package gplots. Functional enrichment analyses were generated using 

Metascape (Tripathi et al., 2015) 

 

Protein analysis  

For Western blot analysis, adult female wild-type and Upf3b-/- brains were isolated, 

chopped into small pieces, and placed into a RIPA lysis buffer (Sigma) containing 

phenylmethane sulfonyl fluoride for 30 minutes on ice to lyse cells and release proteins. Protein 

concentration was calculated using a DC BSA assay (Bio-Rad Laboratories) and Western 

blotting was performed as described previously (Lou et al., 2014).  

 

Olfactory behavioral testing 

Olfactory Test.  This test examines the ability of a mouse to locate a desired food item 

buried under bedding.  Mice are food restricted for 4 days (day 1- no food, day 2- 1.5 g food, day 

3 & 4 – 1 g food + 1 piece chocolate puff cereal).  Mice are monitored carefully and body weights 

are recorded daily.  On day 4 each mouse is placed in a clean cage with 2 inches bedding to 

habituate for 20 min.  The mouse is removed and a chocolate puff cereal is placed on top of the 

bedding.  The mouse is then put back in the opposite end of the cage and the latencies to 

approach the pellet and manipulate the cereal are recorded.  This test is primarily used to confirm 

that the mouse is motivated to find and eat the cereal.  On day 5, the exact same procedure is 

used, but now the cereal piece is completely covered with bedding material.  Again, latencies to 

locate and handle the cereal are recorded.   

Olfactory test: Habituation/dishabituation to non-social & social odors. Mice tend to sniff a 

novel odor and then quickly habituate to its novelty, but then dishabituate (increase sniffing) when 

the odor is changed (Crawley et al., 2007; Ryan et al., 2008; Yang & Crawley, 2009). A cotton 

swab containing either an anise or a banana odorant will be presented to mice placed in clean 
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cages for 4 trials of 2 min each, separated by 1 min periods and time spent actively sniffing will be 

measured. The other non-social odorant will be tested in 2 additional 2 min trials to examine 

dishabituation to a non-social odor.  Finally, the effects of subsequent introduction of a cotton 

swab saturated with a social odor obtained by swiping the swab across the bottom of a cage of 

same-sex novel C57BL/6J mice will be assessed, in a single 2-min trial. These social odors elicit 

considerably higher levels of sniffing than non-social odors in young healthy C57BL/6J mice. The 

shapes of the habituation and dishabituation curves can be used to document the ability of mice to 

discriminate same and different non-social and social odors. The peaks of sniffing behavior 

provide a measure of interest in the social and nonsocial odors. 

 

RiboTag IP 

RiboTag was developed to allow for pull down of ribosomally bound transcripts in a 

single cell type (Sanz et al. 2009). Expression of RiboTag was driven in an Omp-Cre mouse 

line. The 2014 RiboTag Indirect Conjugation procedure by the McKnight lab at the University of 

Washington was followed verbatim.  

 

scRNA-seq data processing and analyses 

Sequencing reads were processed and mapped to the mouse genome (mm10) using 

CellRanger software (version 2.1.0). Filtered count matrices for each library were tagged by an 

associated library batch ID (Supplementary Table x) and count matrices combined across 

independent experiments. Cells with fewer than 200 or greater than 5000 genes (and 40,000 

transcripts) detected were omitted and only cells having less than 15% mitochondrial transcripts 

were used for subsequent analyses. For clustering, Pagoda2 (https://github.com/hms-

dbmi/pagoda2) was used as described previously2 (k = 50 and using the top 2000 variable 

genes) and clusters of less than 40 cells were excluded to remove outliers and possible 

multiplets. Immune cell types that were found to exist in the olfactory epithelium samples were 
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identified and removed and the remaining olfactory epithelium-specific cells were re-clustered. 

Further analyses were performed using Seurat software (V2.1.0) in R 

(https://github.com/satijalab/seurat) where counts for all cell barcodes used in Pagoda2 

clustering were scaled by total UMI counts, multiplied by 10,000 and transformed to log space. 

Technical effects of batch and UMI coverage were regressed from scaled data using the 

RegressOut function and variable genes identified from a mean variability plot (Seurat). Cluster 

identities and t-SNE coordinates were imported into Seurat from Pagoda2 and differentially 

expressed genes (DEGs, adjusted p value < 0.05) between clusters (Supplementary Table x) 

were calculated using a Wilcoxon rank sum test (Seurat) on genes detected in at least 25% of 

cells within a cluster. Gene ontology analyses on all significant DEGs for each cluster was 

performed using https://toppgene.cchmc.org/ (Supplementary Table x). Violin plots, dot plots, 

expression heatmap of top DEGs and feature plots were generated using Seurat. A pair-wise 

correlation plot and cluster dendrogram for annotated clusters were generated using log-

transformed cluster-averaged expression values for the top 1000 variable genes identified by 

Pagoda2 and used for clustering. Similarity Weighted Nonnegative Embedding (SWNE)[ 

https://www.biorxiv.org/content/early/2018/03/05/276261.1], which uses nonnegative matrix 

factorization (NMF) to decompose the gene expression matrix into biologically relevant 

nonnegative factors, was performed as described (https://yanwu2014.github.io/swne/) using the 

pre-computed Pagoda2 object.  

 

Developmental Trajectory Analyses 

UMI count matrices for select clusters were analyzed using Monocle software3 (v2.4.0) in 

R according to the provided documentation (http://cole-trapnell-lab.github.io/monocle-release/) 

and with UMI counts modeled as a negative binomial distribution. Ordering genes were 

determined as the top differentially expressed genes (expressed in at least 10 cells) that were 

identified using the differentialGeneTest function (Monocle) between associated clusters 
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(Pagoda2 defined) and that were ordered by their q values.  Reduction to two dimensions was 

performed using the discriminative dimensionality reduction with trees (DDRTree) method. 

Genes showing significant variation by pseudotime (q value < 0.01) were identified, plotted 

using the plot_pseudotime_heatmap function (Monocle).  

 

Results 
 
Upf3b-null Mice Exhibit Olfaction-related Behavioral Changes  

In addition to the behavioral and neurological defects described above, we observed a 

weight loss defect in the Upf3b-null mice. Prior to postnatal day 15, mouse pups have not yet 

opened their eyes, and even after their eyes open, it still takes several days for their eyes to 

fully develop before they can use their vision, as opposed to sense of smell, to detect food, and 

so postnatal weight decline can be an indicator of a partial olfactory defect. We found that 

Upf3b-null mice grew at a slower rate in comparison to their wild type littermates (Figure 3.1A). 

When wild type and Upf3b-null pups are first born, there is no significant difference in weight, 

but not long after Upf3b-null mice weigh in at significantly less than their wild type littermates. 

However, about two months after birth Upf3b-null mice reach the same weight as their 

littermates (Figure 3.1A). 

To rule out other possible reasons for this weight defect we considered metabolic, 

cancer, respiratory-related deficiencies, but Upf3b-null mouse litter sizes, birthing frequency, 

and life span proved to be no different from that of wild type mice (data not shown).  

To investigate this at a behavioral level, we subjected Upf3b-null mice and their wild type 

littermates to coyote and bobcat urine (Figures 3.1B-C). Although we observed a trend toward 

Upf3b-null mice being less fearful and approaching the urine covered filter paper more often, it 

was not significant. We also subjected these mice to a buried food test (Figure 3.1D-E), as well 

as habituation/dishabituation to non-social (Figures 3.2A-B) and social odors (Figure 3.2C) 
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testing, and found no significant difference. A partial olfactory defect is hard to interrogate 

through behavioral means, and is further confused by the fact that predator odors have been 

shown to activate sensory receptors in both the OE and the vomeronasal organ of rodents, and 

selective receptor response has been well characterized (Ferrero et al., 2011).  

 

Upf3b-null mice show decreased expression of markers of early OE cells 

The lack of significant behavior data and the remaining possibility that these mice may 

have a partial olfaction defect prompted us to do an initial analysis of the whole OE in Upf3b-null 

and littermate control mice. We first used real time PCR to look at well-established markers for 

different OE cell types. We found that, in addition to highly significant UPF3B depletion at the 

transcript level (Figure 3.3A), markers for early cell types of the OE showed decreased 

expression. Markers of HBCs (Figure 3.3B) and GBCs (Figure 3.3C), the stem cells of the OE, 

were significantly decreased in the Upf3b-null OE. Only one marker tested for both iOSNs 

(Figure 3.3D) and mOSNs (Figure 3.3E) was significantly decreased in the Upf3b-null OE.  

We next sought to determine if the number of mOSNs in the Upf3b-null mouse OE was 

affected by UPF3B depletion at the protein level. We looked at olfactory marker protein (OMP) 

expression through Western Blot and found no significant difference between Upf3b-null and 

wild type mice (Figure 3.4).  

 

ScRNAseq analysis reveals Upf3b-null defects in mOSNs 

Although Upf3b-null mice showed decreased expression of transcripts relevant to many 

cell types of the olfactory, we wanted to understand what gene expression changes could be 

underlying variation in cell types in an unbiased way. Single cell sequencing allowed us to take 

a less biased approach and gain a better understanding of how UPF3B was affecting all cell 

types in dissociated OE. We used the 10X Genomics platform, which uses Gemcode™ 
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technology to barcode individual cells before sequencing (Zheng et al., 2017). Three biological 

replicates were used for dissociated OE cells from both Upf3b-null and wild type mice. Libraries 

were made for 9,317 Upf3b-null and 4,725 wild type cells. Cell clusters were assigned based on 

tSNE clustering of transcript expression (Figure 3.5A-B). Not only did we identify traditional OE 

cell types, we found subsets of those cell types. When clustering both wild type and Upf3b-null 

cell libraries, we identified two HBC subsets, which was not so surprising as recent work by 

Fletcher et al. identified three HBC populations—resting HBCs and two distinct categories 

(based on transcript level expression) that they termed HBC1 and HBC2 (Fletcher et al., 2017). 

We identified three GBC populations, also not unexpected, as multiple GBC populations had 

been previously identified— a Sox2+/Pax6+ totipotent and self-renewing population, an Ascl1+ 

proliferating population, and a Neurog1+/NeuroD1+ population that differentiate directly into 

neurons (Chen et al., 2004; Schwob et al., 2017). In addition, we found two immediate neuronal 

precursor populations (INPs) and, most surprisingly, ten mOSN populations, something never 

previously identified (Figure 3.5A).  

We compared our scRNAseq results to our real time PCR data by comparing the relative 

proportion of each cell type in the knockout versus in the wild type OE. Our scRNAseq results 

revealed a similar result: in the Upf3b-null OE there were far fewer early stage cell types (HBCs 

and GBCs) but no obvious difference (based on percentage) of later stage cell types. We also 

identified cell types outside of the traditional OE that were enriched in the Upf3b-null OE, to be 

addressed in a later section.  

 

The mOSN transcriptome and translome  

The dramatic shift in the Upf3b-null mOSN subset clustering revealed by our scRNAseq 

analysis raised the possibility that UPF3B plays an important role in mOSN gene expression. To 

begin to understand the molecular role of UPF3B in mOSNs, we began by investigating the 

global transcript profile of pooled Upf3b-null and wild type mOSNs. We crossed inducible YFP 
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(R26-eYFP) mice with mOSN-specific (Omp-Cre) mice and YFP-positive mOSNs were FAC 

sorted and the pooled mOSN RNA was isolated and sequenced (Figure 3.6). RNA sequencing 

(RNAseq) was done on Upf3b-null and wild type pooled mOSNs and downstream differential 

expression analysis resulted in a list of transcripts specific to mOSNs for further investigation. 

To confirm that only pooled mOSNs were sequenced, whole OE was also sequenced for 

comparison and to validate what was seen in the pooled mOSNs. We first examined Omp and 

Adcy3, genes known to be expressed in mOSNs, and found their expression increased in our 

pooled mOSNs compared to whole OE input. In contrast, Krt5, Krt14, ICam1, Lgr5, and Ascl1, 

genes known to be expressed in other cell types of the OE, showed decreased expression 

(Figure 3.7).  

To get a general idea of what categories of genes were differentially expressed in the 

Upf3b-null vs wild type pooled mOSN transcriptome, we used Metascape analysis (Tripathi et 

al., 2015). Transcripts with a log2 value greater than 1 were  primarily involved in cell adhesion 

and immune response pathways (Figure 3.8A). For the same dataset, transcripts with a log2 

value less than -1 were strikingly involved in sensory perception and smell, indicating a more 

specific role for UPF3B (Figure 3.8B). Upon closer examination, of the 108 significantly 

downregulated transcripts, 78 of them were olfactory receptors, all of which were class-II. This 

finding indicated the importance of UPF3B, and potentially the NMD pathway, in olfactory 

receptor selection (Figure 3.9A).  

 To determine what transcripts in mOSNs were ribosomally bound and thereby likely in 

the process of being translated, we used the RiboTag system. The RiboTag transgenic mouse 

line contains a knock-in allele of a HA-tagged ribosomal protein subunit RPL22 (Sanz et al., 

2009). When CRE is expressed, the wild-type allele of RPL22 is replaced by the HA-tagged 

version of RPL22, allowing for IP-mediated purification of mRNAs associated with polysomes, 

specifically in the CRE-expressing cell type. In our case, the Omp-Cre mouse line was crossed 

with a homozygous RiboTag line (Figure 3.10). We were able to show that RiboTag IP, which 
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we refer to as the “translome,” was successful, based on increased levels of relevant mOSN 

transcripts and decreased expression of transcripts relevant to non-mOSN cell types (previously 

mentioned, Figure 3.7).  

We compared pooled mOSN transcriptome data to pooled mOSN translome data to 

calculate the “translation efficiency” of a given transcript. We define “translation efficiency” (TE) 

as: normalized translome / normalized transcriptome, resulting in a ratio. Of note, the most 

highly translated categories of transcripts in wild type mOSNs were related to organ 

development and signaling in development while the least were related to vesicle targeting and 

transport (data not shown). In Upf3b-null mOSNs, the most highly translated categories of 

transcripts were (similar to wild type) related to signaling and organ development, while the least 

were related to cell projections, signal transduction, synaptic vesicle, and dendrite development 

(data not shown). We compared translation efficiencies between pooled Upf3b-null and wild 

type mOSNs and found that the translational efficiencies were highly correlated, indicating no 

large-scale change in differential translation efficiency in the absence of UPF3B (Figure 3.11A). 

We did, however, find a handful of transcripts that did not fit this trend, having a much lower 

translation efficiency in Upf3b-null mOSNs than wild type mOSNs, somewhat perplexing as we 

would predict ablation of UPF3B to result in more, not less, translation of transcripts. 

  

UPF3B is critical for defining a subset of the olfactory receptor repertoire 

Inspection of the differentially expressed genes in pooled Upf3b-null vs. pooled wild type 

mOSNs revealed that 78 olfactory receptor (Olfr) genes were significantly downregulated in the 

absence of UPF3B. These downregulated Olfr genes represented over 70% of all the 

significantly downregulated genes (q <0.05) (Figure 3.9A). We also found misregulation of 

olfactory receptors in the Upf3b-null vs. wild type whole OE transcriptome. All of the 17 Olfrs 

downregulated in the Upf3b-null vs. wild type whole OE were class-II and five (Olfrs 1043, 1196, 

127, 8, and 827) overlapped with the 78 olfactory receptors in the pooled mOSN transcriptome 
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data (Figure 3.9B).  It is important to note that many of the olfactory transcripts in the whole OE 

likely come from iOSNs, which express multiple mOSNs at a low level, as they would be 

included in the isolated whole OE RNA.  

The discovery that UPF3B appears to select for these 78 genes was intriguing given the 

unique way that Olfr genes are normally regulated and expressed. All members of this large 

family (~1200 functional Olfr genes in mice) abide by the “one neuron-one receptor” rule, which 

specifies that only a single Olfr gene is expressed per mOSN (Serizawa, 2003). Olfr gene 

expression in a given mOSN is critical for axonal targeting to the OB, and thereby the 

transmission of information in odorant detection. To examine whether UPF3B might influence 

the selection of these 78 Olfr genes, we turned to our scRNAseq analysis, examining the 

fraction of single mOSNs that expressed these genes. 

The first thing we wanted to know was whether fewer single mOSN expressed these 

previously identified Olfrs, or if they were still expressed, just at a lower level. We found that 

Upf3b-null mOSNs and INPs express fewer select Olfr genes, based on a calculated fraction of 

cells (Figure 3.12). The fraction of cells is the number of cells expressing that olfactory receptor 

per total number of cells in that category, allowing us to account for variation in cell numbers 

between samples.  

 These results support a model where UPF3B affects the expression of specific class-II 

olfactory receptors, that selection beginning at the INP stage. The combination of the pooled 

and single cell datasets supports a model in which UPF3B promotes the expression of these 

specific Olfrs in mOSNs.  

 

UPF3B does not appear to affect the on-neuron-one-receptor rule 

To examine whether UPF3B affects the one neuron-one receptor rule in mOSNs, we 

looked at the percentage of mOSNs expressing just one olfactory receptor and found that, of all 

the Upf3b-null mOSNs ~42% expressed just one receptor and of all the wild type mOSNs ~43% 
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expressed just one receptor, indicating no significant affect of UPF3B on Olfr expression. We 

also observed that 71% of wild type mOSNs expressed one or more Olfrs, compared to 66% of 

Upf3b-null mOSNs. Overall, a higher percentage of Upf3b-null mOSNs express no olfactory 

receptors, in line with our pooled mOSN findings.  

 

UPF3B impacts immune response, at the transcript level, in the olfactory  

Our scRNAseq differential expression data revealed that many of the genes were 

immune-related, suggesting that the olfactory plays a significant role in immune response, at 

least partially under the control of UPF3B (Figure 3.13). In the absence of UPF3B, there was a 

huge increase in immune response cells, as judged by transcript-level expression of myeloid, 

erythrocyte, leukocyte, B cell and T cell markers (Figure 3.13).   

To our surprise, we also discovered that many of the top upregulated transcripts in 

Upf3b-null olfactory cell types are immune response related. We followed up on antimicrobial 

peptide CAMP. Immunohistochemistry using the CAMP antibody indicated increased CAMP 

expression in Upf3b-null OE, and appears to locate to cells in the basal layer of the olfactory 

epithelium (Figure 3.14).  

 

In vivo targets of the NMD pathway in mOSNs 

NMD is hypothesized to be a translation-dependent pathway, based on in vitro work, but 

this had never been tested in vivo. Our trancriptome and translome analysis of pooled mOSNs 

provided a unique opportunity to examine whether NMD target RNAs are translated in vivo and 

begin to understand the molecular mechanism of action of UPF3B.  

First, we looked for the enrichment of transcripts with NMD-inducing features, including a 

dEJ and a long 3’UTR. Unfortunately, we found no transcripts with dEJs that had a differential 

expression value (q<0.05) that were also present in the translome data. The same question was 
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asked for transcripts with long 3’UTRs. Again, the variability in TE could not be explained by fold 

change, and so it appears that the translation efficiency (TE) of transcripts with dEJs or long 

3’UTRs is not correlated with loss of UPF3B.  

  That being said, when we looked at all transcripts (no statistical cutoff) that are upregulated 

with loss of UPF3B, we saw a trend toward correlation with translation efficiency. This trend is more 

significant when comparing wild type translation efficiency to differential expression of Upf3b-null 

pooled mOSNs (Figure 3.11B) than it is when comparing Up3b-null translation efficiency to 

differential expression of Upf3b-null pooled mOSNs (Figure 3.11C). This led us to hypothesize that 

Upf3b may be effecting translation efficiency of a small, specific set of transcripts when compared to 

wild type. 

The data also showed that a subset of transcripts were highly upregulated, in terms of 

TE, in the Upf3b-null mouse, and those transcripts are likely candidates to be strongly 

downregulated by NMD.     

 

Discussion 
 
NMD targets in vivo 

Although both dEJs and long 3’UTRs are often the first place researchers look to determine 

the likelihood of degradation by NMD, we were not able to make any conclusions (based on these 

features) with our olfactory data. Fortunately, there are other ways of looking at stability (a hallmark 

feature of NMD target RNAs) that may be far more fitting, for instance, in vivo RNA half-life 

analysis. A future direction of the lab is to move forward with TU-RNA tagging of RNA 

synthesis and decay sequencing analysis, referred to as “TURTseq.” In TURTseq, transcription 

rate is determined by 4-Thiouridine (TU) incorporation after a short pulse, while RNA decay rate 

is inferred from the ratio of nascent to existing RNA. TURTseq is an improvement over 

traditional pulse-chase analysis, as it requires only steady-state RNA level and transcription rate 

values to determine RNA decay kinetics. 
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The role of UPF3B in olfactory immune response 

Work is ongoing to determine if UPF3B definitively affects general immune system 

response, and immune system response within OE cell types, at the protein level. It remains 

perplexing as to why single cell data shows such a striking upregulation in immune cell-related 

transcripts yet that doesn’t appear to hold true at the protein level. 

In terms of our OE cell “bifunctionality” hypothesis, at this point, IHC data has indicated 

that CAMP expression increases in the Upf3b-null olfactory epithelium, but this has been hard to 

recapitulate using FACS. Part of the issue may be that CAMP is a secreted protein, and so it’s 

much harder to optimize use of the CAMP antibody for staining and downstream FACS.   

 

Teasing apart models of olfactory receptor selection 

Based on previously mentioned scRNAseq data we found that, in both Upf3b-null 

precursor and mature olfactory neurons, the 78 pooled mOSN-identified Olfrs were expressed 

less often, indicating that the underlying cause of this decreased expression was not due to 

weak expression. To more fully explore this case of Olfr selection, we can force regeneration 

through use of olfactotoxic chemical methimazole, which ablates all but the HBCs within the OE, 

making it easier to identify when olfactory receptors are first expressed and how UPF3B 

depletion affects initial and lasting expression. Another possibility is that Upf3b-null mice 

generate cells that initially express these 78 Olfrs, but these cells fail to efficiently differentiate 

into mOSNs. This hypothesis that would require lineage tracing and then single cell sequencing 

to tease apart.   
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Figure 3.1 Upf3b-null mice display a weight loss defect indicating a partial olfaction 
defect 
(A) Upf3b-null mice grew at a slower rate in comparison to their wild type littermates, eventually 
reaching the same weight.  
(B-C) Upf3b-null mice and their wild type littermates were subjected to (B) coyote and (B) 
bobcat urine. Although we observed a trend toward Upf3b-null mice being less fearful and 
approaching the urine covered filter paper more often, that trend not significant.  
(D-E) Upf3b-null mice were subjected to a buried food test and showed no difference in their 
ability to locate the exposed (D) or hidden food (E) when compared to their wild type littermates.  
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Figure 3.2 Upf3b-null mice show no significant difference in response to non-social or 
social odors.  
(A) Mice were tested for habituation/dishabituation to non-social odors. 
(B) Mice were tested for habituation/dishabituation to social odors. 
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Figure 3.3 Early cell types of the OE show decreased (transcript-level) expression  
(A) UPF3B is depleted at the transcript level in the OE  
(B) Krt5 and Krt14, established markers of HBCs, were significantly decreased in the Upf3b-null 
OE.  
(C) Ascl1 and Neurod1, established markers of GBCs were significantly decreased in the 
Upf3b-null OE.  
(D) Gap43 but not Gng8, both markers of iOSNs, decreased in the Upf3b-null OE.  
(E) Gnal but not Omp, both markers of mOSNs, decreased in the Upf3b-null OE.  
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Figure 3.4 Upf3b-null mice have a similar number of mOSNs 
Western Blotting showed no significant difference between Upf3b-null and wild type mouse 
OMP levels. N= 4 mice per genotype.   
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Figure 3.5 Single cell RNA sequencing of Upf3b-null and wild type OE reveals expected, 
as well as unanticipated, cell clusters and subsets 
(A) Cell types were assigned based on tSNE clustering of transcript expression. When 
clustering both wild type and Upf3b-null cell libraries, we identified two HBC subsets, three GBC 
populations, two immediate neuronal precursor populations (INPs) andto our surprise, ten 
mOSN populations.  
(B) Upf3b-null and wild type designations for those clusters. 
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Figure 3.6 Creating the Yfp +/-; Omp +/-; Upf3b-null mouse line 
Inducible YFP (R26-eYFP) mice with mOSN-specific (Omp-Cre) mice and YFP-positive mOSNs 
were FAC sorted and the pooled mOSN RNA was isolated and sequenced. 

 

 

 

 

 

 

  



 

    
 72 

 
 
 
Figure 3.7 Validation of “transcriptome” and “translome” datasets 
Violin plots showing RPKM for various genes to validate mOSN pooling and RNA 
immunoprecipitation for the transcriptome (sorted mOSNs) and translome (Ribo IP mOSNs), 
respectively. Omp and Adcy3 (mOSN-related transcripts) expression increased in sorted 
mOSNs compared to whole OE input. Ribo IP mOSNs showed increased Omp expression 
compared to whole OE. In contrast, Krt5, Krt14, ICam1, Lgr5, and Ascl1, genes known to be 
expressed in other cell types of the OE, showed decreased expression in both Ribo IP mOSNs 
and sorted mOSNs.  
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Figure 3.8 Gene Ontology analysis of Upf3b-null up- and downregulated transcript 
categories 
(A) Metascape analysis revealed that transcripts with a log2 value greater than 1 were primarily 
involved in cell adhesion and immune response pathways. 
(B) For the same dataset, Metascape analysis revealed that transcripts with a log2 value less 
than -1 showed specific involvement in sensory perception and smell.  
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Figure 3.9 The majority of Upf3b-null downregulated transcripts are olfactory receptors 
(A) Differentially expressed genes in pooled Upf3b-null vs. pooled wild type mOSNs revealed 
that 78 class-II olfactory receptor (Olfr) genes were significantly downregulated in the absence 
of UPF3B. These downregulated Olfr genes represented over 70% of all the significantly 
downregulated genes (q <0.05)  
(B) Changes in olfactory receptor expression were also found in the whole OE transcriptome. All 
of the 17 Olfrs downregulated in the Upf3b-null vs. wild type whole OE were class-II and five 
(Olfrs 1043, 1196, 127, 8, and 827) overlapped with the 78 olfactory receptors in the pooled 
mOSN transcriptome data. It is important to note that many of the olfactory transcripts in the 
whole OE likely come from iOSNs, which express multiple mOSNs at a low level, as they would 
be included in the isolated whole OE RNA.  
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Figure 3.10 Creating the Ribo +/-; Omp +/-; Upf3b-null mouse line 
Using the RiboTag mouse line, CRE expression drives replacement of the wild-type allele of 
RPL22 by the HA-tagged version of RPL22, allowing for IP-mediated purification of mRNAs 
associated with polysomes, specifically in the CRE-expressing cell type. In this case, the Omp-
Cre mouse line was crossed with a homozygous RiboTag line.  
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Figure 3.11 UPF3B does not affect global translation efficiency  
(A) No significant difference in translation efficiencies between pooled Upf3b-null and wild type 
mOSNs was detected. The translational efficiencies were highly correlated (R= 0.92), indicating 
no large-scale change in differential translation efficiency in the absence of UPF3B. A handful of 
transcripts did not fit this trend, showing a lower translation efficiency in Upf3b-null mOSNs than 
wild type mOSNs. 
(B-C) Correlating differential expression with TE. Transcripts (no statistical cutoff) upregulated 
upon loss of of UPF3B show a stronger correlation when comparing to wild type translation 
efficiency (B) versus Up3b-null translation efficiency (C).  
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Figure 3.12 Upf3b-null mOSNs and INPs express fewer select Olfr genes 
We asked: Do fewer single mOSNs in the knockout express the previously identified (pooled 
mOSN-specific) Olfrs? Or are they were still expressed, just at a lower level? We found that 
Upf3b-null mOSNs and INPs express fewer select Olfr genes, based on a calculated fraction of 
cells (“Fraction of cells”= the number of cells expressing that olfactory receptor per total number 
of cells in that category, allowing us to account for variation in cell numbers between samples).   
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Figure 3.13 A potential role for UPF3B in the immune system 
Our scRNAseq differential expression data revealed that many of the genes were immune-
related, suggesting that the olfactory plays a significant role in immune response, at least 
partially under the control of UPF3B (Figure 3.13). In the absence of UPF3B, there was a huge 
increase in immune response cells, as judged by transcript-level expression of myeloid, 
erythrocyte, leukocyte, B cell and T cell markers.  
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Figure 3.14 Increased CAMP in the Upf3b-null OE 
Paraffin sections of oflactory epithelium were co-stained with OMP (in green) and CRAMP (in 
red) and nuclei was counterstained with DAPI in blue. Scale bar = 50 µm. 
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Paraffin sections of oflactory epithelium were co-stained with OMP (in green) and CRAMP 
(in red) and nuclei was counterstained with DAPI in blue. Scale bar = 50 µm. 
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Abstract 
 

Gene duplication is a major evolutionary force driving adaptation and speciation, as it 

allows for the acquisition of new functions and can augment or diversify existing functions. Here, 

we report a gene duplication event that yielded another outcome – the generation of 

antagonistic functions. One product of this duplication event – UPF3B – is critical for the 

nonsense-mediated RNA decay (NMD) pathway, while its autosomal counterpart – UPF3A – 

encodes an enigmatic protein previously shown to have trace NMD activity. Using loss-of-

function approaches in vitro and in vivo, we discovered that UPF3A acts primarily as a potent 

NMD inhibitor that stabilizes hundreds of transcripts. Evidence suggests that UPF3A acquired 

repressor activity through simple impairment of a critical domain, a rapid mechanism that may 

have been widely used in evolution. Mice conditionally lacking UPF3A exhibit “hyper” NMD and 

display defects in embryogenesis and gametogenesis, consistent with UPF3A serving as a 

molecular rheostat that directs developmental events.  

 

Introduction 
 

Gene duplication is an innovative platform for the diversification and adaptation of 

species. While most duplicated genes are of no immediate selective value and thus undergo 

degeneration, in rare instances, a duplicated gene provides a useful function and thus it persists 

over evolutionary time (Innan et al., 2010). The specific selective forces that lead to the 

retention and subsequent alterations in duplicated genes have been widely studied. A clear-cut 

example of a duplicated gene that is of immediate selective value is when it increases the level 

of a rate-limiting gene product (Kondrashov et al., 2002). Gene duplication can also lead to a 

scenario in which the gene paralogs acquire mutations that ultimately subdivide their functions 

or expression patterns between the paralogs, a process called subfunctionalization (Hittinger et 

al., 2007; Innan et al., 2010). For example, if the original protein has two or more functions that 

cannot be independently improved upon, paralogs can provide a division of labor such that each 
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paralog specializes and optimizes the functions independently. Another example of 

subfunctionalization occurs when there is a divergence in the expression pattern of redundant 

gene paralogs; this leads to strong selection to maintain all such gene paralogs because each 

paralog becomes essential for the particular cell types and developmental stages that it is 

expressed in. In other cases, some gene paralogs acquire new functions, a process called neo-

functionalization (Innan et al., 2010; Teshima et al., 2008). For example, a protein domain may 

be created in a newly formed gene paralog that increases the fitness of an organism. While 

intuitively attractive, the neofunctionalization model suffers from the fact that selection 

processes act on current functions, not promises of future functions. Thus, it is unclear whether 

new functions can be sculpted rapidly enough (through mutation) for selective forces to act upon 

them. In the absence of selection, gene paralogs become non-functional; e.g., deteriorate into 

pseudogenes.  

Here, we report an evolutionary outcome of gene duplication – functional antagonism – 

that can rapidly integrate into existing regulatory circuitry to provide biological benefit. In 

particular, we identify a gene paralog pair that has evolved to encode proteins with opposing 

functions. The pathway regulated by this paralog pair is nonsense-mediated RNA decay (NMD), 

a highly conserved RNA degradation pathway that has dual roles. One role is to serve as a RNA 

surveillance pathway that degrades aberrant mRNAs harboring premature termination 

(nonsense) codons (PTCs). This quality control role is important, as PTC-bearing mRNAs are 

commonly generated by mutation and biosynthetic errors, including alternative splicing. By 

reducing the levels of such PTC-containing mRNAs, NMD reduces the expression of truncated 

proteins, some of which have dominant-negative effects (Chang et al., 2007; Rebbapragada 

and Lykke-Andersen, 2009). The second role of NMD is to degrade a subset of normal mRNAs. 

Studies in which factors crucial for NMD have been depleted or completely ablated in species 

spanning the phylogenetic scale have revealed dysregulation of a large subset of the “normal 
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transcriptome” (~3 to 15% of mRNAs) (Lykke-Andersen and Jensen, 2015). This suggests that 

NMD serves as an important regulator of normal gene expression. 

Several contexts have been defined that allow a stop codon in a normal mRNA to trigger 

mRNA decay. In mammals, the best-established NMD-inducing context is when there is at least 

one exon-exon junction downstream of the stop codon – a dEJ. This allows a set of NMD-

enhancing proteins recruited near exon-exon junctions—collectively called the exon-junction 

complex (EJC)—to avoid being displaced by translating ribosomes (Lykke-Andersen and 

Jensen, 2015). The EJC directly binds with the UPF3B protein (also known as “UPF3X”), which 

serves as an adaptor protein that interacts with other NMD factors to trigger rapid RNA decay 

(Buchwald et al., 2010; Kadlec et al., 2004). 

Interest in the NMD adaptor protein, UPF3B, intensified when it was discovered that 

UPF3B mutations cause intellectual disability in humans (Tarpey et al., 2007). Intellectual 

disability patients with UPF3B mutations also commonly suffer from autism or schizophrenia, 

suggesting that UPF3B, and by implication, NMD, is also important for normal psychiatric 

behavior (Nguyen et al., 2014). The underlying basis for UPF3B function in the nervous system 

is poorly understood, but one function is to coordinate differentiation decisions in neural stem 

cells and progenitors. Depletion of UPF3B in neural progenitor cells (NPCs) increases their 

proliferation and impairs neurite formation, suggesting that NMD promotes the differentiation of 

already committed neural progenitor cells (Jolly et al., 2013). However, substantial evidence 

indicates that NMD has the opposite effect on neural stem cells – it promotes the stem-like state 

and proliferation (Lou et al., 2014). Because NMD is a branched pathway, it is possible that 

these different functions emanate from different branches, each of which are known to regulate 

different subsets of NMD substrate mRNAs (Lykke-Andersen and Jensen, 2015; Huang et al., 

2012).  

UPF3B is unique among known NMD factors in having a related sister protein – UPF3A. 

UPF3A and UPF3B are encoded by an evolutionarily ancient paralog pair that exists in most, if 
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not all, vertebrates, including all sequenced mammals, frogs, fish, and birds. It is not known why 

this gene paralog pair has persisted since the origin of vertebrates. It has been hypothesized 

that UPF3A and UPF3B have redundant functions (Chan et al., 2007; Kunz et al., 2006; Lykke-

Andersen et al., 2000; Nguyen et al., 2012), a notion supported by the fact that UPF3A is 

dramatically upregulated when UPF3B is downregulated or eliminated (Chan et al., 2009) and 

the association between the magnitude of this UPF3A upregulatory response and the severity of 

neurological symptoms in intellectual disability patients with UFP3B mutations (Nguyen et al., 

2012).  

If indeed UPF3A and UPF3B act redundantly in NMD, it is critical that they also each 

have unique properties that have allowed them to both persist over evolutionary time. One 

possibility is that UPF3A and UPF3B have unique expression patterns that allow them to be 

independently selected for, in accordance with the subfunctionalization model. In support of this 

possibility, Upf3a is much more highly expressed in the testis than other adult organs (Serin et 

al., 2001; Zetoune et al., 2008). In contrast, Upf3b, while ubiquitously expressed in most tissues, 

is a candidate to be transcriptionally silenced in testicular germ cells given that it is an X-linked 

gene and thus would be predicted to be subject to meiotic sex chromosome inactivation (MSCI), 

which transcriptionally silences genes on the X and Y chromosomes during male meiosis 

(Turner et al., 2007). If indeed Upf3b is transcriptionally silenced in meiotic germ cells, this 

raises the possibility that Upf3a, which is present on an autosome, might serve to replace Upf3b 

function in meiotic germ cells, thereby explaining the high expression of Upf3a in the testis and 

providing a justification for the persistence of these two paralogs over evolutionary time.  

While potentially attractive, the subfunctionalization model for explaining the long-term 

persistence of the UPF3A/UPF3B paralog pair suffers from the uncertainty as to whether 

UPF3A is actually an NMD factor. The only evidence that UPF3A is a NMD factor comes from 

gain-of-function studies in which UPF3A was tethered downstream of a stop codon in reporter 



 

 87 

RNAs using the high-affinity RNA-binding proteins, MS2 and λN. Such UPF3A-fusion proteins 

only elicited trace NMD activity (~20% downregulation), as judged by reporter RNA analysis 

(Kunz et al., 2006; Lykke-Andersen et al., 2000). In contrast, other human NMD proteins, 

including UPF3B, exhibited strong NMD activity in this tethering assay. This weak ability of 

UPF3A to promote NMD is surprising given that it is encoded by an ancient gene (~500 million 

years old) that presumably has had ample time to be selected to encode a protein with strong 

NMD activity. Indeed, UPF3A is poised for such a role, as a single amino-acid substitution is 

sufficient to convert UPF3A into a strong NMD factor, comparable in activity with UPF3B (Kunz 

et al., 2006).  

In this communication, we addressed this paradox by re-evaluating the function of 

UPF3A using loss-of-function approaches. Our analysis revealed that UPF3A is actually a 

broadly acting NMD inhibitor. This discovery implies that UPF3A and UPF3B do not primarily 

work in a complementary or redundant manner as previously supposed; instead, they oppose 

each other. We provide evidence that this opposition allows this paralog pair to serve as a 

molecular rheostat to modulate the level of gene expression during development. To evaluate 

the in vivo role of UPF3A, we generated mice lacking UPF3A and found that they have “hyper 

NMD” and major defects in both embryogenesis and gametogenesis. We demonstrate that the 

repressor function of UPF3A is conferred by simple disruption of a functional domain, providing 

a rapid target of evolutionary selection. The mode of gene control conferred by the 

UPF3A/UPF3B paralog pair highlights the complexity of post-transcriptional regulation in 

development and suggests new clinical approaches to treat the wide variety of genetic diseases 

caused by mutant genes that trigger the NMD pathway.  

 

Methods 
 
Mammalian Cell Culture and Transfection 
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P19 cells were grown in MEMα (Invitrogen), 10% fetal calf serum, and 1X 

Penicillin/Streptomycin (Invitrogen). These cells were transiently transfected using 

Lipofectamine 2000 (Invitrogen), following the manufacturer’s instructions. HeLa and mEFs 

were cultured in DMEM (Invitrogen), 10% fetal calf serum, and 1X Penicillin/Streptomycin 

(Invitrogen). Primary mNSCs were isolated from E14.5 and cultured as described (Lou et al., 

2014). Cells were cultured at 37°C with 5% CO2. P19 and HeLa cells were transfected using 

Lipofectamine 2000 (Invitrogen) and TransiT-2020 (Mirus), respectively, according to 

manufacturer’s protocol. mEFs and mNSCs were electroporated using Nucleofector Kit for 

Mouse Neural Stem Cells (Lonza) according to manufacturer’s protocol.  

 

RNA, Luciferase, and Protein Analysis 

Total cellular RNA was isolated from cells and tissues using Trizol (Invitrogen), as 

described (Lou et al., 2014). RNA samples were treated with DNaseI to remove genomic 

contaminants (Ambion). RNA obtained from germ cell subsets were isolated as previously 

described (Wang et al., 2005). qPCR analysis was done in triplicate 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. RT-PCR was performed using Taq Polymerase (Denville). 

 NMD activity was measured using the NMD reporter plasmids pCI-Neo-WT PTC (-) and 

pCI-Neo-NS39 PTC (+), which both express Renilla luciferase (Boelz et al., 2006). They were 

cotransfected with pCI-Neo-FLY, a Firefly luciferase control plasmid. Luciferase level was 

measured 24 hours after transfection using the Dual Luciferase Reporter Assay System 

(Promega). Protein tethering NMD activity was measured using MS-HRNP-A1, MS-UPF1, MS-

UPF2 expression constructs contransfected with a β-globin control vector lacking MS-binding 

sites, and then analyzed by Northern blotting as previously described (Lykke-Andersen et al., 
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2000). To determine the half-life of endogenous and NMD reporter mRNAs, P19 cells were 

treated with actinomycin D (5omyci; Sigma) 24 hours after transfection.  

Western blot analysis was performed as previously described (Chan et al., 2007). 

Histology and immunofluorescence of testis sections were performed as previously described 

(Song et al., 2012). To assay for apoptotic cells in vivo, the Apoptag kit was used in accordance 

with the manufacturer’s instructions (Millipore/Chemicon). Immunofluorescence staining of 

mouse olfactory epithelium was performed as described (Stephan et al., 2012). Isolation of 

mouse early mouse embryos and embryo immunofluorescence were performed as described 

previously (Chavez et al., 2014). Brightfield and epifluorescence microscopy were performed 

with a Leica AF6000 microscope using Leica software. Confocal microsocopy was performed 

using an Olympus Gemini FlowView microscope at the National Center for Microscopy and 

Imaging Research (UCSD). All primer sequences are provided in Supplementary Table 3, 

antibodies are provided in Supplementary Table 4, and expression vectors are obtained from 

Andreas Kulozik Laboratory (Kunz et al., 2006). 

 

RNA-Seq Library Construction and Data Analysis 

RNA-seq analysis was performed on RNA isolated from P19 cells transfected with 

siControl or siUPF3A.  24 h after transfection, cells were treated with actinomycin D and RNA 

was isolated 0, 15, 105, and 225 minutes post-actinomycin D treatment. RNA was isolated with 

Trizol and total RNA quality was assessed using an Agilent Bioanalyzer. Samples with an RNA 

Integrity Number (RIN) of 8 or greater were used to generate RNA libraries using Illumina’s 

TruSeq RNA Sample Preparation Kit, following the manufacturer’s specifications (RNA 

fragmentation time adjusted to 5 minutes). RNA libraries were multiplexed and sequenced at a 

concentration of 10 pM with 50 base pair (bp) single end reads to a depth of approximately 50 

million reads per sample on an Illumina HiSeq2500 machine. Raw data analysis was performed 
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using the Tuxedo suite, encompassing the Bowtie2, Tophat2, and Cufflinks programs, and using 

RStudio for subsequent procedures (Trapnell et al., 2009, 2012). Approximately 20 million reads 

were generated per sample, and mapped to the Refseq mm10 genome. Reads were filtered, 

such that genes without at least one FPKM were removed from the analysis, and overlapping 

RefSeq transcripts were collapsed giving one expression value per gene locus. The count data 

was normalized and differential expression was performed using Cufflinks. Genes with an 

adjusted P value less than 0.05 were considered differentially expressed unless otherwise 

noted. All functional enrichment analyses were generated using DAVID Function Annotation 

Software. Logarithmic regression analysis of normalized count data gave corresponding slopes 

and y-intercepts for siUpf3a and control datasets. Highly correlative (R2 > 0.7) genes with 

negative slopes for both control and siUPF3A conditions were defined as identified. Destabilized 

genes were defined as having a slope change over 10%, with control slope greater than 

siUPF3A, whereas stabilized genes were defined as having a slope change over 10%, with 

siUPF3A slope greater than control. Unchanged genes had a slope change less than 10%. For 

analysis of NMD-inducing features, corresponding Refseq transcripts were converted into 

Ensembl transcript IDs and sequences were obtained using the UCSC Table Browser. The 

criteria that were used to identify transcripts with NMD-inducing features from the Ensembl 

database were previously described (Lou et al., 2014); the only modifications were that uORFs 

at least 16 amino acids in length and 3’ UTR at least 1000 nt in length were considered as 

NMD-inducing features. Using a novel python script Zenith.py, created by the Wilkinson lab, 

NMD-inducing features were identified. 

For pachytene-enriched transcripts, Affymetrix IDs from GSE4193 were converted to 

Ensembl gene IDs and then Ensembl transcript IDs using the biomaRt package in R’s 

programming environment. During the conversion, only transcripts with a ‘protein_coding’ 

biotype were selected. Once the complete repertoire of protein coding transcripts was obtained, 

they were entered into UCSC’s Table Browser for transcript sequences. Scripts written in 
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Python language were used to identify the putative NMD features for each transcript. Protein 

sequence analyses of mUPF3A (Q3ULJ3), hUPF3A (Q9H1J1), mUPF3B (Q3ULL6), and 

hUPF3B (Q9BZI7) were done using the UniProt alignment.  

 

Phylogenetic Tree Construction 

Phylogenetic analysis of UPF3 protein-coding sequences was done using 17 

representative animal taxa.  Vertebrates have two copies (i.e., paralogs) of this gene, Upf3a and 

Upf3b, as compared to the single copy genes present in invertebrates, consistent with the 

notion that these two paralgoues were generated during the genome duplication events early in 

vertebrate history after the split from invertebrates (Dehal et al., 2005; Smith et al., 

2013).  Selected UPF3 sequences were downloaded from Genbank, aligned with MUSCLE. 

Poorly aligned regions were removed using Gblocks and analyzed with PAUP v. 4.0b10 for 

Macintosh (Swofford et al., 2002). Distance analysis used minimum evolution as the optimality 

criterion (heuristic search with tree-bisection-reconnection and random addition sequence with 

100 replications), and mean character difference as the distance measure.  Bootstrap analysis 

used 1000 replicates. Values above 90% are indicated at the respective nodes.  The tree is 

rooted on the five protostome taxa.   

 

Coimmunoprecipitation (CoIP) Assay 

CoIP was performed as described in Frank et al. Cell 2010. In brief, after transfection, 

cells were lysed in a hypotonic lysis buffer, followed by a 4 hour incubation with rabbit polyclonal 

anti-UPF1 antibody (gifted from Jens Lykke-Andersen) conjugated to protein A sepharose 

beads (Life Technologies, Carlsbad, CA).  Lysates were washed 8 times with 0.05% Triton X-

100, 50 mM Tris-HCl pH 7.5, 150 mM NaCl.  Lysates were resuspended in 20 µl of load buffer 
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(100 mM Tris-HCl (pH 6.8), 4% SDS, 0.2% bromophenol blue, 20% glycerol). Samples were 

analyzed by SDS-PAGE and Western blot using rabbit polyclonal anti-MLN51 antibody.  

 

Results 
 

We addressed the function of UPF3A by performing loss-of-function experiments. 

Surprisingly, we found UPF3A depletion led to downregulation, not upregulation, of 6 of the 8 

NMD substrates we examined in mouse P19 cells (Figure 4.1A), raising the possibility that 

UPF3A is a NMD repressor. Since the hallmark of NMD is that it destabilizes its target mRNAs 

(Maderazo et al., 2003), we next examined whether UPF3A antagonizes this destabilization. 

Indeed, we found that depletion of UPF3A destabilized multiple NMD target mRNAs, implying 

that UPF3A stabilizes NMD target RNAs (Figures 4.1B). UPF3A depletion also increased NMD 

magnitude as judged using a NMD reporter system (Figures 4.1C) (Boelz et al., 2006). To 

determine whether the ability of UPF3A to repress NMD is a peculiarity of P19 cells, we 

examined mouse embryonic fibroblasts (mEFs) and found that UPF3A also suppressed the 

downregulation of most NMD substrates in these cells (Figure 4.1D).  

Our evidence that UPF3A is a NMD repressor was at apparent odds with the previous 

evidence that UPF3A is a weak NMD factor (Kunz et al., 2006; Lykke-Andersen et al., 2000). To 

reconcile this, we considered the possibility that UPF3A is not a NMD repressor per se, but 

instead it reduces NMD activity conferred by its paralog, UPF3B. By replacing its paralog in 

molecular interactions with other NMD factors, UPF3A might “repress” NMD merely by virtue of 

being a weaker NMD factor than UPF3B, which acts in a specific branch of the NMD pathway 

(Chan et al., 2007; Huang et al., 2011; Tarpey et al., 2007). This hypothesis predicts that 

depletion of UPF3A in cells already lacking UPF3B would weaken NMD. Alternatively, if UPF3A 

is a bona fide NMD repressor, depletion of UPF3A would strengthen NMD, even in UPF3B-

deficient cells. To test this hypothesis, we generated Upf3b-KO mouse neural stem cells 
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(mNSCs) and matching control cells. We found that depletion of UPF3A in these Upf3b-KO 

mNSCs decreased the level of all NMD substrates tested (Figure 4.1E). As a control, we 

depleted the core NMD factor, UPF1, which triggered the opposite effect, as expected (Figure 

4.1E). This evidence strongly supported the notion that UPF3A is a bona fide NMD repressor in 

vitro.  

We found that a subset of NMD substrates escaped UPF3A-mediated NMD repression 

in some contexts. For example, Gas5 and Snord22 RNA were not downregulated in UPF3A-

depleted P19 cells, indicating that these “non-coding” NMD substrate transcripts can escape 

UPF3A-mediated repression of NMD (Figure 4.1A). However, both of these transcripts were 

downregulated in response to UPF3A depletion in mEFs and mNSCs (Figures 4.1D and 4.1E). 

This suggested that the ability of Gas5 and Snord22 RNA to escape UPF3A-mediated 

repression is not an intrinsic feature of these transcripts, but rather a cell type-specific response. 

We conclude that while UPF3A is a broadly acting NMD suppressor, some NMD substrate 

transcripts can escape its activity in specific cellular contexts, a possibility we explore further 

below. 

 

Genome-wide Impact of UPF3A 

We performed RNA-seq half-life analysis to globally define mRNAs regulated by UPF3A. 

If UPF3A is primarily a NMD repressor, this predicts that more RNAs would be destabilized than 

stabilized in response to UPF3A depletion. Consistent with this prediction, we found that 83% of 

the mRNAs displaying significantly altered stability were destabilized in response to UPF3A 

depletion (Figures 4.2B-C). Because destabilization after UPF3A depletion implies these 

mRNAs are stabilized by UPF3A, we will refer to these mRNAs as “UPF3A stabilized.” 

Conversely, mRNAs stabilized after UPF3A depletion will be referred to as “UPF3A 

destabilized.”   
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To assess whether a significant proportion of the UPF3A-stabilized mRNAs are normally 

degraded by NMD, we compiled high-confidence NMD substrates identified from previously 

published studies and determined whether any of these overlapped with the UPF3A-stablized 

RNAs we identified. This analysis revealed that 350 of the mouse UPF3A-stabilized transcripts 

in P19 cells are high-confidence NMD substrates (data not shown). We regarded this as a 

remarkably large number of mRNAs given that few high confidence NMD substrates have been 

defined so far. As evidence that UPF3A can also act as a NMD factor, we found that 64 of the 

UPF3A-destabilized transcripts are also high-confidence NMD substrates. Given that our results 

were obtained with mouse P19 cells, whereas the vast majority of high-confidence NMD 

substrates were defined in human cells, our results suggest that UPF3A acts as both a NMD 

repressor and NMD factor on conserved NMD target mRNAs. As further evidence for this, 

human orthologs of mouse mRNAs exhibiting altered stability in UPF3A-depleted mouse P19 

cells also exhibited altered mRNA level in UPF3A-depleted human HeLa cells (Figure 4.2E).  

NMD is elicited when the stop codon defining the end of the main ORF is present in 

specific contexts, including when a stop codon is followed by a dEJ (see Introduction). 

Consistent with UPF3A acting on mRNAs degraded NMD, the frequency of dEJs was higher for 

both UPF3A-stabilized and -destabilized mRNAs than mRNAs not exhibiting altered stability in 

response to UPF3A depletion (data not shown). However, this trend was not statistically 

significant, suggesting that another NMD-inducing feature might also contribute. Indeed, we 

found that UPF3A-stabilized mRNAs had significantly longer 3’ UTR length than did control 

mRNAs or UPF3A-destabilized mRNAs (P<0.0001; Figure 4.2D), which is consistent with 

previous findings that long 3’ UTRs can elicit NMD (Lykke-Andersen and Jensen, 2015). This 

finding raised the possibility that 3’ UTR length is one determinant that dictates whether UPF3A 

stabilizes or destabilizes its targets.      
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Gene ontology (GO) analysis (Sherman et al., 2007) revealed that the proteins encoded 

by UPF3A-stabilized and -destabilized RNAs were statistically enriched for several processes, 

including functions related to transcription, cell cycle, and embryonic development (Figure 4.2F). 

 
Conservation and Molecular Mechanism of UPF3A Repressor Activity 

Analysis of available databases revealed that invertebrates harbor only one copy of the 

Upf3 gene, while vertebrates have two copies – Upf3a and Upf3b (Figure 4.3A). This suggests 

that the Upf3 duplication event occurred approximately when the vertebrate lineage first 

emerged. In support of this, phylogenetic analysis showed that Upf3a and Upf3b cluster 

separately in all vertebrates we examined. 

The experiments described above were performed on mouse UPF3A. To determine 

whether the ability of UPF3A to repress NMD is conserved, we tested the function of human 

UPF3A. In support of human UPF3A acting as a NMD repressor, we found that exogenous 

expression of human UPF3A restored NMD inhibition in mouse UPF3A-depleted P19 cells 

(Figure 4.3B) and overexpression of UPF3A in HeLa cells significantly upregulated the majority 

of NMD substrates we tested (Figure 4.3C). This data, along with our finding that both mouse 

and human orthologs of NMD substrates are targeted by UPF3A (Figures 4.1A and 4.2E), 

suggests that the ability of UPF3A to repress NMD is conserved. 

To address how UPF3A represses NMD, we first considered the action of UPF3A’s 

paralog, UPF3B, which serves as an adapter that links the NMD protein, UPF2, with the EJC 

(Figure 4.3D). The UPF2- and EJC-interacting regions of UPF3B are in its N- and C-terminal 

halves, respectively (Buchwald et al., 2010; Kadlec et al., 2004; Kunz et al., 2006). UPF3A has 

been shown to have the same basic organization as UPF3B (Lykke-Andersen et al., 2000) and 

thus we examined its UPF2- and EJC-interacting regions to determine whether they had a role 

in the ability of UPF3A to repress NMD. To test the UPF2-interaction region, we examined the 
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NMD activity of UPF3A-Δex4, a natural splice variant of UPF3A mRNA lacking exon 4 (Figure 

4.3E) (Kadlec et al., 2004). This form of UPF3A (also called UPF3A-S), while stable, fails to 

interact with UPF2, based on co-immunoprecipitation experiments (Kunz et al., 2006). We found 

that it also failed to inhibit NMD, even when expressed at high levels, and that it did not 

significantly rescue NMD repression in P19 cells depleted of Upf3a (Figure 4.3F). The notion 

that UPF3A must interact with UPF2 to silence NMD was further supported by the fact that 7 of 

the 8 amino acid residues in UPF3B known to be critical for UPF2 interaction are present in both 

mouse and human UPF3A (Kadlec et al., 2004). Given the functional difference we uncovered 

for UPF3A and UPF3A-S, we examined their expression in different tissues. We found that the 

UPF3A/UPFA-S ratio shifted in different tissues, suggesting tissue-specific regulation (data not 

shown).  

To elucidate the role of the EJC-interaction domain of UPF3A, we tested the UPF3A 

mutant, UPF3AΔ434-447, which lacks the ability to interact with the EJC (Kunz et al., 2006). 

Dose-response analysis showed that this UPF3A mutant was indistinguishable from wild-type 

UPF3A in its ability to silence NMD (data not shown). Moreover, this UPF3AΔ434-447 mutant 

was as capable as wild-type UPF3A in restoring NMD silencing in mouse P19 cells depleted of 

mouse UPF3A (Figure 4.3F). The dispensability of the EJC interaction domain for UPF3A 

repressor activity is consistent with the fact that the EJC-interacting half of UPF3A is extremely 

poorly conserved (only 60% similar between mice and humans; Figure 4.3G). In striking 

contrast, the EJC-interacting half of UPF3B is relatively highly conserved (92%), as are the 

UPF2-interacting halves of both UPF3A and UPF3B (94% and 96% similarity, respectively) 

(Figure 4.3G).  

These findings supported a model in which UPF3A acts as a molecular decoy that 

discourages UPF2 from forming an NMD-promoting complex with the EJC (Figure 4.4A). 

Consistent with this model, several previous studies have shown that UPF3A interacts more 
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poorly than UPF3B with the EJC, as shown by several methods, including co-

immunoprecipitation (Kim et al., 2001; Kunz et al., 2006), fluorescence anisotropy (Buchwald et 

al., 2010), and surface plasmon resonance analyses (Buchwald et al., 2010). To further 

evaluate this model, we tested the effect of other UPF3 mutations. Our model predicts that 

swapping the UPF3A’s weak EJC-interaction domain with the strong EJC-interaction domain of 

UPF3B would eliminate UPF3A’s NMD repressor activity. Indeed, we found that a hybrid 

UPF3A/UPF3B protein with this swap (Figure 4.4B) no longer had NMD-inhibiting ability and 

instead exhibited modest, but statistically significant, NMD-promoting activity (Figure 4.4C). 

Indeed, a single amino-acid substitution in the EJC-interaction domain of UPF3A (UPF3A-

A432R) previously shown to increase UPF3A’s interaction with the EJC (Kunz et al., 2006) was 

sufficient to convert UPF3A into a NMD activator (Figure 4.4D). The converse prediction of our 

model is that UPF3B can be converted into a NMD inhibitor by simply ablating its EJC-

interaction domain. Indeed, we found this to be the case (hUPF3BΔ421-434 in Figure 4.4C).  

UPF3A could inhibit NMD by sequestering UPF2 from an NMD substrate RNA or it could 

prevent the interaction of UPF2 with other NMD factors after UPF2 is already assembled on a 

NMD substrate RNA. To distinguish between these possibilities, we asked whether UPF3A 

influenced NMD triggered by UPF2 tethered to a reporter mRNA (Figure 4.4E-F). We found that 

strong UPF3A depletion did not significantly affect the ability of tethered UPF2 to elicit NMD 

(Figure 4.4F). As a control, we tested the effect of UPF3B depletion and found that this ablated 

the ability of tethered UPF2 to elicit NMD (Figure 4.4F). This suggested that UPF3A does not 

inhibit the action of UPF2 once it is already recruited to an mRNA and instead supported the 

notion that UPF3A sequesters UPF2 from NMD substrates.  

As a final test of our model, we examined whether UPF3A suppresses the generation of 

a productive NMD mRNP complex. Our model predicts that depletion of UPF3A should reduce 

the sequestration of UPF2 from a productive NMD-promoting complex and thus increase the 
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interaction of the EJC with the central NMD factor, UPF1 (Figure 4.4A). In agreement with this 

prediction, UPF3A depletion significantly increased the interaction of UPF1 with the EJC 

components, MLN51 and MAGOH, as assessed by co-immunoprecipitation analysis (Figure 

4.4G). We conclude that UPF3A is a conserved NMD silencing factor that requires the N-

terminal domain but not the C-terminal domain and likely acts by sequestering the essential 

NMD factor, UPF2, from the NMD machinery.  

 
UPF3A is Essential for Early Embryogenesis 
 

To investigate the physiological role of UPF3A in vivo, we generated Upf3a-floxed (fl) 

mice (Figure 4.5A). To generate complete knockout Upf3a mice, we bred Upf3afl/+ mice with 

EIIa-Cre mice, which express CRE beginning in early embryogenesis. Only heterozygous 

(Upf3a+/-) and wild-type (Upf3a+/+) mice progeny were generated, implying an embryonic lethal 

phenotype. We traced the lethality as occurring between embryonic day 4.5 (E4.5) and E8.5 

(Figure 4.5C). Defects were observable as early as E3.5, as Upf3a-/- embryos with poor 

morphology were enriched at this time point, relative to Upf3a+/- and Upf3a+/+ embryos (Figure 

4.5D).  

Consistent with a role in early embryogenesis, we found that UPF3A protein is highly 

expressed in the inner cell mass of E3.5 blastocysts (Figure 4.5E). UPF3A is also highly 

expressed in earlier stages, including the 1-cell embryo stage, where we found it concentrated 

in the cytoplasm (Figure 4.5F). In contrast to the high expression of UPF3A in early 

embryogenesis, UPF3A protein is undetectable or lowly expressed in most adult tissues. This 

low level of UPF3A protein occurs despite ubiquitous expression of the Upf3a gene in all adult 

tissues (Figure 4.6A).  

 

UPF3A Functions in Gametogenesis 
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We elected to study the function of UPF3A in detail in the testis, as we found it is the 

only adult tissue in which UPF3A protein and Upf3a mRNA is highly expressed (Figure 4.6A), 

the latter of which was previously reported (Serin et al., 2001; Zetoune et al., 2008). We 

hypothesized that one reason why UPF3A is abundant in the testis is because its paralog, the 

X-linked gene, Upf3b, is transcriptionally inactivated in meiotic germ cells (spermatocytes) as a 

result of the epigenetic silencing mechanism, MSCI (see Introduction). If indeed Upf3b were 

transcriptionally silenced by MSCI, this would relieve the destabilizing effect of UPF3B on 

UPF3A (Chan et al., 2009), which would increase UPF3A protein levels. In support of MSCI 

operating on the Upf3b gene, we found that Upf3b mRNA levels were exceedingly low during 

leptotene-to-pachytene (Figure 4.6B; note the log scale), the stages of meiosis when MSCI is 

known to be most active (Turner et al., 2007). As further evidence, we found that UPF3B protein 

was not visibly expressed in pachytene spermatocytes (Figure 4.6C). In striking contrast, 

UPF3A protein is highly expressed in spermatocytes, including at the leptotene and pachytene 

stages (Figure 4.6C), consistent with its relief from UPF3B-mediated destabilization. Also likely 

contributing to the high expression of UPF3A protein in spermatocytes is the high level of Upf3a 

mRNA in these cells. Analysis of Upf3a mRNA expression across different germ cell subsets 

revealed that Upf3a mRNA is strongly enriched in pre-leptotene spermatocytes (>10-fold higher 

than whole testis) and this high expression persists through all subsequent meiotic germ cell 

stages (Figure 4.6B).  

Given the high expression of UPF3A in male germ cells, we examined whether it 

functions in this cell lineage by crossing Upf3a-floxed mice with Stra8-Cre mice, which first 

express CRE in male germ cells on postnatal day ~5, just prior to the initiation of meiosis 

(Sadate-Ngatchou et al., 2008). These Stra8-Cre;Upf3afl/fl mice (hereafter called Upf3a-

conditional [c] KO mice) had no gross level abnormalities, and were of normal body weight, but 

had a significant (~10-fold) reduction in sperm count relative to wild-type littermates (Figure 
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4.6E). To determine whether specific germ cell subsets were affected by loss of UFP3A, we 

evaluated the expression of germ cell markers in dissociated cells obtained from purified 

seminiferous tubules from Upf3a-cKO and control littermate mice. This analysis revealed that 

the general germ cell marker genes, Ldhc and Rec8, were significantly downregulated in Upf3a-

cKO mice, as were the spermatocyte-specific marker genes, Spo11 and Sycp3 (Figure 4.7A). 

The former confirmed our hypothesis that spermatogenesis is impacted by loss of UPF3A and 

the latter suggested that the generation or survival of spermatocytes was specifically impacted, 

a possibility consistent with high UPF3A expression in these cells (Figure 4.7B-C). If this were 

the case, post-meiotic cells would also be predicted to decline. In support of this notion, the 

spermatid-specific markers, Tp2 and Prm2, were strongly downregulated in Upf3a-cKO mice 

(Figure 4.7A). In contrast, Stra8, which is expressed at earlier stages (from the pro-

spermatogonium to early leptotene spermatocyte stages), was upregulated in Upf3a-cKO mice, 

consistent with accumulation of these early germ cells as a result of a partial blockade or delay 

in progression of spermatocyes through mid-to-late meiosis (Figure 4.7A). To directly assess 

this possibility, we used the marker, phospho-γH2AX, which permits quantification of 

leptotene/zygotene spermatocytes (which concentrate phospho-γH2AX in condensed 

chromosomes) and pachytene spermatocytes (which concentrate phospho-γH2AX in XY 

bodies) (Turner et al., 2004). This revealed that Upf3a-cKO mice had a significant reduction in 

pachytene spermatocytes, but not leptotene/zygotene spermatocytes (Figure 4.7B), confirming 

that these mutant mice have a defect in spermatocyte progression.  

As another test of whether Upf3a-cKO mice have a spermatocyte progression defect, we 

used FACS analysis coupled with Hoescht 33342 staining. Hoescht blue emission quantifies 

DNA content, allowing one to distinguish haploid, diploid, and tetraploid cells, while Hoescht red 

emission quantifies the degree of chromatin condensation, allowing one to segregate different 

primary spermatocyte subsets (Bastos et al., 2005). In agreement with the results we obtained 
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using phopho-H2AX staining, Hoescht 33342/FACS analysis showed ~6-fold fewer pachytene 

spermatocytes in Upf3a-cKO mice than control mice (Figure 4.7C, population B). Round and 

elongated spermatids were reduced by a similar amount (Figure 4.7C, population C; and Figure 

4.7D), suggesting their decline was a secondary result of fewer spermatocytes, the cells that 

give rise to these post-meiotic cells.  

As a final assay of the defects resulting from ablation of Upf3a in germ cells, we 

molecularly analyzed Hoescht/FACS-purified spermatocytes from Upf3a-cKO and control 

testes. Upf3a-cKO spermatocytes had significantly reduced expression levels of all 3 

spermatocyte markers compared to control spermatocytes (Figure 4.7E), confirming that loss of 

UPF3A perturbs spermatocyte progression (Figures 4.7A-D).  

To assess whether UPF3A might function prior to meiosis, we examined the effect of 

UPF3A loss on pre-meiotic germ cells – spermatogonia. The number of spermatogonia was not 

significantly different in Upf3a-cKO and control mice, as assayed at 1 and 2 weeks of age, when 

spermatogonia are particularly abundant (Figure 4.8D). The number of apoptotic testicular cells 

at 2 weeks of age was also not significantly different between Upf3a-cKO and control mice 

(Figure 4.8A). Defects became apparent at 4 weeks of age, as shown by the reduced fraction of 

seminiferous tubules containing elongating spermatids in Upf3a-cKO mice as compared to 

control mice (Figures 4.7D). Furthermore, there was a ~3-fold increase in apoptotic (TUNEL+) 

germ cells in 4-week-old Upf3a-cKO mice (Figure 4.8C).  

We next examined whether UPF3A dose is critical for spermatogenesis. To this end, we 

generated and examined mice conditionally lacking one functional copy of Upf3a specifically in 

male germ cells (Stra8-Cre;Upf3afl/+ mice). As expected, these Upf3a-cHet mice had ~1/2 the 

normal level of Upf3a expression in the testis (Figure 4.8D). At 4 weeks of age, their testes 

exhibited decreased expression of several spermatogenic markers (Figure 4.8E). A similar 

pattern of spermatogenic marker expression profile defects was also observed in global Upf3a-
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heterozygous (Upf3a+/-) mice testis (data not shown). Hoescht 33342 FACS sorting revealed 

that Upf3a-cHet mice also had fewer pachytene spermatocytes and postmeiotic germ cells 

(Figure 4.8F). Spermatocytes purified from Upf3a-cHet mice also had decreased levels of 

several spermatocyte markers (Figure 4.8G). This reduction in meiotic markers persisted, as it 

was also observed in older Upf3a-cHet mice (Figure 4.8H). Together, these results suggest that 

even a modest reduction in the level of UPF3A in germ cells is sufficient to impair spermatocyte 

progression. We conclude that UPF3A level must be delicately controlled to allow normal 

spermatogenesis. 

 
UPF3A is a NMD Repressor In Vivo 

The finding that UPF3A is critical for spermatogenesis raised the possibility that it serves 

as a NMD repressor not only in vitro (Figures 1-4), but also in vivo. To test this, we examined 

the levels of NMD substrates in spermatocytes purified from Upf3a-cKO and control testes. We 

found that most NMD substrate RNAs were downregulated in Upf3a-cKO spermatocytes (Figure 

4.7F), analogous to what occurred when UPF3A was depleted in cultured cells (Figures 4.1A, 

4.1D, and 4.1E). The two NMD substrates that escaped UPF3A regulation were the non-coding 

RNAs, Gas5 and Snord22 (Figure 4.7F), which also escaped UPF3A-mediated suppression in 

P19 cells (Figure 4.1A). In addition, we observed that NMD substrates were downregulated in 

purified spermatocytes from Upf3a-cHet mice (Figure 4.8I), thereby providing an explanation for 

why these heterozygous mice have spermatogenesis defects. Given that Upf3a-cHet mice have 

only a ~50% reduction of UPF3A levels (Figure 4.8D), these data support the notion that UPF3A 

acts as a molecular ratchet to control the magnitude of NMD in vivo.  

As described above, Upf3b is transcriptionally silenced in spermatocytes through MSCI. 

This unique regulatory phenomenon provided an opportunity to ask whether UPF3A functions 

independently of UPF3B in vivo. In particular, it allowed us to distinguish between UPF3A acting 

as a bona fide NMD repressor versus acting as a weak NMD factor that merely replaces its 
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stronger paralog, UPF3B. If UPF3A serves as a weak NMD factor that competes with UPF3B, 

this predicts that loss of Upf3a in spermatocytes would have a reduced magnitude of NMD, as 

these cells also lack Upf3b. Instead we observed that NMD was stronger when Upf3a was 

ablated from spermatocytes (Figures 4.7F and 4.8I), providing strong support for the notion that 

UPF3A is a bona fide NMD repressor. 

To determine whether UPF3A’s repressor activity is restricted to germ cells or acts more 

broadly, we generated mice that conditionally ablate Upf3a in the olfactory epithelium, which 

has the highest Upf3a expression of all the non-testicular tissues we tested (Figure 6A). 

Olfactory epithelium from Krt5-Cre; Upf3afl/fl mice had reduced levels of most NMD substrates 

(Figure 7G). This result coupled with our finding that the same outcome occurred in response to 

loss or depletion of UPF3A in other cells—spermatocytes (Figure 4.7F) and three cell lines 

representing different cell lineages and developmental stages (Figures 4.1A, 4.1D, and 4.1E)—

leads us to conclude that UPF3A is a broadly acting NMD repressor.  

To decipher the in vivo targets of UPF3A during male meiosis, we in silico extracted 

mRNAs that are enriched in pachytene spermatocytes from microarray analysis that was 

performed previously (Namekawa et al., 2006). We focused on identifying pachytene-enriched 

transcripts harboring dEJs, as a dEJ is the only well-established and reliable NMD-inducing 

feature (see Introduction). From this database, we identified 119 pachytene spermatocyte 

transcripts with dEJs, at least 10 of which are stabilized by UPF3A in P19 cells. This data, 

coupled with our finding that UPF3A is essential for the normal progression of spermatocytes, 

supports a model in which UPF3A is highly expressed in spermatocytes to suppress NMD and 

thereby stabilize NMD substrate RNAs critical for spermatocyte developmental progression, 

including meiosis (Figure 4.7H). 

 

Discussion 
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How gene duplications provide biological innovation has long intrigued biologists. Here, 

we provide several lines of evidence for a gene duplication event that yielded functionally 

antagonistic gene products. This duplication event, which occurred approximately at the dawn of 

the vertebrate lineage, acted upon the UPF3 gene, which is essential for the NMD RNA 

degradation pathway in modern-day invertebrates (Serin et al., 2001). The vertebrate paralog, 

UPF3B, has maintained this function (Chan et al., 2007), while we demonstrated here that that 

its sister paralog, UPF3A, encodes a potent NMD repressor. Thus, unlike all other known NMD 

factors, UPF3A is a positive regulator of gene expression. We suggest that this role provides an 

explanation why UPF3A was selected for over evolutionary time. By acquiring the ability to 

repress NMD, UPF3A became a volume control to dictate the level of transcripts normally 

degraded by NMD in order to influence biological events.  

While previous examples of antagonistic gene paralogs have been reported, the 

evolutionary origins and underlying basis for their antagonism has been poorly understood 

(Stoick-Cooper et al., 2007; Zhang et al., 2013). Our study identified a simple mechanism by 

which antagonistic paralog pairs arise – conversion of an activator into a repressor by simple 

perturbation (through mutation) of a functional domain. This loss-of-function “strategy” allows for 

rapid selection of the repressor paralog, thereby permitting escape from gene deterioration. In 

particular, we obtained several lines of evidence that the particular route taken by UPF3A to 

become a repressor was to lose the ability to efficiently interact with the EJC. This permitted 

UPF3A to serve as a molecular decoy that sequesters UPF2 from the NMD machinery and thus 

impairs NMD function (Figure 4.4A). Of note, however, UPF3A has retained the ability to weakly 

interact with the EJC (Buchwald et al., 2010; Kim et al., 2001; Kunz et al., 2006), which provides 

an explanation for why some NMD substrates escape UPF3A-mediated repression of NMD. 

Indeed, this may explain how UPF3A can sometimes act as a NMD factor. Thus, we suggest 

that whether UPF3A serves as a NMD activator or repressor is likely to depend on context. For 
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example, transcripts that only require a weak interaction with the EJC to form a functional NMD 

complex may be preferentially targeted for decay by UPF3A.   

While Upf3a is ubiquitously expressed, we found it is developmentally regulated in germ 

cells and exhibits altered expression in different adult tissues. The contribution of transcriptional 

and post-transcriptional mechanisms to this regulation is not known. It will be interesting to 

examine the role of its 3’ UTR in this regulation given that its paralog, Upf3b, has a relatively 

long 3’ UTR that confers regulation in response to neurally expressed miRNAs (Lou et al., 2014; 

Bruno et al., 2011). Another contributing factor to Upf3a regulation is alternative splicing. We 

found that Upf3a alternative splicing is regulated in a tissue-specific manner, which may have 

functional consequences given that only one UPF3A isoform is capable of repressing NMD. 

Another level of regulation is protein stability, as we previously showed that UPF3A protein is 

dramatically destabilized in the presence of its paralog, UPF3B (Chan et al., 2009). Escape from 

this destabilization mechanism is probably largely responsible for dictating the high levels of 

UPF3A protein in meiotic germ cells, as we found these cells largely lack UPF3B. Given that the 

Upf3a and Upf3b paralogs separated ~500 million years ago, only modest selective forces are 

likely to have been sufficient to lead to their unique expression patterns. We suggest that the 

ubiquitous but differential expression patterns of these antagonistic paralogs allow for regulated 

NMD in a wide variety of biological contexts.    

 Several lines of evidence suggest that UPF3A is a molecular rheostat. First, UPF3A acts 

on a large number of NMD substrates. Using genome-wide analysis, we found that knockdown 

of UPF3A altered the stability of over 1000 mRNAs, many of which were previously defined as 

high-confidence NMD substrates. Second, UPF3A is a potent NMD suppressor. Depletion of 

UPF3A downregulated many NMD substrates by ~3- to 5-fold, a conservative estimate, as 

UPF3A was partially depleted, not eliminated, in our experiments. Third, we found that UPF3A 

exhibits dose-dependent effects. Thus, even a ~50% reduction (i.e., in Upf3a+/- mice) was 

sufficient to cause shifts in NMD substrate levels and defects in spermatocytes. We suggest that 



 

 106 

this is because UPF3A normally tightly regulates the levels of key target mRNAs and thus even 

a modest deviation in their level is detrimental. Finally, we found that UPF3A strongly represses 

NMD even when UPF3B is essentially absent, both in vitro and in vivo. Thus, UPF3A acts as a 

general NMD repressor, not specifically for the UPF3B dependent-branch of NMD. 

One biological scenario in which Upf3a likely acts as a molecular rheostat is developing 

male germ cells. The least mature male germ cell subset in the testis—spermatogonia—exhibit 

a high Upf3b/Upf3a ratio. This would be predicted to drive strong NMD, as Upf3b promotes 

NMD, while Upf3a suppresses NMD. After several rounds of cell proliferation, spermatogonia 

become spermatocytes, which undergo two rounds of meiotic divisions. Accompanying this 

conversion event is upregulated Upf3a expression and a cessation of Upf3b transcription 

(because of MSCI), resulting in a very low Upf3b/Upf3a ratio that is ~40-fold less than in 

spermatogonia. We suggest that this dramatic ratio change serves as a switch to suppress 

NMD and thus strongly upregulate NMD target transcripts important for meiosis. Consistent with 

this, we found that loss of UPF3A in male germ cells causes a large reduction of mid-to-late 

spermatocytes and all subsequent stages of male germ cells. Following meiosis, spermatocytes 

convert into haploid cells and ultimately become spermatozoa. We found that haploid 

spermatids return to a high Upf3b/Upf3a ratio similar to that found in dividing spermatogonia. 

We suggest that this ~10-fold Upf3b/Upf3a ratio shift elevates NMD magnitude to downregulate 

NMD substrates in haploid germ cells. This downregulatory event may reduce the levels of 

RNAs targeted by NMD that are either no longer needed or detrimental to spermatids. 

What transcripts must be stabilized by UPF3A in spermatocytes to permit progression 

through this stage of germ cell development? One likely class is those that encode proteins 

critical for reproduction. Indeed, GO analysis of UPF3A-stabilized transcripts identified 

“reproduction” as statistically overrepresented (Figure 4.2F). Many of these transcripts encode 

proteins that are essential for male fertility. Intriguingly, several function in meiosis, including 
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ING2, EXO1, SGOL2, TERF1, and UBE2B, thus these transcripts are candidates to require 

UPF3A-mediated stabilization to allow for meiotic progression.  

Another site of UPF3A action is the early embryo. Thus, it will be of interest to determine 

the identity of transcripts that require UPF3A regulation to permit pre-implantation embryonic 

development. Intriguingly, GO analysis of UPF3A-stabilized transcripts identified “chordate 

embryonic development” as the most statistically enriched category (Figure 4.2F). Sub-

categories enriched included “embryonic organ development” and “neural tube development,” 

which include genes, such as CDX2 and SOX2, that could function downstream of UPF3A in 

early embryonic development (Supplementary Table 6). Another class of potentially important 

UPF3A mRNA targets are those encoding proteins involved in signaling pathways (TGF-beta, 

WNT, and NOTCH) known to regulate meiosis and other steps of spermatogenesis. Reinforcing 

the notion that UPF3A is critical for early development, other significantly enriched GO 

categories for UPF3A-stabilized transcripts included “stem cell differentiation” and “growth”. 

Another potentially important site of UPF3A action is in transcriptional networks, as “negative 

transcriptional regulation” and “chromatin modifications” were statistically enriched categories of 

UPF3A-stabilized mRNAs. Thus, UPF3A may hold influence at both transcriptional and post-

transcriptional levels. This would allow UPF3A to amplify the magnitude of induction of critical 

RNAs during development, and then repress their expression once their functions are 

completed. The ability of UPF3A to dictate the stability of mRNAs encoding transcriptional 

regulators may also confer robustness to transcriptional circuits, thereby locking in specific 

developmental states. 

The discovery that UPF3A serves as a NMD rheostat has potential clinical implications. 

For example, genetic diseases caused by dominant-negative proteins produced from genes 

harboring nonsense and frameshift mutations are candidates to be treated with UPF3A 

inhibitors. Such agents would enhance NMD activity, leading to reduced expression of 

deleterious dominant-negative proteins. In conclusion, we suggest that the discovery that 
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UPF3A is a NMD repressor has widespread implications for evolutionary biology, RNA biology, 

and medicine.  
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Figure 4.1 UPF3A is a NMD inhibitor 
(A) qPCR analysis of NMD substrates in mouse P19 cells transfected with a Upf3a shRNA or a 
negative control (Ctrl) shRNA construct, the latter of which was given a value of “1.”  
(B) NMD substrate half-lives determined by qPCR analysis. P19 cells were transfected with the 
constructs described in panel A, followed by ActD treatment for the indicated times.  
(C) Depletion of Upf3a leads to destabilization of a NMD reporter. P19 cells were transfected 
with the constructs described in panel A and analyzed by the NMD reporter described in the 
Materials and Methods.  
(D) qPCR analysis of NMD substrates in mEFs electroporated with either Upf3a shRNA 
(shUpf3a) or a control shRNA (Ctrl).  
(E) qPCR analysis of NMD substrate mRNAs in Upf3b-null mNSCs transfected as in panel A.  
Graphs are represented as mean and standard error (SEM) of replicates. *P<0.05; **P<0.01; 
***P<0.001; ****P<0.0001 
 

0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

Hrs After ActD

R
Q

Atf4

Ctrl
t1/2~1.6hrs

siUpf3a
t1/2~1.0hrs

Cho
p

Gas
5

Ire
1

Smad
5

Smad
7

Upf3
a

0

2

4

6

8

R
Q

Ctrl
shUpf3a
shUpf1

*

*

* * * * *

**

*

Upf3b-KO mNSCs

Atf4
Cdh

11 Ire
1

Smad
5

Smad
7
Ttyh

1
Gas

5

Sno
rd2

2
Upf3

a
0.0

0.5

1.0

1.5

2.0

2.5
sh

U
pf

3a
 v

s 
C

trl
 

*

*

*

 

A

B

E

0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

Hrs After ActD 

R
Q

Ttyh1

Ctrl
t1/2~4hrs

siUpf3a
t1/2~1hrs

Upf3
a

Cdh
11

Gas
5

Smad
5

Smad
7

Sno
rd2

2
Atf4

0.0

0.5

1.0

1.5

sh
U

pf
3a

 v
s 

C
trl

* ** * * *
*

0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

Hrs After ActD 

R
Q

Ctrl
t1/2=2.2hrs
siUpf3a
t1/2=1.2hrs

NMD ReporterC

D



 

 110 

 
Figure 4.2 Genome-wide Half-Life Analysis of UPF3A-Regulated mRNAs 
(A) Model: UPF3A stabilizes NMD target transcripts by inhibiting NMD. Depletion of UPF3A 
stimulates NMD. 
(B) Scatter plot of RNA half-life slope of UPF3A-depleted (UPF3A siRNA transfected) vs. 
Control (control siRNA transfected) P19 cells (R>0.7). UPF3A-stabilized and -destabilized 
transcripts are blue and green, respectively. Transcripts not exhibiting altered stability are gray. 
Darker shades of blue and green convey progressively increasing regulation. 
(C) Proportion of significantly UPF3A-stabilized and –destabilized transcripts (destabilized and 
stabilized, respectively, in response to UPF3A depletion (R>0.7) in the transfected cells 
described in panel B.  
(D) The distribution of 3’ UTR length in UPF3A-destabilized and -stabilized transcripts in the 
transfected cells described in panel B. ***P<0.001 (unpaired Student’s t-test). 
(E) qPCR analysis of NMD substrates in stably UPF3A-depleted (shUPF3A) HeLa cells vs 
Control (shLuc) HeLa cells. 
(F) GO analysis of functional categories overrepresented (p<0.05) in the UPF3A-stabilized 
mRNAs defined in panel C.  
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Figure 4.3 Evolution and Functional Analysis of UPF3A 
(A) Two copies of upf3 appear to have emerged at the dawn of vertebrates. See Figure S3A for 
a phylogenetic tree showing the evolution of these paralogs. 
(B, F) Functional analysis of human UPF3A (hUPF3A). P19 cells were transiently transfected 
with shRNAs (mouse Upf3a [shUpf3a] or negative control [Ctrl] shRNAs) and the hUPF3A 
expression constructs (WT or the mutants depicted in panel E) or empty vector (EV). NMD 
magnitude was assessed using the NMD reporter described in Figure 1C.  
(C) qPCR analysis of NMD substrates in HeLa cells, comparing expression in cells transiently 
transfected with UPF3A expression vector or empty vector, the latter of which was set to “1.” 
(D) Model: UPF3B promotes NMD by bridging the EJC with UPF1 and UPF2.  
(E) Schematic of hUPF3A constructs used in panel F. Both of the mutant UPF3A proteins were 
previously shown to be expressed at levels similar to that of the wild-type UPF3A protein (Kunz 
et al., 2006). 
(G) Amino-acid similarity between mouse and human UPF3A/UPF3B. Values below 70% are 
shown in red.  
*P<0.05; ***P<0.001 
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Figure 4.4 Mechanism of UPF3A Action  
(A) Model: UPF3A sequesters UPF2 away from the NMD machinery in order to silence NMD.  
(B) Schematic of different hUPF3A and hUPF3B constructs used in panels C and D. These 
UPF3 mutants were previously shown to be expressed at levels similar to that of the 
corresponding wild-type UPF3 proteins (Kunz et al., 2006). 
(C, D) A single amino acid in the EJC-interaction domain is critical for NMD repressor activity. 
Experiments were performed as in Figure 3B with the constructs shown in Figure 4B. 
(E) Schematic of an mRNA reporter with 6 MS-binding sites or a control reporter lacking the 
MS-binding sites (Ctrl). 
(F) Left: Northern blot analysis of HeLa cells co-transfected with the indicated expression 
vectors and siRNAs, along with both the reporters described in panel E. Right: Quantification of 
the mRNA reporter level were normalized to the levels of the Ctrl reporter mRNA in 3 
independent experiments. 
(G) Evidence that UPF3A inhibits UPF1-EJC interactions. Left: Co-IP analysis of UPF1 with the 
EJC components, MLN51 and MAGOH, in UPF3A-depleted P19 cells (shUpf3a) or P19 cells 
transfected with a negative-control shRNA (Ctrl). Right: Quantification of MLN51- and MAGOH-
UPF1 interactions in UPF3A-depleted cells relative to control cells (n=3).  
*P<0.05 
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Figure 4.5 Upf3a is Required for Early Embryogenesis 
(A) Upf3a conditional knockout scheme and location of primers used for the detection of the 
floxed and knockout alleles at the Upf3a locus. 
(B) Genomic PCR analysis of tails from mice with the indicated genotypes. The data show 
successful insertion of the targeted allele harboring loxP sites. 
(C) Genotypes of the progeny from Upf3a+/- breeding pairs at the indicated embryonic and 
postnatal time points. 
(D) E3.5 embryos isolated from superovulated Upf3a+/- female mice bred with Upf3a+/- male 
mice. The embryos were manually flushed out of fallopian tubes of superovulated mice and the 
distribution of genotypes in different morphological groups is shown. 
(E-F) Immunofluorescence analysis of UPF3A (red) and nuclear LAMIN (green) expression in 
Panel E shows mouse blastocysts and Panel F shows a mouse 1-cell embryo with polar body. 
DAPI staining (blue) shows the position of nuclei. 
 *P<0.05; ****P<0.0001 
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Figure 4.6 UPF3A Expression Pattern 
(A-B) Expression pattern of Upf3a and Upf3b mRNA, as determined by qPCR analysis. Panel A 
shows adult mouse tissues and Panel B shows germ cell subsets. Values are relative to that in 
epididymis, which was given a value of “1.”  
(C) Immunohistochemical analysis of UPF3A and UPF3B protein expression in adult mouse 
testes. Pre-immune IgG serves as a negative control. L, leptotene spermatocyte; P, pachytene 
spermatocyte; S, spermatid.  
(D) H&E staining of Upf3a-cKO and littermate control testis at different postnatal time points. 
Most seminiferous tubules in the mutant had delayed spermatogenesis at P28, as evidenced by 
the presence of pachytene spermatocytes (P) and round spermatids (RS) near the lumen. Wild-
type tubules typically have elongated spermatids (ES) at the lumen. Green arrows points to 
vacuoles, which were commonly present in mutant testes.  
(E) Upf3a-cKO mice had a significant (~10-fold) reduction in sperm count relative to wild-type 
littermates.  
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Figure 4.7 Loss of UPF3A Elevates NMD and Perturbs Spermatogenesis  
(A) Normalized qPCR analysis of markers representing different germ cell stages in 4-week-old 
Upf3a-cKO vs. control (Ctrl) littermate mice (n=2-3 per genotype).  
(B) Spermatocytes per tubule, as quantified by γ-H2AX expression pattern in testis cross-
sections (see text) from 4-week-old Upf3a-cKO vs. control littermate mice (n=2-3 per genotype). 
(C) FACS analysis of Hoescht 33342-stained cells from 4-week-old Upf3a-cKO vs. littermate 
control seminiferous tubules. Population A, leptotene spermatocytes; population B, zygotene-
pachytene-diplotene spermatocytes; and population C, round and elongated spermatids.  
(D) FACS analysis of population C from panel C, showing strong deficit in both round 
spermatids (RS) and elongated spermatids (ES), which are distinguished FSC. 
(E-G) qPCR analysis of 4-week-old Upf3a-cKO vs. littermate control mice. Panel E shows 
dramatically reduced levels of spermatocyte markers (Stra8, Spo11, and Sypc3) in purified 4N 
spermatocytes from cKO mice. The 4N spermatocytes were purified as in panel C. Panel F 
shows expression of known NMD substrates in spermatocytes isolated as in panel E. Panel G 
shows expression of known NMD substrates in the olfactory epithelium of Krt5-Cre; Upf3afl/fl 

mice. n=2-3 per genotype for all 3 panels. “1” represents expression level normalized to Ctrl 
level. 
(H) Model: Cell A has high levels of UPF3B and consequently high NMD. Cell B has high levels 
of UPF3A and thus has low NMD, allowing accumulation of NMD substrates. 
*P<0.05; **P<0.01; ***P<0.001 
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Figure 4.8 Loss of UPF3A in Male Germ Cells Elevates NMD and Perturbs 
Spermatogenesis  
(A) TUNEL+ cells per tubule of Ctrl and Upf3a-cKO (2-week old testis) 
(B) Tubules containing round spermatids (RS) and elongated spermatids (ES) per tubule in 4 
week Ctrl and Upf3a-cKO testis. 
(C) TUNEL+ cells per tubule of Ctrl and Upf3a-cKO (4-week old testis) 
(D) qPCR analysis showing Upf3a and Upf3b expression.  
(E) qPCR analysis showing expression of spermatogenic markers.  
(F) 2D FACs analysis of Hoescht 33342 stained, isolated cells from 4-week old control and 
Upf3a-cHet seminiferous tubule, plotted Hoescht-Blue (DNA content) versus Hoescht-Red (DNA 
condensation). Population A contains 4N spermatocytes and population B contains 1N 
spermatids. 
(G) Expression of spermatogenic markers in isolated spermatocytes by FACS as described in 
Panel F.  
(H) Expression of spermatogenic markers at different testis ages.  
(I) Panel K displays expression of NMD substrates in samples from panel F and G. N=3-4 per 
genotype and age for each panel. “1” represents expression level normalized to Ctrl level.  
  

CtrlUpf3a-cKO
0.0

0.1

0.2

0.3

0.4

0.5

# 
of

 T
U

N
EL

+/
Tu

bu
le P14

A

CtrlUpf3a-cKO
0

1

2

3

TU
N

EL
+ 

ce
lls

/T
ub

ul
e

*** P28

B

RS ES
0

20

40

60

80

100

 

%
 o

f T
ub

ul
es

 Ctrl Upf3a-cKO

*
*

P28

C

Upf3a Upf3b
0.0

0.5

1.0

1.5

 

U
pf
3a

-c
H

et
 v

s 
C

trl

 

*

P28
D

P
lz
f

S
tra
8

Ld
hc

S
yc
p3

R
ec
8

S
po
11
Tp
1

Tp
2

P
rm
1

P
rm
20.0

0.5

1.0

1.5

 

U
pf
3a
-c

H
et

 v
s 

C
trl  

*

P28
E

F
S
tra
8

S
yc
p3

S
po
11

R
ec
8

Ld
hc
10.0

0.5

1.0

1.5

U
pf
3a
-c

H
et

 v
s 

C
trl

 

*

P28G

3 4 6 20
0.0

0.5

1.0

1.5

2.0

Testis Age (Weeks)

U
pf
3a
-c

H
et

 v
s 

C
trl

Tp2
Prm2

Spo11
Rec8

H

S
no
rd
22

G
as
5

S
m
ad
5

A
tf4 Ire
1

C
dh
11

S
m
ad
70.0

0.5

1.0

1.5
 

U
pf

3a
-c

H
et

 v
s 

C
trl

**

*

P28

I



 

 117 

 
References 
 
Bastos, H., Lassalle, B., Chicheportiche, A., Riou, L., Testart, J., Allemand, I., and Fouchet, P. 

(2005). Flow cytometric characterization of viable meiotic and postmeiotic cells by Hoechst 
33342 in mouse spermatogenesis. 

Boelz, S., Neu-Yilik, G., Gehring, N.H., Hentze, M.W., and Kulozik, A.E. (2006). A 
chemiluminescence-based reporter system to monitor nonsense-mediated mRNA decay. 

Bruno, I. G., Karam, R., Huang, L., Bhardwaj, A., Lou, C. H., Shum, E. Y., … Wilkinson, M. F. 
(2011). Identification of a microRNA that activates gene expression by repressing 
nonsense-mediated RNA decay.  

Buchwald, G., Ebert, J., Basquin, C., Sauliere, J., Jayachandran, U., Bono, F., Le Hir, H., and 
Conti, E. (2010). Insights into the recruitment of the NMD machinery from the crystal 
structure of a core EJC-UPF3b complex. 

Chan, W.-K., Huang, L., Gudikote, J.P., Chang, Y.F., Imam, J.S., MacLean 2nd, J.A., and 
Wilkinson, M.F. (2007). An alternative branch of the nonsense-mediated decay pathway. 

Chan, W.-K., Bhalla, A.D., Le Hir, H., Nguyen, L.S., Huang, L., Gécz, J., and Wilkinson, M.F. 
(2009). A UPF3-mediated regulatory switch that maintains RNA surveillance. 

Chang, Y.-F., Imam, J.S., and Wilkinson, M.F. (2007). The nonsense-mediated decay RNA 
surveillance pathway. 

Hittinger, C. T., & Carroll, S. B. (2007). Gene duplication and the adaptive evolution of a classic 
genetic switch.  

Gehring, N. H., Kunz, J. B., Neu-Yilik, G., Breit, S., Viegas, M. H., Hentze, M. W., & Kulozik, A. 
E. (2005). Exon-Junction Complex Components Specify Distinct Routes of Nonsense-
Mediated mRNA Decay with Differential Cofactor Requirements. 

Huang, L., and Wilkinson, M.F. (2012). Regulation of nonsense-mediated mRNA decay. 

Huang, L., Lou, C.-H.H., Chan, W., Shum, E.Y., Shao, A., Stone, E., Karam, R., Song, H.-W.W., 
and Wilkinson, M.F. (2011). RNA homeostasis governed by cell type-specific and branched 
feedback loops acting on NMD. 

Innan, H., and Kondrashov, F. (2010). The evolution of gene duplications: classifying and 
distinguishing between models. 

Jolly, L.A., Homan, C.C., Jacob, R., Barry, S., and Gecz, J. (2013). The UPF3B gene, 
implicated in intellectual disability, autism, ADHD and childhood onset schizophrenia 
regulates neural progenitor cell behaviour and neuronal outgrowth. 



 

 118 

Kadlec, J., Izaurralde, E., and Cusack, S. (2004). The structural basis for the interaction 
between nonsense-mediated mRNA decay factors UPF2 and UPF3. 

Karam, R., Wengrod, J., Gardner, L.B., and Wilkinson, M.F. (2013). Regulation of nonsense-
mediated mRNA decay: implications for physiology and disease.  

Karam, R., Lou, C.-H., Kroeger, H., Huang, L., Lin, J. H., and Wilkinson, M. F. (2015). The 
unfolded protein response is shaped by the NMD pathway.  

Kim, V.N., Kataoka, N., and Dreyfuss, G. (2001). Role of the nonsense-mediated decay factor 
hUpf3 in the splicing-dependent exon-exon junction complex. 

Kondrashov, F.A., Rogozin, I.B., Wolf, Y.I., and Koonin, E. V (2002). Selection in the evolution 
of gene duplications. 

Kunz, J.B., Neu-yilik, G., Hentze, M.W., Kulozik, A.E., and Gehring, N.H. (2006). and translation 
Functions of hUpf3a and hUpf3b in nonsense-mediated mRNA decay and translation. 

Lakso, M., Pichel, J.G., Gorman, J.R., Sauer, B., Okamoto, Y., Lee, E., Alt, F.W., and Westphal, 
H. (1996). Efficient in vivo manipulation of mouse genomic sequences at the zygote stage. 

Lou, C.H., Shao, A., Shum, E.Y., Espinoza, J.L., Huang, L., Karam, R., and Wilkinson, M.F. 
(2014). Posttranscriptional control of the stem cell and neurogenic programs by the 
nonsense-mediated RNA decay pathway. 

Lykke-Andersen, J., Shu, M.D., and Steitz, J.A. (2000). Human Upf proteins target an mRNA for 
nonsense-mediated decay when bound downstream of a termination codon. 

Lykke-Andersen, S., & Jensen, T. H. (2015). Nonsense-mediated mRNA decay: an intricate 
machinery that shapes transcriptomes.  

Maderazo, A.B., Belk, J.P., He, F., and Jacobson, A. (2003). Nonsense-Containing mRNAs 
That Accumulate in the Absence of a Functional Nonsense-Mediated mRNA Decay 
Pathway Are Destabilized Rapidly upon Its Restitution.  

Namekawa, S.H., Park, P.J., Zhang, L.-F., Shima, J.E., McCarrey, J.R., Griswold, M.D., and 
Lee, J.T. (2006). Postmeiotic sex chromatin in the male germline of mice. 

Nguyen, L.S., Jolly, L., Shoubridge, C., Chan, W.K., Huang, L., Laumonnier, F., Raynaud, M., 
Hackett, A., Field, M., Rodriguez, J., et al. (2012). Transcriptome profiling of UPF3B/NMD-
deficient lymphoblastoid cells from patients with various forms of intellectual disability. 

Nguyen, L. S., Wilkinson, M. F., & Gecz, J. (2014). Nonsense-mediated mRNA decay: inter-
individual variability and human disease.  



 

 119 

Print, C.G., and Loveland, K.L. (2000). Germ cell suicide: new insights into apoptosis during 
spermatogenesis. 

Rebbapragada, I., and Lykke-Andersen, J. (2009). Execution of nonsense-mediated mRNA 
decay: what defines a substrate? 

Sadate-Ngatchou, P.I., Payne, C.J., Dearth, A.T., and Braun, R.E. (2008). Cre recombinase 
activity specific to postnatal, premeiotic male germ cells in transgenic mice. 

Serin, G., Gersappe, A., Black, J.D., Aronoff, R., and Maquat, L.E. (2001). Identification and 
characterization of human orthologues to Saccharomyces cerevisiae Upf2 protein and Upf3 
protein (Caenorhabditis elegans SMG-4). 

Sherman, B.T., Huang, D.W., Tan, Q., Guo, Y., Bour, S., Liu, D., Stephens, R., Baseler, M.W., 
Lane, H.C., and Lempicki, R.A. (2007). DAVID Knowledgebase: a gene-centered database 
integrating heterogeneous gene annotation resources to facilitate high-throughput gene 
functional analysis. 

Song, H.-W., Dann, C.T., McCarrey, J.R., Meistrich, M.L., Cornwall, G.A., and Wilkinson, M.F. 
(2012). Dynamic expression pattern and subcellular localization of the Rhox10 homeobox 
transcription factor during early germ cell development. 

Stoick-Cooper, C.L., Weidinger, G., Riehle, K.J., Hubbert, C., Major, M.B., Fausto, N., and 
Moon, R.T. (2007). Distinct Wnt signaling pathways have opposing roles in appendage 
regeneration. 

Tarpey, P.S., Raymond, F.L., Nguyen, L.S., Rodriguez, J., Hackett, A., Vandeleur, L., Smith, R., 
Shoubridge, C., Edkins, S., Stevens, C., et al. (2007). Mutations in UPF3B, a member of 
the nonsense-mediated mRNA decay complex, cause syndromic and nonsyndromic 
mental retardation.  

Teshima, K.M., and Innan, H. (2008). Neofunctionalization of duplicated genes under the 
pressure of gene conversion. 

Turner, J.M.A. (2007). Meiotic sex chromosome inactivation. 

Turner, J.M.A., Aprelikova, O., Xu, X., Wang, R., Kim, S., Chandramouli, G.V.R., Barrett, J.C., 
Burgoyne, P.S., and Deng, C.-X. (2004). BRCA1, histone H2AX phosphorylation, and male 
meiotic sex chromosome inactivation. 

Zetoune, A.B., Fontanière, S., Magnin, D., Anczuków, O., Buisson, M., Zhang, C.X., and 
Mazoyer, S. (2008). Comparison of nonsense-mediated mRNA decay efficiency in various 
murine tissues. 



 

 120 

Zhang, Y., Duc, A.-C.E., Rao, S., Sun, X.-L., Bilbee, A.N., Rhodes, M., Li, Q., Kappes, D.J., 
Rhodes, J., and Wiest, D.L. (2013). Control of hematopoietic stem cell emergence by 
antagonistic functions of ribosomal protein paralogs.  

 

 
 

 

 

 
  



 

 121 

 
 Discussion Chapter 5

Chapter 5 

Discussion 



 

 122 

UPF3B is essential for normal cognitive function 
 

A growing body of literature supports the notion that NMD factors are critical for both 

developing and mature neurons in a wide range of organisms. For example, in D. melanogaster, 

loss of NMD factors leads to defects in synapse architecture and reduction in neurotransmitter 

strength (Long et al., 2010).  Similar phenotypic defects are caused by mutations several 

different NMD factor genes (smg1, upf2, or smg6), suggesting that perturbed NMD is 

responsible for these fly neural defects.  Likewise, in zebrafish embryos, depletion of any of a 

number of NMD factors (Upf1, Upf2, Smg5, Smg6, or Smg7) causes similar brain development 

abnormalities, including severe patterning defects (Wittkopp et al., 2009).  In mice, global loss of 

most NMD factors leads to early embryonic lethality, precluding analysis of their role in brain 

development (Li et al., 2015; McIlwain et al., 2010; Medghalchi et al., 2001; Shum et al., 2016; 

Weischenfeldt et al., 2008).  

Our behavioral analysis revealed that Upf3b-null mice were normal in spatial memory 

tasks (Chapter 2), but exhibited both contextual and cued conditional fear-learning defects. 

Neuroligin-3 (Nlgn3)-null mice, a model of ASD, also exhibit both of these fear-based defects 

but are normal in spatial memory (Radyushkin et al., 2009).  NLGN3 is a cell-surface protein 

expressed on neurons involved in CNS synapse formation and remodeling (Philibert et al., 

2000). We hypothesize NMD may control the same events through its ability to degrade mRNAs 

encoding synapse formation and remodeling proteins. The amygdala, hippocampus, and the 

prefrontal cortex are all critical for fear memory recognition and downstream processes (Burgos-

Robles et al., 2009; Curzon et al., 2014; Milad and Quirk, 2002), including storing fear memories 

(Milad and Quirk, 2002). It will be intriguing in the future to delineate which specific brain regions 

and neural circuits require UPF3B for fear-conditioned learning.    
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Upf3b-null mice also have a striking deficit in PPI, a measure of sensorimotor gating. PPI 

deficits have been reported in a variety of human neuropsychiatric disorders, including SCZ, as 

well as mouse models displaying ID and ASD, such as Fmr1-, Fmr1/Fxr2-, Nrxn1a-, and Pten-

KO mice (Kwon et al., 2006; Nielsen et al., 2002; Rujescu and Ingason, 2009; Spencer, 2006). 

Future studies will be directed towards determining the underlying mechanism responsible for 

the PPI deficits in Upf3b-null mice. Reduced PPI can result from perturbations of normal activity 

within distributed neural circuitry connecting several different brain regions, including the 

prefrontal- and limbic-cortical, striatal, pallidal, thalamic and pontine structures (Swerdlow et al., 

2001).  

Both PPI and fear-conditioned learning are regulated by the prefrontal cortex (Swerdlow 

et al., 2008) and thus the abnormally low dendritic spine density we observed in Upf3b-null 

prefrontal cortex pyramidal neurons may contribute to one or both of these behavioral defects. 

Consistent with this, reduced cortical dendritic spine density is an often-reported neural deficits 

in SCZ and ID patients, as well as mouse models for these conditions (Black and Kodish, 2004; 

Huber, 2002; Irwin et al., 2000; Purpura, 1974).  It will be intriguing in the future to determine 

whether a common defect underlies the learning/memory and PPI deficits in Upf3b-null mice.   

We found that Upf3b-null mice have a selective reduction in mature, not immature, 

dendritic spines, suggesting that NMD promotes dendritic spine maturation.  NMD may do this 

through regulation of mRNAs encoding proteins involved in this process. Alternatively, this 

regulation may occur locally—such as in the dendrites themselves—as UPF3B has been 

previously identified in dendrites and dendritic spines of mouse primary E17.5 hippocampal 

neurons, using tagged recombinant UPF3B protein (Laumonnier et al., 2010). Other NMD 

factors—UPF1, UPF2, and SMG1—have been shown to be enriched in axons of distal 

commissural axons in the developing mouse spinal cord (Colak et al., 2013). NMD is a 
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regulated process in developing neurons (Bruno et al., 2011; Lou et al., 2014), and thus we 

suggest that this pathway may selectively degrade transcripts in dendrites in a developmentally 

regulated manner in order to influence their maturation. Dendritic spines are important for 

synaptic connectivity, and so their decreased density in Upf3b-null mice is potentially linked to 

the behavioral defects we observed (Lai et al., 2012; Yang et al., 2014).  

Our findings that UPF3B promotes neural differentiation is in apparent contradiction with 

our laboratory’s previous finding that another NMD factor, UPF1, inhibits neural differentiation 

(Lou et al., 2014). In that study, we found that depletion of UPF1 was sufficient to trigger multi-

potent P19 cells to differentiate down the neural cell lineage (Lou et al., 2014). Conversely, 

preventing the UPF1 downregulatory response that is normally triggered by neural 

differentiation cues largely prevented neural differentiation of both P19 and mNSCs, as judged 

by both neural and stem cell markers. One possibility for these opposing results is that NMD 

has opposite effects on different stages of neural development. So, while NMD promotes the 

proliferative and stem-like state of multipotent cells, it may instead promote the differentiation of 

already committed neural stem cells (represented by mNSCs). Another possibility is that UPF1 

and UPF3B have different functions. Because UPF3B appears to drive a specific branch of the 

NMD pathway (Chan et al., 2007, 2009), it may promote the decay of a specific subset of 

transcripts that promotes neural differentiation.  

The neural defects caused by loss of Upf3b are strikingly different from the phenotypic 

consequences of loss-of-function mutations in other NMD genes.  Mutational inactivation of 

Upf1, Upf2, Upf3a, Smg1, or Smg6 leads to early embryonically lethality, at the pre- or peri-

implantation stage(Li et al., 2015; McIlwain et al., 2010; Medghalchi et al., 2001; Shum et al., 

2016a; Weischenfeldt et al., 2008). One explanation for why loss of Upf3b does not cause 

embryonic lethality is because it encodes a NMD branch-specific factor (Chan et al., 2007; 

Huang et al., 2011).  By promoting the decay of only a subset of NMD substrates, UPF3B might 
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only drive specific developmental events in vivo, such as those involving brain development, but 

not those involving early embryonic development.  

To begin to understand the molecular roles of UPF3B in the nervous system, we 

performed transcriptome profiling of Upf3b-null vs. control frontal cortex. Several of the Upf3b-

null upregulated transcripts encode adhesion proteins involved in neural processes, including 

DSCAM, DSCAML1, PCDH15, ITGA8, SDK2, and CDH24.  DSCAM and its paralog, 

DSCAML1, are transmembrane proteins critical for cortical neural networks; they perform a 

variety of functions, including dendritic self-avoidance, dendritic arborization, and promotion of 

axon growth and synaptic connections. The integrin, ITGA8, and the cadherin protein, CDH24, 

are both involved in synaptic adhesion through promoting neurite and/or axonal outgrowth.  

Interestingly, some UPF3B-targeted transcripts encode proteins involved in retinal neural 

cell connectivity. For example, DSCAM and DSCAML1 function in dendritic self-avoidance of 

specific interneuron types, leading to lamina-specific synaptic connections in the mammalian 

retina. We also identified Sdk2 and Col18a1 as UPF3B-regulated mRNAs. The former encodes 

a member of the immunoglobulin superfamily that promotes lamina-specific synaptic 

connections in the retina and is specifically required for the formation of neuronal circuits that 

detect motion. The latter encodes a type XVIII collagen deposited in the extracellular matrix that 

is thought to have roles in retina formation. These putative NMD targets involved in eye 

development are of interest, as increasing evidence suggests roles for NMD in the eye.  For 

example, in D. melanogaster, genetic mosaic analysis revealed that cell clones lacking 

functional Upf1 or Upf2 fail to contribute to the eye in adult flies (Metzstein and Krasnow, 2006).  

If wild-type cells are eliminated from these mosaic animals, the remaining NMD-deficient cells 

proliferate and differentiate to form eyes but they are smaller than normal and disorganized. 

This suggests that NMD acts by promoting the proliferation and patterning of neural cells that 
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form the insect eye.  In humans, patients with mutations in UPF3B have been shown to suffer 

from strabismus and/or cataracts (Laumonnier et al., 2010).      

The human orthologs corresponding to several mouse UPF3B-regulated genes are 

implicated in human neural diseases.  For example, many Upf3b-null-upregulated candidate 

NMD target mRNAs that we identified in Upf3b-null cerebral cortex correspond to recently 

defined SCZ disease risk genes (DSCAM, HIVEP3, MOV10, NIN, SPEN, AKR1C2, ARL5C, 

CD59, and VWA5B1) (CNV and Schizophrenia Working Groups of the Psychiatric Genomics 

Consortium et al., 2017).  Among these disease risk genes is DSCAM, which encodes Down 

syndrome cell adhesion molecule, a transmembrane protein that is highly expressed in the 

developing fetal CNS.  It is encoded by chromosome 21 in humans and causes Down syndrome 

symptoms when overexpressed. Another UPF3B-regulated gene is Pcdh15, which when 

mutated in humans causes Usher Syndrome type 1F, a developmental disorder that presents 

with visual, hearing, and sleep defects, and, in some cases, neuropsychiatric symptoms, 

including ASD and biopolar disorder.  Finally, mutations in the UPF3B-regulated gene, Col18a1, 

cause one form of Knobloch syndrome, which presents with severe eyesight problems, 

cataracts, and retinal degeneration.   

 In summary, our initial work with Upf3b-null mouse introduced the potential to elucidate 

the in vivo roles of UPF3B (and, more generally, NMD) in neuronal development and behavior. 

Given that Upf3b-null mice exhibit behavioral defects that mimic, in some respects, those of 

humans with UPF3B mutations, these mice may also serve as a model system to understand 

the neuropathology in these patients and provide a basis for what genes are critical for normal 

neural development and behavior. 

 

UPF3A is a NMD Antagonist  
 

Until recently, it was unclear as to why both of the paralogs UPF3A and UPF3B existed, as 
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UPF3A was mainly viewed as a weaker version of UPF3B. We addressed this paradox by re-

evaluating the function of UPF3A using loss-of-function approaches (Shum et al., 2016b). Our 

analysis revealed that UPF3A is actually a broadly acting NMD inhibitor. This discovery implies 

that UPF3A and UPF3B do not primarily work in a complementary or redundant manner as 

previously supposed—instead, they oppose each other. We provide evidence that this 

opposition allows UPF3A and UPF3B to act as a molecular rheostat to modulate the level of 

gene expression during development. This paralog pair highlights the complexity of post-

transcriptional regulation in development and suggests new clinical approaches, focused on 

UPF3A inhibition, to treat the wide variety of genetic diseases caused by mutant genes that 

trigger the NMD pathway.  

The finding that UPF3A is a NMD repressor, while UPF3B is an NMD activator, leads to 

an interesting evolutionary question. What evolutionary forces led to the evolution of these 

antagonistic paralogs? Previous studies have shown that gene paralogs can evolve in a variety 

of ways. In “neofunctionalization,” duplicated genes accumulate mutations that result in a new 

function (Assis and Bachtrog, 2013). In “subfunctionalization” a new function is not acquired, 

instead the ancestral function(s) of the original single-copy gene is divided among the daughter 

genes, either through their different expression patterns or retention of specific ancestral 

functions (Cusack and Wolfe, 2007).  

In line with the neofunctionalization model, the ancestral UPF3B gene encoded a NMD 

factor and the duplicated UPF3A gene copy acquired – through evolutionary time – the ability to 

repress NMD (Figure 5.1). The mechanism by which UPF3A suppresses NMD (previously 

described) indicates that this NMD repressor quality could have quickly evolved, providing a 

simple explanation for how the newly duplicated UPF3A was rapidly selected for after it first 

arose at the dawn of vertebrate lineage (Shum et al., 2016). If, instead, UPF3A’s new function 

required a lengthy stepwise process involving multiple mutation events, it is unlikely that it would 
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have avoided extinction.  

In the subfunctionalization model of evolution, only the function(s) of the ancestral gene 

are used in the duplicated daughter genes (Lynch and Force, 2000). If the ancestral gene has a 

single function, it can be “sub-functionalized” through different expression patterns of the 

daughter genes, thereby distributing the function to different cell types or tissues (Figure 5.1). 

Alternatively, if the ancestral gene has different functions, these can be distributed to different 

daughter paralogs, as this provides certain benefits, such as the ability to be independently 

optimized (Figure 5.2). For the subfunctionalization model to apply to the UPF3A/UPF3B 

paralogs, one must hypothesize that the ancestral UPF3 protein had both NMD-promoting and 

NMD-inhibitory activities. This possibility is supported by the characteristics of the modern-day 

UPF3A protein. While UPF3A is primarily a NMD inhibitor, it acts as a NMD factor for some 

NMD substrates in some cell types (Figure 5.2) (Shum et al. 2016).  

Other examples of gene paralogs with opposing functions have been discovered (Stoick-

Cooper et al., 2007), and so it could be interesting to determine whether the subfunctionalization 

or neofunctionalization model applies to those cases as well.  

 

UPF3B affects various processes in the olfactory system 
 

Regarding the role of UPF3B in the olfactory, we’ve only grazed the surface.  

First, it remains for further studies to determine why 78 Olfr genes are rarely expressed 

in Upf3b-null mOSNs. One possibility was that UPF3B was acting outside of the NMD pathway, 

targeting specific chromosomes. We investigated whether transcriptionally downregulated 

olfactory receptors may clustering on a particular chromosome or set of chromosomes, as that 

could indicate the action of UPF3B in possibly regulating specific transcription factors and 

thereby regions of the genome. At first pass, we found that UPF3B depletion does not affect 

specific chromosomal clusters of class-II olfactory receptors, but class-II olfactory receptors in 
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general. In the future, we hope to look more carefully at the data to determine if UPF3B is 

possibly acting on specific enhancers, as other research groups studying olfaction have 

investigated the role of enhancer regions on Olfr selection (Lomvardas et al., 2014).   

The regenerative capacity of the OE will be incredibly useful for better understanding 

how UPF3B is affecting development of the OE and leading to the selection of a specific group 

of olfactory receptors. We can force regeneration through use of olfactotoxic chemical 

methimazole, a compound that ablates all but the HBCs within the OE, making it easier to 

identify both when olfactory receptors are first expressed and how UPF3B depletion affects the 

initial and lasting expression of specific Olfrs. 

Olfr genes are first transcribed in iOSNs, the stage immediately prior to mOSNs, and so 

we will perform these regeneration experiments, coupled with single cell RNAseq analysis, to 

determine the expression of these 78 genes in Upf3b-null and wild type OE when iOSNs 

appear, which would be about 7 days after methimazole injection.  We will also use scRNAseq 

analysis to examine iOSNs at steady state, for comparison. We have already successfully 

identified iOSN cells by tSNE analysis of single cell RNAseq data, but more replicates will allow 

us to better compare the expression of the 78 Olfr genes in Upf3b-null vs. control iOSNs.  Since 

our scRNAseq analysis has also identified putative early- and late-iOSNs, we may also be able 

to assign the defect to a particular stage of iOSN development. It will be interesting to see if 

these experiments show that there is a reduction in the expression of most or all these 79 Olfr 

genes at a pre-mOSN stage.   

 Another possibility is that Upf3b-null mice generate cells that initially express these 78 

Olfrs, but these cells fail to efficiently differentiate into mOSNs. This hypothesis would require 

lineage tracing to tease apart. Researchers in the olfaction field have begun asking more in-

depth questions about cell lineage, using a combination of scRNAseq and lineage tracing. In 

2017, researchers found that the HBC lineage trajectory splits right before cell division, 
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producing sustentacular cells or GBCs. From there, GBCs continue to branch, giving rise to not 

only olfactory sensory neurons but microvillous and Bowman’s gland cells. It was also 

discovered that quiescent HBCs can directly fate convert, giving rise to sustentacular cells 

without dividing. In the course of their study, Fletcher et al. also discovered that the Wnt 

signaling pathway was essential for driving HBCs toward differentiation and that some cell fate 

decisions could, under limited circumstances, remain reversible during a limited period early in 

the trajectory (Fletcher et al. 2017).  

Our work may not only shed light on the role of UPF3B in olfactory neurogenesis, but 

olfactory neurogenesis in general. We can ask: In the wild type, what pathways (and proteins 

controlling those pathways) are essenital for proper development of the OE? That information 

could be used to inform in vitro culture and differentiation of olfactory cells.  

If UPF3B is acting within its role in the NMD pathway, then its affect on Olfr selection is 

indirect, which indicates that UPF3B is regulating some factor that promotes olfactory receptor 

expression and that, in the absence of UPF3B, that factor’s upregulation leads to the 

misregulation of specific Olfrs. To better understand what specific transcripts, or even 

categories of transcripts, UPF3B is regulating, we will use “pulse” 4- thiouridine (TU) exposure 

coupled to thiol(SH)-linked alkylation for the metabolic sequencing of RNA (SLAM-seq). A 

postdoctoral researcher in the Wilkinson lab has successfully combined these two recently 

developed methods to generate an efficient strategy to measure RNA synthesis and stability 

within a single RNA sample. This will be the first time that these approaches are combined in 

vivo, and will be incredibly useful to model dynamic changes in developing transcriptomes. 

In addition to revealing preliminary information about Olfr selection, our scRNAseq 

differential expression data revealed that many of the clusters were immune system-related, 

suggesting that the olfactory plays a role in immune response, at least partially under the control 

of UPF3B. In the absence of UPF3B we saw a huge increase in transcripts that would indicate 

infiltration of immune response cells including myeloid, erythrocyte, leukocyte, B cell and T cells.  
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To our surprise, we also discovered that many of the top upregulated transcripts in 

Upf3b-null olfactory cell types (HBCs, GBCs, iOSNs, mOSNs) were immune-related. We 

followed up on antimicrobial peptide CAMP. Immunohistochemistry using the CAMP antibody 

indicated increased CAMP expression in Upf3b-null OE, and appears to locate to cells in the 

basal layer of the olfactory epithelium.  

Over the last decade or so, interest in the potential link between the olfactory and the 

immune system and disease has been studied more extensively, making these preliminary 

findings even more relevant.  

When the olfactory bulb is removed, it has been shown to result in reduced neutrophil 

phagocytosis, lymphocyte number, monocyte phagocytosis and T-Helper cell type 1 and T-

Helper cell type 2 immune activation (Strous and Shoenfeld, 2006).  

Over a decade ago, some Olfrs were first found to be part of the MHC-linked Olfr 

clusters in human and mouse and were of interest because of because of their possible 

involvement in olfaction-driven mate selection (Younger et al., 2001). More recently, it was 

shown that ligands of MHC molecules activate subsets of neurons from the vomeronasal 

system as well as the olfactory, influencing social memory formation in mice. Researchers then 

found that this evolutionarily conserved mechanism communication also extends to humans 

(Milinski et al., 2013). 

This work begs various follow up questions, including: Are changes in Olfr selection 

affecting axon targeting to the central nervous system (bulb)? How are earlier changes in the 

cell lineage (HBCs and GBCs number, gene expression, etc.) possibly affecting changes in Olfr 

expression?  
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