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ABSTRACT OF THE THESIS 
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The Nonsense Mediated Decay (NMD) pathway was originally discovered for its 

role in degrading mRNA transcripts bearing a premature termination codon (PTC). 

Recently, it has been shown that the NMD pathway also degrades a subset of normal 

transcripts. This raises the possibility that NMD regulates normal biological events, 



 

	
	

xii 

including development. Indeed, increasing evidence suggests that NMD regulates various 

developmental events, including governing early cell fate in the specification of the three 

germ layers: endoderm, mesoderm, and ectoderm, from the pluripotent stem cell. In 

particular, NMD promotes formation of mesoderm while inhibiting the formation of 

endoderm.  

 As support of NMD holding developmental importance, to date 11 patients bearing 

mutations in one NMD factor, UPF3B, have been reported, all of which exhibit 

neurodevelopmental disorders including intellectual disability, autism spectrum disorder, 

and schizophrenia. In addition, reports of individuals with copy number variants in NMD 

factors UPF2, UPF3A, RBM8A, EIF4A3, RNPS1, and SMG6, have been shown to be 

associated with neurodevelopmental disorders. This evidence suggests a role for NMD in 

governing neurodevelopment. Using both in vitro and in silico methods, I have elected to 

identify the role of one such NMD factor, UPF3B in early cell fate. Specifically, focusing 

on its regulation of the neural induction process from the pluripotent stem cell state. As 

well as providing speculation on a potential evolutionary significance of the NMD pathway 

and its implications in neurodevelopment in the transition from early hominid to modern 

human.   
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INTRODUCTION
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History of Nonsense Mediated Decay 

The impact of nonsense mutations on mRNA stability was first found in S. 

Cerevisiae, where nonsense mutations in transcripts reduced the amount of mRNA present 

while still maintaining the same rate of synthesis (Losson and Lacroute, 1979). Subsequent 

work done in yeast established the identity of the “up-frameshift” genes,  UPF1, 2, and 3, 

found to be necessary for NMD (Leeds P, 1991) (He F and Jacobson A, 1995) (Lee and 

Culbertson, 1995). In C. elegans identification of the suppressors with morphogenic effects 

on genitalia, or SMG genes, were identified with SMG2-4 being homologs for the UPF 

factors already identified in yeast (Pulak and Anderson, 1993). These core NMD factors 

(UPF1/2/3, and SMG1, SMG5/6/7) are conserved in most metazoans while UPF3 remains 

the least conserved as a vertebrates contain two paralogs, UPF3A and UPF3B (Karousis 

ED, 2016).  

 

Current Models of NMD 

Current models regarding the way in which these factors function to elicit NMD 

are still being studied however here is an overview of those models. Previous work 

establishes that NMD is a branched pathway. Where some of the factors are necessary for 

proper NMD and others are dispensable depending on the branch acting on the transcripts. 

NMD can be elicited by inefficient translation termination where a termination codon (TC) 

is recognized by a translating ribosome along with eukaryotic release factor 1 and 3 (eRF1) 

and (eRF3) bound together with GTP (A, 2012) (Schweingruber C, 2013). At this point 

interaction with UPF1 can occur either in an exon junction complex (EJC) independent or 
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dependent manner. In the independent manner UPF1 bound non-specifically to messenger 

ribonucleoproteins (mRNPs) will interact with eRF3 and recruit both or either UPF2 and 

UPF3B. The pathway converges with the EJC dependent pathway where similar protein 

associations take place however in the recruitment of UPF2 and UPF3B, UPF3B is bound 

directly to an EJC complex and UPF2, then UPF2 is able to bind UPF1 and eRF3. After 

the association with either or both UPF2 and UPF3B with UPF1, SMG1,8, and 9 are 

recruited to the transcript and SMG1 phosphorylates UPF1 displacing SMG8 and SMG9. 

The subsequent RNA degradation can occur in two different fashions. In an 

endonucleolytic fashion where SMG6 is recruited, or in an exonucleolytic fashion where 

phosphorylated UPF1 recruits the decapping complex remove the 5’ 7 methylguanosine 

cap then SMG5 and SMG7 recruitment facilitates interaction with the CCR4-NOT 

complex to promote deadenylation of the transcript (Karousis ED, 2016).  

 NMD acting as a branched pathway is further complicated by the finding that it 

also acts in a cell type specific manner where branched feedback loops maintain NMD 

factor levels in a self-governing fashion, making the NMD factors themselves targets of 

the pathway in different contexts dependent on cell type (Huang L, 2011).  

Specific transcript features have been shown to make a normal transcript likely to 

be regulated by NMD. These are a 5’ upstream open reading frame, where the proximity 

of the stop codon in the 5’ end of the transcript gives it potential to be recognized as a PTC 

(Oliveira and McCarthy, 1995). Normal transcripts bearing an intron in the 3’UTR more 

than 55 nucleotides away from the normal stop codon can be targeted for NMD as the EJC 

downstream has the potential to prevent the removal of the ribosome eliciting NMD 

(Maquat L, 1994). Alternative splicing events where the alternatively spliced exon 
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relocates the stop codon to an area greater than 55 nucleotides away from the last EJC, in 

a similar fashion as previously mentioned (Ni JZ, 2007). The final feature, a long 3’ UTR, 

does not have clear mechanism by which these are able to elicit NMD while evidence exists 

for an enrichment of long 3’UTRs in yeast and mammalian cells (Kebaara and Atkin, 2009 

) (Yepiskoposyan H, 2011) (Boehm V, 2014) conflicting data suggesting that many normal 

transcripts are able to evade NMD as well as cis acting elements within the 3’UTR can also 

inhibit a transcript with a long 3’ UTR from being targeted for decay by NMD (Toma KG, 

2015).  

 

Role of NMD in Development  

With the molecular mechanism which NMD operates still being uncovered recent 

work has shed light on the physiological importance of NMD, knock out models of NMD 

factors UPF1, UPF2, and SMG6 in mice, result in embryonic lethality, (Medghalchi SM, 

2001) (Weischenfeldt J, 2008) (Li T, 2015) This lethality exists in other organisms, UPF1 

and UPF2, knock out in fruit flys, and reduction in zebrafish, result in embryonic lethality 

(Avery P, 2011) (Wittkopp N, 2009). Reduction of other NMD factors, NAG and DHX34, 

in nematode and zebrafish also result in embryonic lethality (Anastasaki, 2011) (Longman 

D, 2007). As further support, reduction or loss of EJC components which associate with 

UPF and SMG proteins to elicit NMD (Karousis ED, 2016), can also have similar effects, 

knockout mice of EJC component Magoh result in embryonic lethality (McMahon JJ, 

2014)) Taken together, strong evidence that proper functioning NMD is necessary for 

development.  
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Role of NMD in Neurodevelopment 

Specifically, in neurodevelopment NMD and EJC core components have been 

shown to be necessary, as loss or reduction of many of these components results in 

neurodevelopmental disorders. Identification of copy number variants (CNVs) in UPF2, 

either gain or loss, result in intellectual disability. While loss of function mutations in 

UPF3B result in variable neurodevelopmental disorders such as autism spectrum disorders, 

intellectual disability, and schizophrenia (Nguyen, 2013) (Tarpey PS, 2007) (Lyncha SA, 

2012) (Laumonnier F, 2010) (Addington AM, 2011). CNV deletion or duplication of other 

NMD factors UPF3A and SMG6 as well as EJC components EIF4A3, RNSPS1, MAGOH, 

MAGOHB, MLN51, and RBM8A, have all been found with patients with intellectual 

disability (Nguyen, 2013). However, the strongest association with ID in humans and NMD 

are mutations in UPF3B (Nguyen, 2013). NMD’s role in both early cell fate specification 

and its implications on the early stages of the neural differentiation process still remain 

relatively uncharacterized.  
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ROLE OF UPF3B IN GERM LAYER SPECIFICATION 
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INTRODUCTION 

Traditional cell lines of human embryonic stem cells (hES) as well as induced 

pluripotent stem cells (iPSCs) are derived from, or mimic, the inner cell mass (ICM) of the 

human post implantation embryo (Weinberger L, 2016) (Thomson JA, 1998) (Takahashi 

K, 2007) (Yu J, 2007). Such cells have the capacity to differentiate into the three primary 

germ layers (Thomson JA, 1998) (Takahashi K, 2007). The process which the ICM is 

converted to the three germ layers, starts with cellular organization into the epiblast and 

the hypoblast. Then the developing human embryo undergoes gastrulation to form the three 

primary germ layers. Gastrulation begins with formation of the primitive streak which is 

an invagination in the bilaminar disc of the epiblast that is the center of cellular 

reorganization that will give rise to the three germ layers. As cells migrate inward at the 

primitive streak the inner most cells migrating into the invagination become the endoderm, 

with those following afterward becoming the mesoderm. Those cells on the outside of the 

invagination will ultimately become the ectoderm (Niakan KK, 2012) The inner most germ 

layer derived is the endoderm which gives rise to respiratory organs and digestive organs, 

The inner most germ layer—the endoderm—gives rise to respiratory organs and digestive 

organs. The middle layer—the mesoderm—gives rise to connective tissue, heart, muscle, 

bone, and the urogenital system. The outermost layer—the ectoderm—is the precursor to 

the epithelium and the nervous system (Solnica-Krezel L, 2012).  

 The extent to which hES cell models can recapitulate germ layer specification is 

somewhat unclear. As they correspond with ICM cells, differentiation into epiblast must 

first occur followed by generation of the three primary germ layers (Niakan KK, 2012). 

However much of the process of gastrulation depends on cell-cell interactions, changes in 
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tissue structure, and morphogen gradients, to proceed through development (Mammoto T 

& Ingber DE, 2010). One assay of pluripotency is germ layer formation assays either in 

the form of embryoid body formation or teratoma analysis. The former where pluripotent 

stem cells are grown in non adherent conditions and allowed to self organize and form the 

three germ layers (Rungarunlert S, 2009) The latter, where pluripotent stem cells are 

injected to a single area in a mouse and allowed to grow tumors. Then upon sacrifice the 

tumor is assayed for markers of all three germ layers (Zhang WY, 2012). One way around 

this is modulation of signaling pathways in order to promote formation of primary germ 

layers.  However this can often be convoluted as pluripotent stem cells are allowed to 

proceed directly to the formation of the germ layer of interest. In a simplistic sense the 

earliest germ layer forms that hES models can capture are early formation of 

mesoendoderm within the invagination of the primitive streak, and the neuroectoderm on 

the exterior of the primitive streak (Wang L & Chen YE, 2016). Which is most commonly 

done through altering the levels of Activin, FGF2, and BMP class signaling molecules 

(Vallier L, 2009). This constraint of the model is important to consider when looking at 

early germ layer specification considering that hES may be modeling an intermediate cell 

pool that would otherwise not exist in vivo.  

 Previous work outlining the impact of NMD in the early embryo found that NMD 

downregulation occurs in order for endoderm lineage and that this downregulatory 

response is critical for efficient endoderm specification to occur specification to occur. 

While NMD promotes the mesoderm germ layer. While the mechanism of NMD action in 

endoderm vs. mesoderm differentiation decisions is not known, perturbation of NMD 

(through depletion of UPF1) was found to dysregulate several transcripts involved in 
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several signaling pathways, including the TGF-b and BMP signaling pathways that are 

critical for regulating these events (Lou CH, 2016). 

 Patients with mutations in UPF3B result in varable intellectual disability, 4 patients 

have been reported with nonsense mutations in the transcript encoding for UPF3B and 7 

with missense mutations.  The context in which a core component in the NMD pathway 

could be lost, while in patients bearing a nonsense in UPF3B ultimately have no UPF3B 

mRNA or protein, points towards a UPF3B independent branch of the NMD pathway that 

still remains functional. All of the missense mutations found in patients result in non 

conservative amino acid changes in an uncharacterized domain of UPF3B, the mechanism 

in which they can cause intellectual disability is unclear (Alrahbeni T, 2015). 

 Considering NMD functions in early cell fate specification and loss of UPF3B 

results in neurodevelopmental disorders. It is therefore of interest to investigate the effect 

of loss of UPF3B on early cell fate decision making, as perturbations in the NMD pathway 

are likely to lead to improper specification of the three primary germ layers with a specific 

focus on the impact of the ectoderm formation, as it will later give rise to the neural tissue. 

In this chapter, is evidence for UPF3B functioning to the maintain the pluripotent state, 

mediate proper cell cycle regulation, as well as progression through the early neural 

induction process.  
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RESULTS AND DISCUSSION 

UPF3B Null Patient Derived iPSCs Exhibit Perturbed NMD 

Patient derived fibroblasts from 3 different patients with nonsense mutations in the 

coding region of UPF3B were recieved from the Jozef Gecz lab University of Adelaide.  

iPSC had been previously derived by graduate student Ada Shao, these are the cells used 

subsequently (Nguyen LS, 2012). In order to determine if the UPF3B null patient iPSC 

had reduced NMD magnitude, the transcript levels for the UPF transcripts and 3 validated 

NMD targets were tested (Figure 1). As expected UPF3B levels were significantly reduced, 

however UPF transcripts expression levels were not significantly increased upon loss of 

UPF3B. NMD magnitude however appears to be somewhat perturbed as 2 out of 3 

validated targets increase significantly upon loss of UPF3B. NMD is still functioning in 

these cells as the PTC bearing transcript of UPF3B is significantly reduced. In addition, 

because UPF1 and UPF2 are themselves substrates of NMD (Huang L, 2011) 

 

Validation of RNA Seq Identified Differentially Expressed Genes 

Previously RNASeq had been performed on patient lacking UPF3B iPSC with 

iPSC derived from mother serving as relative control for differential gene expression 

analysis. Several of the highly upregulated genes had been selected for validation by qPCR. 

Considering the clinical outcome of UPF3B resulting in intellectual disability the result of 

neurodevelopmental disorders. It was of interest to validate differentially expressed genes 

with a gene function associated with the nervous system, that had not already been 

validated as upregulated. Using a candidate approach several genes were selected for 

validation, those upregulated upon loss of UPF3B as those would theoretically correspond 
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with direct NMD targets. Shown in Figure 2 are expression levels of selected neural 

associated transcripts found to be upregulated upon loss of UPF3B by RNAseq analysis, 

which were unexpectedly not upregulated as indicated by qPCR.  

From the originally identified differentially expressed genes, one of the enriched 

gene ontology categories was “Cell Cycle” in the upregulated genes. This in combination 

with previously findings that reduction of UPF3B in hES cells, results in an accumulation 

of cells in the G2 phase of the cell cycle (Lou CH, 2016). Suggested that upregulated 

transcripts identified by RNAseq associated with the cell cycle would be of interest to 

validate. Figure 2 also shows associated cell cycle transcripts validated by qPCR, finding 

CDK10 and GDF3 to be significantly upregulated. Interestingly CDK10 is an inhibitory 

cyclin dependent kinase found to be expressed in the G2/M phase of the cell cycle. 

Previously overexpression of CDK10 has been shown to reduce proliferation, while 

knockout results in increased proliferation, colony formation, and migration in biliary tract 

cancer cells (Yu JH, 2012). GDF3 has been found to act as a bimodal ligand of TGFß and 

Nodal signaling suggesting a dynamic role in the control of differentiation of the hES cell 

(Levine AJ, 2006).  

 

UPF3B Promotes Stem Cell Self-Renewal 

In order to test the impact of loss of UPF3B on cellular functions the primary focus 

was on proliferation, as observations of the cells had found them to grow slower when 

compared to control. In addition previous studies had shown that Upf1 in mice promotes 

proliferation of neural stem cells (Lou CH, 2014). Shown in Figure 3A-B is an EdU 

incorporation assay of patient lacking UPF3B iPSC. Revealing a reduced number of cells 
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actively proliferating as a result of loss of UPF3B. This suggests that UPF3B normally acts 

to promote pluripotent stem cell proliferation.  

 

Effect of UPF3B on Pluripotency and Primary Germ Cell Markers 

One potential reason for perturbations in normal cell cycle progression and 

specifically reduction in hES self-renewal can be attributed to improper expression of early 

cell fate markers, specifically known to elicit transcriptional changes during development 

(Perrimon N, 2012). This combined with previous studies done showing that reduction of 

UPF proteins in hES cells can alter the formation of the three primary germ layers (Lou 

CH, 2016). Pointed towards identifying the impact of loss of UPF3B on expression of 

pluripotency and early germ layer markers. Shown in Figure 4A is qPCR assay of 

expression of various pluripotency markers identified from literature (Vallier L, 2009).The 

iPSC patient cells had significantly upregulated expression of both SOX2 and NANOG 

mRNA, relative to control cells (Figure 4A). This raises the possibility that UPF3B inhibits 

pluripotency.  Another interpretation of this finding is that UPF3B acts to directly to 

regulate these 2 transcripts; i.e., they are NMD target transcripts. In contrast to SOX2 and 

NANOG mRNA, TERT mRNA expression was significantly downregulated in the patient 

iPSCs. This is consistent with UPF3B promoting pluripotency, as TERT is required for 

pluripotency (Huang Y, 2014) However, since SOX2 and NANOG mRNA had the opposite 

expression pattern, the role of UPF3B in pluripotency is not clear. 

 In order to test the hypothesis that subtle perturbation in pluripotency markers and 

germ layer specification were more prevalent in patient cells than in control, due to 

decreased NMD magnitude as a result of loss of UPF3B, I identified marker expression 



 
 

	
 

13 

variability between data sets.   A list of markers of each germ layer as well as pluripotency 

were gathered from the literature, then expression estimates for each maker based on 

RNASeq FPKM were determined. This was then averaged for each marker, to calculate a 

distance from the mean expression of that marker between samples. Figure 5 shows a heat 

map of control transcripts, such as those associated with housekeeping proteins were not 

expected to have significant variance between biological replicates. Figures 6-9 show the 

same analysis for pluripotency, endoderm, mesoderm, and ectoderm respectively with the 

analysis summarized in Table 1. It was found that markers of pluripotency, endoderm, and 

mesoderm vary significantly in iPSC lacking UPF3B based on the F-Test results and 

significant difference in distance from mean expression values across biological replicates 

shown in Table 1. This lead to the conclusion that loss of UPF3B results in variable 

expression of pluripotency, endoderm, and mesoderm markers, while a propensity to form 

a particular germ layer upon loss of UPF3B is unclear. Evidence here suggests that when 

maintained under pluripotency condition reduction of NMD by loss of UPF3B has a greater 

impact on maintaining the pluripotent cell state and more directly perturbs endoderm and 

mesoderm lineages, while ectoderm remains undisturbed. This can be described as UPF3B 

functioning to confer robustness of germ layer specification.  

 

UPF3B Governs Proper Cell Response To Neural Induction 

While identifiable impacts on ectoderm formation were not clear during 

maintenance in pluripotent cell conditions the finding that UPF3B acts to buffer expression 

of pluripotency, endoderm, and mesoderm markers, would leave ectoderm marker 

expression unperturbed. Failure to downregulate markers of pluripotency, endoderm, and 
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mesoderm during differentiation process may potentially impact proper formation of 

ectoderm (Perrimon N, 2012). To test this patient and control iPSC were cultured in 

conditions promoting ectoderm formation by dual SMAD inhibition (Chambers SM, 

2009). In order to test if the expression of UPF factors significant changed in response to 

neural induction, Figure 10 shows UPF protein expression in response to neural induction 

by dual SMAD inhibition with statistical test summarized in Table 2. Finding that upon 

induction UPF3B expression increases significantly then after two days of the induction 

UPF3B expression levels reduce significantly. This points towards a role in governing 

response to the corresponding transcriptional changes elicited by neural induction. In order 

to test this, expression of known markers of neural induction were assayed in patient 

lacking UPF3B iPSC undergoing neural induction, to determine if expected decrease in 

pluripotency markers occurs in patient along with upregulation of neural markers.  Shown 

in Figure 11A-B is expression of either pluripotency markers OCT4 and NANOG or early 

ectoderm markers SOX1 and PAX6 in patient and control respectively during the first two 

days of neural induction. In control there is a characteristic downregulation of NANOG 

upon neural induction however in patient lacking UPF3B iPSC NANOG fails to be 

downregulated in response to neural induction. The differences in expression for each 

corresponding time point are shown in Figure 11C-D. Revealing that at day 2 of neural 

induction SOX1 is significantly upregulated in patient lacking UPF3B iPSC, furthermore 

at day 1 and 2 of neural induction NANOG is significantly upregulated in patients lacking 

UPF3B iPSC. As silencing of pluripotency markers is a key indicator of proper progression 

through the neural induction process for establishment of neuroectoderm (Chambers SM, 

2009) it can be concluded that UPF3B governs proper cell response to neural induction by 
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downregulation of pluripotency markers. As well as maintaining proper levels of neural 

associated markers in response to the induction process.  

 

 

                            
Figure 1: Analysis of patient NMD factors and substrates. Control expression level 
corresponds to relative mRNA level of 1. Error bars represent standard error.  * indicates 
P<.05 t-test n=3 biological replicates. 
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Figure 2: Analysis of patient selected transcripts from differentially expressed genes 
as determined by RNA Seq. Control expression level corresponds to relative mRNA 
level of 1. Error bars represent standard error. * indicates P<.05 t-test n=3 biological 
replicates. 
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Figure 3: EdU incorporation assay of patient iPSC.(A) Total positive EdU cells were 
compared to DAPI positive cells present to establish as ratio of EdU positive cells.  
Representative images shown above, results here show a significant reduction in the 
percentage of EdU positive cells in patient iPSC (B) Quantification of the data shown in 
panel A where error bars indicate standard error. * indicates P < .05 two sampled t-test, n 
=15, five individual images across 3 biological replicates. 
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Figure 4: Analysis of patient cell fate markers (A) pluripotency markers (B) Endoderm 
Markers (C) Mesoderm Markers (D) Ectoderm Markers Control expression level 
corresponds to relative mRNA level of 1. Error bars represent standard error. * indicates 
P<.05 *****P<.000001 
 t-test n=3 biological replicates. 
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Figure 5: Control marker expression variance in patient. Heat map representing Z-
score of difference from average FPKM mean expression value for a given marker. 
UPF3B null patient (green bar) and control (grey bar) Below corresponding histogram of 
Z-scores shown in heat map for each marker Z-Score with corresponding box and 
whisker plot represent median value (midline), upper and lower quartiles (outer edge of 
box), and range (whiskers).  
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Figure 6: Pluripotency marker expression variance in patient. Heat map representing 
Z-score of difference from average FPKM mean expression value for a given marker. 
UPF3B null patient (green bar) and control (grey bar) Below corresponding histogram of 
Z-scores shown in heat map for each marker Z-Score with corresponding box and 
whisker plot represent median value (midline), upper and lower quartiles (outer edge of 
box), and range (whiskers).  
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Figure 7: Endoderm marker expression variance in patient. Heat map representing Z-
score of difference from average FPKM mean expression value for a given marker. 
UPF3B null patient (green bar) and control (grey bar) Below corresponding histogram of 
Z-scores shown in heat map for each marker Z-Score with corresponding box and 
whisker plot represent median value (midline), upper and lower quartiles (outer edge of 
box), and range (whiskers).  
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Figure 8: Mesoderm marker expression variance in patient. Heat map representing Z-
score of difference from average FPKM mean expression value for a given marker. 
UPF3B null patient (green bar) and control (grey bar) Below corresponding histogram of 
Z-scores shown in heat map for each marker Z-Score with corresponding box and 
whisker plot represent median value (midline), upper and lower quartiles (outer edge of 
box), and range (whiskers).  
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Figure 9: Ectoderm marker expression variance in patient. Heat map representing Z-
score of difference from average FPKM mean expression value for a given marker. 
UPF3B null patient (green bar) and control (grey bar) Below corresponding histogram of 
Z-scores shown in heat map for each marker Z-Score with corresponding box and 
whisker plot represent median value (midline), upper and lower quartiles (outer edge of 
box), and range (whiskers).  
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Table 1: Statistic test Summary for variance measurements of germ layer 
specification markers. F test testing variability across all samples in a given population 
either based on FPKM values, or FPKM values normalized for difference from mean 
expression of a given marker. One tailed t-test of absolute value of distance from mean 
expression for each gene along with corresponding averages for each subset of markers.  
 
 

          Average of Absolute Value of Z-Scores 

Markers N  

F-Test 
FPKM (P-
Values) 

F-Test FPKM Z-
Score (P-Values) 

T-Test FPKM 
Z-Score 
Average (p-
value) Control Patient 

Control 7 0.67938 0.505735804 0.2079053 0.11612 0.09524 

Pluripotency 53 0.06825 4.50346E-15 0.0000001 0.11917 0.21393 

Endoderm 13 0.02246 3.40182E-05 0.0007658 0.21330 0.44556 

Mesoderm 11 0.75297 0.04972216 0.0123085 0.18123 0.28448 

Ectoderm 15 0.13592 0.307502017 0.0903533 0.24834 0.32773 
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Figure 10: Control UPF factor expression in response to neural induction. Relative 
quantification qPCR baseline expression level corresponds to Fold Change of 0, taken 
from control cell expression at pluripotency. For pluripotency time point (PP), day prior 
to neural induction (D0), 1 day of Neural induction (D1), or 2 days neural induction (D2). 
Error bars represent standard error. n=3 biological replicates. 

 
Table 2: Statistics summary of UPF factor expression in response to neural 
induction of paired samples t-test p-values   
 

 D0 D1 D2 
UPF1 0.02061 0.20947 0.03575 
UPF2 0.63357 0.00353 0.00170 
UPF3A 0.87197 0.00881 0.00098 
UPF3B 0.02272 0.04147 0.00001 
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Figure 11: Effect of loss of UPF3B during early neural induction by dual SMAD 
inhibition in patient. Pluripotency time point (PP), day prior to neural induction (D0), 1 
day of Neural induction (D1), or 2 days neural induction (D2). Control expression level 
corresponds to relative mRNA level of 1. Error bars represent standard error. * P<.05 ** 
P<.01***P<.001 t-test n=3 biological replicates 
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MATERIALS AND METHODS 
 

Cell Culture Conditions 
 

iPSC were cultured on BD Matrigel coated plates in Essential 8 Media at 37 degC 

in 5% CO2, media changed daily, after a single wash in 1X DPBS. Cells were passaged 

with manual dissociation after 3 minute incubation in 0.5mM EDTA at 37degC, 1:4-1:5 

ratio every 3-5 days when cells reached 70% confluency. Cultures were monitored daily 

for differentiated cells which were manually removed.  

 

RNA Isolation and qPCR 

 Total RNA was isolated using Trizol reagent after washing the cells in 1X DPBS 

as described (Rio DC, 2010). cDNA was synthesized using 1.5 microgram total RNA, 1 

microliter iScript and 4 microliters iScript Buffer in a 20 microliter reaction using 

manufacturer reverse transcription protocol. qPCR analysis was performed using SYBR 

green reagents in a relative quantification method (ddCt) where RPL19 was used as 

endogenous control.  

 

Neural Induction  

 Prior to induction iPSC were grown to 100% confluency on matrigel coated plates 

in Essential 8 Media. Then media was changed to neural induction media as described in 

(Shi Y, 2012) where dual SMAD inhibitors used were 1mM of Dorsomorphin was used in 

place of Noggin. RNA was isolated at pluripotency prior to 100% confluency of cell 

growth, Day 0 (D0) starts when cells were grown to 100% confluency prior to neural 
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induction, with the subsequent days 1 and 2 (D1) and (D2) the following days after 

switching to neural induction media.  

 

RNASeq Analysis 

 Single end libraries were prepared using Illumina Hiseq2000 platform. Raw 

FASTQ files were quality controlled for using FASTQC program with a cut off quality 

score of 10 and trimmed 15 bp at each end to remove adapter content. Reads were mapped 

to both human genome hg38 and Ensembl transcriptome GRCh38 using STAR 2.4.2 two 

pass mode alignment. Fragments Per Kilobase of transcript per Million or Transcript per 

Million, Gene and Isoform abundance was estimated using RSEM version 1.2.23. 

Differentially genes and transcripts were estimated using EBSeq with a false discovery rate 

cut off of  P<0.05.  
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 CRISPR MEDIATED GENERATION OF UPF3B NULL INDUCED PLURIPOTENT 
STEM CELLS 
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INTRODUCTION 

Clustered Regular Interspersed Repeats (CRISPR) were first described in 1987 as 

regions in the E. Coli genome containing repeat sequences interspersed by short sequences 

(Ishino Y, 1987). The link between genome engineering and CRISPR systems did not come 

until the discovery that viral DNA or RNA sequences could be found in the interspersed 

region of the repeats, uncovering the mechanism that CRISPR sequences along with 

various CRISPR associated (Cas) genes embodied a bacterial adaptive immunity (Brouns 

SJ, 2008). In brief, CRISPR sequences contain antisense RNA of previous viral invasions 

flanked by a protospacer adjacent motif (PAM) sequence, these are then transcribed to form 

CRISPR RNAs (crRNAs). Three molecular pathways converging on CRISPR were 

originally described all containing multiple proteins to influence the pathway; only type II 

system was able to have viral nucleic acid recognition and cleavage in a single protein 

complex (Jinek M, 2012). The crRNAs must form a complex with trans-activating crRNAs 

(tracrRNA) in type II CRISPR systems. Of the Cas genes Cas9 found both in Streptococcus 

Thermilus and Streptococcus Pyogenes utilized crRNA:tracrRNA complex to target and 

introduce double-strand breaks in invading virus (Duodna J and Charpentier E, 2014). In 

the context of genome engineering in mammalian cells, recombinant versions of both the 

Streptococcus pyogenes and Streptococcus thermilus along with scaffolds for tracrRNA 

and crRNA coined (sgRNA) were first reported in 2013 (Cong et al, 2013) (Jinek, 2013)  

(Mali P, 2013). With Cong et al. being the first attempt to do so in hES cells, this opened 

a door for being able to edit the genome of a pluripotent stem cell, which has large 

implications on both disease modeling as well as medicine. Genome edits could be made 

in cells with the ability to differentiate into any cell type in the body. Patient-derived iPSC 
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could now have genome corrections introduced and be reincorporated into a patient’s body 

significantly reducing the associated immune response.  

 When introducing genome edits with CRISPR, there are two general approaches. 

The first being non-homologous end joining (NHEJ) to generate simple knock outs of a 

gene as a result of indel mutations due to errors in the repair process commonly resulting 

in PTCs. The second is utilizing the homology directed repair (HDR) route found in normal 

DNA repair in mammalian cells (Liang F, 1998). Where double-strand DNA breaks are 

introduced by Cas9 and sgRNA targeting a specific sequence then a donor template also 

introduced into the cell is used to have directed base pair specific mutations within the cut 

site of interest. This can be used either to introduce specific amino acid substitutions, or 

repair mutations found in diseased patient derived cell lines (Ran FA, 2013).  

 While the applications of this technology are very promising, the largest issue 

facing this is effiency in generating genome edits either by NHEJ or HDR. Until the recent 

advent of next generation transfection reagents, nucleofection or electroporation was the 

standard to transfect hES cells, both of which have a significant impact on the viability of 

the cells (Ran FA, 2013). In addition to initial low transfection effiencies, rates of HDR 

still remain very low, even in sucessfully transfected cells (Chu VT, 2015). One approach 

taken in difficult-to-transfect cell lines and primary cell lines, was integration of Cas9 and 

sgRNA in a viral construct to allow either constituitive expression of one or both. This was 

adapted to create and test putative guides against a gene of interest and see if they were 

able to generate phenotype of interest (Sanjana NE, 2014). The caveat with this approach 

being side effects of integration of active Cas9 or stress due to viral transduction and the 

subseqent selection process (Hou P, 2015) (Yiu G, 2016).  
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Here I present two potential methods to generate CRISPR-mediated UPF3B knock 

out iPSC derived from a normal human male as well as establish a protocol for single cell 

cloning of viable undifferentiated hES cells.  
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RESULTS 
 
Guide Design and Rationale 
 
 Shown in Figure 12 is a graphic summary of design of the dual approach to generate 

UPF3B null iPSC. By using both stable viral and transient vector methods to introduce 

Cas9 and sgRNA targeting UPF3B. The guide design rationale was to target an earlier 

exon, in this case the CDS of UPF3B exon 1, to increase that chances of a PTC being 

generated by frameshift mutation as a result of errors in NHEJ repair of double strand 

breaks in DNA. Cell lines chosen were male iPSC from a healthy control to eliminate the 

possibility of a heterozygote mutant as UPF3B is an X-linked gene (Tarpey PS, 2007). 

Multiplicity of infection was determined by relative functional titer of Cas9 expression to 

uninfected control (data not shown). Selection for stable integration of viral construct 

containing guide sequence and Cas9 was done using a puromycin resistance expression in 

the viral construct. After selection, cloning took place from a enriched pool of iPSC 

expressing Cas9 and sgRNA targeting UPF3B, with relative control cells being those 

undergoing transduction with a viral construct lacking sgRNA sequence.  

While in the transient vector approach, iPSC were transfected with vector 

containing Cas9, sgRNA targeting the CDS region of UPF3B exon 1, and a GFP marker. 

After transfection, cells were fluorescent activated cell sorted (FACS) to obtain single cell 

clones. Where relative control was either those negatively sorted during flow cytometry or, 

those sorted as GFP positive that were later identified as wild type for UPF3B mutations.  

 

 

 



 

 
	
 

34 

Guide Validation 

 In order to validate that guides were making predicted cuts a T7 endonuclease assay 

was done in HEK293T cells, with sgRNA1, (as shown in Figure 12) ligated into PX458 

vector. Shown in Figure 13 are the results from the T7 endonuclease assay finding that 

sgRNA1 was able to successfully generate cuts expected in the target region of UPF3B as 

indicated by the appearance of two bands on gel image, the lower of which corresponds 

with the expected band size given the location of the editing site relative to the ends of the 

primers. This directly tested the cutting efficiency in the vector approach however evidence 

that the guide was able to generate cuts was sufficient to assume that once properly 

integrated into the lentiviral construct, for the viral approach, it would retain cutting 

efficiency.  

 
Generation of UPF3B Null iPSC 
  
 After guide validation, WT male iPSC were introduced to Cas9 with sgRNA 

targeting exon 1 of UPF3B, either by lentiviral or transient vector. Subsequently cells were 

single cell cloned and screened for mutations at the predicted cut site by Sanger sequencing 

(the complete protocol is described in the Materials and Methods). Table 3 shows a 

summary of the clones generated from either LCv2 (lentivirus containing Cas9, sgRNA, 

and puromycin resistance marker) lentiviral-mediated mutations or PX458(vector 

containing Cas9, sgRNA, and GFP marker)-mediated mutations. While successful edits 

were made at the predicted cut site, the majority were in-frame deletions (either 12 or 21 

nucleotides), typically removing amino acids spanning the region from R13 to A22. 

Considering introduction of indel mutations is presumed to occur randomly, it is interesting 
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that most of the deletions were in frame and in this region. Furthermore, in the case of the 

constitutive Cas9 and sgRNA expression resulted in the similar amino acid deletions as 

were seen most often in the transient approach. This may point towards a potential gain-

of-function mutation when proline 19 is deleted as this was common to all mutations found 

in either experiment. Considering the majority of the mutations generated were in frame 

one preliminary step was to use bioinformatics tools to predict the potential impact of the 

mutations. Shown in Table 4 are results of Provean prediction algorithm for the likelihood 

that the mutations give rise to misfolded protein products and would therefore be a 

deleterious mutation (Choi Y, 2015). According to the prediction algorithm all of the 

mutations generated should be deleterious. However not all were screened by western 

blotting as the one most likely to generate a UPF3B null cell line nucleotide 26_165del 

(subsequently referred to as CVB iPSC PQV2) was of foremost interest. 

 

Isolation of a Putative UPF3B-null iPSC Cell Clone 

Also shown in Table 3 is the most likely clone to result in a UPF3B null iPSC which 

is nucleotide 26_165del called CVB iPSC PQV2 or PQV2, which removes the normal 

translation start site (TSS) from the gene. This was the focus of subsequent analysis of the 

PX458 generated clones. Because the foremost clone of interest, CVB iPSC PQV2, 

destroyed the original translation start site of UPF3B, prior to screening by western 

blotting, bioinformatic analysis was carried to predict the potential proteins that would be 

made, taking into consideration the position of alternative “Start” codons with a proper 

Kozak context for efficient translation (Kozak M, 1987). Shown in Table 5 are the 

predicted proteins that could be potentially made given the removal of the translation start 
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site as predicted by ATGpr (Salamov AA, 1998) . Frame 3 represents the same coding 

frame that the original TSS used in UPF3B. While the most reliable TSS is in frame with 

the original start site, it remains a low probability prediction based on Kozak context. 

Furthermore, the predicted mutation would remove amino acids 1-73 of UPF3B which 

contain a portion of the complete UPF2 interaction domain that consists of amino acids 47-

143 on UPF3B. However previous publications have found that amino acids 52-57 of 

UPF3B constitute 7 out of 9 of the polar amino acid interactions with UPF2 (Kadlec J, 

2004). Experimental evidence from the same publication suggests that amino acids 52 and 

57 are necessary for interaction with UPF2. However, this was binding was tested in the 

context of non-conservative mutations introduced to the region rather than deletion (Kadlec 

J, 2004).  

To determine if protein was present in either the viral mediated UPF3B mutants or 

CVB iPSC PQV2, western blots were done probing for UPF3B full length antibody against 

UPF3B, which cross reacts with UPF3A, antibody. Figure 14B shows western blot analysis 

for clone CVB iPSC PQV1 which contained an in-frame deletion of nucleotides 

145_165del. As well as CVB iPSC PQV2. As expected CVB iPSC PQV2 in three 

“biological replicates” does not produce a band for UPF3B. Figure 14C shows the same 

samples but at lower protein concentration again producing the same results. One caveat is 

the UPF3B reduction lysate used here in B and C as a control, H9 Tet-shUPF3B (+) is 

expected to have reduced UPF3B which doesn’t appear to be the case in either blot. Though 

quantification was not carried out as it was to used identify presence or absence of UPF3B.  

Shown in Figure 14A are clones generated by viral mediated UPF3B mutations containing 

mutations NP_542199.1 P19_A22del. Both of which appear to result in no detectable 
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UPF3B by western blot. The HEK293T UPF3B overexpression lysate used in Figure 14A 

does not appear to have over expressed UPF3B. RNA levels of UPF3B were previously 

validated as being overexpressed in the lysate (data not shown).  

As the final step to validate if the clones generated were in fact lacking UPF3B a 

qPCR profiling was done as none of the expected clones would have reduced UPF3B 

expression at the mRNA level, however as loss of UPF3B can be characterized by 

upregulation of known NMD factors as well as transcripts shown previously to be 

upregulated in patient iPSC lacking UPF3B (Huang L, 2011). Shown in Figure 15A is 

relative quantification qPCR for viral generated clones specifically SG1-7, where 

transduced control lacking guide sequence serves as a relative control, LCv-2. Noticeably 

Cas9 expression is significantly increased in the lines relative to control, which is 

unexpected as greater Cas9 expression would potentially increase the chance of off target 

effects. UPF3B expression does not decrease which is expected, however NMD substrates 

do not appear to be reduced in the cell lines suggesting that functional UPF3B may still be 

present even though it was not detected by western blot. Another likely possibility is that 

because Cas9 and sgRNA are constitutively expressed selection may have occurred from 

the time DNA and protein were isolated to screen the cells to favor cells with UPF3B intact 

as recurring DSB could result in proper repair of the cut site. Ultimately it can be concluded 

though these cells do not appear to have UPF3B knock out considering they do not 

recapitulate the “phenotype” or typical upregulation of NMD factors. They likely have 

functional UPF3B as selection may have occurred between time points, which does not 

make them a good candidate for long term culture or disease modeling.  
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 Figure 15B shows NMD factor and substrate expression for clone PQV2. Data from 

PQV1, which has an in-frame deletion, is included for comparison which shows expression 

near that of control with the exception of UPF3B.  Clone PQV2 exhibited characteristics 

of depressed NMD, including upregulation of the known NMD substrates, GADD45B and 

GAS5 mRNA. This clone also upregulated levels of GDF3 and BMP4 mRNA, which were 

upregulated in UPF3B patient iPSCs, as described in Chapter 2. In contrast, clone PQV1 

Though direct controls undergoing both transfection and flow sorting were not available 

for this experiment at this time point, averaging several earlier RNA isolation time points 

for untransfected cells of the same line were used. It can be concluded based on the 

evidence presented at the DNA, RNA, and protein level that CVB iPSC PQV2 clone is a 

likely UPF3B null cell line. Furthermore it can also inferred that if reduced protein product 

is made it would have loss of a critical region for UPF2 interaction which would yield the 

NMD magnitude of the cells reduced as the UPF3B dependent branch of NMD should be 

non-functional. 
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Figure 12: Graphic summary of approach taken to generate UPF3B null iPSC from 
wild type male (XY) derived iPSC. Shown on left is viral approach taking WT iPSC 
and transducing them with a viral construct containing Cas9, sgRNA targeting UPF3B, 
and puromycin resistance marker (LCv2). After puromycin selection for successfully 
transduced cells, an enriched pool of potential UPF3B null cells will be cloned and 
screened for edits resulting in null mutations of UPF3B. Shown right is transient vector 
approach where vector containing Cas9, sgRNA targeting UPF3B, and GFP marker 
(PX458), is transfected into iPSC then subsequently iPSC are FACS sorted for GFP+ 
positive cells and screened for loss of UPF3B. Shown middle is a graphic detailing the 
two isoforms of UPF3B, where NM_080632.1 is the more common isoform. Guide 1 
targeting CDS of exon one of UPF3B at nucleotide 156/57. 
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Figure 13: T7 Endonuclease digestion of transfected HEK293T cells with PX458 with 
guide targeting exon 1 of UPF3B. Wells from left to right 1. Lad 2. Untransfected control 
HEK293T 3. PX458 empty guide control. 4. PX458 sgRNA1-1 replicate 1 5. PX458 
sgRNA1-1 replicate 2 6. PX458 sgRNA1-2 replicate 1 7. PX458 SG1-1 replicate 2 8. No 
T7 Endonuclease control.   
 
 
  

 
 

Table 3: Summary of iPSC clones generated both by LCv2 and PX458 
 
Mutation   Clones   

DNA Protein 
LCv2 
Clones* 

PX458 
Clones 

NM_080632.1 
152_163del NP_542199.1 P19_A22del 2 0 
NM_080632.1 
137_157del NP_542199.1 R13_P19del 1 0 
NM_080632.1 
140_160del NP_542199.1 V14_A20del 0 17 
NM_080632.1 
154_165del NP_542199.1 P19_A22del 0 3 
NM_080632.1 
145_165del NP_542199.1 T15_G21del 0 1 
NM_080632.1 
26_165del 

Deletes Normal Translation 
Start Site 0 1 

NM_080632.1 42C>T Before Translation Start Site 0 1 
No mutation   0 53 
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Table 4: Provean prediction of impact of indel mutations on biological function of 
protein 
 

Variant 
PROVEAN 
score Result 

P19_A22del -4.485 Deleterious 
R13_P19del -6.15 Deleterious 
V14_A20del -4.871 Deleterious 
T15_G21del -4.873 Deleterious 
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Table 5: ATGpr predicted proteins made from CVB iPSC PQV2 clone 
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Figure 14: Western blot analysis of CRISPR mediated UPF3B null cells. (A) Shows 
clones generated by viral approach. HEK293T untreated control protein lysate and 
HEK293T viral mediated UPF3B overexpression lysate as antibody validation. Control 
empty virus transduced clone LCv2-1, two UPF3B null clones SG1-4 and SG1-7. (B) and 
(C) Show clones generated by transient vector approach. H9Tet-shUPF3B(-) control 
(normal UPF3B expression) and H9 Tet-shUPF3b(+) (UPF3B reduced controls) CVB 
iPSC PQV1 in-frame AA acid deletion clone and biological replicates of CVB iPSC 
PQV2, expected deleterious mutation clone. (C) shows same samples as in B at lower 
concentration. For A 2 replicates were done, B and C 3 replicates were done.  
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Figure 15: Analysis of CRISPR mediated UPF3B null clones characterizing NMD 
factors, substrates, and transcripts found to be upregulated in UPF3B null patient 
iPSC. (A) shows qPCR analysis of viral generated UPF3B null clone SG1-7 where 
LCv2-1 serves as relative control (B) and (C) show both CVB iPSC PQV1 and 2, where 
3 independent biological replicates from untransfected CVB iPSC cell lines serve as 
relative control. For CVB iPSC PQV2 n=3 biological replicates. Control expression level 
corresponds to relative mRNA level of 1. * indicates P<.05.  
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MATERIALS AND METHODS 
 

Description of Cell Lines and Culture Methods 

 CVB iPSC cell lines were derived from an apparently healthy Caucasian male as 

described (Gore A, 2010). Cell lines were received at passage 25 generation of clones took 

place within 5 passages. iPSC were cultured as described in chapter two. 

 

sgRNA Design and Validation 

 sgRNA sequences were designed to target the CDS of exon 1 of UPF3B, sequence 

determination was done using the crispr.mit.edu web tool. Available from the Feng Zhang 

laboratory. Several potential guides were generated however only one was ultimately used 

to carry out the experiment. Guides were successfully ligated into either vector PX458 or 

Lenticrisprv2 vector available from Addgene (Catalog# 48138 and #52961) (Ran FA, 

2013) (Sanjana NE, 2014) using the associated protocols outlined there. Vectors were 

transfected into HEK293T cells using lipofectamine 2000 for validation which was done 

using a T7 Endonuclease assay, manufacturers protocol available from NEB (M0302S).   

 

Lentiviral Production and Validation 

  HEK293T cells were transfected with 2nd generation lentiviral vectors, 3ug 

pMD2G, 5ug pMDLG/pRRE, 2.5ug pRS-REV, and 10ug of the viral vector LCv2 using 

lipofectamine 2K. This was incubated for 48 hours upon which media was collected for 

“collection A” of virus. 72 hours later media was collected as “collection B” of virus. The 

collected media was filtered using a .45 um Steriflip filter, then virus was concentrated 

using a 4K Amicon Filter. The concentrated virus was aliquoted and stored at -80degC. To 
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perform a relative functional titer of the virus HEK293T cells were infected with 1:1000 

dilutions of the virus then underwent puromycin selection for 5 days. After which RNA 

was isolated and screened for Cas9 expression as well as reduction of UPF3B mRNA 

levels. For each viral prep concentration was chosen such that it was able to produce Cas9 

expression to that of endogenous control gene, either RPL19 or GAPDH.  

 

Transduction of iPSC 

 For a given viral preparation optimum concentration was used to infect a pool of 

iPSC culture on a 6 well plate. Previous a puromycin kill curve for the CVB iPSC cell type 

had been done to determine the concentration of puromycin needed to kill all cells not 

expressing the puromycin resistance gene in 3 days. Cells were then kept in selection 

conditions for 5-10 days depending on confluency and time of passage. When cells kept 

under selection conditions reached 70% confluency they were plated sparsely on a 6 well 

plate to allow the development of independent clones arising from a single cell. ~100-500 

cells per plate. Subsequently colonies that arose were manually disassociated using 0.5mM 

EDTA treatment and a P200 pipette tip and moved to a smaller cell culture dish for 

screening either 24 or 12 well depending on size of the colony. Afterwards cells were 

expanded for screening of DNA, RNA, and protein.  

 

Comprehensive Protocol for Transient Vector CRISPR Editing and Single Cell Cloning of 

iPSC. 

 The purpose of this sub section is to provide a straightforward protocol with 

established culture conditions necessary for single cell cloning of iPSC/hES cells. The 
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reason being there is very few concisely written protocols highlighting the different culture 

conditions available and providing commentary on improving single cell viability of iPSC 

which is significantly reduced relative to other cell types.  

 Routine maintenance of iPSC was done as described earlier, for the purposes of 

single cell cloning iPSC cells must first be cultured in mTesR1 media as it is the only media 

suitable for single cell cloning, in addition cells need to be accustomed to growing in it 

prior to transfection, and last conditioned media is needed for highest post FACS viability. 

3 days prior to transfection begin culturing the iPSC in mTesR1 collecting the exhausted 

media after each day and storing at 4degC. Two days prior to transfection place the cells 

in mTesR1 supplemented with 10mM Thiazovivin or RhoK inhibitor(RI). This promotes 

the cells to form a single layer rather than colonies, which is critical for high transfection 

efficiencies. Alternatively, cells can be cultured on vitronectin coated plates with the same 

conditions for even higher transfection efficiencies. As vitronectin further supports sparse 

single cells rather than colony formation (Thomson JA, 1998). 

 Prior to transfection optimized transfection conditions for the cell line of interest 

must be determined, using the DNA-In Stem transfection reagent and the associated 

transfection efficiency protocol that is available from the manufacturer. Taking into 

consideration toxicity of the cells as a function of too much DNA transfected, as the reagent 

itself will not kill the cells. Cells are optimum to transfect, when they are at 70% confluency 

in single cell layer typically after 3 days in RI. In this situation the downstream application 

of transfection was FACS into single cells for screening, post transfection GFP+ cell 

number were highest after 24 hours of transfection (~30%) though viability of positively 

sorted cells was reduced after subsequent culture. 48 hour post transfection GFP+ cells 
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have significantly decreased (~1-5%), though viability after cell sorting did increase as a 

result.  

 Several options exist for recovery of cells after FACS sorting, ideally cells are 

sorted directly onto a 96 well coated (either with vitronectin or matrigel) plate. Cells can 

also be seeded sparsely onto large cell culture dishes at densities of ~50 cells per mL of 

media for optimum clonality and viability. The media in which the cells are grown after 

FACS sorting should be “cloning media” which consists of ½ fresh mTesR1 ½ conditioned 

and filtered to remove cell debris mTesR1 supplemented with “SMC4” that consists of 

10mM thiazovivin, a Rho Kinase Inhibitor. 1 uM of CHIR99021 a GSK3 inhibitor, 0.4 uM 

PD0325901 a ERK/MEK inhibitor and 2uM of SB431542 a TGFß inhibitor (Valamehr B, 

2012). Initially cells are plated in ½ the volume of media they would normally be grown 

in for the first day, then complete volume of media is kept for the remainder, changing the 

media each day, by removing ½ the volume of old media and replacing it with ½ fresh 

media. Keeping the cells in cloning media for the first 3 days following FACS. Upon day 

4 or day 5 cells should be removed from media supplemented with SMC4 and grown in 

normal medium at this point media changes can be the entire volume each day. Visible 

colonies for should appear 7-10 days after the initial plating.  

 The first step in screening the colonies is DNA isolation to determine if successful 

edits have been made. The most practical way to do this from the initial plating, is to 

parallel passage onto 2 coated 48 well plates. At which point one plate will be taken to 

freeze during the screening process while the other will be taken for DNA isolation. The 

plate taken for freezing is grown to 70% confluency in the majority of wells. Once that has 

occurred cells are disassociated from the matrix using EDTA as previously described but 
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are resuspended in freezing media rather than normal media. For freezing directly in the 

plate it is best to use a commercial iPSC/hES freezing solution. Cryo-stor in this case was 

used with high success and very good recovery upon thawing. Once all cells are 

resuspended in the freezing media the plate is wrapped heavily in parafilm then placed in 

Styrofoam chamber at -80degC and kept there until it is needed.  

 For the plate taken for DNA it can be grown to 100% confluency as this will allow 

for the most DNA recovered and it will not impact any results. Once the majority of these 

cells have reached 100% confluency, the simplest way to isolate the DNA from several 

samples is a simple salting out procedure carried out overnight. Here (Miller SA, 1998) 

was adapted to meet the volume of a 48 well plate, and initial incubation in lysis buffer 

was done overnight at 37degc in the incubator. The remainder of the DNA isolation was 

carried out as outlined (Miller SA, 1998).  

 Screening was done by PCR amplification with primers flanking the region of 

interest by 250 bp on either side, followed by gel purification of fragments, and sanger 

sequencing. Though direct sequencing from PCR product can also be done as well. 

Depending on guide design, or nature of the genome edits other screening methods may be 

more feasible.  

 When successful clones have been identified you should take time to screen all 

possible clones because when thawing the cells an entire plate must be thawed at a time. 

The whole plate is placed from the Styrofoam chamber into the 37 deg C incubator and 

kept there for 5-10 minutes until the majority of the media has thawed with a small amount 

of ice still visibly present. Cells are diluted with complete volume of DMEMF12 media, 

which is then transferred to a microcentrifuge tube to pellet cells for 5 minutes at 1000 
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rpm. Cells are resuspended in mTesrR1 supplemented with 10mM RI and plated onto either 

vitronectin or matrigel coated plates. Which can then be expanded for freezing stocks or 

subsequent screening.  

 

Western Blotting 

 Whole protein lysates were isolated from cells using RIPA buffer, and protein 

concentration estimated using the Biorad Bradford reagent. Appropriate amounts of each 

protein were added to 10% SDS-PAGE gel and transferred to a PVDF membrane. UPF3B 

amount was determined using a full length antibody targeting UPF3B which can cross react 

with UPF3A, produced in rabbit. Figure 14A appears to have such a cross reaction, while 

Figure 14B and C do not. Blots were probed with secondary raised in mouse conjugated to 

HRP. WestPico Signal substrate was used to image for a 10 minute exposure in each of the 

blots shown.  

 

RNA Isolation and qPCR 

 Was done as previously described in chapter two.  
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TRANSCRIPTOME ANALYSIS OF UPF3B-NULL PATIENT CELLS AND UPF1-
DEPLETED EMBRYONIC STEM CELLS 
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INTRODUCTION 

Previous genome-wide studies of the effect of UPF3B-null mutations have largely 

relied on cell lines with limited clinical relevance. In the case of Nguyen et al., RNAseq 

was done in lymphoblastoid cell lines derived from patients (Nguyen LS, 2012). This study 

revealed that a potential NMD target, ARGHAP24 (associated with actin skeleton 

remodeling (Nguyen LS, 2012)), was dysregulated upon loss of UPF3B. This transcript 

had been validated as a NMD substrate by other UPF3B knockdown experiments done in 

HeLa cells (Chan WK, 2007) (Chan, 2009). In situ hybridization done in developing human 

brain tissue found that as neural differentiation occurs, UPF3B levels reduce while that of 

target gene ARGHAP24 increase. 

 Considering NMD acts in a cell type-specific manner, the transcriptome profile 

generated from lymphoblastoid cells from the above Nguyen et al., study may not reveal 

insights into the physiological or molecular impact of loss of UPF3B in patients. As 

previously mentioned, Lou et al. performed transcriptome profiling of UPF1-depleted hES 

cells and found that reduction of NMD perturbed the levels of several transcripts involved 

in pathways governing early cell germ layer specification and cell fate decision making 

(Lou CH, 2016). This study highlighted the importance in studying transcriptional profiles 

generated in relevant cell types to reveal insights on affected tissues.  

 Another limitation of early studies using “transcriptome profiling” to examine the 

effect of loss or reduction of NMD factors, is previous studies have identified differentially 

expressed genes rather than differentially expressed transcripts (Nguyen LS, 2012) (Lou 

CH, 2016). This is a result of how the data is analyzed, where reads from the data set are 

mapped to the genome, rather than the transcriptome. Given that degradation by NMD is 
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sensitive to both aberrant transcripts and alternative splicing (Karousis ED, 2016), 

differentially expressed genes likely represent differentially expressed transcripts as a 

result of reduction or loss of NMD but the reciprocal is not true. There are likely several 

transcripts associated with a given gene locus that are differentially expressed, but would 

be missed when mapping to a genome rather than a transcriptome. Though genomic-based 

approaches may provide a more simplistic view on the overall physiological implication of 

loss of NMD factors, it does not fully capture the impact on the transcriptome. Considering 

that NMD is a post transcriptional mRNA regulatory pathway, bioinformatic approaches 

profiling NMD deficient cells may provide better insights through direct analysis of the 

transcriptome. More recent NMD studies have taken this approach, utilizing transcriptome-

based analysis to determine degree of overlap between potential branches of the NMD 

pathway and to gain insights into the nature of the transcripts degraded by NMD (Colombo 

M, 2016). 

 Another potential way to provide mechanistic insights into the potential functions 

of NMD in the developing human brain is not only to look at the transcripts dysregulated 

as a result of loss of any of the factors, but also to look at the way in which these factors 

and potential NMD targets are expressed in a temporal fashion during development (Chou 

SJ, 2016). To date it has been found in mouse and rat that NMD activity is highest in the 

pluripotent stem cell and decreases as neural differentiation occurs, however this has yet 

to be determined in humans (Alrahbeni T, 2015) (Lou CH, 2014). As mentioned 

previously, it has been found that the expression of several NMD factors are the highest in 

pluripotent cells relative to other cell types in humans (Lou CH, 2016). However, this 

previous study did not look at expression levels at different cell stages. For example, this 
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information is important to provide insight as to what stage(s) in neurodevelopment NMD, 

are most needed.  

 In this chapter, I provide evidence that, in humans, NMD and EJC core factors 

expression are the highest in pluripotent cells and are downregulated during 

neurodevelopment. In addition, I identify transcripts dysregulated as a result of loss of 

UPF3B in patient iPSC that may be responsible for generating neurodevelopmental 

disorders. I propose that transcriptomic analysis of NMD-deficient hES cells has the 

potential to provide mechanistic insights to the impact of loss of UPF3B in 

neurodevelopment.  
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RESULTS AND DISCUSSION 
 
NMD and EJC Core Factor Expression Levels Decrease During Neural Differentiation 

 In order to determine the expression of NMD and EJC core factors during hES 

differentiation, I made use of publically available RNASeq data sets. In particular, I 

analyzed pluripotent stem cell, neural progenitor cells, differentiated neurons, and fully 

differentiated neurons for relative mRNA expression values, as determined by Reads Per 

Kilobase of transcript per Million mapped reads (RPKM). NMD and EJC core component 

RNAs were analyzed. Table 6 summarizes the RNAseq data sets used and the associated 

Gene Expression Omnibus (GEO) accession numbers (Marchetto MC, 2016) (Mariani J, 

2015) (van de Leemput J, 2014). Studies shown were chosen for sufficient size at each time 

point for statistical analysis (3 technical replicates for all 2 to 3 biological replicates).  

 
Table 6: Summary of public data sets used for analysis 
 

Study 

Gene 
Expression 
Omnibus 
(GEO) 
Accession 

Time Scale Size 

Cortecon GSE56796 hES to Cortical Neuron n=2,3 each timepoint 
SRR19508 GSE67528 iPSC to Neuron n=3 each timepoint 
SRR15764 GSE61476 NPC to Organoid  n=3 each timepoint 

 
 Shown in Figure 16-18 are heat maps detailing the relative expression levels of 

NMD and EJC core transcripts available from the Cortecon, SRR19508, and SRR15764 

data sets, respectively. In the case of the Cortecon data shown in Figure 16, NMD and EJC 

transcripts have higher expression at D0 and D7 (pluripotent cells and neural induction) 

relative to D77 (differentiated neurons). An exception is SMG6, which has an unusual 

expression pattern – first increasing and then decreasing (Figure 16). Interestingly, Figure 
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16 shows 3 NMD transcripts with expression highest upon neural induction – UPF3B, 

SMG6, and SMG7. Figure 16B largely replicates the trend seen in Figure 17; fewer time 

points for Figure 17 make direct comparison difficult, however the trend with SMG6 being 

lowest at pluripotency upholds, as well as other transcripts having highest expression 

during pluripotency and decrease as neurons form. Figure 18 replicates the same trend, 

however, note that D0 corresponding to the neural progenitors, not pluripotent cells. In all 

3 studies, the expression of NMD and EJC core factors decreases as differentiation into 

neurons occurs.  

 

Temporal Expression of Potential NMD Targets 

 Considering most NMD factors and EJC core transcripts follow roughly the same 

expression pattern during neurodevelopment, this permitted further analysis of normal 

temporal expression patterns of potential NMD targets. In order to infer a potential role of 

UPF3B during neurodevelopment several subsets of genes found to be differentially 

expressed upon loss of UPF3B in patient iPSC were analyzed for their normal temporal 

expression patterns in control data sets. In the situation where a subset of transcripts that 

are potentially regulated by UPF3B show the same temporal expression pattern it could 

suggest what context UPF3B is acting during neurodevelopment. For example, in the 

situation where all potential UPF3B targets have the highest expression during pluripotent 

stem cell stage, this would suggest UPF3B acts to regulate the pluripotent stem cell stage 

by preventing overexpression of these transcripts. In the opposite case, where the 

expression of potential UPF3B regulated targets are lowest in the pluripotent stem cell 
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stage this would suggest that UPF3B actively degrades a subset of transcripts that promote 

neurodevelopment.  

 Potential UPF3B regulated targets were broken down into groups by their NMD-

inducing features, with intron in the 3’UTR being the best predictor to determine if a 

transcript will be degraded by NMD (Colombo M, 2016). However, there was no clearly 

identifiable expression pattern found in potential direct UPF3B target transcripts (data not 

shown). The closest to a clear pattern is shown in Figure 19, which are overlapping 

transcripts that were found to be upregulated in patient cell lines and also bound by 

phosphorylated UPF1 (Kurosaki T, 2014). Transcripts bound by phosphorylated UPF1 are 

considered strong candidates to be direct NMD targets, as UPF1 is phosphorylated by 

SMG1 prior to a UPF1 bound transcript being degraded (Karousis ED, 2016). The 

clustering has been removed to aid visual analysis; there would appear to be two distinct 

subsets of expression patterns. One where expression is the highest in the pluripotent state 

and decreases along with NMD and EJC core factors. The other has the opposite pattern, 

where expression is the lowest in the pluripotent stem cell state and is upregulated upon 

reduction of NMD and EJC factor expression.   

 

Transcriptome Sequencing of NMD Reduced Pluripotent Stem Cells 

The transcripts shown in Figure 19 were derived from gene level differential 

expression analysis. However, transcript level differential expression analysis was needed 

to directly determine all dysregulated transcripts associated with a given gene locus. As 

NMD is a post-transcriptional RNA regulatory pathway transcript level differential 

expression analysis is most appropriate to describing the impact of reduction of NMD.  
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 To address this issue, I reanalyzed existing RNAseq data sets for the UPF3B-null 

patients iPSC as well as siUPF1-mediated UPF1-depleted hES cells from Lou et al. (Lou 

CH, 2016). This allowed me to identify differentially expressed transcripts (not only 

differentially expressed genes).  As a preliminary step, the different types of transcripts 

dysregulated were analyzed.  I found that the majority upregulated transcripts in both 

UPF3B-null patient iPSC and UPF1-depleted hES cells were “protein coding” (Tables 7 

and 9). In the case of UPF3B-null iPSC, upregulated retained intron transcripts were found 

to be more prevalent than in down regulated transcripts. In the case of upregulated 

transcripts in UPF1 knockdown hES, lincRNAs appear to more abundant relative to the 

downregulated transcripts.  

 Shown in Figure 20 is a summary of the differentially expressed transcripts 

identified in patient iPSCs relative to control iPSCs. The functional implications of 

dysregulation were inferred with Gene Ontology (GO) analysis (Figure 20 A and B). 

Interestingly, significantly enriched in the upregulated group, which contains transcripts 

likely to be directly regulated by UPF3B, are “actin skeleton organization” and several 

categories associated with “RNA processing.” This raises the possibility that UPF3B 

branch of the NMD pathway directly regulates other RNA processing pathways, perhaps 

to buffer them, in accordance with my data in Chapter 2. Enriched in mRNAs 

downregulated in patient iPSCs are those encoding proteins associated with “neural 

development” and “axon formation” (Figure 20B).  

To interpret results obtained from NMD-deficient patient iPSCs, I examined 

functional categories enriched among transcripts dysregulated in NMD-deficient (UPF1–

depleted) hES cells. Figure 20C and D shows the GO categories found for both upregulated 
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and downregulated transcripts upon reduction of UPF1 in hES. Interestingly, upregulated 

transcripts encode proteins involved in “muscle organ development” and “blood vessel 

morphogenesis;” both terms corresponding with mesoderm formation. Transcripts 

downregulated by UPF1 depletion were significantly enriched in another mesoderm-

associated term – “embryonic cranial skeleton morphogenesis.” The presence of enriched 

GO terms for mesoderm in both upregulated and downregulated transcripts upon reduction 

of UPF1 in hES is not consistent with the previous finding that NMD promotes the 

formation of mesoderm (Lou CH, 2016).  

Enriched GO terms associated with transcripts both upregulated in patient iPSC 

(i.e., likely triggered by loss of UPF3B) and upregulated in UPF1-depleted hES cells (i.e., 

high-confidence NMD targets) are “RNA metabolism” and “alternative splicing.” This 

finding is consistent with the possibility that NMD regulates other RNA regulatory 

pathways; it will be interesting in the future to define the post-transcriptional networks that 

NMD participates in. This is interesting considering that transcripts dysregulated by 

reduction in NMD magnitude either by loss of UPF3B or reduction of UPF1 were able to 

produce an enriched GO term associated with germ layer specification individually, while 

overlapping dysregulated transcripts between the two groups did not upregulated by both 

loss of UPF3B or reduction of UPF1 did not.                                                                                     

My results have several potential implications. First, they raise the possibility that 

the indirect effects of UPF3B impact early formation of the ectoderm, with several neural-

associated GO term being enriched. Second, putative direct targets of the UPF3B-

dependent branch of NMD encode proteins involved in RNA metabolism. Third, reduction 

of UPF1 in hES dysregulates transcripts whose encoded proteins are associated with 
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mesoderm formation. This is evidence to suggest that direct effects of NMD in early germ 

layer specification are directly responsible mesoderm formation as UPF1 is needed for all 

branches of NMD (Karousis ED, 2016). 

 

Temporal Expression of Neural-Associated UPF3B-Regulated Transcripts  

 Next I examined the temporal expression patterns of UPF3B-regulated transcripts 

associated with the neural-associated GO terms. I did this as a means to elucidate how 

UPF3B may impact neurodevelopment. Shown in Figure 21-23 are heat maps for the 

temporal expression pattern of UPF3B patient-downregulated neural-associated transcripts 

from the Cortecon, SRR19508, and SRR15764, data sets, respectively. Figure 21 shows 

that the majority of those transcripts have their lowest expression during the pluripotent 

stem cell stage and their expression increases during neuronal differentiation (with the 

exception of ALS2, ILK, and FGFR1). This trend upholds (with the exception of UNC5A) 

in Figure 22 which, depicts expression of UPF3B patient-downregulated neural-associated 

transcripts from pluripotent stem cell to fully differentiated neuron in control cell lines 

from the SRR19508 study. The trend is also supported (with expectation of METRN) by 

Figure 23 which, shows UPF3B patient-downregulated neural-associated transcripts 

expression pattern from neural progenitor cells differentiated into neural tissue organoids 

in the SRR15764 study.  

In order to define significant changes in expression between time points and infer 

temporal expression trends, appropriated statistical analysis, such as EBSeqHMM (Leng 

N, 2015), is required. Unfortunately, I was unable to complete this within the time frame 
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of my Master’s degree. Another future goal will be to examine the temporal expression of 

datasets from individuals with neurodevelopmental disorders. The analysis I did was from 

control cells from normal individuals; the studies I used for my analysis also had datasets 

from individuals with neurodevelopmental disorders, including autism spectrum disorders. 

This would be particularly exciting to do given that many patients with UPF3B-null 

mutations have autism spectrum disorder (Addington AM 2011). Thus, loss of UPF3B may 

contribute to this neuro-developmental disorder in particular genetic contexts. Analysis of 

the expression pattern of UPF3B-regulated transcripts in autistic patients may reveal 

candidate transcripts whose misregulation in UPF3B-mutant individuals causes one more 

symptoms in autism spectrum disorder.   
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Figure 16: Temporal expression of NMD and EJC core factors during 
neurodevelopment in Cortecon data set.  Log2 transformed RPKM values set at time 
points starting at pluripotency (D0) extending to fully differentiated neuron (D77). Of note, 
D7 corresponds with the day following neural induction by dual SMAD inhibition and D19 
corresponds with established neural progenitor cells. For each time point, n=2,3. Ward 
method hierarchical clustering of Euclidean distance shown in dendrogram on left, within 
chosen subset of genes.  
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Figure 17: Temporal expression of NMD and EJC core factors during 
neurodevelopment in SRR19508 data set. Shows Log2 transformed RPKM values set at 
time points starting at iPSC cell state extending to Neuron) for each time point n=3 
biological replicates. Ward method hierarchical clustering of Euclidean distance shown in 
dendrogram on left, within chosen subset of genes.  
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Figure 18: Temporal expression of NMD and EJC core factors during 
neurodevelopment in SRR15764 data set. Shows Log2 transformed RPKM values set at 
time points starting at NPC cell state extending to formed organoid culture. For each time 
point n=3 biological replicates. Ward method hierarchical clustering of Euclidean distance 
shown in dendrogram on left, within chosen subset of genes.  
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Figure 19: pUPF1 targets as a measure for NMD activity during neuronal 
development. Log-fold 2 RPKM values of pUPF1-bound and patient upregulated 
overlapping transcripts.  From the Cortecon data set RNAseq of the developing human 
cortex.  
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Figure 20: GO analysis of transcripts found to be significantly upregulated or down 
regulated in patient iPSC and UPF1 depleted hES. (A) upregulated in patient, (B) 
downregulated in patient. (C) UPF1 depleted upregulated (D) UPF1 depleted 
downregulated. (E) Overlapping transcripts upregulated in both patient iPSC and UPF1 
depleted cells.  
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Table 7: Summary of transcript types upregulated by loss of UPF3B in patient iPSC 
 

Transcript Type Transcript Percentage 
protein_coding 46.52% 
retained_intron 24.21% 
processed_transcript 11.55% 
nonsense_mediated_decay 8.23% 
lincRNA 3.48% 
antisense 3.16% 
processed_pseudogene 0.71% 
TEC 0.71% 
transcribed_unprocessed_pseudogene 0.47% 
unprocessed_pseudogene 0.40% 
transcribed_processed_pseudogene 0.24% 
Mt_rRNA 0.08% 
sense_overlapping 0.08% 
non_stop_decay 0.08% 
sense_intronic 0.08% 
Total Transcript Count 1264 
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Table 8: Summary of transcript types downregulated by loss of UPF3B in patient 
iPSC 
 
 

Transcript type Transcript Percentage 
protein_coding 66.87% 
processed_transcript 10.83% 
retained_intron 9.41% 
nonsense_mediated_decay 7.64% 
lincRNA 2.13% 
antisense 1.24% 
processed_pseudogene 0.62% 
sense_overlapping 0.27% 
non_stop_decay 0.27% 
unprocessed_pseudogene 0.18% 
transcribed_processed_pseudogene 0.18% 
transcribed_unprocessed_pseudogene 0.09% 
sense_intronic 0.09% 
misc_RNA 0.09% 
TEC 0.09% 
Total Transcript Count 1126 
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Table 9: Summary of transcript types found to be upregulated upon reduction of 
UPF1 in hES 
 

Transcript type Transcript Percentage 
protein_coding 55.35% 
nonsense_mediated_decay 17.45% 
processed_transcript 12.11% 
retained_intron 8.09% 
antisense 1.97% 
lincRNA 3.43% 
transcribed_unprocessed_pseudogene 0.50% 
snoRNA 0.06% 
unprocessed_pseudogene 0.16% 
processed_pseudogene 0.25% 
transcribed_processed_pseudogene 0.09% 
sense_overlapping 0.09% 
non_stop_decay 0.09% 
TR_C_gene 0.06% 
sense_intronic 0.03% 
misc_RNA 0.09% 
TEC 0.12% 
Total Transcript Count 3202 
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Table 10: Summary of transcript types found to down regulated upon reduction of 
UPF1 in hES 
 

Transcript type 
Transcript 
Percentage 

protein_coding 70.02% 
nonsense_mediated_decay 6.01% 
retained_intron 12.15% 
processed_transcript 8.49% 
antisense 2.16% 
lincRNA 0.78% 
processed_pseudogene 0.07% 
sense_overlapping 0.07% 
transcribed_unprocessed_pseudogene 0.07% 
non_stop_decay 0.07% 
TEC 0.07% 
sense_intronic 0.07% 
Total Transcript Count 1531 
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Figure 21: Temporal expression of neural associated dysregulated transcripts in 
patient iPSC analyzed in control Cortecon data set. Shows Log2 transformed RPKM 
values. For each time point n=3 biological replicates. Ward method hierarchical clustering 
of Euclidean distance shown in dendrogram on left, within chosen subset of genes.  
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Figure 22: Temporal expression of neural associated dysregulated transcripts in 
patient iPSC analyzed in control SRR19508 data set. Shows Log2 transformed RPKM 
values. For each time point n=3 biological replicates. Ward method hierarchical clustering 
of Euclidean distance shown in dendrogram on left, within chosen subset of genes. 

 
Figure 23: Temporal expression of neural associated dysregulated transcripts in 
patient iPSC analyzed in control SRR15764 data set. Shows Log2 transformed RPKM 
values. For each timepoint n=3 biological replicates. Ward method hierarchical clustering 
of Euclidean distance shown in dendrogram on left, within chosen subset of genes. 



 

 
 

73 

Closing Remarks and Model 
 A previous study suggested that the NMD pathway promotes the formation of 

mesoderm and inhibits endoderm differentiation via regulation of well-established 

signaling pathways (Lou CH, 2016). However, the impact of NMD on ectoderm 

differentiation and the specific roles of UPF3B in germ layer formation have been unclear. 

My data raises the possibility of another role for NMD – maintenance of robustness during 

early germ layer formation. In other words, NMD functions to promote canalization, which 

is the tendency to progress through development to create normal adult status when faced 

with perturbing outside influences. As defined by Conrad Waddington in his ground-

breaking work of the 1950s (Waddington CH, 1956) (Waddington CH, 1959). My evidence 

for this was the finding that patient iPSCs that lack UPF3B exhibit greater variance in 

expression of pluripotency, endodermal, and mesodermal markers, as compared to control 

iPSCs that express UPF3B. In contrast, I found that ectoderm-associated markers do not 

exhibit more variable expression in patient iPSCs relative to control iPSCs. This suggests 

that UPF3B functions to maintain cell identity. For example, in pluripotent cells, loss of 

UPF3B leads to variable expression of pluripotency markers, suggesting that these cells 

are not stably maintained in the undifferentiated cell state. Indeed, I observed variable 

expression endoderm and mesoderm differentiation markers, indicative of failure to 

maintain the pluripotent state. I postulate that another consequence of this loss of cell 

identity is a reduced capacity to form ectoderm. Evidence in support of this is my finding 

that patient iPSCs exhibited reduced proliferation relative to control iPSCs and they 

exhibited latent expression of pluripotency markers when pushed down the ectodermal 

lineage. Further evidence that UPF3B is critical for ectoderm differentiation is my finding 
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that patient iPSC have reduced expression of transcripts associated with neuronal 

development. In control iPSCs, these transcripts are expressed lowest at the pluripotent 

stem cell stage and increase as differentiation into neurons occurs. This highlights that the 

indirect effects of loss of UPF3B contribute to early capacity to differentiate into ectoderm.  

NMD is known to maintain the pluripotent cell state by proper regulation of 

endoderm and mesoderm differentiation (Lou CH, 2016). My results lead me to posit a 

model in which the UPF3B-dependent branch of NMD acts to buffer expression levels of 

pluripotency, endoderm, and mesoderm fate specifiers. In this process UPF3B is conferring 

full strength NMD to allow proper formation of the three primary germ layers (Figure 24). 

In the absence of UPF3B, weakened NMD results in greater variance in expression of 

factors controlling pluripotency, as well as endoderm and mesoderm fate, leading to defects 

in cell identity. Thus, pluripotent cells are not stably maintained in this state under non-

differentiation signals, as shown by variability in pluripotency marker genes. Likewise, 

UPF3B-deficient cells fail to respond normally to differentiation signals and only 

inefficiently undergo differentiation, as evidenced by variability in expression in 

differentiation markers.  
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Figure 24: Role of UPF3B in neurodevelopment: At the pluripotent stem cell stage 
UPF3B acts to confer proper NMD magnitude the net result of which is proper governing 
of pluripotency, endoderm, and mesoderm cell fate and full formation of all primary germ 
layers. Shown top. In absence of UPF3B NMD magnitude is decreased the net result of 
which is improper governance of germ layer specification and a decreased magnitude to 
generate ectoderm.   
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THE SMG6 GENE HARBORS HUMAN ACCELERATED REGIONS 
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INTRODUCTION 
 
 Human Accelerated Regions (HARs) are regions of the genome that have 

undergone rapid evolution in humans, relative to chimpanzees, but remain highly 

conserved amongst other vertebrates (Pollard KS, 2006). Many HARs correspond with 

enhancer regions associated with development (Capra JA, 2013). First identified in 2006, 

recent studies have found a significant association between HARs and neurodevelopmental 

disorders, including autism spectrum disorders (Doan RN, 2016). It is thus tempting to 

speculate that such HARs harbor important mutations that give rise to higher cognitive 

function and larger brain size relative to early hominids (Doan RN, 2016).  

 Given the growing evidence that NMD has roles in neural development (Nguyen 

LS, 2012) (Lou CH., 2014) (Alrahbeni T, 2015). I hypothesized that one or more NMD 

factor genes contain HARs. Such HARs could alter the regulation or function of such NMD 

factors in a manner that elicits human-specific neural development. Here, I provide 

promising evidence that one NMD factor gene, SMG6, harbors two HARs; a third HAR 

maps to a nearby locus. Given that SMG6 encodes an endonuclease critical for degrading 

NMD substrates (Karousis ED, 2016), this suggests that selective forces have caused 

endonucleolytic mRNA decay (and hence NMD) to evolve rapidly between early hominids 

and modern-day humans.  
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RESULTS AND DISCUSSION 
 

Three SMG6 Associated HARs 

Doan et al. contains a concise summary of all HARs found to date (Doan RN, 

2016). Using this publication and a HAR database provided by Dr. Pollard (U.C.S.F.) 

(Pollard KS, 2006), a list was generated to screen NMD and EJC core factor genes for 

HARs. I considered any HAR within 150 kb of a NMD/EJC gene as a positive hit. Using 

this approach, I found three HARs associated with SMG6, two of which map directly 

within the SMG6 gene (Figure 26).  HAR123 is intronic; HAR53 is in the first exon; and 

HAR471 is ~150 kb of the SMG6 gene locus. I also screened UPF1, UPF2, UPF3A, 

UPF3B, SMG1, SMG5, SMG7, SMG8, SMG9, EIF4A3, Y14, MLN51, MAGOH, 

MAGOHB, DHX34, BTZ, CASC3, RNPS1, PYM, and NAG (Karousis ED, 2016). I did not 

identify any HARs associated with any other NMD or EJC genes. 

 

HAR123 and HAR471 Have Characteristics of Astrocyte Enhancers 

 As most HAR regions correspond with developmental enhancers it was of interest 

to determine whether HAR123 might have characteristics of an enhancer, given its intronic 

location. Figure 27 shows that HAR123 lines up with a putative enhancer region harboring 

DNase I and H3K27 acetylation sites present in astrocytes. This raises the possibility that 

HAR123 is an astrocyte enhancer. HAR471 also maps to a putative astrocyte enhancer 

region (Figure 28). 
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Non-conservative codon mutations in HAR53 

 HAR53 is in the coding region of SMG6 and thus it has the potential to alter the 

SMG6 protein. Indeed, the predicted amino-acid sequence of human SMG6 has a region 

with multiple amino acid differences from other vertebrate species (Figure 29). This HAR 

encompasses amino acids 307-440 of human SMG6; it corresponds to a region of unknown 

function downstream of the 2 EJC interaction domains (AA 39-59 and 133-153) and before 

the 14-3-3 domain (AA 576-816) (Karousis ED, 2016). This region has 4 amino-acid 

differences between humans and chimpanzees; 2 out of 4 are non-conservative amino-acid 

changes. One amino-acid substitution—K-420 (S)—while different between human and 

chimpanzees (Pan. Troglodytes), is not conserved through all vertebrates (Table 11).  Thus, 

the relevance of this particular amino-acid substitution to human-specific evolution is 

unclear. 

  

Implications and Future Studies 

The identification of two HARs mapping directly to the SMG6 gene locus, as well 

as one within ~150 kb of the SMG6 gene raises the possibility that SMG6 has been subject 

to strong selective forces in the hominid lineage. Given that HARs appear to most often 

correspond to transcriptional regulatory elements that act in development (Pollard KS, 

2006), the 2 HARs in the non-coding region of SMG6 are good candidates to also act in 

this manner. In particular, many HARs are thought to guide neural development (Doan RN, 

2016), which leads to the intriguing possibility that the putative astrocyte HAR enhancer 

region near SMG6 serves to drive and regulate SMG6 expression in either glial progenitor 

cells or mature astrocytes (Molofsky AV, 2012).  
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Because SMG6 is a key component of a post-transcriptional regulatory pathway 

and other HARs most often result in new developmental enhancer regions of the associated 

gene, the rapid evolution of SMG6 may be to regulate the enhanced expression of those 

genes.  SOX2-binding sites were previously found to be enriched in HARs that mapped to 

genes associated with autism spectrum disorders (Doan RN, 2016). Given that SOX2 is a 

critical transcription factor in maintaining pluripotency (Chambers I, 2009) and neural cell 

lineage decisions (López-Juárez A, 2012), this raises the possibility that a subset of HARs 

serve to alter SOX2 responsiveness of select pluripotency and neural genes as a means to 

drive normal human brain development and behavior. In the future, it will be interesting to 

see if there is a significant overlap between SMG6/NMD target RNAs and genes whose 

SOX2-binding sites correspond with a HAR. If so, these genes may have coevolved to be 

regulated by NMD, and have known implications in neurodevelopment. Future analysis of 

HARs and links to NMD targets is likely to reveal novel insights about the role of NMD in 

neurodevelopment.   
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Figure 25: HARs associated with SMG6. Two HARs map directly within SMG6 gene 
locus. HAR123 is intronic, while HAR53 is in the first exon. HAR471 is within ~150 kb 
downstream of the SMG6 gene locus.   
 

 
  
Figure 26: HAR123 corresponds with an astrocyte enhancer. Shown is an alignment of 
HAR123 and HAR53 (outlined in vertical blue bars) with select cell type-specific DNase 
I hypersensitivity sites and H3K27 acetylation sites. Predicted enhancers are denoted in red 
(Vista database) or yellow (Encode database).  
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Figure 27: HAR471 corresponds with an astrocyte enhancer. Shown is an alignment of 
HAR471 (outlined in vertical blue bars) with select cell type-specific  DNAseI digestion 
sites and H3K27 acetylation sites. Predicted enhancers are denoted in red (Vista database) 
or yellow (Encode database)  
 

 
 
Figure 28: Impact of HAR53 on the SMG6 coding region. HAR53 spans amino acids 
239-362 in human SMG6 (indicated as 307 to 440 in this figure). The numbering in this 
figure is based on protein sequence alignment of the multiple species shown.  
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Table 11: Amino-acid substitutions in the HAR53 region. The left column shows 
differences between Pan. troglodytes and human, where the left residue is human and the 
right residue is Pan. troglodytes (numbering follows Figure 29). * indicates an amino acid 
in Pan. Troglodytes that differs is some other vertebrates. The right column has amino acid 
residues numbered as in human SMG6.   

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Amino-Acid 
Substitution Type 

Human SMG6 
Residue 

R-325 (C) Non-Conservative R257 
K-420 (S)* Non-Conservative K352 
A-421 (G) Conservative A353 
Y-424 (N) Conservative Y356 
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