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ABSTRACT OF THE DISSERTATION
Nonsense-Mediated RNA Decay in Neuronal Cell Stress and Survival
by
Zhelin Li
Doctor of Philosophy, Graduate Program in Genetics, Genomics, and
Bioinformatics

University of California, Riverside, March 2020
Dr. Sika Zheng, Chairperson

Nonsense-mediated RNA decay (NMD) is a cell surveillance system that
degrades aberrantly processed RNA transcripts containing premature termination
codons (PTCs). PTCs can arise from various genetic mutations. In addition to
serving as a passive fail-safe mechanism, recent studies suggest NMD is also
actively involved in alternative splicing (AS), stress responses, neurogenesis,
and other biological processes. This dissertation is aimed to further investigate
the relationship between NMD and other stress mechanisms.

To overcome some inherent problems of assaying endogenous NMD
targets, Chapter 2 presents an easily and broadly applicable AS-NMD reporter
assay to quantify cellular NMD activity, in real time. This new strategy reliably
distinguishes NMD regulation from transcriptional control, AS regulation, and
discloses a different sensitivity of NMD targets to NMD inhibition. It is then used
to screen molecules for NMD inhibitors including thapsigargin in neuro-2A cells.

Chapter 3 shows stresses affect NMD differently and the mechanistic

discovery of NMD inhibition upon thapsigargin treatment. The endoplasmic

Vi



reticulum (ER) stress and polysome disassembly caused by thapsigargin suggest
that an activated unfolded protein response (UPR) pathway by protein kinase
RNA-like endoplasmic reticulum kinase (PERK) is required for NMD inhibition,
instead of calcium signaling pathways. Such stress induced NMD inhibition can
compound TDP-43 depletion proteinopathy via upregulating NMD isoforms that
had been implicated in the pathogenic mechanisms of amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD) which could be completely
blocked by PERK deactivation.

In Chapter 4, a pioneer in vitro conditional NMD deficient neural progenitor
cell (NPC) system is created using adeno-associated virus serotype 9 (AAV9).
Significant loss in NPC viability is observed during UPF2 knockout. Candidate
genes, Gadd45b and Gadd45g, knockout using CRISPR-Cas9 failed to rescue
NPC survival. This finding suggests NMD activity is essential for cell viability,
likely maintaining the homeostasis of NPC transcriptome during renewal
processes.

In summary, AS-NMD strategy screens and reveals the pathway of NMD
inhibition by ER stress and the implicated ALS proteinopathy. More importantly,
the research highlights NMD interaction with stress and cell survival, especially in
NPCs, that could provide future therapeutic approaches toward related genetic

diseases.
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Chapter 1: Introduction



Introduction to nonsense-mediated RNA decay in eukaryotes and mammals

Nonsense-mediated RNA decay (NMD) is a cellular surveillance
mechanism that selectively degrades mutated and aberrantly processed
transcripts that contain premature termination codons (PTC) (Kurosaki, Popp,
and Maquat 2019; S. Lykke-Andersen and Jensen 2015; Hug, Longman, and
Céceres 2016; Y.-F. Chang, Imam, and Wilkinson 2007). PTC arises when a
position on an RNA transcript that normally encodes an amino acid is changed to
a UAG, UAA, or UGA stop codon prior to its original translation termination site.
The presence of such PTCs destabilizes RNA transcripts and initiates NMD.
Genome wide studies estimate that these premature termination mutations
account for at least 11% of all DNA mutations and can be caused by alternative
splicing (AS), genome rearrangements, or random mutations (Kuzmiak and
Maquat 2006; J. T. Mendell and Dietz 2001; Shi et al. 2015; Mort et al. 2008).
The wide range of downstream targets indicate that the functions of NMD goes
well beyond just a failsafe system, but it is also actively involved in molecular and
cellular processes, and genetic diseases which will be discussed later in this
chapter.

NMD was first described by Dr. Maquat while studying patients with 0-
thalassemias caused by a shortage of B-globin due to the reduced stability in the
B-globin mRNA during the early 1980s (L. E. Maquat et al. 1981; Losson and
Lacroute 1979). Over the past decades, researchers have identified many key

factors and details revolving the NMD mechanism (Table 1) (Han et al. 2018).
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Early screening of yeast and c. elegant identified important NMD factor Up-
frameshift protein 1 (UPF1) and Suppressors with Morphological defects on
Genitalia (SMG) 1 to be involved in the stability of NMD transcripts (Pulak and
Anderson 1993; Leeds et al. 1991; A. Yamashita et al. 2001). Soon, UPF1’s
interaction with UPF2 was deemed to be essential to initiate NMD mechanism
while UPF3B and analog UPF3A stabilize such interaction by anchoring NMD
factors on the RNA transcript (Kadlec, Izaurralde, and Cusack 2004; Gehring et
al. 2003; Shum et al. 2016). Along with additional SMG family proteins (SMG5,
SMG6, SMG7, SMG8 and SMG9), providing dephosphorylation and nuclease
activities, the conventional NMD model in eukaryotes can be established (Akio
Yamashita et al. 2009; Cali et al. 1999; Chiu et al. 2003; Anders, Grimson, and

Anderson 2003).
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Table 1. Key eukaryotic NMD factors

Key
eukNaI\;IyS)tlc Major NMD functions
factors
UPE1 RNA-_dependent helicase ar_ld ATPase that is
required for nonsense mediated RNA decay
Part of the multiprotein complex at the exon
UPF2 junction that directly interacts with UPFL1 to
initiate NMD
Anchoring UPF2 and the EJC factors to promote
UPF3B o
NMD activity
Paralog of UPF3B that is reported to have
UPF3A redundent functions as UPF3B, but a weaker
NMD promoter
SMG1 Serine/threonine protein kinase 1 that
phosphorylates UPF1
Heterodimerize with SMG7 to promote NMD
SMG5 :
degradation
SMG6 NMD endonuclegse that cleaves NMD targets in
parallel with SMG5-SMG7 complex
SMG7 Mediate NMD transcript degradation through 5'-
to-3' decapping and exonuclease XRN1
SMG8 Repressor subunit of SMG1
SMG9 Repressor subunit of SMG1




Figure 1 presents a holistic view of the exon junction complexes (EJC)
dependent NMD model in eukaryotes and mammals. In a normal mRNA
transcript, EJCs consist of core tetramers of elF4A3 (eukaryotic initiation factor
4A3), MAGOH, Y14, and MLN51 are assembled 20 - 24 nucleotides upstream of
exon-exon junctions (EJ) (Figure 1A) (Hervé Le Hir, Sauliere, and Wang 2016; H.
Le Hir et al. 2000). The pioneer round of translation choreographed by the cap
binding protein complex (CBC) including CBP80 - CBP20 heterodimer and
eukaryotic initiation factor 4G (elF4G) initiate ribosome translation at the start
codon position, replacing resident EJC and UPF1 along the translated transcript
and is terminated at the normal termination position (NTC), positioned after the
last EJ (Figure 1B) (Y. K. Kim and Maquat 2019; Kurosaki and Maquat 2013;
Hogg and Goff 2010; Schuller et al. 2018; Ishigaki et al. 2001; Lynne E. Maquat,
Tarn, and Isken 2010).

However, in an mRNA transcript harboring PTC > 50 to 54 nucleotides
upstream of an EJ (Figure 1C), ribosome is prematurely stalled at the PTC
position (Figure 1D). If the poly(A)-binding protein 1 (PABPC1) at the 3’
untranslated region (3’ UTR) is too distant to interfere with the resident UPF1
from joining the eukaryotic release factor 1 and 3 (eRFs) to allow the dissociation
of ribosomes, then UPF1 and the eRFs is stabilized at the PTC. A transient
translational termination complex is formed to assist ribosome disassembly
(Czaplinski et al. 1998; lvanov et al. 2008; Kashima et al. 2006; Peixeiro et al.

2012; Singh, Rebbapragada, and Lykke-Andersen 2008). Next, the SMG1 lead
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SMG1-SMG8-SMG9 serine/threonine kinases directly interact with the resident
NMD factor UPF1 and the eRFs to form the “SURF” complex at the PTC location
(Figure 1D) (Franks, Singh, and Lykke-Andersen 2010; Serdar, Whiteside, and
Baker 2016; Czaplinski et al. 1998; lvanov et al. 2008). Nearby UPF2 anchored
to the EJC-bound UPF3B is recruited to promote UPF1 and SURF complex,
restructuring it into the decay inducing DECID complex (Figure 1E) (Kashima et
al. 2006; Chamieh et al. 2008). At the same time, UPF2 assists dissociation of
SMG8 and SMG9 from SMG1 which allows the conformational activated SMG1
to phosphorylate UPF1 (Melero et al. 2014; Chamieh et al. 2008; Usuki et al.
2013). The phosphorylated UPF1 then recruits either SMG6 for endonuclease
degradation and / or XRN1 and SMG5-SMG7 mediated exonuclease degradation
(Figure 1E) (Colombo et al. 2017; Franks, Singh, and Lykke-Andersen 2010;
Eberle et al. 2009; Huntzinger et al. 2008; Okada-Katsuhata et al. 2012).

NMD encompasses a large variety of functions and mechanisms, this
introductory chapter will first focus on the cis characteristics of NMD targets and
its intimate interactions with alternative splicing. Then, focusing on a specific
physiological role of NMD in brain development and the newfound potential in
gene therapy in conjunction with gene editing. The information in this chapter will
hopefully provide sufficient backgrounds and logic for the dissertation works

presented in the upcoming chapters.


https://paperpile.com/c/IXQLJl/ZF8M+jQQq+MjfL+1vDm
https://paperpile.com/c/IXQLJl/ZF8M+jQQq+MjfL+1vDm
https://paperpile.com/c/IXQLJl/JIKD+ao0S
https://paperpile.com/c/IXQLJl/JIKD+ao0S
https://paperpile.com/c/IXQLJl/kCyg+ao0S+l44B
https://paperpile.com/c/IXQLJl/kCyg+ao0S+l44B
https://paperpile.com/c/IXQLJl/QgXX+ZF8M+oHoY+NarR+tAiA
https://paperpile.com/c/IXQLJl/QgXX+ZF8M+oHoY+NarR+tAiA

CBC

CBC
SURF complex NMD facﬂors
NMD fad{or%s

PTC "\ &IC)

Ribosome

Ribosome

cA
STOP  opo¥

[ %

A
STOP  opePY




Figure 1. The EJC mediated nonsense-mediated mRNA decay pathway. (A)
In a normal mRNA transcript. Exon junction complexes (EJCs) assemble 20-24
nucleotides upstream of exon-exon junctions (EJ). (B) The pioneer ribosome
reads and translates along the mRNA transcript while displacing the EJCs. The
stop codons are located after the last EJ where full length proteins are translated.
(C) In case a PTC arise more than 50-54 nucleotides upstream from the last EJ,
(D) the first round of translation is stalled at the PTC instead of the normal
termination codons. Leading to the interaction of SMG1 kinase with resident
NMD factors UPF1 and eukaryotic release factors (eREs) to form SURF complex
at the PTC location. Note PABP1 competes with UPF1 as a stabilizing factor for
the transcript, however, it is distal and insufficient to interfere with SURF
formation. (E) At the same time, the nearby EJC resident UPF2 anchored by
UPF3B is recruited to interact directly with UPF1, forming the decay inducing
complex DECID. DECID enables SMG1 to phosphorylate UPF1 and dissociate
eRFs. The phosphorylated UPF1 then recruits either SMG6 for endonuclease
degradation and / or SMG5 - SMG7 mediated exonuclease degradation.



NMD targets - what does it mean to be “nonsense”

An RNA physiology marked for NMD may be resulted from any of the
following circumstances: an upstream open reading frame in the 5’ untranslated
region (5 UTR); a spliced intron in the 3’'UTR; alternative mRNA splicing shifting
the reading frame and resulting in a PTC upstream of an EJC; and the inclusion
of a middle alternative “toxic" exon containing an in-frame PTC (Hug, Longman,
and Céceres 2016; Kurosaki, Popp, and Maquat 2019). The most well studied
feature of NMD targets in eukaryotes has to be the distance of a PTC from a
downstream exon junction. This so called “50 to 55 nts” rule indicates a transcript
with a stop codon 50 to 55 nts upstream of an exon-exon junction is consistently
selected by NMD for degradation (Lynne E. Maquat, Tarn, and Isken 2010; J.
Lykke-Andersen, Shu, and Steitz 2000; H. Le Hir et al. 2000, 2001). Reasoning
for this rule is straightforward as a ribosome fails to remove the EJC during
translation because it is terminated at the PTC distant enough from the junction.
This in turn leads to failure of preventing UPF1 interaction with EJC, initiating the
NMD machinery (Nagy and Maquat 1998).

Such NMD sensitivity towards spatial and distal factors could also explain
why “pioneer” rounds of translation often trigger NMD. The CBC bound mRNAs
are linear during the first round of translation whereas elF4E replaces CBC after
initial translation to circularize the mRNA in coordination with poly(A)-binding
proteins (PABP) at the 3’ UTR (Lynne E. Maquat, Tarn, and Isken 2010; Matsuda

et al. 2007; Fatscher et al. 2014). This brings PABPs to a closer proximity to
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compete with UPF1 interaction with the eRFs. Insufficient interaction between
UPF1 and the other factors can escape NMD and stabilize the transcripts (Toma
et al. 2015; Fatscher et al. 2014; Hogg and Goff 2010; Ivanov et al. 2008; Singh,
Rebbapragada, and Lykke-Andersen 2008).

In addition to PABPs, the large heterogeneity of a 3' UTR sequence can
also influence NMD efficiency. The residential UPF1 binding level is a good
example of innate features of 3’ UTR affecting NMD activity (Toma et al. 2015;
Hogg and Goff 2010; Buhler et al. 2006). This feature could explain the
foundation of an alternative EJC independent model, the 3’ faux model. The 3’
faux model indicates that longer 3° UTRs are able to host more UPF1 factors
which lead to more NMD activities in the yeast Saccharomyces cerevisiae
(Amrani et al. 2004; Meaux, van Hoof, and Baker 2008; Kurosaki and Maquat
2013; Shigeoka et al. 2012). All these structural organizations can be employed
as guides in identifying NMD substrates and their downstream applications of

NMD in biology.

NMD and alternative splicing (AS-NMD)

Due to the dependency of NMD activation in relation to EJC position and
PTC introduction, NMD is intimately coupled with alternative splicing (AS-NMD).
Alternative splicing (AS) is the process that joins exons of an RNA transcripts in
order to produce different variants that translate into structurally and functionally

different proteins from a certain number of gene templates (Scotti and Swanson

10
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2016; Lee and Rio 2015). AS plays an important role in differential expression of
genes that are important for cellular metabolism, growth, differentiation, and
apoptosis (Manning and Cooper 2017; Baralle and Giudice 2017).

Up to 80% of human genes are subjected to alternative splicing regulation,
and 30 to 35% of alternative splicing events in human and mouse will produce a
PTC containing isoform through reading frameshifts (Lewis, Green, and Brenner
2003; Weischenfeldt et al. 2012; Pan et al. 2006; Hervé Le Hir, Sauliére, and
Wang 2016). For example, AS-NMD is also widely used by splicing regulators
and some RNA binding proteins (RBP) to maintain their own homeostatic
expression (Lareau et al., n.d.; Ni et al. 2007; Saltzman et al. 2008; Boutz et al.
2007; Spellman, Llorian, and Smith 2007). It can also be harnessed to control the
expression of non-RBP genes during development (Zheng et al. 2012; Vuong,
Black, and Zheng 2016). Some endogenous snoRNA and alternatively spliced
NMD-sensitive gene isoforms are cell types and organs specific, suggesting the
NMD can diversify the fate of an alternatively spliced RNA transcript when
coupled together (S. Lykke-Andersen et al. 2014; Thoren et al. 2010;
Weischenfeldt et al. 2008; S. Lykke-Andersen and Jensen 2015). Evidence of
AS-NMD supports the role of NMD as an essential gene regulation mechanism.
The potential application of AS-NMD coupling will be discussed in chapter 2 and
3 to develop an assay that can quantitatively determine endogenous NMD
activity, using the abundance of AS-NMD physiologic transcripts (Peccarelli and

Kebaara 2014; Chan et al. 2007; Isken and Maquat 2008; Rehwinkel et al. 2005;

11
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Nott, Meislin, and Moore 2003). This assay could be useful in future diagnostics

and easily applied in all fields of NMD studies.

The intertwining network of NMD and brain development

NMD plays an extremely important role in fine tuning gene expressions
and maintaining cellular homeostasis in all cell types (Lulu Huang et al. 2011;
Weischenfeldt et al. 2008). Recently, NMD has received the attention of
neuroscientists for its important roles in axonogenesis, synaptic growth, neuronal
differentiation, and apoptosis (Jaffrey and Wilkinson 2018; Han et al. 2018; Lou
et al. 2014; Zheng 2016; Peccarelli and Kebaara 2014). These physiological
changes are likely because of the direct or indirect NMD regulations of
downstream neural specific transcripts (Joshua T. Mendell et al. 2004; Wittmann,
Hol, and Jack 2006; Schmidt et al. 2015; Weischenfeldt et al. 2012). For
instance, a synaptic protein PSD-95, encoded by the Psd-95 gene undergoes an
AS-NMD process during brain development to modulate normal synaptic
formation. During late neuron development, exon 18 of Psd-95 is included,
prompting the gene to escape from NMD fate. Therefore, expressing PSD-95 for
neuron maturation (Zheng et al. 2012; Zheng 2016). Another example, Robo3.2,
an alternative variance of Robo3 axon guidance gene is also a target of NMD
due to intron retention, demonstrating the role of NMD in axon guidance (Colak

et al. 2013). In the case of neural stem cell differentiation, the Smad7 mRNA

12
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transcripts are also actively regulated by NMD to enhance TGFf signalling and
promotes neuronal differentiation from proliferation (Lou et al. 2014).

On a brain physiology level, observations of humans and mice lacking
Upf2 in the forebrain show memory, intellectual, and communication deficits from
brain inflammation which could be attributed to a slew of inflammatory genes
being upregulated from NMD inhibition (Johnson et al. 2019). Another NMD
factor causing neuronal impairment is UPF3B. RNA sequencing data obtained
from UPF3B deficient mice frontal cortex shows transcripts directly responsible
for neural differentiation are significantly affected (L. Huang et al. 2018).
Moreover, NMD factors have been closely linked with neural development
defects and disorders which will be introduced in the following section. Together,
recent studies shed lights on the importance of NMD in neuronal development.
This dissertation will explore a novel UPF2 null neuronal progenitor cell (NPC)

model in chapter 4, especially in regards to NPC growth and viability.

NMD related human diseases and its applications in gene engineering and
therapy

Since first establishing connection of NMD with f0-thalassemias in the
1980s, a plethora of NMD targets and related genetic diseases have been
reported (Kurosaki, Popp, and Maquat 2019; Mort et al. 2008; Kurosaki and
Maquat 2016; Khajavi, Inoue, and Lupski 2006; L. E. Maquat et al. 1981; J. C.

Chang and Kan 1979). Many NMD related diseases are caused by the
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introduction of a toxic PTC to normal functional genes. For example, a PTC
mutation on the cystic fibrosis transmembrane regulator (CFTR) gene leads to
dysfunction in the airway cells that cause cystic fibrosis (CF) (Linde and Kerem,
n.d.). Two forms of muscular dystrophy, Duchenne muscular dystrophy (DMD)
and Becker muscular dystrophy (BMD), are also results from premature
termination on the dystrophin gene (Kerr et al. 2001; Koenig et al. 1987).

Last section discussed NMD’s important role in neuronal development,
naturally, it also contributes to many neurodegenerative diseases and disorders
such as ADHD, autism spectrum disorder, amyotrophic lateral sclerosis (ALS),
and many others (Jolly et al. 2013; Jaffrey and Wilkinson 2018; L. Huang et al.
2018). ALS and its associated frontotemporal dementia (FTD) are reported to
potentially be caused by the accumulation of aberrant NMD transcripts when the
faulty TAR DNA-binding protein (TARDBP) encoding gene Tdp-43 and FUS
RNA-binding protein gene Fus are introduced (Arai et al. 2006; Barmada et al.
2015; Ling et al. 2015). These “cryptic” or hidden gene variations overwhelm the
endogenous NMD surveillance system that lead ALS - FTD.

Moreover, disruption in NMD are also observed in pancreatic
adenosquamous carcinomas, hepatocellular carcinoma, and tumor
microenvironments through either faulty NMD factors or NMD targeting genes
(Kurosaki, Popp, and Maquat 2019; Bokhari et al. 2018; Gardner 2010; Popp and
Maquat 2018). In total, it is estimated that nearly 30% of all genetic disorders are

consequences of a nonsense or frameshift mutation that introduces a PTC,
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making the modulation of NMD an important approach in curing these diseases
(J. N. Miller and Pearce 2014).

One therapeutic approach is called readthrough therapy. Instead of
translational termination at the PTC which could activate NMD machinery, the
termination signals are suppressed and allowed to proceed toward the normal
termination codon position (NTC) (Bidou et al. 2012; Keeling and Bedwell 2011).
The nature of termination efficiencies between the three stop codons, UGA,
UAG, and UAA, along with additional elements allow some PTC positions to be
translated through, but terminated at the NTC position as full length proteins
using small molecules and other exogenous agents (Manuvakhova, Keeling, and
Bedwell 2000). It is estimated that 3 million individuals in the US could benefit
from such PTC readthrough / suppression therapy alone (Keeling and Bedwell
2011).

The most common and well studied method of readthrough therapy is
treating with aminoglycosides (AAGS). Discovered in the 1960s as antibiotics,
AAGs interferes with condon matching of tRNAs to misread transcripts through of
PTC (Burke and Mogg 1985; Anderson, Gorini, and Breckenridge 1965; Davies,
Gilbert, and Gorini 1964). Treatments with AAGs have been tried in DMD
disease models using gentamicin to restore 10 to 20% of normal dystrophin
expression in skeletal muscle cells (Barton-Davis et al. 1999). Another AAG
molecule called PTC124 is shown to be one of the most potent readthrough

compounds (Welch et al. 2007). Extensive studies and clinical trials have been
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done using PTC124 in both CF and DMD patients. However, both clinical trials
failed in phase 3 without significant improvement to reach milestone results
(Bushby et al. 2014; Kerem et al. 2014; McDonald et al. 2017). This is likely
because of the low levels of mMRNA substrates available for translational read-
through when NMD is normal and active (Kerem 2004; Nagel-Wolfrum et al.
2016). In addition, while many AAGs show low toxicity, they still can lead to
kidney damage and hearing loss which limits the dosages that can be used in
humans to maximize readthrough. Additional compounds must be co-
administered to alleviate side effects which can also inhibit readthrough efficiency
(Keeling and Bedwell 2011). To mediate such problems, recent antisense oligos
targeting NMD factors and small molecule NMD inhibitors have been used in
conjunction with AAGs that show improved readthrough efficiency (Lulu Huang et
al. 2018; Matrtin et al. 2014, Linde et al. 2007).

In recent years, new methods of suppression therapy have been in
development. Take engineered tRNA. Instead of using a small molecule to
indiscriminately readthrough, the engineered tRNA can substitute the specific
disease-causing mutation site with the canonical amino acid using the PTC code.
One study showed potent suppression of PTC sites where the engineered
tRNAs, GIn-UAA and Arg-UGA, were used to substitute termination signals both
in vivo and in vitro (Lueck et al. 2019). The new generation of readthrough or

PTC suppression therapy is promising and advancing rapidly, but still no
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approved therapy is available suggests the intricate balance and complexity of
NMD that is puzzling over these genetic diseases.

As more and more targets and multitude of biological processes are linked
to NMD, the traditional small molecule readthrough may no longer satisfy the
standard for today’s gene therapy. For the past eight years, a promising gene
editing technology called clustered regularly interspaced short palindromic repeat
(CRISPR) is extending the potential of NMD in gene therapy (Popp and Maquat
2016). The CRISPR system was originally discovered as a bacterial defense
mechanism to defend against foreign viral genomes (Smith and Wilcox 1970;
Kelly and Smith 1970; Ishino et al. 1987). It had been pushed into the spotlight
with landmark publications and applications in editing eukaryotic cells (Doudna
and Charpentier 2014; Cong et al. 2013; Jinek et al. 2012). It's minimalistic
plasmid design of Cas9 nuclease fused with a small guidance RNA (sgRNA) can
target any region of interest around the genome. It is much more convenient than
the earlier protein engineering based gene editing technologies such as zinc
fingers or the TAL effectors site directed editing (Cong and Zhang 2015; Cong et
al. 2013; J. Miller, McLachlan, and Klug 1985; Boch et al. 2009; H. Kim and Kim
2014).

Now, CRISPR technology is providing the possibility to hijack the normal
function of endogenous NMD to silence mutated genes as a method of gene
therapy. For instance, CRISPR gene editing can introduce DNA double strand

breaks via Cas9 nickase activity at a designated position on a gene guided by
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the sgRNA. Nonhomologous end joining (NHEJ) ensues and repairs the breaking
site which often results in DNA insertions or deletions (indels). When designed
correctly, NHEJ repairs introduce PTCs to create loss of function genes that will
be completely destroyed by NMD before producing any proteins (Popp and
Maquat 2016; Tuladhar et al. 2019; Shalem, Sanjana, and Zhang 2015). One
obvious limitation of the first generation CRISPR-Cas9 20 nts guidance RNA
design is the position of the protospacer-adjacent motif (PAM) sequence. The
three-nucleotide NGG PAM site must be adjacent to the target sequence for
Cas9 binding (Jinek et al. 2012), thus limiting the freedom of optimal targeting.
However, with tremendous amounts of motivation behind this technology,
CRISPR is evolving to developing Cas enzymes with flexible PAM recognition,
improved fidelity and specificity, inactivated dead enzymatic activity (dCas), and
even a repertoire of single stranded DNA or RNA nickase derived from ortholog
bacterial species engineering (Zhang 2019).

At the same time, individual genomes are sequenced more often and
could be used to pinpoint the exact disease causing polymorphisms.
Identification of the precise PTC location could be the key in solving the
challenge of NMD therapy regarding specificity. CRISPR gene editing now
enables scientists to fully utilize NMD properties that could be extremely
beneficial in the future of gene therapy and diagnostics. Designing a CRISPR
system to precisely target in accordance with the rules of NMD could be

extremely useful for diagnosis and treatments in the future of personalized
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medicine (Shalem, Sanjana, and Zhang 2015; Zhang 2019). The hope of using
gene editing in conjunction with NMD to exponentially improve existing treatment
for NMD based genetic disorders such as CF, DMD, and ALS - FTD are finally

within reach.

Summary

NMD is an important molecular mechanism that is involved in
safeguarding normal cell functions as well as fine tuning the transcriptome.
Despite decades of research, NMD’s implication in neuronal development and
genetic diseases have only recently been realized. Further, the potential of
harnessing NMD to treat related diseases have been limited due to the lack of
tools, broad range of NMD targets, and the related generic cascade effects. This
dissertation will first focus on the development of a robust AS-NMD reporter
assay that can be used to accurately quantify endogenous NMD activity without
introducing foreign agents. As a proof of principle, the assay will be used to
screen existing chemical molecules for novel NMD regulators. Followed by the
detection of NMD inhibition via ER stress and the consequences of such
alternated NMD activities in the neurodegenerative disorder ALS - FTD. Finally,
to further understand the role of NMD in neuronal development, chapter 4
focuses on one aspect of NMD in brain development by generating an in vitro
NMD deficient neural progenitor cell (NPC) model. NPCs directly derived from

existing Upf2loxP/loxP conditional knockout mouse cortical neurons. Establishing an
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NMD deficient model is one crucial step forward in understanding the role of
NMD in progenitor cells which have never been studied before. The goal is to

highlight NMD as an important regulator in early stage neurogenesis.
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Abstract

Conventional approaches to monitoring cellular nonsense-mediated RNA
decay (NMD), an important post transcriptional regulation mechanism, are either
using exogenous PTC-containing reporters or traditional endogenous RT-qPCR
splicing assays. Assessing NMD activity using foreign reporter genes often
introduces unpredictable factors that can be misleading. On the other hand,
traditional RT-qPCR has difficulties distinguishing NMD from other transcriptional
events such as increased or decreased transcription and alternative splicing
(AS). To overcome these inherently problematic aspects of NMD assays, a
broadly applicable AS-NMD assay was developed using exon junction primers to
reliably and easily monitor cellular NMD activity. The new AS-NMD assay is
genetically validated for distinguishing NMD regulation from transcriptional
control and AS regulation. This method is also sensitive enough to quantify the
different magnitudes of NMD targets to NMD inhibition. Further, the AS-NMD
method is applied toward screening for NMD modulators such as ouabain,

ionomycin, and other chemical inhibitors.
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Introduction

Nonsense-mediated RNA decay (NMD) is a surveillance mechanism that
selectively degrades mutated and aberrantly processed transcripts harboring
premature termination codons (S. Lykke-Andersen and Jensen 2015; Kurosaki,
Popp, and Maquat 2019; Chang, Imam, and Wilkinson 2007). A transcript with a
stop codon >50 nts upstream of an exon-exon junction (EJ) is consistently
targeted by NMD for degradation. Such an RNA structure may result from the
following circumstances: an upstream open reading frame in the 5’ untranslated
region; a spliced intron in the 3’'UTR; alternative mRNA splicing shifting the
reading frame and resulting in a PTC upstream of an exon junction complex
(EJC); and the inclusion of a middle alternative “toxic” exon containing an in-
frame PTC (S. Lykke-Andersen and Jensen 2015; Pan et al. 2006; Lareau et al.,
n.d.; Popp and Maquat 2013).

In addition to serving as a surveillance mechanism, NMD is also an
essential gene regulation mechanism that quantitatively finetunes the abundance
of physiologic transcripts with NMD features (Nott, Meislin, and Moore 2003;
Rehwinkel et al. 2005; Chang, Imam, and Wilkinson 2007; Isken and Maquat
2007; Wang et al. 2011; Yepiskoposyan et al. 2011; Tani et al. 2012; S. Lykke-
Andersen and Jensen 2015). It directly or indirectly controls the expression levels
of many natural transcripts that are responsible for cell fates, functions, and
developments (Jaffrey and Wilkinson 2018; Han et al. 2018; Sika Zheng 2016;

Sika Zheng et al. 2013).
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Nonsense mutations often lead to the loss of protein products due to NMD
activity, which accounts for the molecular pathogenesis of over 20% monogenic
diseases (Lindeboom, Supek, and Lehner 2016; Kurosaki, Popp, and Maquat
2019). Given NMD'’s essential role in disease pathogenesis and gene expression
regulation, methods that precisely detect changes in cellular NMD activity are of
great interest and can facilitate the analysis of NMD controls in response to
extracellular stimuli or during development. Traditional methods rely on a pair of
plasmid reporters, with one containing a PTC and the other lacking a PTC
(Pereverzev et al. 2015; Nickless and You 2018; Bonifacino et al. 2001;
Paillusson et al. 2005). The two contrasting reporters are separately delivered
into the cultured cells, usually along with a third plasmid to control cell-to-cell
variation, and the reporter transcripts are assayed individually. The reporter pair
is engineered to normalize the impact of transcription and other regulatory
mechanisms affecting transcript abundance in order to isolate NMD regulation
(Pereverzev et al. 2015; Nickless and You 2018; Bonifacino et al. 2001,
Paillusson et al. 2005). Variables inherent to a general reporter gene approach,
including the degree of overexpression, transfection methods, the choice of the
reporters and cell density, affect the robustness of the assay and have to be
painstakingly controlled to enhance the signal-to-noise ratio. Cell lines stably
expressing a reporter gene can mitigate variation induced by transient
transfection, but they introduce new variables, such as integration loci and copy

numbers, which unpredictably affect reporter readout (Gerbracht, Boehm, and
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Gehring 2017; Sika Zheng 2016; S. Zheng 2016).

Even though exogenous reporter assays have been invaluable in
characterizing molecular mechanisms of NMD, their application has unfortunately
been restricted to transfectable cells and are handicapped in certain
aforementioned aspects. There is an urgent need for a broadly applicable
method to track cellular NMD activity where transfection of reporters is difficult,
e.g., in primary cells, tissue organs and animals. Ideally this new method would
also be simpler, faster, and less expensive than the conventional exogenous
reporter assays. To address these needs, this chapter aims to detail a novel
assay based on endogenous NMD targets. Assaying endogenous targets does
not have the limitations associated with exogenous reporters and does not
require secondary validations. Hard-to-transfect samples and postmortem tissues
also become assessable. Furthermore, multiple endogenous targets can be
examined in parallel to improve the robustness of the assay, whereas the
reporter approach usually deals with one exogenous target at a time. The
advantages of directly assaying endogenous targets are summarized in Table 2.

Monitoring NMD activity through endogenous NMD targets is, however,
inherently challenging. It is hard to discern direct NMD targets. Although many
genes have altered expression levels in NMD-deficient cells, some of the
changes observed upon NMD deficiency may instead result from transcriptional
regulation as an indirect consequence of NMD inhibition (Rehwinkel et al. 2005;

Colombo et al. 2017). It is also unclear whether their responses to NMD
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regulation depend on the cell type or cellular context (Huang et al. 2011). All
endogenous NMD targets, direct or indirect, are under constant transcriptional
regulation and subject to myriad possibilities of multifactorial regulation; hence,
changes in their expression levels alone are not robust predictors of cellular NMD
efficiency. These endogenous NMD targets are not suitable for unbiased
screening of NMD modulators expecting high specificity and low false discovery,
because transcriptional modulators would constitute a great proportion of the
false positives (Andreassi, Crerar, and Riccio 2018; Chapin et al. 2014). When a
change in cellular NMD activity is unknown and a change in the abundance of an
NMD target is detected, researchers need a robust method to distinguish the
pertinent regulatory processes and either confidently claim a change or avoid

falsely reporting a change in NMD activity.
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Table 2. New AS-NMD method vs conventional exogeneous NMD reporter

method

Comparison between the
AS-AMD method and
conventional NMD reporter

method
AS-NMD method Exogenous NMD reporters
Endogenous targets Yes No
Exogenous targets No Yes
Target delivery None Plasmid or Virus
Generalized applications Broad 'Ifransfec_tgble samples
with specified promoters
Application in primary cells Possible Difficult
Application in tissue Possible Difficult
organs
Application in animals Possible Difficult
Application in sa_mples of Possible Difficult
low gquantity
Application in postmortem Possible Difficult
samples
Parallel assessments of o . ‘
Assay throughput multiple endogenous ne reporszrn?elze Sets per
reporter genes P
Secondary validation with .
Optional Necessary
endogenous targets
Possible sources of The degree OT. reporter
variability in addition NA overexpression, the
L transfection method,
to sample variation . .
transfection efficiency
Signal-to-noise ratio ++ +
Overall cost $ $$$
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Results
Development of a quantitative assay for monitoring changes in cellular
NMD activity

A transcript with a stop codon >50 nt upstream of an exon—exon junction
is prefered for NMD for degradation (J. Lykke-Andersen, Shu, and Steitz 2000;
Maquat, Tarn, and Isken 2010). Such RNA structure can be resulted from
alternative RNA splicing shifting the reading frame and creating a PTC (Soergel,
Lareau, and Brenner 2013; Kurosaki and Maquat 2016; Pan et al. 2006). One
gene can have an NMD isoform and a regular translational isoform. To more
effectively distinguish NMD regulation from transcriptional control and knowing
transcriptional regulations should equally affect the NMD and non-NMD isoforms
of a given gene, this AS-NMD assay takes advantage of this isoform-centric
guantitation instead of gene-centric quantitation. It incorporates and compares
the non-NMD isoform and the NMD isoform of the same gene; thus distinguishes
transcriptional regulations from those of NMD regulation. Alternative isoforms
that include or skip a small cassette exon are of interest to minimize the
sequence difference between the two isoforms while deliberately excluding
alternative 5’ UTR, alternative 3' UTR, and intron retention to avoid complications
reflecting differential translation efficiency or miRNA targeting.

AS-NMD method measures the individual abundance of NMD-sensitive
isoforms and that of their non-NMD counterparts via quantitative real-time PCR

(RT-gPCR). The NMD isoforms are quantified for differential expression between
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a treatment and a control condition. An increase in an NMD isoform may be due
to NMD inhibition, transcriptional activation or a change in alternative splicing
favoring the NMD isoform. To distinguish from these three events, the expression
of the non-NMD counterparts are then quantified as references. Genuine NMD
regulation, transcriptional activation and alternative splicing regulation would lead
to no change, up-regulation, and down-regulation of the NMD-insensitive
isoforms, respectively (Figure 2A). Similarly, a decrease in an NMD isoform can
be interpreted as a result of enhanced cellular NMD activity if the non-NMD
isoform exhibits no change (Figure 2B).

For specifically detection of an inclusion isoform, a primer entirely
annealing to the cassette exon (exon B in Figure 2C) are preferred. However,
one technical difficulty of the AS-NMD method is designing RT-gPCR primers
specific to the cassette exon-skipping isoform. To overcome this, primers
annealing to the exon-skipping junction appear to be the only possible choices.
This can be either a reverse primer (exclusion isoform in Figure 2C) with its 5’
portion reverse complementary to the downstream constitutive exon (exon C)
and its 3' portion to the upstream constitutive exon (exon A) or a forward primer
(not shown) with its 5" and 3' portions matching the upstream and downstream
exons, respectively. This challenge is visualized with reverse primers but also
applies to forward primers that many exon-skipping junction primers are able to
amplify the inclusion isoforms (Figure 2D). The longer the 3' portion of the

junction primer annealing to exon A, the easier the primer amplifies the exon-
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inclusion transcripts (inclusion isoform 1 in Figure 2D). Some exon-skipping
junction primers with 3' portions as short as 6 nts can still anneal to the inclusion
isoform at 55°C—60°C, albeit at a lower efficiency than the exclusion isoform. On
the other hand, a long 5’ portion and a short 3' portion of the reverse junction
primer increase the possibility of annealing to the exon B—exon C junction
(inclusion isoform 2 and 3 in Figure 2D). This is due to the general sequence
similarity around 5’ splice sites.

To summarize, AS-NMD assay reporters must satisfy several premises.
First, the NMD associated cassette exons containing a 3' end different from their
upstream exons are preferred. Secondly, exon-skipping junction primers must
amplify only the exclusion isoform and not the inclusion isoform. All selected
primer pairs were then tested and confirmed for their specificity, RT-gPCR
efficiency, and linear dynamic ranges using RT-gPCR (Table 3). Finally, two
stably expressed housekeeping genes, the geometric average of Gapdh and
Sdha, were used as internal controls for calculating expression changes to

complete the AS-NMD assay setup.
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Figure 2. lllustrative RT-gPCR readouts to demonstrate AS-NMD method
using junction primers to distinguish NMD from transcriptional and
splicing events. (A) In scenarios where NMD isoform levels increase, assaying
the non-NMD isoforms distinguishes NMD regulation from transcriptional
activation and alternative splicing regulation. (B) In scenarios where NMD
isoform levels decrease, assaying the non-NMD isoforms distinguishes NMD
regulation from transcriptional repression and alternative splicing regulation. (C)
Schematics of the AS-NMD junction primer design method using RT-qPCR to
specifically detect alternative isoform. The NMD isoform can be either the
inclusion or exclusion isoform, while the other isoform is designated as the non-
NMD by primer F1 and isoform-specific primer R1. The exclusion isoform is
detected by F2 and isoform-specific junction primer R2. Primers F3 and R3 are
commonly used in alternative splicing assays to detect both inclusion and
exclusion isoforms. (D) Potential complementary binding of the skipping isoform
specific junction primers to the exclusion isoform or the three inclusion isoforms.
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Validation of the new AS-NMD quantitative assay in vitro

A traditional alternative splicing assay simultaneously amplifies both
isoforms in one PCR with primers flanking constitutive exons, then resolves the
two isoforms by electrophoresis and derives an expression ratio between the
inclusion and exclusion isoforms (F3 and R3, Figure 2C). Such assay has been
used to confirm AS-NMD targets but has not been used on its own to monitor
NMD activity, because it cannot definitively distinguish NMD regulation from
alternative splicing regulation. For example, the splicing assay could not
discriminate between NMD regulation and alternative splicing regulation of
postsynaptic density protein 95 (Psd-95, Dlg4). Psd-95 is transcribed in many
cells including embryonic stem cells (Sika Zheng 2016). Both polypyrimidine tract
binding proteins, PTBP1 and PTBPZ2, inhibit exon 18 of Psd-95 (NPsd-95),
leading to a frameshift of the transcripts, which are then targeted by NMD (Sika
Zheng et al. 2012). The inclusion of exon 18 yields the non-NMD isoform of Psd-
95. Thus, RNAi-mediated knockdown of the NMD factor Upfl increased the exon
18-skipping NMD isoform, and PTBP1 overexpression promoted exon 18
skipping through alternative splicing (Figure 3A). Yet, both the exclusion to
inclusion isoform ratios derived from the alternative splicing assay and NMD
inhibition were similar and unable to differentiate NMD regulation from alternative
splicing regulation (Figure 3A).

In contrast, the AS-NMD method utilizes junction primers to effectively

distinguish NMD regulation from alternative splicing regulation. When differential
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expression of the NMD isoform is detected, the expression of the non-NMD
isoform is also measured simultaneously to determine how the two isoforms are
contrasted. In cells deprived of Upfl, the NMD isoform but not the non-NMD
isoform exhibited significant upregulation (Figure 3B). In cells overexpressing
PTBP1, the non-NMD isoform significantly decreased while the NMD isoform
increased in accordance with previous prediction (Figure 3C). Further, AS-NMD
assay also accurately reported the response of Psd-95 to the loss of PTBPs.
Both PTBP1 and PTBP2 promote the splicing of translational non-NMD Psd-95
isoform. As expected, RNAi-mediated knockdown of both PTBP1 and PTBP2
significantly decreased the level of NPsd-95 while increased Psd-95 isoform
(Figure 3D).

To test whether the new assay could discern transcriptional regulation as
proposed, actinomycin D was applied to N2a cells to inhibit global transcription
while using U6 snRNA as the internal control for these RT-gPCR assays. As
expected, AS-NMD method was able to correctly assign transcriptional inhibition
to the suppression of both NMD and non-NMD isoforms of Psd-95, rather than
NMD regulation (Figure 3E). In summary, the AS-NMD assay precisely disclosed
the distinct expression profiles of the NMD and non-NMD isoforms of Psd-95 to

transcriptional regulation, alternative splicing regulation, and NMD regulation.
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Figure 3. Validation of the new AS-NMD quantitative assay, differentiate
from alternative splicing assays, distinguishes NMD activity from
alternative splicing and transcriptional regulation. (A) Conventional splicing
assay to derive expression ratios of the Psd-95 NMD isoform relative to the non-
NMD isoform in N2a cells depleted of UPF1 using two independent siRNAs or
N2a cells overexpressing PTBP1. The ratios alone do not distinguish NMD
regulation from alternative splicing regulation. Representative digital gel images
are shown in the lower panel. A one-way ANOVA test was used to determine
significant ratio changes between different samples, followed by a Tukey's
multiple comparison test. N = 3. (B) RT-gPCR analysis of the Upfl deficient cells
as in B but using different primers specific to the Psd-95 non-NMD isoform

and Psd-95 NMD (NPsd-95) isoform along with validation of

the siUpfl knockdown efficiency. (C) RT-gPCR analysis of the PTBP1-
overexpressing cells as in B but using different primers specific to the Psd-

95 isoforms described in C. Western blots (right panel) of the samples
transfected with GFP and Flag-PTBP1 plasmids. Arrow: Flag-PTBP1,
arrowheads: endogenous PTBP1 proteins that are down-regulated by PTBP1
overexpression. (D) Responses of the two Psd-95 isoforms to double knockdown
of PTBP1 and PTBP2 in N2a cells assayed by RT-qgPCR. Right panel shows the
Western blots verifying the knockdown efficiencies. (E) RT-gPCR analysis of the
two Psd-95 isoforms 4 h after 4 ug/pL actinomycin D treatment. (B—E) A two-way
ANOVA test followed by Dunnett's multiple comparison tests was used to
determine significant expression changes between samples. N = 3. (*) P < 0.05.
Error bars represent mean + SEM.
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Validation of the new AS-NMD assay in animal samples

Since using exogenous PTC reporters is unviable in hard-to-transfect
cells, tissue organs, postmortem samples, and samples of low quantity,
endogenous NMD targets are often used to examine NMD regulations, especially
in vivo (Table 2). However, conventional alternative splicing assays alone could
not distinguish NMD regulation from alternative splicing regulation in these kinds
of samples. In Figure 4A, the molar ratio between the Psd-95 exclusion and
inclusion isoforms increased from 0.21 in control wild-type cortices to 1.7 in the
conditional knockout cortices of Upf2 (Upf2loxPiloxP; Emx1-cre), a NMD core factor,
at embryonic day 17 (Figure 4A, left panel). This ratio decreased to 0.11 and
0.02 in Ptbp2*~ and Ptbp2~- cortices of the same age, respectively (Figure 4A,
right panel). Without prior knowledge of the sample identities, it would be
impossible to attribute the observed ratio changes to either NMD regulation or
alternative splicing regulation.

In contrast, without relying on prior knowledge or ratio analysis, the new
junction AS-NMD method effectively distinguished NMD regulation from
alternative splicing regulation in vivo. No change in the exon 18-inclusion isoform
but an eightfold increase in the skipping (NMD) isoform was detected in the
Upf2loxPlloxP: Emx1-cre cortices (Figure 4B), matching the gene expression profile
of NMD inhibition. Consistent with PTBP2 inhibiting exon 18 splicing, the levels of
the inclusion isoform in the Ptbp2~~ cortices increased twofold relative to wild-

type, while the exclusion isoform decreased significantly (Figure 4C). These
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changes were attributed to alternative splicing regulation. Altogether, the new
AS-NMD method can be used on its own to effectively monitor cellular NMD
activity in hard-to-transfect cells and organs as well as postmortem tissues.

To further improve the robustness and specificity of the assay, additional
known endogenous AS-NMD targets were included such as heterogeneous
nuclear ribonucleoprotein L (Hnrnpl), serine/arginine-rich splicing factor 11
(Srsfll or Sfrs11), transformer 2 beta (Tra2b), and polypyrimidine tract binding
protein 2 (Ptbp2, nPTB, or brPTB). The NMD transcript isoforms of these genes
are as follows: Hnrnpl including exon 6, Srsfl11 including exon 4, Tra2b including
exon 2, and Ptbp2 excluding exon 10 (Stoilov et al. 2004; Boutz et al. 2007;
Spellman, Llorian, and Smith 2007; Saltzman et al. 2008). These are all small
cassette exons that moderately distinguish the two isoforms at the sequence
level. Monitoring additional genes that are targeted by NMD upon either exon
inclusion or exon skipping was intended to exclude false positives affecting
splicing and to confirm consistent NMD regulatory patterns. These genes were
used in the final assay also because RT-qPCR primers specific to their exclusion
isoforms were successfully screened.

To allow future improvement and standardization of the method by the
community, the guidelines of the international Real-time PCR Data Markup
Language (RDML) consortium were strictly followed and detailed information
were provided about the AS-NMD junction primers and RT-gPCR assays (Table

3 and Materials and Methods). When tested using AS-NMD method in the
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conditional Upf2'oxP/loxP: Emx1-cre cortices, the non-NMD isoform levels of these
genes barely changed. In contrast, the NMD isoforms were up-regulated
significantly by seven- to 50-fold (Figure 4D-G). These data were consistent with
Psd-95 AS-NMD expression profile and confirmed Upf2 knockout induced NMD
inhibition. Together, these five genes encode very different proteins and have
been studied in various cell lines and tissues. They are also widely transcribed
and are not known to be transcriptionally coupled, making them suitable targets

for broadly monitoring NMD activity.
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Figure 4. The new AS-NMD method distinguishes NMD activity from
alternative splicing regulation in animal samples. (A) Alternative splicing
assay of the Psd-95 NMD and non-NMD isoforms in Upf2 conditional knockout
cortices (left panel) and Ptbp2 null cortices (right panel). (Lower left panel)
Western blot of UPF2 in Upf2loxPloxP gnd Upf2loxPloxP: Emx1-cre cortices.

The Upf2 conditional knockout cortices produce truncated UPF2 proteins
(AUPF2). (Lower right panel) Genotyping of Ptbp2 animals. Statistics were
calculated using a two-tailed unpaired Student's t-test for the Upf2 knockout
samples (N = 2) and a one-way ANOVA test followed by Tukey's multiple
comparison test for the Ptbp2 mutant samples (Ptbp2** and Ptbp2*~, N =

2; Ptbp2™"~, N = 4). (B, C) RT-gPCR analysis of the samples shown in A for
individual expression of the Psd-95 non-NMD isoform and Psd-95 NMD (NPsd-
95) isoform. (D—-G) Expression levels of both NMD and non-NMD isoforms

of Ptbp2, Tra2b, Hnrnpl, and Srsfl1 in Upf2 knockout cortices relative to wild
type. (B—G) A two-way ANOVA test followed by Dunnett's multiple comparison
tests was used to determine significant expression changes between samples.
(*) P < 0.05; (ns) not significant. Error bars represent mean + SEM.
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Application of the AS-NMD quantitative assay in NMD modulator screening

One direct application of this new AS-NMD method is unbiased screening
for changes in cellular NMD activity with high confidence. A small panel of widely
used chemical molecules and pharmacological inhibitors were tested at various
concentrations for their effects on NMD (Figure 5 and 6). The expression of both
the NMD and non-NMD isoforms of the endogenous reporter genes were
simultaneously measured before and after drug treatment. The NMD isoform and
non-NMD isoform expression levels under the treatment vs control conditions
were matched with the AS-NMD expression profile (Figure 2A and B). When all
five reporter gene profiles agree with each other via ANOVA analysis, the mode
of regulation was then determined. Drugs affected the NMD isoforms across the
board and minimally affected the non-NMD counterparts were of special interests
as NMD modulators.

Na+/K+-ATPase inhibitor ouabain and ion chelator ionomycin were
previously reported to inhibit NMD (Nickless et al. 2014). However, the
mechanism of regulation remains unclear. Thus, candidates for the newly
developed and sensitive AS-NMD assay. C-fos and Pip92 are immediate early
genes of ouabain (Taurin et al. 2002; Nakagawa, Rivera, and Larner 1992). RT-
gPCR of these two genes showed five- and three-fold changes upon ouabain
treatment respectively (Figure 5A and B). This indicated N2a cells were
responsive to ouabain treatment. Interestingly, the subsequent AS-NMD assay

using Psd-95, Ptbp2, and Hnrnpl of the same samples showed no uniform NMD
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regulation changes, contradicting the Nickless et al. 2014 report (Figure 5C-E).
C-jun and Pip92 are known reliable immediate early genes of ionomycin (Chung
et al. 2001). When applied ionomycin, C-jun and Pip92 were upregulated in a
dosage dependent manner (Figure 5F-G). However, ionomycin treatment in a
range of 1 to 100 uM did not uniformly alter the levels of the NMD isoforms
(Figure 5H-J). lonomycin equally repressed both NMD and non-NMD isoforms of
Psd-95 (Figure 5H) but had no effect on Ptbp2 expression (Figure 1), suggesting
that ionomycin inhibited Psd-95 transcription. The other reporter gene Hnrnpl
NMD isoform dramatically increased at 1 uM but decreased as the dosage
increased (Figure 5J). This indicates an ionomycin linked Hnrnpl specific
response at a lower dosage (Figure 5H-J). Therefore, it was concluded that
despite previous reports, the AS-NMD method implied no NMD inhibition in N2a

cells when treated with ouabain or ionomycin.
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Figure 5. Ouabain and lonomycin do not show NMD inhibition activities.
RT-gPCR assay of (A-B) immediate early genes c-fos and Pip92 as well as the
NMD and non-NMD isoforms of Psd-95 (C), Ptbp2 (D) and Hnrnpl (E) in N2a
cells treated with ouabain. Ouabain clearly induced c-fos and Pip92 but did not
unequivocally affect NMD activity. RT-gPCR assay of immediate early genes c-
fos (F) and Pip92 (G) along with the NMD and non-NMD isoforms of Psd-95 (H),
Ptbp2 (1) and Hnrnpl (J) in N2a cells treated with ionomycin. lonomycin clearly
induced c-fos and Pip92 but did not consistently change NMD isoforms. N = 3.
Error bars represent mean = SEM.
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Additional chemicals including PKC inhibitor GF109203X, Cam Kinase II
inhibitor KN-93, and protein kinase A inhibitor KT5720 were tested using
validated reporter genes in accordance with the AS-NMD method (Figure 6).
None of these chemical inhibitors had shown NMD regulations matching AS-
NMD gene expression patterns from Figure 2A and 2B. Interestingly, one of the
ER stress inducers, thapsigargin, was determined to have significant NMD
inhibition property (results not shown). This finding encouraged an in-depth
investigation of thapsigargin induced NMD inhibition which will be presented in
detail using AS-NMD method in the next chapter, chapter three. It's NMD

inhibition mechanism will also be revealed.
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Figure 6. Chemical inhibitors that did not have effects on NMD. N2a cells
were treated with each inhibitor at the indicated concentrations for 5 hours.
Expression of NMD and non-NMD isoforms was examined by RT-qPCR.
KT5720: PKA inhibitor (Tocris Bioscience, 1288100U). KN-93: CamKII inhibitor
(Fisher Scientific, NC0362431). GF109203X: PKC inhibitor (R&D, A00061). N =
3. Error bars represent mean + SEM.
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Discussion

In this study, a new method was developed to precisely monitor changes
in cellular NMD activity through quantitative measurement of a panel of
endogenous NMD isoforms and their corresponding non-NMD isoforms. It can be
used on its own to assess changes in intracellular NMD activity with high
specificity and sensitivity. This AS-NMD assay indicated that different NMD
targets have varying sensitivity to NMD inactivation. For example, the NMD
isoform of Hnrnpl was up-regulated by about 60-fold in the conditional Upf2
knockout cortices, whereas the Psd-95 NMD isoform increased by about
eightfold (Figure 3B and F). Of these tested AS-NMD reporter genes, Hnrnpl and
Tra2b exhibiting much higher sensitivity towards NMD inhibition than Psd-95 and
Srsfll. The varying sensitivity of these NMD targets does not appear to be
associated with the 3' UTR length or the length between the PTC and the
downstream exon—exon junction (Table 5). For example, the 3' UTR of the
Hnrnpl and Psd-95 NMD isoforms are similar in length and both are much shorter
than others. Therefore, the different sensitivities could be caused by innate NMD
isoform expression due to splicing or transcription initiation factors. When NMD is
active, the differential expression of NMD isoforms are masked by active
degradation of the transcripts, making them “cryptic”.

Not only did AS-NMD assay show it's easy-to-use and robustness when
evaluating NMD activities in vitro, it is also viable in hard-to-transfect in vivo

animal samples. Traditional reporter plasmids must be delivered through viral or
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non-viral methods such as lentiviral vector infection or electroporation. For
example, in order to monitor NMD activities using foreign minigene reporters in
embryonic stage mouse cortices, one could use in utero electroporation (IUE) to
deliver the reporters (Pacary and Guillemot 2020). The procedure is time
consuming and requires a large amount of plasmids with variable outcomes
between experiments. When using lentiviral or adeno associated viral carriers,
the scale of experiments can also be very expensive. Endogenous AS-NMD
assay bypasses these issues. Figure 4 showed the AS-NMD assay was able to
clearly distinguish alternative splicing and NMD inhibition events, consistent with
the in vitro profiles.

One immediate application of the AS-NMD reporter assay is NMD
modulator screening. In figure 5, ouabain, a cardiac glycoside, and ionomycin, an
intracellular Ca2+ ionophore, were examined based on their reported role of
NMD inhibition through intracellular calcium modulation (Nickless et al. 2014).
Wide dosages of ouabain and ionomycin were used and the abundance of both
NMD and non-NMD isoforms were measured at various time-points. However, no
clear changes in cellular NMD efficiency were observed even at high
concentrations (Figure 5). Immediate early genes c-fos, c-jun, and Pip92 clearly
showed cells were responsible for the treatments. Taken together, the results
suggested that enhanced cytosolic Ca2+ signaling was not sufficient to inhibit

NMD in N2a cells.

64


https://paperpile.com/c/umJc9G/Swpw
https://paperpile.com/c/umJc9G/6YIQ

Nickless et al. used their exogeneous fluorophore reporter system to
screen chemical molecules for novel NMD modulator. However, the AS-NMD
system was unable to confirm cardiac glycosides or ionophore as NMD inhibitors.
When disregarding the aforementioned shortfalls of exogenous reporter system
vs endogenous the AS-NMD system, this disagreeing result could be explained
by the different cell lines used between two studies. Nickless et al. conducted
their study in human cell lines such as human osteosarcoma cell line (U20S),
human Calu-6 cell line, and human embryonic kidney (HEK) 293 while this study
used mouse neuroblastoma N2a. However, one molecule, thapsigargin, was also
reported to be a potent NMD inhibitor using both exogenous minigene and
endogenous AS-NMD assay. This overlap sparked great interests and will be
extensively discussed in the next chapter. Further, additional chemical inhibitors
screened failed to identify novel NMD modulators. The panel of chemical
inhibitors including KT5720, KN-93, and GF109203X was unable to alternate
NMD activities in N2a cells.

In conclusion, the AS-NMD assay successfully distinguished NMD
regulation from transcriptional regulation and alternative splicing control, which
also affect the steady-state levels of NMD substrates. Five different NMD
isoforms were used to strengthen the robustness of this new assay. These five
isoforms responded consistently to the changes in NMD activity, albeit to varying
degrees, indicating that fewer may suffice. To this end, the assay has proven its

efficacy in both animal development and in vitro drug screen. The endogenous
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nature of AS-NMD assay has demonstrated its advantages over exogenous
reporter assays (Table 2). The high sensitivity and broad dynamic range allow for
the detection of continual changes in NMD activity during development or in
response to environmental changes, presenting a new approach to explore
endogenous NMD modulation and the subsequent studies in development and
genetic disorders. In the present analysis, only a small panel of widely used small
molecule inhibitors were tested but showed potential for more future unbiased
screening. With the aid of cataloged libraries, high-throughput robotic liquid
handling systems and next-generation sequencing, this new AS-NMD method

can be adapted to evaluate large scale libraries and in vivo samples.
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Materials and Methods
Cell cultures, transfection, and drug treatments

Neuro-2a (N2a) cells were maintained in N2a complete media (L-
glutamine-free Dulbecco's modified Eagle's medium DMEM, 10% FBS and 1x
GlutaMAX) at 37°C, 5% CO2. 750,000 cells were plated on 35 mm BioLite TC
plates and incubated with 2 mL of N2a complete media overnight before
treatment with the drugs. For siRNA knockdown experiments, 350,000 cells were
plated on 35 mm TC plates and incubated with RNAIMAX Lipofectamine (Life
Technologies) and siRNAs (siPtbpl, cat. no. s72335 and s72336; siPtbp2, cat.
no. s80148 and s80149; siUpfl, cat. no. s72879 and s72878) in 2 mL of N2a
complete media for 48 hours before applying treatments. Lipofectamine 2000
(Life Technologies) was used to transfect the Flag-Ptbpl plasmid and control
GFP plasmid into N2a cells for 48 hours. Thapsigargin (VWR, cat. no. 89161-
410), KT5720 (Tocris Bioscience, cat. no. 1288100U), KN-93 (Fisher Scientific,
cat. no. NC0362431), GF109203X (R&D, cat. no. AO0061), ionomycin (Fisher
Scientific, cat. no. AG-CN2-0416-M001), and ouabain octahydrate (Fisher
Scientific, cat. no. 80055-364) were added according to the indicated
concentrations. The cells were collected at 5 h post-treatment unless otherwise
specified. For L-glutamine deprivation, 750,000 N2a cells were plated overnight

and switched to L-glutamine-free DMEM with 10% FBS.
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Animals
Conditional Upf27~ (that is, Upf2loxPloxP: Emx1-cre) mice were generated
by first breeding Upf2'oxPloxP mice to Emx1-cre mice and subsequently breeding

Upf2loxPi+: Emx1-cre mice to Upf2/oxPloxP mice (Zheng et al. 2012). Ptbp2~~ mice

were generated by breeding Ptbp2*~ mice to Ptbp2*~ mice (Li et al. 2014). All

animal procedures were approved by the Institutional Animal Care and Use
Committee at UCR.
RNA extraction, cDNA synthesis, and RT-qPCR

TRIzol (Life Technologies, cat. no. 15596-018) was directly added to the
cells or mouse brain tissues to extract total RNA following the TRIzol reagent
standard protocol. Isolated RNA was treated with 4 units of Turbo DNase
(Ambion) at 37°C for 35 min to degrade all remaining genomic DNA. After the
DNase treatment, RNA was purified using phenol-chloroform (pH 4.5, VWR cat.
no. 97064-744). RNA concentrations were measured using a Nanodrop 2000c
(Thermo Fisher). One microgram of freshly isolated DNA-free RNA was reverse
transcribed to cDNA using 1 pL random hexamers (30 uM) and 200 units of
Promega M-MLYV reverse transcriptase (cat. no. M1705) following the Promega
protocol in a 20 pL reaction. These 20 ul cDNA reactions were diluted with 180 ul
(1:10) of nuclease free H20 before use. RT-qPCR primers were designed in
house using Primer 3 software and purchased from IDT. For all g°PCR primers,
quality control was performed for their specificity, sensitivity, melting curves, and

standard curves (Table 3). RT-gPCR assays were conducted using a
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QuantStudio 6 Real-Time PCR instrument with 2x Power SYBR Green PCR
master mix (Life Tech) following the Life Tech protocol. Each 10 pL reaction
contained 0.3 pL cDNA, 5 pL 2x Power SYBR Green PCR master mix, 0.3 nM
forward primer, and 0.3 nM reverse primer. The QuantStudio 6 RT-qPCR run
program was as follows: 50°C for 2 min; 95°C for 15 sec and 60°C for 1 min, with
the 95°C and 60°C steps repeated for 40 cycles; and a melting curve test from
60°C to 95°C at a 0.05°C/sec measuring rate. QuantStudio Real-Time PCR
software was used for the analysis. All RT-gPCR reactions were conducted with
three technical replicates along with a no template control (NTC, not amplified).
Ouitliers were excluded when the coefficient of variation of Ct for the three
technical replicates was larger than 0.3. Relative expression (fold changes) was
calculated using the AACt method. For the splicing assays of the NMD exons,
PCR was performed using New England Biolab Tag DNA polymerase (cat. no.
MO267E). All statistical analysis was performed using GraphPad Prism 6.
Protein extraction, immunoblotting, and quantitative image analysis

Cells in six-well plates were washed twice with 1 mL cold 1x PBS and
harvested with freshly prepared RIPA buffer. The BCA assay (Thermo Scientific)
was performed to determine protein concentrations before loading equal
amounts of the materials onto SDS-PAGE gels (4% stacking and 12% resolving)
for Western blotting. Primary antibodies to PTBP1-NT (1:3000), PTBP2-1S2
(1:1000), UPF2I (Andersen Lab) (Singh, Rebbapragada, and Lykke-Andersen

2008) and GAPDH (1:1500, Ambion) were used. Specific Western blot bands
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were quantified using ImageQuant TL and normalized with GAPDH to derive the
relative protein levels.
Quantitative analysis of alternative splicing

PCR cycle numbers were optimized for Psd-95 (28 cycles). Qiaxcel
guantitative gel electrophoresis of PCR amplicons was conducted. Splicing of the
exons was determined using the following formula. All statistical analysis was
performed using GraphPad Prism 6.
Psd-95 splicing ratio = NMD exon skipping isoform / non—-NMD exon inclusion
isoform

All ratios were calculated using in nmol measured by Qiaxcel.
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Table 5. Relative position of PTC and 3’ UTR length

Genel/isoform 3UTR
length
NHnrnpl 1244
NTra2b 3333
Nptbp2 2077
NSrsfll 2854
NPsd95
(Dlg4) 1024

Distance to the first
downstream splice
junction (>50bp)

83
195
66
86

80

73

Rank
(upregulation
in Upf2KO)

A B N DN P

Rank
(upregulation after
TG treatment)

gaa b~ W L P
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Abstract

Thapsigargin has been reported as a potent nonsense-mediated RNA
decay (NMD) inhibitor through intracellular calcium modulation. However, the
detailed signaling mechanism remains unclear. The high sensitivity and broad
dynamic range of AS-NMD reporter assay revealed a strong correlation between
NMD inhibition, endoplasmic reticulum (ER) stress, and polysome disassembly
upon thapsigargin treatment in a temporal and dose-dependent manner. Little
evidence was found of calcium signaling mediating thapsigargin-induced NMD
inhibition. Instead, one of the three unfolded protein response (UPR) pathways
activated by thapsigargin, the protein kinase RNA-like endoplasmic reticulum
kinase (PERK) pathway was required for NMD inhibition. Finally, thapsigargin
induced ER stress compounded TDP-43 deficiency upregulated NMD isoforms
that had been implicated in the pathogenic mechanisms of amyotrophic lateral
sclerosis and frontotemporal dementia (ALS - FTD). The additive effect of ER
stress was completely blocked by PERK depletion, as predicted. This chapter
further revealed the intricate network of NMD with cellular stress and the

implications of such interactions in a neurodegenerative disease model.
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Introduction

Nonsense-mediated RNA decay (NMD) is a post transcriptional
surveillance mechanism that degrades faulty and aberrant transcripts containing
premature termination codons (PTCs) (L. E. Maquat et al. 1981; Lykke-Andersen
and Jensen 2015). Moreover, NMD actively regulates endogenous genes and is
integrated into a variety of physiological settings including the fine-tuning of the
unfolded protein response (UPR), coupling with alternative splicing, neural
differentiation and more (Lynne E. Maquat and Gong 2009; Sakaki et al. 2012;
Lou et al. 2014; Oren et al. 2014; Karam et al. 2015). Despite extensive studies
on the molecular mechanisms of target recognition and its integration with other
processes, less is known about the modulation of NMD itself. Only a few studies
showed that NMD was inhibited as an adaptive response to hypoxia and calcium
signaling (Gardner 2008; Nickless et al. 2014) or in the tumor microenvironment
(Wang et al. 2011).

In the last chapter, a robust alternative splicing and NMD (AS-NMD)
coupling assay to quantitatively and accurately monitor NMD activity was
developed. Its readouts are consistent in both in vitro and in vivo validations,
without using foreign plasmid reporters such as PTC harboring minigenes or
fluorescent tagged constructs. It was then used to screen a small panel of
inhibitors and chemical molecules, hoping to identify novel NMD modulators that
could be used in future NMD manipulation or suppression therapy. Out of all six

compounds tested, thapsigargin (TG) had previously been reported as a potent
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NMD inhibitor (Nickless et al. 2014). Thapsigargin is also a noncompetitive
inhibitor of the sarco/endoplasmic reticulum Ca2+ ATPase. Its treatment
increases intracellular Ca2+ concentration, which stimulates various calcium
dependent signaling pathways. In fact, Nickless et al. (2014) recently showed
that intracellular calcium inhibited NMD after administration of thapsigargin. In
addition, thapsigargin also induces ER stress. Some cellular stresses including
hypoxia is known to inhibit NMD via phosphorylation of eukaryotic initiation factor
2a (elF2a) (Gardner 2008; Wang et al. 2011), although the exact mechanism
underlying NMD inhibition by elF2a phosphorylation remains to be determined
(Karam et al. 2015). Nevertheless, the diverging mechanisms reported by these
studies were both based on the exogenous NMD reporter approach and gene-
centric validations. Therefore, an independent investigation using the new AS-
NMD assay could help verify the molecular mechanisms of thapsigargin induced
NMD inhibition.

Given the active role of NMD interacting with stresses and other biological
networks, NMD has been linked to many genetic diseases. For example, RNA
binding protein TDP-43 is commonly found in the cytoplasmic inclusion bodies of
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), and its
genetic mutations are linked to familial ALS - FTD (Neumann et al. 2006; Arai et
al. 2006; Guo et al. 2011; S.-C. Ling, Polymenidou, and Cleveland 2013; Lagier-
Tourenne et al. 2012). Increased cryptic splicing in TDP-43-deficient cells has

recently been proposed as one of the pathogenic mechanisms (J. P. Ling et al.
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2015). These cryptic isoforms are presumably subjected to NMD regulation.
Enhanced NMD activity via UPF1 overexpression was found to improve cellular
protection against TDP-43-induced toxicity (Barmada et al. 2015). On the other
hand, attenuated NMD activity may have therapeutic benefits for other inherited
diseases where nonsense mutations are detrimental and manifest worse
symptoms than missense mutations (Palacios 2013; Linde et al. 2007; Ramalho
et al. 2002; Lee and Dougherty 2012; Welch et al. 2007). Therefore, monitoring
and understanding the mechanisms of NMD modulators could be the key to
precise NMD manipulation tailored toward each specific scenario and disease.
The later part of this chapter will also examine the potential effects of NMD

inhibition based on the recent TDP-43 induced ALS—FTD model.

Results
Thapsigargin specifically enhances the endogenous NMD targets

N2a cells were treated with 0.2 uM of thapsigargin for the indicated time
period. NMD activities were measured using the new AS-NMD method described
in the last chapter. The NMD isoform transcripts increased as early as one hour
after thapsigargin treatment and continued to increase gradually for all reporter
genes (Figure 7). At 5 hrs, the NMD isoform levels were enhanced by three- to
10-fold whereas the non-NMD isoform levels barely changed for Srsf1l, Tra2b,
and Hnrnpl. Ptbp2 and Psd-95 non-NMD isoforms increased slightly to around

1.8-fold. Although transcription and alternative splicing regulation might have
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modestly contributed to the changes in Ptbp2 and Psd-95, the dramatic increase
in the levels of the NMD isoforms for all five genes were not nearly proportional
to transcriptional stimulation or splicing changes. Rather, the changes were

consistent with attenuation of the NMD pathway specific to these NMD isoforms.
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Figure 7. Thapsigargin specifically enhances the endogenous NMD targets.
(A—E) Temporal expression of NMD isoforms (red lines) and non-NMD isoforms
(blue lines) of Srsfll, Ptbp2, Tra2b, Hnrnpl, and Psd-95 upon 0.2 uM
thapsigargin treatment. Expression levels are normalized to DMSO-treated
samples. A two-way ANOVA test was used to determine significant difference of
expression between the two isoforms. (#) P < 0.05. Dunnett's multiple
comparison tests were used to determine significant expression changes of
individual isoforms over time relative to DMSO treatment. (*) P < 0.05. N = 3.
Error bars represent mean = SEM.

85



The AS-NMD method reveals a strong correlation between ER stress,
polysome disassembly, and NMD inhibition in a thapsigargin dose-
dependent manner

Since thapsigargin-induced NMD inhibition occurred as early as one hour
post-treatment, it is suspected that such NMD inhibition may be coupled with the
unfolded protein response (UPR) triggered by thapsigargin-induced ER stress.
As a part of UPR, the serine/threonine protein kinase/endoribonuclease inositol-
requiring enzyme 1 (IRE1a) oligomerizes and activates its ribonuclease activity
through trans-autophosphorylation (Samali et al. 2010; Rubio et al. 2011; Hetz
2012; van Schadewijk et al. 2012). Activated IRE1a excises a 26-nt intron of
Xbpl mMRNA, resulting in a shorter isoform (Xbpls) that encodes a potent
transcriptional activator for the expression of chaperones and were used to
measure cellular stress level (Figure 8A-B). RT-PCR splicing assay of Xbpl with
primers flanking the 26-nt intron detected Xbpls at one-hour after thapsigargin
treatment with the intron excision continuously enhanced thereafter, indicating
increased ER stress and UPR activity (Figure 8A). These results confirmed NMD
inhibition and Xbp1 intron excision happened almost simultaneously in the early
phase of thapsigargin treatment.

To further evaluate the association between ER stress and NMD
inhibition, a dosage titration of thapsigargin was performed. Cells were treated
with thapsigargin at concentrations of 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, and 0.2

MM and harvested at 5 hrs post-treatment for analysis. As expected, Xbpls
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increased in a dosage dependent manner (Figure 8B). At the same time, the
NMD isoforms of Srsfll, Ptbp2, Tra2b, Hnrnpl, and Psd-95 were uniformly
upregulated at a concentration as low as 0.02 uM and escalated in a dose-
dependent manner (Figure 8C). Concentrations above 0.2 uM did not further
increase NMD inhibition (data not shown). Together, Xbpls splicing and NMD
repression exhibited the same kinetics toward thapsigargin. These data support a
strong positive correlation between ER stress and NMD inhibition.

In addition to altering gene expression via the IRE1-Xbpls signaling to
retain homeostasis, ER stress also reduces global protein synthesis (Harding,
Zhang, and Ron 1999; Ron 2002; Wek, Jiang, and Anthony 2006). Global
translation activity is important for triggering NMD (Raimondeau, Bufton, and
Schaffitzel 2018). However, the evidence of thapsigargin inhibiting NMD started
as low as 20 nM while literatures often used at least 1 uM to induce ER stress
(Oslowski and Urano 2011; Ding et al. 2007). Thus, ribosome fractionation
assays were performed to determine the NMD-inhibiting thapsigargin doses also
repressed translation. Sucrose density-gradient centrifugation was used to
examine polysome integrity as an indicator of translational activity. Control cells
treated with DMSO showed a typical polysome profile consisting of peaks of
individual ribosome subunits (40S and 60S), monosomes (80S), and polysomes
(2, 3, 4, 5, and 26 ribosomes). Under this normal condition, the heights of the
polysome peaks steadily increased with the number of ribosomes (DMSO, Figure

8D). Thapsigargin, on the other hand, effectively reduced the heights of the
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polysome peaks. The heavier polysomes (24 ribosomes) were affected the most
and further collapsed with increasing doses of thapsigargin (Figure 8D).
Polysome disintegration was also accompanied by increasing optical density
values of 80S. To better visualize and quantify the dose effect of thapsigargin, a
line was drawn from the peak of the disome (1st peak after 80S) to the peak of
the polysome consisting of roughly eight ribosomes based on relative elution
time. The geometric angle created by this line relative to a horizontal line through
the disome peak was an indicator of polysome integrity. This angle was 30 for
DMSO-treated cells and decreased to 0, —18, —20, —30, and -40 in response to
increasing thapsigargin concentrations of 0.01, 0.02, 0.05, 0.1, and 0.2 pM,
respectively (Figure 8D). Interestingly, heavy polysomes began to disintegrate
from 0.01 pM thapsigargin with minor NMD repression. Yet, the results showed
that polysome disassembly was positively correlated with and appeared to lead
NMD inhibition. In summary, these data supported that the NMD isoforms were
undergoing translation at the onset of thapsigargin treatment and could therefore

readily respond to NMD inhibition.
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Figure 8. Dose-dependent correlation between ER stress, polysome
disassembly, and NMD inhibition upon thapsigargin treatment. (A)

Xbp1l splicing when treated with 0.2 uM thapsigargin in N2a cells for the indicated
time points. N = 3. (B) Thapsigargin dose-dependent Xbpl splicing in N2a cells
collected at 5 hr. N = 3. (C) Thapsigargin dose-dependent expression of the NMD
(red lines) and non-NMD (blue lines) isoforms of Srsfll, Ptbp2, Tra2b, Hnrnpl,
and Psd-95 in N2a cells at 5 h after treatment. A two-way ANOVA test was used
to determine the significant difference between the two isoforms. (#) P < 0.05.
Dunnett's multiple comparison tests were used to determine significant
expression changes of individual isoforms after thapsigargin treatment in
comparison to DMSO treatment. (*) P < 0.05. N = 3. Error bars represent mean +
SEM. (D) Polysome fractionation graphs of N2a cells at 5 h after treatment with
DMSO, 0.01 pM, 0.02 uM, 0.05 pM, 0.1 uM, and 0.2 uM thapsigargin (TG). 40S,
60S, 80S, disome (black arrow) and polysome are labeled accordingly. In each
graph, a red line is drawn from the disome peak to the peak of the eight-
ribosome fraction.
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Two of the UPR pathways are not responsible for ER stress induced NMD
inhibition

Since the degree of NMD inhibition was strongly correlated with the extent
of ER stress measured by Xbp1 splicing and polysome disassembly, the
following experiments aimed to check which signaling pathway directly led to
NMD inhibition. ER stress stimulates three branches of the unfolded protein
response (UPR): the IRE1, activating transcription factor 6a (ATF6a), and protein
kinase RNA-like endoplasmic reticulum kinase (PERK) pathways (Hiderou
Yoshida et al. 1998; H. Yoshida et al. 2001; Harding, Zhang, and Ron 1999;
Calfon et al. 2002; Han et al. 2013). These three stress sensors bind to
chaperone protein BIP and are quiescent under non-stress conditions. During ER
stress, misfolded proteins sequester BIP from continually interacting with these
three proteins. Upon release from BIP binding, PERK is activated via
autophosphorylation, similar to IRE1a. ATF6a is activated by intramembrane
proteolysis and is translocated into the nucleus to induce the transcription of
chaperones, such as Bip.

To test which pathway mediates NMD activity, RNAi was used to knock
down the stress sensors for 48 hours before thapsigargin treatment for 5 hours
and examined whether any thapsigargin-inhibited NMD activity could be restored.
IRE1a was reported to be targeted by NMD (Oren et al. 2014; Karam et al.
2015), and thapsigargin treatment also enhanced Irela expression in this study

(Figure 9F). However, the AS-NMD assay showed uniformed downregulation of
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both the NMD and the non-NMD isoforms for all reporter genes when Irela was
knocked down using silencer select siRNA system (Figure 9A-E). This does not
match the normal NMD inhibition profile of the AS-NMD assay, instead, a
transcription slowdown. For the Atf6 pathway, the same reporter genes were
examined using AS-NMD assay. Psd-95 and Ptbp2 isoforms showed no
response to thapsigargin treatment at all, whereas Tra2b, Hnrnpl, and Srsfll
were repressed in both non-NMD and NMD isoforms (Figure 9G-K). This
ununiformed regulation was inconclusive in concluding the ATF6 pathway
responsible for NMD inhibition. In summary, Ire1a and Atf6é were not responsible

for NMD inhibition induced by thapsigargin and ER stress described in this study.
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Figure 9. Ire1a and Atf6 pathways are not responsible for NMD inhibition
caused by thapsigargin. (A-E) Expression of AS-NMD targets in Ire1a-depleted
N2a cells at 5 hours after treatment with DMSO or 0.2 uM thapsigargin. (F) Ire1a
(Ernl) expressions in control vs Ire1a-depleted N2a cells at 5 hours after
treatment with DMSO or 0.2 uM thapsigargin by RT-gPCR. (G-K) Expression of
AS-NMD targets in Atf6-depleted N2a cells at 5 hours after treatment with DMSO
or 0.2 uM thapsigargin. (L) Atf6é expression in cells treated with Silencer Select
siRNA targeting Atf6 and 0.2 uM thapsigargin simultaneously. N = 3. Error bars
represent mean + SEM.
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Thapsigargin inhibits NMD by activating the PERK pathway

Interestingly, the depletion of only PERK completely prevented
thapsigargin from repressing NMD. Two independent siRNAs reduced the
endogenous Perk transcripts to around 20% (Figure 10A). PERK knockdown did
not significantly affect the steady-state levels of either the NMD or non-NMD
isoforms of Psd-95, Ptbp2, and Tra2b (Figure 10B-D). Thapsigargin application
in control siRNA-pretreated cells induced only the NMD isoforms of these genes
along with Xbpls and Bip (Figure 10B-F) and also surprisingly increased Perk
transcript levels (Figure 10A). In siPerk-pretreated cells, none of the NMD
isoforms were upregulated by thapsigargin (Figure 10B-D).

Xbp1ls levels, which are indicative of IRE1a activity, were still six- to
eightfold higher in the thapsigargin-treated siPerk cells than in DMSO-treated
cells (Figure 10E). Similarly, Bip transcript levels, which are widely used as a
reporter of ATF6a activity, were unchanged by control siRNA, Perk siRNAs or
DMSO treatment, but remained high after thapsigargin treatment regardless of
siPerk application (Figure 10F). Further validating the activation of IRE1a and
ATF6a by thapsigargin was not sufficient to inhibit NMD.

Because RNAi-mediated depletion could not resolve whether it was the
physical scaffold or enzymatic activity of PERK that was essential for NMD
inhibition, a small molecule PERK inhibitor, GSK2606414, that inhibits the
specific enzymatic activity of PERK was used for further evaluation (Axten et al.

2012). Application of GSK2606414, like siPerk alone, did not affect NMD activity
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in DMSO-treated cells (Figure 10G-I). In thapsigargin-treated cells, however,
pretreatment of GSK2606414 for one hour effectively reversed the up-regulation
of the NMD isoforms in a dose-dependent manner (Figure 10G-1). GSK2606414
phenocopied Perk siRNA treatment in attenuating thapsigargin-induced Xbp1s
but to a level still well above that in DMSO-treated cells (Figure 10J). Similar to
RNAI depletion of Perk, GSK2606414 did not down-regulate Bip transcripts
(Figure 10K). These data further show that of the three UPR branches only

PERK activity was required for thapsigargin to inhibit NMD.
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Figure 10. PERK is necessary for thapsigargin-induced NMD inhibition.
Expression levels of Perk (A); the NMD (red) and non-NMD (blue) isoforms

of Psd-95 (B), Ptbp2 (C), and Tra2b (D); Xbpls (E); and Bip (F)

after siPerk knockdown and thapsigargin treatment. Control sSiRNA and two
different siRNAs targeting Perk were transfected into N2a cells for 48 h before
thapsigargin application. Note that the thapsigargin effect on the NMD isoforms
was completely blocked by siPerk transfection (B—D). Expression levels of the
NMD (red) and non-NMD (blue) isoforms of Psd-95 (G), Ptbp2 (H), and Tra2b (I)
as well as Xbpls (J) and Bip (K) in N2a cells treated with DMSO, thapsigargin, or
thapsigargin plus PERK inhibitor GSK2606414 at indicated concentrations. A
dosage of 0.1 uM GSK2606414 or above was sufficient to revert the effect of
thapsigargin on the NMD isoforms (G-I). A one-way ANOVA test was used

for A, E, F, J, and K. A two-way ANOVA test followed by Dunnett's multiple
comparison tests was used for B, C, D, G, H, and I. (*) P < 0.05; (ns) not
significant. N = 3. Error bars represent mean + SEM.
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PERK activation induced polysome disassembly is responsible for NMD
inhibition

Activated PERK phosphorylates elF2a at serine 51, leading to attenuation
of protein synthesis and polysome disassembly (Harding, Zhang, and Ron 1999;
Wek, Jiang, and Anthony 2006). To test whether elF2a was part of the signaling
cascade, quantitative immunoblots on total elF2a and phosphor-elF2a (Ser51) in
cells treated with thapsigargin and PERK inhibitor GSK2606414 were made. As
expected, DMSO did not alter the level of phosphorylation. An increase in
phosphor-elF2a at one and a half hours after thapsigargin treatment was
observed, which was completely diminished by GSK2606414 (Figure 11A).
Meanwhile, total elF2a levels remained constant across all conditions (Figure
11A). At the same time, the polysome profile graphs also confirmed that
GSK2606414 could partially restore polysome integrity which was sufficient to
also reverse the NMD inhibition caused by thapsigargin (Figure 11B). These data
supported the mechanism that thapsigargin inhibits NMD via PERK activation
and subsequent attenuation of global protein translation through elF2a

phosphorylation (Fig. 11C).
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Figure 11. Inhibiting PERK rescues thapsigargin-induced NMD attenuation
by restoring polysome integrity and translation. (A) Western blots and
guantification of phosphorylated elF2a (P-elF2a) and elF2a when treated with
thapsigargin and Gsk (0.3 uM) treatments. Bands are quantified via Image Quant
and normalized with elF2a to obtain fold changes. N = 2. Error bars represent
mean = SEM. (B) Polysome fractionation graphs of N2a cells at 5 h after
treatment with DMSO, Gsk, 0.2 uM thapsigargin, or Gsk (0.5 uM) and
thapsigargin (0.2 uM) double treatments. 40S, 60S, 80S, disome (black arrow)
and polysome are labeled accordingly. In each graph, a red line is drawn from
the disome peak to the estimated peak of the eight-ribosome fraction. (C)
Proposed mechanism of thapsigargin and other stressors leading to NMD
inhibition.
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NMD inhibition is not ubiquitous under various cellular stresses

While investigating stress and NMD regulation, a question arose whether
NMD could be ubiquitously inhibited under different cellular stresses. The AS-
NMD reporter assay enabled the systematic study into stress and NMD. Various
stress tests were conducted In N2a cells to observe changes in NMD activities
such as high temperatures (up to 45°C for 2 hours) or serum deprivation (as low
as 0% fetal bovine serum for up to 24 hours). Yet, NMD inhibition was only
observed after culturing N2a cells in L-glutamine-free media (Figure 12). The
NMD isoform levels of Psd-95, Ptbp2, and Tra2b were not altered during the first
6 hours of switching to L-glutamine-free media, possibly due to residual cellular
glutamine sustaining cell metabolism. These NMD isoforms were clearly up-
regulated at 12 hours and further enhanced at 15 hours (Figure 12A-C). These
data show that amino acid deprivation could also lead to NMD inhibition, likely
through the GCN2 pathway (Zhang et al. 2002). The cellular stress NMD
inhibition was not limited to stress caused by thapsigargin but also not ubiquitous

under all cellular stresses.
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Figure 12. Amino acid deprivation inhibits NMD in a temporal manner.
Expression levels of the NMD and non-NMD isoforms of Psd-95 (A), Ptbp2 (B),
and Tra2b (C) in N2a cells cultured in L-glutamine-free media for 12 and 15
hours. The NMD isoforms but not the non-NMD isoforms were significantly
upregulated by L-glutamine deprivation. A two-way ANOVA followed by
Dunnett’s multiple comparison tests was used to determine significant changes in
gene expression. *, P < 0.05. N=3. Error bars represent mean + SEM.
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ER stress enhances TDP-43-controlled NMD isoforms through PERK

NMD plays critical roles in physiology and pathogenesis; therefore, the
modulation of NMD activity may impact NMD-associated diseases. The recent
discovery implicating NMD regulation in the pathogenic mechanisms of
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) could be
a good model to demonstrate the relevance of NMD modulation (Barmada et al.
2015; J. P. Ling et al. 2015). Ling et al. proposed that TDP-43-deficient cells
produce many cryptically spliced gene isoforms could be one of the pathogenic
mechanisms (J. P. Ling et al. 2015). Because many of these cryptic isoforms are
subjected to NMD regulation, it is reasoned that ER stress might aggravate TDP-
43 deficiency in the up-regulation of these NMD isoforms.

To investigate the possible compounding effect of ER stress on TDP-43-
mediated NMD isoforms, the expression of TDP-43-repressed cryptic exons were
examined with and without thapsigargin treatment. Specific PCR primers flanking
the previously reported cryptic exons of A230046K03Rik, Mibl, and Uspl15 were
designed to measure the ratios of the NMD isoforms to their corresponding
translational isoforms. The splicing of cryptic exons was not detected in cells
treated with control SIRNA or DMSO but was drastically boosted by RNAI-
mediated depletion of Tdp-43 (Figure 13). Subsequent thapsigargin treatment
further increased the level of the NMD sensitive cryptic isoforms in TDP-43-
deficient cells but had no effect in the mock-transfected or control sSiRNA-

transfected cells (Figure 13).
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To test whether the thapsigargin compounding effect was due to PERK-
mediated NMD inhibition, Perk was knocked down using RNAI prior to the drug
treatment. As shown by two independent Perk siRNAs, loss of Perk did not
cause cryptic splicing on its own nor interfere with the activity of TDP-43 in
DMSO-treated cells (Figure 13). However, PERK knockdown completely
eliminated thapsigargin's additive effects to TDP-43 depletion, resulting in similar
isoform ratios between the DMSO and thapsigargin treatments. These results
confirmed that ER stress exacerbated the cryptically spliced NMD isoforms
buildup through PERK activation in TDP-43-deficient cells, identical with the ER

stress-NMD inhibition pathway.

106



1.5+

1.0

Fold change

0.0

0.5

siCtrl - +

siTdp43#

4 =

siTdpd3#2 - -

siPerk#

T = s

siPerk#2 - -

NMD isoform / normal isoform

0-
siCtrl
siTdp43#1
siTdp43#2

siPerk#1
siPerk#2

4
& 00bps

£3008ps
2250 bps

200bps ————

Thapsigargin

Tdp-43

I Thapsigargin
W DMSO

A230046K03Rik

*

|_I

I

siTdp43#1

1.5+

=
(=]
Y

Fold change
o
o

0.0-
siCtrl

T i siTdp43#2 - - o

oz si
- + Sl

D

I Thapsigargin
Il DMSO

+ !

3 si
- + Sl

— ee—NMD
isoform

<—Normal
isoform

107

Perk#1 - - =
Perk#2 - - .

NMD isoform / normal isoform

i I
0d e ——

siCtrl -+ 5
Tdp43#1 - - .
Tdp43#2 - - 3
siPerk#1 - - =
siPerk#2 - - %

400Dbps

300003 =
250 bps = s

Perk

I Thapsigargin
W DMSO

'
'
+

+
'
+

Mib1

B Thapsigargin

= 2 7 %
+ - + -
- + - +
NMD
isoform
——p——] <—Normal
isoform



m

Usp15

g g Bl Thapsigargin

s l_\ |_' B DMSO

E

c

=

E ns

- 1_

_g i ns

w

g | I

Z D mi m____ [ [

sicll' = & ¢ = 5 o oz o=

siTdpd3#1 - - b = = = 3 =
siTdp43#2 - - . = - - - 5

siPerig#1 - - - SN A

siPerl2: = = = = o= =k o2 &
o 300bps e — <—N'v1f0rm
2 250bps gnls
O 200bps

150bps ———— 4 ——<—Normal

isoform

Thapsigargin

Figure 13. Thapsigargin enhances TDP-43-repressed NMD isoforms
through PERK. The expression levels of Tdp-43 (A) and Perk (B) in N2a cells
transfected with control siRNA, siTdp43, and/or siPerk and subsequently treated
with DMSO or 0.2 uM thapsigargin. These cells were also assayed for the
expression of the normal and NMD isoforms of A230046K03Rik (C), Mib1 (D),
and Ups15 (E). Representative digital gels are shown in the lower panels. Arrows
point to the NMD and normal isoforms. The ratio of the NMD isoform relative to
the normal isoform was quantified for each gene under each experimental
condition (upper panels). In siTdp43 cells, thapsigargin further increased the
ratios. In siTdp43 and siPerk double-knockdown cells, thapsigargin had no effect
on the ratios compared to DMSO. (ns) P = 0.05; (*) P < 0.05 (two-way ANOVA
followed by Dunnett's multiple comparison tests). All error bars represent mean *
SEM. N = 3.
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Discussion

AS-NMD assay is sensitive and has a broad dynamic range thanks to the
high resolution and wide range of RT-gPCR. It can determine the efficiency and
dynamics of NMD activity regulated by cellular pathways or during development,
for analyzing the kinetics of drug response, and for dissecting the underlying
molecular mechanisms. While the repressive effect of thapsigargin on NMD
started to plateau at a concentration of 0.2 uM and above, NMD inhibition was
already detected at treatment levels as low as 0.02 uM (Figure 8). At this low
concentration, the NMD isoform up-regulation was only about 20% of the
maximal up-regulation but was nevertheless consistently detected by the method
(Figure 8). Similarly, in the time course experiment, 20%—-30% of full inhibition
(typically achieved at 5 h post-treatment) was readily detectable at 1 h post-
treatment (Figure 7).

Before the AS — NMD screening, initial experiments were done to test
whether core NMD factors were affected after 5 hours of thapsigargin treatment.
No changes were found in the NMD factors expression (data not shown). A
previous study reported a 1.5- to 2.5-fold increase in Upfl mRNA in HeLa cells 4
days after chronic depletion of various NMD factors (Yepiskoposyan et al. 2011).
The apparent contrast may be due to the difference in the time scale of the
treatment and changes in NMD activities observed in this study were not due to
changes in core NMD factors.

Strong correlation between NMD inhibition, endoplasmic reticulum (ER)
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stress and polysome disassembly upon thapsigargin treatment was discovered in
a temporal and dose dependent manner. Previous studies have reported a UPR
gene Irela to be targeted by NMD (Oren et al. 2014; Karam et al. 2015), and
thapsigargin indeed enhanced Irela expression (Figure 9F). However, Irela
expression remained unchanged at one hour when Xbpls was first detected,
suggesting that the initial Xbp1l splicing was due to oligomerization-induced
activation of IRE1a protein. Subsequent Irela induction may potentiate more
Xbp1l intron excision. Irela induction occurred at 0.01 yM and intensified with
increasing concentration also suggesting that the initial Xbp1 splicing was due to
oligomerization-induced activation of IRE1a protein (data not shown).

Depletion of Ire1a or Atf6 alone was not enough to fully rescue
thapsigargin-induced inhibition of NMD activity. Both /re7a and Atf6a were
upregulated by thapsigargin while RNAI treatment efficiently reduced
thapsigargin effects (Figure 9F and L). Depletion of /re1a dampened
thapsigargin-enhanced NMD isoforms by about twofold but did not revert their
levels to those of pre-thapsigargin treatment (Figure 9A-E). Reduction of Atf6a
did not alter the effect of thapsigargin on the NMD isoforms (Figure 9G—K). In the
following Perk inhibition and knockdown experiments, a strong correlation of
PERK activation, polysome disassembly, and NMD inhibition was observed
(Figure 10 and 11). NMD inhibition successfully was rescued using PERK
inhibitor and RNAI methods, along with the rescue of polysome integrity. The

findings are therefore consistent with previous reports and support the
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hypothesis that NMD inhibition is specific to PERK-elF2a-translation repression
signaling (Chiu et al. 2004; Gardner 2008, 2010; Hu et al. 2010; Wang et al.
2011).

On the other hand, the AS-NMD assay did not detect a role of intracellular
Ca2+ signaling in NMD inhibition. Downstream from thapsigargin treatment,
PERK inhibition via a specific drug inhibitor or SIRNA depletion did not reverse
the increase in cytosolic Ca2+ but did completely restore NMD activity.
Furthermore, other chemicals increasing intracellular Ca2+ failed to attenuate
NMD. Therefore, increased intracellular Ca2+ was not enough to inhibit NMD in
our system, contradicting a recent study reporting calcium's sufficient role
(Nickless et al. 2014). One possible explanation is that this study used mouse
N2a cells, whereas Nickless et al. used human osteosarcoma cells (U20S).
Additionally, the use of exogenous fluorescent mini-gene reporters to measure
NMD activity may be jeopardized due to the nature of thapsigargin translational
inhibition from ER stress (Figure 11). The unintended translational attenuation
could interfere with fluorescence and increase background signals that could
alter the NMD ratio, leading to inaccurate interpretations.

Another stress, glutamine deprivation, also inhibited NMD in this study,
while heat shock or serum withdrawal did not. This result was consistent with a
previous study reporting NMD attenuation upon deprivation of all amino acids
(Mendell et al. 2004). Although the mechanism of NMD inhibition by amino acid

starvation remains unclear, it is probably due to translation interference. Amino
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acid starvation activates general control nonderepressible 2 (GCN2), which can
phosphorylate elF2a (Dever et al. 1992) to slow down translation just like PERK
activation (Pain 1994).

Finally, evidence of ER stress compounding TDP-43 depletion
upregulated cryptic NMD isoforms was presented. These cryptic isoforms have
been implicated in the pathogenic mechanisms of amyotrophic lateral sclerosis
and frontotemporal dementia (J. P. Ling et al. 2015; Barmada et al. 2015). This
study showed an adverse effect of ER stress on TDP-43 proteinopathy
enhancing TDP-43-repressed NMD substrates (Figure 13). ER stress-stimulating
episodes could thus restrain TDP-43 defective cells from clearing up these
unwanted transcripts in a timely manner and could even possibly accelerate
progressive loss of neurons in ALS and FTD patients. PERK inhibition completely
blocked the undesirable effect of ER stress, providing a possible target of
therapeutics to ameliorate the ill influence of ER stress on TDP-43 deficiency
(Figure 13C-E).

As a proof-of-principle study, the AS-NMD method not only proved that
thapsigargin induced NMD inhibition is caused through PERK activation and ER
stress instead of intracellular calcium, it also demonstrated its utility in a genetic
disease model like ALS - FTD. Increasing evidence suggests NMD can actively
integrate into various cellular processes such as alternative splicing, unfolded

protein responses, amino acid deprivation, and cellular stresses. This
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endogenous assay could monitor and reveal more about NMD in the future with

minimum invasion.

Materials and Methods
Cell cultures and drug treatments

Neuro-2a (N2a) cells were cultured in N2a complete media (L-glutamine-
free Dulbecco's modified Eagle's medium (DMEM), 10% FBS and 1x GlutaMAX)
at 37°C and 5% CO2. 750,000 cells were plated on 35 mm BioLite TC plates or 6
well dishes and incubated with 2 mL of N2a complete media overnight before
thapsigargin treatments (VWR, cat. no. 89161-410). The cells were collected at 5
h post-treatment unless otherwise specified. The PERK inhibitor GSK2606414
(Thermo Fisher, cat. no. 501016108) was dissolved in DMSO. N2a cells were
incubated with GSK2606414 for 1 h before thapsigargin treatment. For L-
glutamine deprivation, 750,000 N2a cells were plated overnight and switched to
L-glutamine-free DMEM with 10% FBS. SiIRNA knockdown experiments were
conducted using Lipofectamine RNAiMax and Silencer Select siRNAs (siTdp-43,
cat. no. s106688 and s106686; siPerk, cat. no. s201280 and s65405; silrel cat.
no. s95859; siAtf6, cat. no. s105470) according to the manufacturer's
instructions. Silencer Negative Control sSiRNA (AM4615) was used as the siRNA
control. Cells were incubated for 48 h for optimal knockdown efficiency or

overexpression before downstream treatments.
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RNA extraction, cDNA synthesis, and RT-qPCR

TRIzol (Life Technologies, cat. no. 15596-018) was directly added to the
cells to extract total RNA following the TRIzol reagent standard protocol. Isolated
RNA was treated with 4 units of Turbo DNase (Ambion) at 37°C for 35 min to
degrade all remaining genomic DNA. After the DNase treatment, RNA was
purified again using phenol-chloroform (pH 4.5, VWR cat. no. 97064-744). RNA
concentrations were measured using a Nanodrop 2000c (Thermo Fisher). One
microgram of freshly isolated DNA-free RNA was converted to cDNA using 1 pL
random hexamers (30 uM) and 200 units of Promega M-MLYV reverse
transcriptase (cat. no. M1705) following the Promega protocol in a 20 pL
reaction. For all gPCR primers, quality control was performed for their specificity,
sensitivity, melting curves, and standard curves (Table 3). RT-gPCR experiments
were conducted using a QuantStudio 6 Real-Time PCR instrument with 2x
Power SYBR Green PCR master mix (Life Tech) following the Life Tech protocol.
Each 10 pL reaction contained 0.3 uL cDNA, 5 pL 2x Power SYBR Green PCR
master mix, 0.3 nM forward primer, and 0.3 nM reverse primer. The QuantStudio
6 RT-qPCR run program was as follows: 50°C for 2 min; 95°C for 15 sec and
60°C for 1 min, with the 95°C and 60°C steps repeated for 40 cycles; and a
melting curve test from 60°C to 95°C at a 0.05°C/sec measuring rate.
QuantStudio Real-Time PCR software was used for the analysis. All RT-gPCR
reactions were conducted with three technical replicates along with a no template

control (NTC, not amplified). Outliers were excluded when the coefficient of
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variation of Ct for the three technical replicates was larger than 0.3. Relative
expression (fold changes) was calculated using the AACt method. For the
splicing assays of the NMD exons, PCR was performed using New England
Biolab Tag DNA polymerase (cat. no. MO267E). All statistical analysis was
performed using GraphPad Prism 6.
Protein extraction, immunoblotting, and quantitative image analysis

Cells in six-well plates were washed twice with 1 mL cold 1x PBS and
harvested with freshly prepared RIPA buffer. The BCA assay (Thermo Scientific)
was performed to determine protein concentrations before loading equal
amounts of the materials onto SDS-PAGE gels (4% stacking and 12% resolving)
for Western blotting. Primary antibodies P-elF2 (1:333, Thermo Fisher), elF2
(1:2000, Thermo Fisher), and GAPDH (1:1500, Ambion). Specific Western blot
bands were quantified using ImageQuant TL and normalized with GAPDH to
derive the relative protein levels.
Quantitative analysis of cryptic exon splicing

Optimized RT-PCR cycles were A230046K03Rik (29 cycles), Mib1 (29
cycles), and Usp15 (29 cycles) (Table 4). Quantitative gel electrophoresis of PCR
amplicons was conducted. Splicing of the exons was determined using the
following formula. All statistical analysis was performed using GraphPad Prism 6.
Cryptic splicing ratio = isoform including the cryptic exon / isoform skipping the
cryptic exon

All ratios were calculated using in nmol measured by Qiaxcel.
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Polysome fractionation

For polysome fractionation, 1.5 x 107 N2a cells in 20 mL N2a complete
media were plated on 150 mm petri dishes overnight and treated with varying
concentrations of thapsigargin the next day. Cycloheximide (Fisher Scientific, cat.
no. 50490338) was added at a concentration of 100 ug/mL, and the cells were
incubated for 10 min at 37°C before lysate collection. The cells were washed
twice with 10 mL cold 1x PBS containing 100 pg/mL cycloheximide then
collected in 4 mL of the same cold PBS solution. The cells were lysed with 0.5
mL lysis buffer (20 mM Tris pH 7.5, 100 mM KCI, 5 mM MgCI2, 2 mM DTT, 100
pg/mL cycloheximide, 1% Triton X-100, 50 wW/mL RNaseout, and 1x EDTA-free
protease inhibitor cocktail). Roughly 400 pL (6000 optical units) of lysate was
loaded onto premade sucrose gradients (60% to 15%) and balanced (within 0.5
mg) before ultracentrifugation at 4°C and 237,000g (50,000 rpm for a SW55 Ti
rotor) for 1.5 h. Products were carefully removed from the ultracentrifuge and
fractionated with the apparatus consisting of the gradient fractionator (Brandel
SYN-202), the ISCO absorbance detector (ISCO # UA-6), and the fraction
collector (R1 Fraction Collector) at 2.0 sensitivity and 150 cm/h chart speed to

record absorbance data and collect fractionations.
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Chapter 4: Knocking out Upf2 reduces neural progenitor cell viability
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Abstract

Nonsense-mediated RNA decay (NMD) is an essential post-transcriptional
quality control mechanism degrading aberrant RNA transcripts. In addition to
preventing the expression of “nonsense” RNA, NMD has been reported to target
normal RNA transcripts to finetune gene expression. For example, the last
chapter revealed cellular stresses inhibit NMD through the PERK signaling
pathway. This chapter further explores NMD interaction with biological
processes, especially neuronal development. A conditional in vitro NMD deficient
neural progenitor cell (NPC) system was pioneered using adeno-associated virus
serotype 9 (AAV9) carrying Cre recombinase. AAV9 successfully induced Upf2
knockout and attenuated NMD, upregulating NMD genes such as Gadd45b,
Gadd45g, Parpl4, Parp3, Atr, and Mrella. As a result, NPC viability was
reduced significantly in Upf2 knockout samples. It is evident that NMD could
directly affect NPC viability. In an attempt to rescue such phenotype, two
candidates, downstream Gadd45b and Gadd45g, were knocked out in the UPF2
null background using the CRISPR-Cas9 system. No NPC viability rescue was
observed. These findings provide evidence and importance of NMD in NPC

survival and early brain development.

123



Introduction

Nonsense mediated RNA decay (NMD) plays an essential role in post
transcriptional regulation to finetune the transcriptome and maintain normal
cellular function (Kurosaki, Popp, and Maquat 2019; Lykke-Andersen and Jensen
2015; Hug, Longman, and Céaceres 2016; Chang, Imam, and Wilkinson 2007,
Kurosaki and Maquat 2016). It actively integrates into various cellular and
biological processes such as alternative splicing, unfolded protein responses
(UPR), amino acid deprivation, and cellular stresses. For instance, ER stress can
inhibit NMD through PERK activation (Li et al. 2017; Karam et al. 2015). Hypoxia
can also inhibits NMD through phosphorylation of elF2a (Gardner 2008).
Increasing evidence suggests through these biological network intersections,
NMD is able to play crucial roles in mediating cell physiology, especially in
neuronal development.

During early neuronal development, NMD works in conjunction with
alternative splicing (AS-NMD) to modulate synapse formation. Study shows at
early mouse embryonic stages, an important synaptic formation gene, Psd-95 is
actively degraded by the NMD process. Later in that development, exon 18 of
Psd-95 is alternatively spliced, prompting an escape of NMD fate and expression
of PSD-95 to aid neuronal maturate (Zheng 2016; Zheng et al. 2012). Similar AS-
NMD regulation has also been reported in one of Psd-95’s splicing regulators -
nPtbp (Ptbp2, an NMD target). The alternation between Ptb and nPtb,

encourages neuron maturation and differentiation (Boutz et al. 2007). Axon
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guidance gene Robo03.2 is another example of AS-NMD modulating
axonogenesis through switching between translational isoform (Robo3.1) and the
NMD isoform to maintain the delicate balance of gene expression at the right
time for the right amount (Colak et al. 2013; Boutz et al. 2007).

In addition, miR-128 microRNA is shown to regulate UPF1 expression.
Such microRNA repression of NMD leads to transcriptome wide differentially
expressed neural genes, revealing a new mode of NMD regulation in neurons
(Bruno et al. 2011). Additional microRNAs such as miRNAs miR-9, miR-124 and
miR-125 have been identified to promote similar miRNA - NMD circuitry that
regulates neural development by indirectly upregulating downstream NMD
targets like Smad7 (C. H. Lou et al. 2014; Wang et al. 2013).

Some NMD core factors are directly involved in the neurogenesis network.
Take UFP1, study has shown UPF1 and an exon junction factor elF4All directly
regulate Arc mRNA transcript in dendrites. The depletion of either factor
increases Arc abundancy and leads to hyper expression of ARC, a protein
required for long-term potentiation and synapse strength in mature neurons
(Giorgi et al. 2007). Another role of UPF1 was reported in the reducing the
cellular toxicity from Tdp-43 and Fus induced amyotrophic lateral sclerosis (ALS)
and frontotemporal dementia, by accelerating NMD degradation of harmful
misspliced transcripts (Barmada et al. 2015; Ling et al. 2015). Additionally,
research shows UPF3B can cause intellectual impairment strongly associated

with autism spectrum disorder (ASD), attention deficit hyperactivity disorder
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(ADHD) and schizophrenia (SCZ) (Huang et al. 2018; Jolly et al. 2013; Nguyen et
al. 2012). This could because of the expression profile change when missense
UPF3B start promotes neural stem cells proliferation at the expense of
differentiation, severely hinder neurite formation and neuron maturation
(Alrahbeni et al. 2015).

Though many studies are focused on the role of NMD in mature neurons
and neural degenerative diseases, not much is understood at the early
embryonic stage neural progenitor cells (NPC) (Han et al. 2018). NPCs are a
type of multipotent precursor cells capable of self-renewing. They can later
differentiate into most glial and neural cell types (Martinez-Cerdefio and Noctor
2018). An NMD - NPC model could be a powerful “all-in-one” tool to study NMD
functions in neural development, differentiation, and related neurological
conditions. However, no such NPC model is currently available. Therefore, this
chapter aims to present a novel NPC conditional UPF2 knockout model that
could be employed to benefit all NMD related researches in the early neural

development field.
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Results
Neural progenitor cell harvesting and culturing from Upf2'oxP/loxP: Emx1-cre
mouse

Fresh neural progenitor cells directly from the mouse cortice were
harvested and cultured in vitro to study Upf2loxP/loxP knockout induced NMD
inhibition in neuronal development. First, Upf2loxP/LoxP male mice were bred with
Upf2loxPlloxP females to generate homozygous Upf2loxP/loxP embryos (Zheng et al.
2012). At embryonic day 14.5 (E14.5), pregnant females were sacrificed and the
embryonic mice brain cortex were harvested for culturing in NPC growth media.
Neurospheres were formed and digested for culturing monolayer NPCs (Figure
14A). At the same time, embryonic mice tails were used to genotype Upf2loxP/loxP
transgenes (Figure 14B). Homozygous Upf2loxPlloxP NPCs were cultured from T25
flasks as neurospheres to the third passage (P3) in monolayer before proceeding
(Figure 14D). These results indicate successful in vitro culturing of NPCs carrying
the loxP transgenes flanking Upf2 exon 2 and exon 3. When Cre is introduced to
the Upf2'oxPlloxP NPCs, the NPC population will produce conditional Upf2 knockout

and ready to be used for NMD related studies.
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Figure 14. NPC culturing from mouse cortex. (A) Schematics demonstrating
strategy harvesting and culturing Upf2 knockout neural progenitor cells as a
model to study NMD in NPC. (B) Design of genotyping primers used to confirm
loxP sequence. One set of forward and reverse primers amplify the transgenic
loxP gene. Successful knockout should completely remove exon 2 and exon 3
(lower panel). (C) Genotyping image of agarose EtBr gel from mouse tail DNA
samples. Upf2loxP/loxP ysing the genotyping primer sets in B. #1 and #2 are
littermates, while the third sample is a heterozygous mouse showing both loxP
transgene and the wildtype Upf2 bands as control. (D) Representative NPC
cultures in vitro derived directly from harvested mouse cortical neurons. Culturing
time integrals from T25 flask, T75 flask, passage 0 monolayer (P0), passage 1
monolayer (P1), to passage 3 monolayer (P3). Normal Upf2loxP/loxP NPCs,
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Generating Upf2 conditional knockout neural progenitor cell using AAV9
Due to the difficulties of transfection in the NPCs from previous
experiences, viral particles carrying Cre recombinase was preferred to induce
knockout (data not shown). Adeno associated virus serotype 9 (AAV9) carrying
Cre has been shown to be effective in neurons and the central nervous system
(Hudry and Vandenberghe 2019). It is used to drive CRE expression in this study
under the CMV promoter (Figure 15A). To validate the AAV9 induced Cre
knockout efficiency, a tri-primer set complimenting exon 1 as forward primer;
exon 2 and exon 4 as reverse primers were designed to confirm knockouts
(Figure 15B). Using RT-PCR splicing assay, the tri-primer set was also able to
guantify the exact knockout ratio as shown in Figure 15C. Quantification using
molarity showed that AAV9 was extremely potent in expressing Cre
recombinase. 95% knockout was achieved within 72 hours of infection in the
NPCs when using 500 x 10° MOI (Figure 15D). Additional RT-gPCR on
endogenous NMD targets Prdg, Gadd45b, and Gadd45g were used to confirm
the knockout (Figure 15D). Prdg was upregulated for 8 folds while Gadd45b and
Gadd45g achieved 10- and 16-folds upregulation respectively. Altogether, AAV9
carrying Cre recombinase was potent enough to generate conditional Upf2 null

NPCs in vitro.
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Figure 15. Generation of Upf2 knockout neural progenitor cell model in
vitro using AAV9. (A) Major adeno-associated viral construct features. (B)
Design of the splicing tri-primer set used to quantify knockout ratio in an NPC
population using RT-PCR. (C) Qiaxcel digital PCR splicing assay images of
UPF2 treated with different dosages of AAV9 carrying eGFP and eGFP-CRE
constructs to induce knockout. (D) Quantified splicing percentage of knockout
detected by Qiaxcel Screen Gel in nmols. (E) RT-qPCR expression of potential
NMD targets treated by Mock, AAV9-eGFP (500 x 103 MOI), and AAV9-eGFP-
CRE (500 x 10”3 MOI). One-way ANOVA test was used to determine significant
ratio changes between different samples, followed by a Tukey's multiple
comparison test. N = 3. (*) P < 0.05. Error bars represent mean + SEM.

Table 6. UPF2 splicing tri-primer sequence

Splicin Size Size
PIO_ 9 Forward Reverse Tm (inclusio (exclusio
rimers n) n)
TCCTTCTTGGCAG 60 208
Upf2_Splicing GAGTTGGTGC TGACCTT
- TGGGAAACC CATATTGCTTGTG 60  >1200 100
CCTGTCC
Table 7. NMD RT-gPCR prime
Gene Forward Reverse Size
Name (bps)
Gadd4sg TGCCTTGG.AFCT;AAGCTCAG GTCACTCGGGAAGGGTGAT 83
Gadd45b GCCCGAGACCTGCACTG CCATTGGTTATTGCCTCTGCTCT 124
CCT CTT
Pdrgl CAAGGGCA.CI_;.IC_; ATTGTCTG CTCTTGCACAAAGCAACCAA 94
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NPC viability is significantly reduced in Upf2 deficient population

Once Upf2 knockout and NMD inhibition were confirmed, a clear
phenotype was observed in NPCs lacking Upf2 - decreased total cell viability.
The cell viability was measured each 24 hours after the initial 72 hours of AAV9
transduction using live cell counts (Figure 16A). AAV9 carrying reporter eGFP
sequences can be directly observed under fluorescent microscope and
maintained potent eGFP signal even at 96 hours after the initial 72 hours
infection (168 hours total), one week after first introducing the virus (Figure 16B).
NPCs collected at each time point were counted and quantified to generate a
growth curve. NPCs with Cre recombinase induced Upf2 knockout started to
show significantly lower viable cells at 48 hours after replating and increased only
marginally overtime (Figure 16C). On the other hand, mock NPCs without AAV9
treatment and NPCs infected with eGFP reporter only AAV9 showed normal
growth achieving 500,000 to 600,000 cells after 96 hours (Figure 16C). These
results showed Upf2 is important in neuronal development and is an essential

gene for NPC survival during embryonic developmental stage.
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Figure 16. Upf2 knockout induced by AAV9 decrease NPC viability. (A)
AAV9 treatment timeline and experiment strategy of NPC viability assay using
CytoSmart cell counter. (B) Representative images of NPC condition in 24 wells
after 72 hours (+24 hrs means 24 hours after, 96 hours initial infection) of initial
AAV9 transduction in 6 wells plate. GFP brightness is indicative of positive
infection. (C) Temporal NPC viability (live cell counts) using Corning CytoSMART
Cell Counter 3.0. N = 3. A two-way ANOVA test followed by Dunnett's multiple
comparison tests was used to determine significant expression changes between
samples. (*) P < 0.05. Error bars represent mean + SEM.
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Generating monoclonal Gadd45b and Gadd45g knockouts in Upf2!oxP/lox
neural progenitor cells using CRISPR-Cas9 system

Many endogenous NMD targets have been reported to interfere with cell
viability. A recent study showed Gadd45 in drosophila is directly targeted by
NMD and is responsible for optical cell survival (Nelson et al. 2016). However,
the underlying mechanism for such survival rescue were not disclosed and such
phenomenon was not described in higher vertebrates. In mammals, there are
three homologues of the Gadd45 gene: Gadd45a, b and g (Zhang, Yang, and Liu
2014). Out of the three, Gadd45b and Gadd45g are of interest because they are
upregulated for 3 to 4 folds in previous Upf2 knockout mice cortical RNAseq data
and almost 10 folds in the NPC RT-qPCR (Figure 15D), making them potential
candidates to rescue NPC viability. The logic is to first knockout these two genes
in the Upf2loxPllox hackground NPCs. Then, introduce Cre recombinase using
AAV9 to create Upf2 deficiency and reevaluate the NPC viability in hope of
restored NPC counts.

The strategy to obtain two lineages of pure monoclonal NPC cells of
Upf2loxPlloxP: Gadd45b- and Upf2loPXloxP: Gadd45g- is to combine CRISPR-Cas9
system and single cell sorting (Figure 17A). CRISPR stands for clustered
regularly interspaced short palindromic repeat. It is a powerful gene editing
method that can be easily used to manipulate target genome in most cell types
(Hsu, Lander, and Zhang 2014). NPCs are transfected with two sgRNA - Cas9

fusion plasmids along with an eGFP reporter plasmid as sorting signals. NPCs
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with GFP positive signals were sorted one by one into each well and cultured into
single colonies. These GFP positive cells are more likely to also uptake the
SgRNAs infused with Cas9. Finally, these candidate cell colonies were checked
for Gadd45b or Gadd45g knockouts. For Gadd45b, plasmids carrying a pair of
SgRNA423 and sgRNA1898 (exact nucleotide target locations) with infused Cas9
nuclease were used to cut most of exon2, exon 3, exon 4 of the gene (Figure
17B). For Gadd45g, sgRNA32 and sgRNA1005 were used to remove exon 1,
exon 2, and most of the exon 3 (Figure 17C). Both NPC lines were confirmed by
sequencing. Gadd45b (B) sequencing result indicated a small insertion sequence
of “CGCAGGG” while the Gadd45g (C) sequencing results showed a
heterogenous NPC genotype. That is one complete knock out allele and one with
an extra “C” nucleotide from the nonhomologous end joining repairing process
(NHEJ), causing a frameshift shown as double peak in the sequencing result.
However, most of both genes were successfully excised, the nonfunction

knockouts should be guaranteed.

136



A DPGFP + sgRNAs FACS single Culture single

cell sorting cell into colony
@ — b oG wels | m— '
= £
® & Rl
g L
B o g¢ SgR%’A 423 sgRNA 1898
Gadass [ M|  Gadd4sp —ET H{ 2 H{ E5 M E |l

Gadd45b AGGATCGCCTCAC|CGTGG;BGGT————. GCAGGG|GTGGGGTGAGGCGTCC
external -GG-""CGCC‘[.‘C'CGC'»GGGTG'GGGGFGVGG(.G‘TCCC(
— Ko
o o ARl
c sgRNA 32 sgRNA 1005

Gaddd5g Gadd45g —]—| e =2 = - &= }—
Gadd45g GTGGGCGCGCATCGGA|CTCTGGGE ————— GATATCGTG|CGCGTGGGAGAC
external

GTGGGCGCGCATCGGA|CTCTGGG

GATATCGTG|GCGCGTGGGAGAC

hsd
GG6TGGGCGCGCATC GG ACCCC TGG G \AACTTGC

Figure 17. Generation of Gadd45b and Gadd45g CRISPR-Cas9 knockouts
from single cell colonies. (A) Steps to generate CRISPR-Cas9 knockout NPC
lines using FACS single cell sorting. Genotyping of SyBr Safe gel images and
sequencing confirmation of Gadd45b (B) and Gadd45g (C) knockout from
isolated NPC colony. Note Gadd45b (B) sequence results indicated a small
insertion sequence of “CGCAGGG”. Gadd45g (C) sequencing results showed a
heterogenous NPC genotype of one perfectly knocked out allele while the other
allele obtained an insertion of “C”, causing a frameshift shown as double peak in
the result.
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Knocking out Gadd45b and Gadd45g in Upf2'oxPloxP neyral progenitor cells
background did not rescue cell viability

The confirmed Upf2loxP/loxP: Gadd45b- and Upf2loxP/loxP; Gadd45g”- NPC
lines were used for the same cell viability assay shown in Figure 16. By
eliminating Gadd45b and Gadd45g in the Upf2loP/loxP hackground, AAV9 carrying
Cre recombinase would still inhibit NMD by Upf2 excision but no longer able to
upregulate the Gadd45 genes. Thus, possibly restoring the adverse effects from
NMD inhibition and NPC viability. However, Gadd45b and Gadd45g knockouts in
the Upf2'oxPloxP NPC background were not able to restore cell viability.
Upf2loxPlloxP: Gadd45b7- NPCs expressing CRE were still significantly less than
the mock and eGFP control (Figure 18A). Upf2loxPlloxP: Gadd45g- were also
unable to increase cell viability after being exposed with Cre virus when
compared with mock and GFP samples (Figure 18B). It was noted that the
Gadd45g knockout line exhibited visibly slower proliferation rate than Gadd45b
and Upf2'oxP/loxP lines based on total live cell numbers showed cell growth curves.
Therefore, Gadd45g may be affect NPC growth independently. Additional NMD
rescuing candidates should be considered.

CRISPR edited NPCs failed to rescue NMD induced cell viability
reduction, the underlying mechanism remains unclear. One possible
hypothesized mechanism is presented in Figure 18C where knocking out core
NMD protein UPF2 leads to a plethora of differentially expressed genes. These

“cryptic” genes are now expressed and contribute to cellular toxicity that leads to
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reduced cell viability. This hypothesis awaits to be tested in future studies.
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Figure 18. Gadd45b and Gadd45g CRISPR-Cas9 knockouts fail to rescue
Upf2 induced cell viability issue. NPC viability assay of Gadd45b (A) and
Gadd45g (B) CRISPR knockout in Upf2 knockout NPC induced by AAV9. Viable
/ live cells were counted using CytoSmart cell counter at indicated time after
initial 72 hours transduction. n = 3. Error bars represent mean = SEM. (C)
Hypothesized mechanism of cell viability reduction from Upf2 knockout either
through direct or NMD mediated downstream differentially expressed genes.
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Discussion

In this study, a novel Upf2 conditional knockout NPC model was
generated. Since NMD core factors UPF1 and SMG1 have been reported to be
embryonic lethal (Medghalchi et al. 2001; Mcllwain et al. 2010), Upf2loxP/loxP
transgenic mouse was a good candidate to establish a conditional NMD deficient
system (Zheng et al. 2012). First, NPCs were derived directly from cortical
neurospheres and cultured successfully into monolayers (Figure 14). These
NPCs were passaged up to sixteen times (P16) without showing any observable
phenotypic changes (data not shown). Such self-renewal property provides a
flexible time window for most in vitro mechanism studies. However, directly
harvested Upf2loxPlloxP: Emx1-cre NPCs were not complete Upf2 knockout when
cultured in vitro, possibly due to insufficient Emx1 promoter strength (data not
shown). A secondary Cre induction method was required.

To express Cre recombinase, AAV9 was used. NPCs are hard to transfect
using lipofectamine or electroporation from past experiences. AAV9 overcomes
the difficulty to infect transgenic NPCs with Cre recombinase with a CMV
promoter. This combination was most potent in driving Cre expression in neurons
(Pattali, Mou, and Li 2019; Kantor et al. 2014). Indeed, eGFP reporter signals
show a transduction rate of nearly 100% (Figure 16B). The induced Cre can also
achieve 95% knockout efficiency within 72 hours with NMD reporter genes
significantly upregulated (Figure 15). These data confirmed the novel AAV9-NPC

system can successfully attenuate NMD in vitro and used for future experiments.
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After using AAV9 to induce UPF2 knockout and NMD deficiency, the infect
NPC cells showed significant viability reduction (Figure 16C). Given the large
scale and importance of NMD in biological processes, this was not surprising (C.
H. Lou et al. 2014; Weischenfeldt et al. 2008; C.-H. Lou et al. 2016; Han et al.
2018). However, understanding the mechanism is of more importance in the
neuronal development and therapeutic point of view. The two candidate genes,
Gadd45b and Gadd45g failed to rescue NMD induced phenotype in NPC (Figure
19A and B), though the only Gadd45 homolog in drosophila was able increase
cell survival (Nelson et al. 2016). A divergence from mammal and drosophila
NMD models. It is possible that Gadd45b and Gadd45g have redundant
functions and a future double knockout model could provide more insight into the
NMD cell survival mechanism.

Without successful rescue, the cell viability reduction via Upf2 knockout
remains vague. It is hypothesized that differentially expressed genes when NMD
is inhibited can accumulate toxic transcripts that promote apoptosis and / or
lowered proliferation rate (Figure 19C). To answer these questions, the widely
used annexin-V FITC apoptosis assay can be used to quantify apoptotic rates
between NMD and control groups (Vermes et al. 1995). FITC conjugated
annexin-V binds to phosphatidylserine is a universal marker to detect apoptotic
cells. Along with PI DNA staining, both early and late stages of cell apoptosis
could be quantified (Riccardi and Nicoletti 2006). PI staining by itself can also be

used in cell cycle analysis to determine NMD effects on proliferation (Cecchini,
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Amiri, and Dick 2012).

Finally, an RNA sequencing library based on the conditional knockout
NPC line could be useful in determining the next step. The large scale
transcriptome data could reveal clusters of genes that are differentially
expressed. It can narrow down the potential list of targets and even reveal novel
candidates. Discovering the pathway could help researchers understand the role
of UPF2 and NMD in neural progenitor cell renewal and brain development, in
turn, providing therapeutic approaches for NMD related neurodegenerative

diseases.

Materials and Methods Animals

Conditional Upf2 knockout (that is, Upf2loxP/loxP: Emx1-cre) mice were
generated by first breeding Upf2loxP/loxP mice to Emx1-cre mice and subsequently
breeding Upf2loxP/+; Emx1-cre mice to Upf2'oxPloxP mice (Zheng et al. 2012). At
E14.5 days, mice were dissected under a dissection microscope to obtain
cortice. Isolated cortex tissues were then digested with TryPLE Express (Life
Technology cat. no. 12604021) for 15 minutes at 37 C dry bath. Followed by
spindown removal of TryPLE and resuspension in complete NPC culturing media
(DMEM/F12, 1x glutamax, B 27, 0.2 yg/ml FGF and 0.2 pg/ml EGF) in a T25
culturing flask for further NPC growth. All animal procedures were approved by

the Institutional Animal Care and Use Committee at UCR.
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NPC cultures and viability assay

Freshly dissected cortex tissues were cultured in complete NPC media
T25 for three days. Additional 0.2 uyg/ml FGF and 0.2 uyg/ml EGF were added on
day three and cultured for two more days. Spindown, wash, and resuspend
neurosphere to transfer to T75 after 5 days. Neurospheres were cultured in T75
for three to five more days before plating in monolayer six well plates coated with
NPC coating media (1 pg/ml fibronectin and 50 pug/ml polyornithine in autoclaved
H20). Plates were covered with NPC coating media for two hours in 37 C
incubator, discard media and let surface dry before seeding with NPC.

250,000 monolayer NPC were plated in six well plates and infected with
AAV9-eGFP (ADDGENE, cat. no. 105530-AAV9) or AAV9-eGFP-CRE
(ADDGENE, cat. no. 105545-AAV9) at 500,000 MOI in 1 ml of complete NPC
mediate. Changed to 2 ml of fresh complete NPC media after the first 12 to 14
hours of infection. After 72 hours from initial infection, NPC were harvested with
TryPLE and replated into 24 well plates at a density of 44,000 cells per well.
NPCs were then counted using Corning CytoSMART 3.0 cell counter each 24
hours to generate a viability / survival curve.

RNA extraction, cDNA synthesis, splicing assay, and RT-gPCR

TRIzol (Life Technologies, cat. no. 15596-018) was directly added to the
cells or mouse brain tissues to extract total RNA following the TRIzol reagent
standard protocol. Isolated RNA was treated with 4 units of Turbo DNase

(Ambion) at 37°C for 35 min to degrade all remaining genomic DNA. After the
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DNase treatment, RNA was purified using phenol-chloroform (pH 4.5, VWR cat.
no. 97064-744). RNA concentrations were measured using a Nanodrop 2000c
(Thermo Fisher). One microgram of freshly isolated DNA-free RNA was
converted to cDNA using 1 pL random hexamers (30 pM) and 200 units of
Promega M-MLYV reverse transcriptase (cat. no. M1705) following the Promega
protocol in a 20 L reaction. RT-gPCR experiments were conducted using a
QuantStudio 6 Real-Time PCR instrument with 2x Power SYBR Green PCR
master mix (Life Tech) following the Life Tech protocol. Each 10 pL reaction
contained 0.3 pL cDNA, 5 pL 2x Power SYBR Green PCR master mix, 0.3 nM
forward primer, and 0.3 nM reverse primer. The QuantStudio 6 RT-qPCR run
program was as follows: 50°C for 2 min; 95°C for 15 sec and 60°C for 1 min, with
the 95°C and 60°C steps repeated for 40 cycles; and a melting curve test from
60°C to 95°C at a 0.05°C/sec measuring rate. QuantStudio Real-Time PCR
software was used for the analysis. All RT-gPCR reactions were conducted with
three technical replicates along with a no template control (NTC, not amplified).
Ouitliers were excluded when the coefficient of variation of Ct for the three
technical replicates was larger than 0.3. Relative expression (fold changes) was
calculated using the AACt method. For the splicing assays of the NMD exons,
PCR was performed using New England Biolab Tag DNA polymerase (cat. no.

MO267E). All statistical analysis was performed using GraphPad Prism 6.
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Monoclonal gene editing with CRISPR sgRNA

300,00 NPCs were plated in coated six well plates coated with 2 ml of
complete NPC media. Reverse transfect cells with 0.4 pug of each CRISPR-
SgRNA plasmids flanking Gadd45b or Gadd45g and 0.2 ug eGFP plasmid
(sorting signal). The total 1 ug of plasmids were mixed with 2.5 pl of transfection
agent Lipofectamine 2000 (Life Technology) in 200 ul of Opti-MEM (Life
Technology) for 20 minutes before adding into cells. Change to fresh complete
NPC media after 6 hours and let transfect for another 42 hours (total of 48 hours)
before single cell sorting.

Cells were washed one time with warm 1x PBS and digested for five
minutes with TryPLE Express (Life Technology cat. no. 12604021). Resuspend
cells in warm complete NPC media and spin down. Aspirate media and wash the
cell pellet two times with cold 1x PBS. After the last wash, resuspend cells in cold
1 x PBS and keep on ice until sorting. Strain cells and sort using a MoFlo Astrios
EQ (Beckman Coulter) according to the manufacturers' protocol. Before sorting,
the instrument was calibrated to maximize cell survival during the process. Gate
GFP positive cells and sort one single cell per well directly into coated 96 well
plates with 500 pl of complete NPC media. Directly transfer populated plates
back to the incubator after sorting. Continue observing colony growth and
genotype to confirm knockout cell colonies. Culture confirmed colonies in 96
wells, 12 wells, 6 wells, and finally, 100 mm dish. Extra cells were frozen down

and used for the experiments described in this chapter.
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Chapter 5: Conclusion and future directions
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Conclusion

The dissertation work focuses on discovering the importance of nonsense
mediated RNA decay (NMD) in cell biology and its interaction with cellular
processes. A new and convenient AS-NMD reporter assay was developed to
monitor NMD activities. This assay greatly reduced the cost and accurately
measured NMD changes during drug treatments and stress responses. Its
sensitivity and broad range not only identified NMD modulators, but also helped
uncovered the NMD inhibition mechanism by ER stress through PERK activation
(Figure 19). The NMD inhibition was completely rescued upon PERK inhibition
and RNAi knockdowns, an alternative pathway from previously reported calcium
mediated thapsigargin-NMD inhibition (Nickless et al. 2014). The findings further
enriched the intricate network of NMD interactions with different stress
responses.

In the context of cell biology during neuronal development, NMD is shown
to directly affect neural progenitor cell (NPC) viability, likely, through differential
expression of genes. The novel conditional Upf2 knockout NPC using AAV9
provides a new platform to study NMD. These NMD deficient NPCs also showed
significant reduction in viability. This observation has never been reported before,
highlighting the importance of NMD regulation during NPC renewal which could

explain related neurodegenerative diseases upon further investigations.
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Figure 19. NMD inhibition and its downstream effects in molecular and
cellular biology. Hypoxia and chemical stressors such as thapsigargin can
cause ER stress and activate UPR and PERK pathways that attenuate
translation and collapse polysomes. Amino acid starvation also leads to the
decreased translation activity. When polysomes dissemble, the insufficient
ribosomal screening of NMD targets results in differentially expressed genes.
This phenomenon can trigger downstream stress responses, cell proliferation,
apoptosis, and differentiation. At the same time, these stress response genes
such as Irela are upregulated to help cope with cellular stress and completing
the NMD feedback loop. Knocking down or knocking out core NMD factors like
UPF2 inhibit NMD and similar downstream biological implications occurs.
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Future Directions

To expand the AS-NMD assay, reporter genes can be measured in a
more systematic way. For example, a large scale RT-qPCR using automation
incorporating AS-NMD reporters could significantly increase screening efficiency
. The customized NMD reporter can then screen chemical molecules, cell lines,
tissues, and individual transcriptomes. It can also be improved to include
additional reporters or direct NMD targets for more comprehensive and function-
oriented analysis. Ultimately, the AS-NMD reporter assay can be used in NMD
related disease diagnostics.

To follow up on the conditional Upf2 deficiency NPC model, an important
next step is to decipher the NMD related cell viability pathways. NMD effects in
NPC renewal and differentiation remain unclear, generating a large sequencing
library from the conditional knockout NPCs transcriptome can create a profile that
narrows down the essential candidates. A more systematic screen is also
needed after identifying potential candidates for rescue. The CRISPR
monoclonal protocol presented in this dissertation can be scaled up to generate a
genome wide CRISPR library using the GeCKO approach for positive screening
(Kurata et al. 2018; Zhou et al. 2014; Doudna and Charpentier 2014; Joung et al.
2017). Nonetheless, the Upf2 conditional knockout NPC line can be used as a
standalone NMD model cell line in the field.

Though this dissertation work is centered around cortical NPCs, AAV9

usage can be expanded to neurons at different developmental stages in a search
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for NMD function in neuron longevity, proliferation, maturation and differentiation,
synaptic formation, migration, and axon genesis. One example is to check
whether NMD inhibition using AAV9 system could disrupt normal NPC
metabolism (Weischenfeldt et al. 2008; Sartor et al. 2015). A tailored followup
gene analysis could identify candidates affected by the NMD attenuation along
the metabolic, cell cycle, and apoptotic pathways. Possibly, revealing new clinical
targets for NMD related genetic diseases in the future (Popp and Maquat 2016;

Kurosaki, Popp, and Maquat 2019).
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