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Abstract

Insights into nonsense-mediated MRNA decay and its role in modulating mRNA and protein

levels in mammalian cells

Dylan B. Udy

Chair of the Supervisory Committee:
Robert K. Bradley

Basic Sciences Division, Fred Hutchinson Cancer Research Center

Nonsense-mediated mMRNA decay (NMD) is an essential, highly conserved quality control
pathway that detects and degrades mRNAs containing premature termination codons (PTCs).
Although the essentiality of NMD is frequently ascribed to its prevention of truncated protein
accumulation, the extent to which NMD actually suppresses proteins encoded by NMD-sensitive
transcripts is less well-understood than NMD-mediated suppression of mRNA. Here, we describe
a reporter system that permits accurate quantification of both mRNA and protein levels via stable
integration of paired reporters encoding NMD-sensitive and NMD-insensitive transcripts into the
AAVS1 safe harbor loci in human cells. We use this system to demonstrate that NMD suppresses
proteins encoded by NMD-sensitive transcripts by up to ~8-fold more than the mRNA itself. Our
data indicate that NMD limits the accumulation of proteins encoded by NMD substrates by
mechanisms beyond mRNA degradation, such that even when NMD-sensitive mRNAs escape

destruction, their encoded proteins are still effectively suppressed.
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Chapter 1: Introduction to Nonsense-mediated mRNA Decay

Here | will give a broad overview of nonsense-mediated mRNA decay (NMD), including how it
was discovered, what factors are involved, the mechanism involved, and the “rules” governing
how transcripts are recognized as NMD substrates. Although NMD is conserved among all
eukaryotes, | will be focusing primarily on NMD in mammals, specifically humans. | will also
discuss NMD’s role in human health and disease, discussing how it can both prevent and
exacerbate diseases depending on premature termination codon (PTC) location and the gene of
interest and its role in the immune system, cancer, and the disease facioscapulohumeral muscular

dystrophy (FSHD).

Background of nonsense-mediated mRNA decay

Many processes take place to properly go from a gene encoded in a cell's DNA to the protein
product that carries out its particular function. This is often simplified to just saying the DNA is
transcribed into RNA and RNA is translated into protein. Transcription and translation are two of
the most important processes in the molecular biology of a cell, but there are many other
indispensable processes that are necessary to go from DNA to protein. One broad group of such
processes make up the quality control aspect of molecular biology.

Quality control refers to a broad range of mechanisms that detect errors in cell biological
processes and the means by which those errors are dealt with. DNA, RNA, and protein quality
control pathways all must act to maintain proper cell physiology and prevent an accumulation of
errors which can have deleterious consequences for cell health. Defects in quality control can
lead to an accumulation of mutations in DNA and RNA which can lead to, among other changes,
non-functional or neomorphic proteins that negatively impact cells.

One of the most well-studied quality control pathways is nonsense-mediated mMRNA decay

(NMD), a translation-dependent eukaryotic RNA quality control pathway that acts to detect and



degrade mRNA transcripts containing premature termination codons (PTCs) to prevent the
accumulation of potentially deleterious truncated protein products. NMD is conserved among all
studied eukaryotes (Behm-Ansmant et al., 2007; Causier et al., 2017) and deletion of core NMD
pathway components is lethal in vertebrates (Han et al., 2018; Wittkopp et al., 2009). PTCs
account for almost one-third of genetic diseases in humans (Mendell & Dietz, 2001; Stenson et
al., 2003), many of which are due to a failure of the NMD machinery to efficiently degrade the
PTC-containing mRNA (Holbrook et al., 2004), indicating that clearance of such transcripts by
NMD is of the utmost importance for maintaining healthy cells and individuals.

Although there is some debate about the prevention of toxic truncated proteins being the
primary selective pressure that leads to the evolution of the NMD pathway (Lindeboom et al.,
2019; Supek et al., 2021), it is well documented that NMD has a protective effect that likely
prevents disease manifestation from many PTCs in different genes. The evidence for this comes
from the observation that truncated proteins derived from PTC-containing NMD-insensitive
transcripts (MRNAs that are not targeted by the NMD pathway) can cause disease in
heterozygotes due to the neomorphic activity of the truncated protein, while PTCs in the same
gene that result in NMD-sensitive transcripts (MRNAs that are targeted by the NMD pathway)
often have no effect on heterozygous individuals (Holbrook et al., 2004; Miller and Pearce, 2014).
These genetic findings strongly support the hypothesis that limiting potentially deleterious
truncated protein accumulation is essential for cell health and homeostasis and likely one of the
primary selection pressures for evolution and maintenance of the NMD pathway.

The debate over the driving selection pressure that has led to the evolution of the NMD
pathway stems from NMD’s function in non-quality control related processes, primarily its ability
to target many mRNAs without PTCs and thus modulate gene expression through the composition
of the transcriptome (Mendell et al., 2004; Wittmann et al., 2006; Tani et al., 2012; Colombo et

al., 2017). This expansion to being more than just a quality control mechanism is especially



evident in more complex organisms (Kurosaki et al., 2019), but its role in preventing deleterious

protein accumulation is still essential despite its additional regulatory role.

Discovery of NMD

NMD was first discovered in both yeast and human cells by two separate groups (Losson &
Lacroute, 1979; Maquat, Kinniburgh, Rachmilewitz, & Ross 1981). In yeast, the URA3 mRNA was
found to accumulate to much lower levels when there was a PTC near the 5’ end of the transcript
(Losson & Lacroute, 1979); the position of the PTC correlated with the levels of abundance, with
PTCs close to the 5 end leading to low levels of the mRNA, PTCs in the middle of the gene
leading to intermediate levels, and PTCs near the end of the gene leading to levels close to that
of wild-type URA3 or URA3 mRNA with a missense mutation (Losson & Lacroute, 1979). These
early observations were important for influencing the ‘faux 3’-UTR’ hypothesis that describes how
yeast mMRNAs with PTCs are targeted for degradation (Amrani et al., 2004).

In humans, NMD was first described with the mRNA from the beta-globin gene (Maquat et al.,
1981). Patients with beta-thalassemia, which leads to severe anemia, had defects in their beta-
globin genes and significantly reduced levels of beta-globin mRNA. Despite having normal beta-
globin mRNA structure and length, the beta-globin mRNA from these patients was significantly
destabilized (Maquat et al., 1981) and led to significantly reduced levels. It was later shown that
the destabilization was caused by a nonsense codon in the beta-globin mRNA (Kinniburgh et al.,
1982), the only difference between that transcript and normal beta-globin transcripts.

These seminal studies described the consequences of NMD acting on PTC-containing
mRNAs: rapid degradation of the transcripts leading to reduced steady-state levels. Many more
studies over the subsequent decades have led to the characterization of the mechanism of NMD,
the protein factors involved, the features that define NMD transcripts, and the regulatory function

of the NMD pathway, all of which are described in more detail below.



Origin of premature termination codons in mRNAs

The traditional view of NMD is that it acts to prevent truncated protein accumulation from random
mutations in the genome, namely nonsense and frameshift mutations that lead to a PTC. One
third of heritable human genetic diseases are caused by such mutations (Mendell et al., 2001;
Stenson et al., 2003), lending support for the importance of NMD in targeting transcripts bearing
those random mutations. But there are a multitude of other ways PTCs can arise in transcripts or
transcripts can be targeted for degradation.

Mutations in the genome that come from programmed rearrangements, such as those seen
in the maturation of T cells and B cells, can also generate PTCs. This happens in a significant
proportion of immune cells since the reading frame is changed with random addition and
subtraction of nucleotides (reviewed in Kronenberg et al., 1986); two thirds of the time there will
be a frameshift and downstream PTC during this process (Li and Wilkinson, 1998). When NMD
is inhibited in T cells in mice, the number of functional T cells is depleted (Weischenfeldt et al.,
2008), as expected if NMD is essential to clearing the PTC-containing TCR transcripts. Since
NMD is more evolutionarily conserved than the adaptive immune system, it is likely that these
specific mechanisms for B cell and T cell function arose in part due to the ability of cells to target
and degrade the non-functional PTC-containing transcripts.

Changes in mRNA processing, which could include intron retention (random inclusion of a
PTC) or alternative splicing (regulated inclusion of a PTC through a poison exon or alternative
splice site usage), can also lead to PTCs in mature transcripts. The use of alternative splicing
associated NMD (AS-NMD) is discussed in more detail later in this chapter.

Changes in translation of normal transcripts can also lead to NMD sensitivity through aberrant
termination, although the coding sequence isn’t actually changed in any way to create a PTC.
The translation frame can change through the use of uORFs or programmed ribosomal

frameshifting (PRF), leading to introduction of a PTC without any mutations or altered splicing



(Somers et al., 2013; Dinman, 2012; Belew et al., 2014). The use of uORFs to trigger NMD and
modulate gene expression is discussed in more detail later in this chapter.

Additional mechanisms that are less well understood that can lead to inclusion of a PTC or
affect the NMD-sensitivity of a transcript include low translation fidelity (Celik et al., 2017),
defective transcription termination leading to aberrantly long 3’-UTR (Proudfoot, 2016), or

pseudogene and repetitive element expression (Rebbapragada and Lykke-Andersen, 2009).

Mechanism of NMD in mammalian cell and factors involved

The exact timing and order of molecular events that defines NMD and leads to degradation of
NMD-sensitive transcripts is complex and extremely difficult to measure with existing tools.
However, much progress has been made defining some of the steps and factors that are involved.

NMD is a translation dependent process (Lykke-Andersen and Jensen, 2015) and the
mechanism involves interaction of NMD-specific protein factors with a terminating ribosome
(Karousis and Miihlemann, 2019). How a PTC-containing mRNA is distinguished from a normal
TC-containing mRNA will be discussed in more detail later, but the canonical mechanism is
through an interaction between the terminating ribosome and the exon junction complex (EJC),
which is deposited in a splicing dependent manner at each exon-exon junction (Nagy and Maquat,
1998; Le Hir et al., 2000; Lykke-Andersen et al., 2001; Le Hir et al., 2001; Le Hir et al., 2016;
Schlautmann and Gehring, 2020). There are exceptions to this mechanism, but the presence of
an EJC greatly enhances the NMD-sensitivity of mRNAs.

In a transcript containing a normal TC, the ribosome translates the full open reading frame,
removing EJCs as it translates (Gehring et al., 2009). The majority of mMRNAs have their TCs
positioned such that the ribosome will contact and remove all EJCs before terminating; the
ribosome arrives at the TC with no EJCs left on the transcript, and normal termination proceeds.
For a transcript with a PTC that occurs >50-55 nucleotides before the last exon-exon junction, the

ribosome is unable to remove all EJCs downstream of the PTC because the ribosome never



makes direct contact with the EJCs. When the ribosome gets to the PTC, the downstream EJC(s)
recruit factors which interact with the terminating ribosome and promote NMD (more details
below).

The reason the PTC must be >50-55 nucleotides before the last exon-exon junction in order
to elicit NMD is because the EJC is deposited 20-24 nucleotides upstream of the exon-exon
junction (Le Hir et al., 2000) and the leading edge of the ribosome reaches ~30 nucleotides past
the PTC. This means that any PTC in the last ~50-55 nucleotides of the penultimate exon or in
the last exon would accommodate a terminating ribosome that has removed all EJCs, and thus
would be less likely to trigger NMD of the transcript. This “50-55 nucleotide” rule is the most
predictive feature of whether a transcript will be targeted by NMD (Lindeboom et al., 2016), but
there are additional rules that will be discussed in more detail later.

Another general way of describing the mechanism of NMD is that the ribosome terminates
abnormally. The exact “abnormality” associated with this termination has been defined in multiple
ways. Some reports have claimed that the ribosome pauses for longer at the termination codon
of NMD-sensitive transcripts (Amrani et al., 2004; Peixeiro et al., 2012), altering the kinetics of
termination and giving the ribosome and release factors (eRF1 and eRF3) more time to interact
with NMD-specific proteins recruited by the EJC and shunt the transcript down the NMD pathway.
However, a recent study found that there was no difference in the dwell times of ribosomes at
normal TCs vs PTCs (Karousis et al., 2020), calling into question the temporal aspect of
translation termination.

Another way of defining abnormal termination could be by the interactions the terminating
ribosome makes. During normal termination, the ribosome interacts with eRF1 (which mimics the
shape of a tRNA in the ribosomal A-site (/to et al., 2000; Nakamura et al., 2000)) and eRF3 (a
GTPase that catalyzes the release of the elongated polypeptide (Goldstein and Caskey, 1970;
Nakamura et al., 1996)) to terminate translation and ABCE1 splits the 80S ribosome to initiate

ribosome recycling (Pisarev et al., 2010; Barthelme et al., 2011; Heuer et al., 2017). There is also



evidence that cytoplasmic poly-A binding protein (PABPC), which binds to the poly-adenylated
tail of mature mRNAs, interacts with eRF1 and can promote normal termination (/vanov et al.,
2008; Peixeiro et al., 2012; Ivanov et al., 2016). A normal TC is closer to the poly-A tail and PABP,
promoting the interaction, while a PTC will be further away from the poly-A tail, suppressing the
interaction. The interaction between PABP and elF4G, which occurs with formation of the closed
loop structure of eukaryotic mMRNAs in which the 5 cap binds with the poly-A tail (Wells et al.,
1998; Vicens et al., 2018), is also important for proper termination.

During premature termination, the ribosome is often in the vicinity of additional proteins that
disrupt or alter these interactions. The eRF factors still interact with the terminating ribosome, but
the presence of an EJC in close proximity to the PTC leads to the recruitment of additional proteins
that can prevent normal termination from occurring (Buhler et al., 2006; Metze et al., 2013). A
peripheral EJC protein known as UPF3B in mammals associates with the EJC in the nucleus
(Baird et al., 2018; Gehring et al., 2009) and recruits UPF2 in the cytoplasm (Le Hir et al., 2001;
Gehring et al., 2005; Kashima et al., 2010). UPF2 and UPF3B act as a molecular link between
the EJC and UPF1, which is considered the most essential protein in the process of NMD. UPF1
accumulates on the 3’-UTRs of all mRNAs (Hurt et al., 2013; Zund et al., 2013) and is enriched
in the 3'-UTRs of NMD sensitive mRNAs (Johansson et al., 2007; Johns et al., 2007; Silva et al.,
2008; Hwang et al., 2010; Kurosaki et al., 2014; Lee et al., 2015) due to the lack of displacement
by translating ribosomes (Hogg and Goff, 2010). This enrichment leads to a higher probability of
its interaction with UPF2 and UPF3B at the EJC, where it disrupts translation termination.

UPF1 has roles in multiple steps of the NMD process, the first of which is its interaction with
the eRF proteins at the terminating ribosome (Czaplinski et al., 1998; Wang et al., 2001, Kashima
et al., 2006), which is in direct competition with the interaction of PABP with those same factors
(Singh et al., 2008). Tethering PABP (Amrani et al., 2004, Eberle et al., 2008) or elF4G (Fatscher
et al., 2014; Joncourt et al., 2014) in close proximity to a PTC can suppress the NMD sensitivity

of the transcript, evidence that abrogating the interaction of those proteins with the terminating



ribosome is necessary for NMD. This also suggests that the closed loop structure of mMRNAs that
have entered elF4E-mediated bulk translation may promote resistance to NMD and that CBC-
bound mRNAs are generally more susceptible to NMD.

This interaction of UPF1 with the terminating ribosome leads to a series of downstream steps
that eventually leads to the degradation of the transcript, which is generally considered the
completion of NMD. The exact order of all of these steps is not exactly known, but many of the
factors involved have been elucidated from genetic screens (Culbertson et al., 1980; Leeds et al.,
1991; Leeds et al., 1992; Pulak and Anderson 1993) in lower eukaryotes and later identified in
vertebrates and mammals based on homology in lower eukaryotes (Applequist et al., 1997;
Lykke-Andersen et al., 2000, Denning et al., 2001; Serin et al., 2001; Chiu et al., 2003;
Reichenbach et al., 2003).

UPF1’s role in NMD is dependent on its phosphorylation by the kinase SMG1, which is
essential for NMD in mammals (Yamashita et al., 2001, Okada-Katsuhata et al., 2012).
Biochemical analyses have shown that SMG1 is in complex with UPF1 while UPF1 is bound to
eRF1 and eRF3, forming the so-called SURF complex, demonstrating that UPF1 is
phosphorylated at the terminating ribosome (Kashima et al., 2006). Smg8 and Smg9 are two
factors that bind directly to Smg1 to regulate its kinase activity, which is kept inactive while bound
to those factors (Yamashita et al., 2009; Arias-Palomo et al., 2011; Fernandez et al., 2011; Melero
et al., 2014). This phosphorylation step is considered essential for the recruitment of the
nucleases that go on to degrade the mRNA (Lejeune et al., 2003; Isken et al., 2008), and the
phosphorylated UPF1 acts as a scaffold for these additional factors, namely Smg5, Smg6, and
Smg7, to bind (Ohnishi et al, 2003; Okada-Katsuhata et al., 2012). Smg1 can be
pharmacologically targeted: both caffeine (Yamashita et al., 20071; Nickless et al., 2014) and
Smg1i (a pyrimidine derivative) (Gopalsamy et al., 2012) have been used to perturb Smg1 kinase
activity and inhibit NMD, highlighting the essentiality of Smg1-mediated phosphorylation of UPF1

during NMD.



Phosphorylated UPF1 recruits additional NMD factors that directly or indirectly lead to
degradation of the transcripts. The primary nuclease responsible for this degradation is Smg6,
which has been shown to be involved in degrading the majority of NMD-sensitive transcripts
(Boehm et al., 2014; Lykke-Andersen et al., 2014; Schmidt et al., 2015). It is recruited by and
binds with phosphorylated UPF1 (Ohnishi et al., 2003; Okada-Katsuhata et al., 2012) and has
been shown to endonucleolytically cleave NMD transcripts near the PTC (Eberle et al., 2009;
Huntzinger et al., 2008; Lykke-Andersen et al., 2014). This endonucleolysis step represents an
irreversible step in NMD. The cleaved transcripts can then be fully degraded by exonucleases
including XRN1 (5’ to 3’ degradation) and the exosome (3’ to 5 degradation) (Gatfield and
Izaurralde, 2004; Huntzinger et al., 2008; Eberle et al., 2009; Franks et al., 2010).

In addition to SMG6, the SMG5/SMG7 heterodimer is also recruited to phosphorylated UPF1
(Ohnishi et al., 2003; Okada-Katsuhata et al., 2012). However, the SMG5/SMG7 proteins do not
have nuclease activity themselves, but recruit exonuclease complexes to degrade the transcript.
The CCR4-NOT deadenylase complex interacts with SMG7 (Loh et al., 2013) and removes the
poly-A tail of the transcript to induce removal of the 5’ cap (Unterholzner et al., 2004; Yamashita
et al., 2005; Loh et al., 2013) and degradation by general cellular exonucleases. The decapping
enhancer PNRC2 is also recruited by SMG5 and recruits the general decapping complex (Cho et
al., 2009; Lai et al., 2012; Cho et al., 2013) to induce exonucleolytic degradation. The decapping
complex DCPC can also be directly recruited by SMG5/SMG7 (Loh et al., 2013). The SMG6 and
SMG5/SMG7 associated degradation pathways do not act on mutually exclusive sets of
transcripts; in fact, most endogenous NMD transcripts in human cells can be degraded by either
of these pathways (Colombo et al., 2017). The redundancy among these two degradation
pathways could represent a way to maximize the probability of transcript degradation once the
transcript has gotten to the UPF1 phosphorylation stage of NMD activation.

The degradation of PTC-containing transcripts is canonically considered the primary outcome

of the process of NMD, but another underappreciated aspect is translational repression of the



NMD-sensitive transcript (/shigaki et al., 2001; Chiu et al., 2004; Sheth and Parker, 2006; You et
al., 2007; Isken et al., 2008; Lee et al., 2010; Kim et al., 2017). Translational repression is
necessary to limit the protein production from NMD-sensitive transcripts to prevent accumulation
of toxic truncated proteins, for which even low levels could be deleterious for cells.
Phosphorylated UPF1 interacts with elF3 to directly inhibit translation initiation and prevent
continued protein production from NMD-sensitive transcripts (/sken et al., 2008). This is further
evidence that phosphorylation of UPF1 is a critical step in NMD. Additionally, recent work has
identified two factors not previously characterized as functioning in NMD, GIGYF2 and EIF4E2,
that are involved in translational repression specifically of NMD-sensitive transcripts (Zinshteyn
et al., 2021).

The core components of the NMD pathway are described above, but there are additional
components, especially EJC-associated factors, that also serve important roles. These factors
include RNPS1, CASC3, CWC22, and ICE1 (Lykke-Andersen et al., 2001; Viegas et al., 2007;
Gehring et al., 2005; Alexandrov et al., 2012; Barbosa et al., 2012; Steckelberg et al., 2015, Baird
et al., 2018), all of which can interact with the EJC core proteins and affect NMD sensitivity of
transcripts, but are not necessary for EJC function. One example of this is CASC3 protein
replacing RNPS1 protein on the EJC; the EJC is not able to promote NMD as efficiently after this
replacement (Hauer et al., 2016; Mabin et al., 2018). This may influence the ability of some
transcripts to “escape” NMD at different rates.

Finally, when discussing the mechanism of NMD it is important to note that it is described as
a series of steps that definitively leads to degradation of a PTC-containing transcript whenever a
ribosome terminates prematurely. This model has been heavily influenced by early work in the
field that described the “pioneer round of translation” as the only time a ribosome could induce
degradation by NMD (reviewed in Maquat et al., 2010). There has been a lot of work more recently
that clearly demonstrates that PTC-containing transcripts can be translated multiple times,

degradation can occur in subsequent rounds of translation after the pioneer round, PTC-
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containing transcripts can enter bulk elF4F-mediated translation, and PTC-containing transcripts
can be detected in polysomes (Kurosaki et al., 2018; Hoek et al., 2019; Kim et al., 2017; Rufener
and Miihlemann, 2013; Durand and Lykke-Andersen, 2013; He and Jacobson, 2015). A single
molecule imaging study that directly imaged translation termination events on PTC-containing
reporter transcripts calculated that each terminating ribosome had an 11% chance of inducing
NMD, regardless of the round of translation (Hoek et al., 2019). This paints the picture of NMD as
a probabilistic process in which any transcript can be degraded by NMD, but the presence of a
PTC and NMD-inducing features (downstream EJCs, accumulation of UPF1 on the 3’-UTR, etc.)
drastically increases this likelihood. It also implies that transcripts are not simply “NMD-sensitive”
or “NMD-insensitive”, but rather there is a scale of how likely a transcript is to be degraded by
NMD based on the sequence features it contains. Thinking of NMD from this perspective might

be the best way to approach analysis of changes in endogenous NMD transcripts in the future.

Rules of NMD in mammalian cells

As described above, the most effective feature that contributes to the NMD sensitivity of a
transcript is the presence of a PTC >50-55 nucleotides from a downstream EJC (Lindeboom et
al., 2016). This makes the NMD pathway intertwined with splicing, as deposition of an EJC during
splicing (Le Hir et al., 2000) is used as a way of “marking” the end of an mRNA. Using this type
of mark makes sense from a quality control perspective, as PTCs far enough upstream of this
mark would likely lead to production of truncated proteins with toxic effects unless the mRNA were
degraded.

A variety of other rules that govern the NMD sensitivity of mMRNAs exist in mammalian cells,
none of which are as potent at increasing NMD sensitivity as the downstream EJC rule. Some of
these rules are related to mechanisms used by lower eukaryotes to target transcripts for NMD,
namely the faux 3’-UTR mechanism in yeast (Amrani et al., 2004). These rules are described in

more detail below.
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The long 3’-UTR rule has been observed and described as a determinant of NMD sensitivity
in mammalian cells for some time (Pulak and Anderson, 1993; Muhlrad and Parker, 1999; Buhler
et al., 2006; Kertesz et al., 2006, Eberle et al., 2008; Singh et al., 2008, Hogg and Goff, 2010;
Hurt et al., 2013; Boehm et al., 2014; Colombo et al., 2017) and the mechanism has principles
related to the EJC mechanism. A long 3'-UTR can lead to disruption of the interaction between
PABPC-elF4G and the terminating ribosome, which is a function of the increased physical
distance between the TC and the poly-A tail/5’-cap due to the length of the 3’-UTR (Eberle et al.,
2008; Silva et al., 2008). Additionally, the increase in UPF1 protein accumulation on long 3'-UTRs
because of the increased length and the absence of ribosomes stripping off the UPF1 protein
likely also promotes increased NMD sensitivity of such transcripts (Hogg and Goff, 2010; Kurosaki
and Maquat, 2013; Hurt et al., 2013) through its interaction with the terminating ribosome and
disruption of the PABC-elF4G interaction with the terminating ribosome. The absence of EJCs in
the 3’-UTR likely means that UPF1 is not as enriched through its recruitment by UPF2 and UPF3B
(Chamieh et al., 2008), but can still accumulate enough to modulate levels of transcripts with long
3’-UTRs. This also provides an explanation for why UPF2 and UPF3B are not essential for NMD
in mammalian cells (Gehring et al., 2005; Chan et al., 2007; Huang et al., 2011; Metze et al.,
2013).

This long 3'-UTR rule may seem unexpected given that vertebrate mRNAs have evolved
longer 3'-UTRs to accommodate regulatory features, particularly binding sites for regulatory
proteins (Mayr et al., 2016). To preserve the integrity of many transcripts with long 3’-UTRs,
additional regulatory features have evolved to inhibit NMD. One such mechanism is by preventing
UPF1 binding (Balagopal & Beemon, 2017; Chester et al., 2003; Ge et al., 2016; Kishor et al.,
2019) via the use of RNA recognition motifs (RRMs) that can bind to alternative proteins. The
most well-characterized proteins that can perturb UPF1 binding and inhibit NMD are PTBP1 and
hnRNPL (Blatter et al., 2015; Hui et al., 2005; Pérez et al., 1997; Ge et al., 2016; Kishor et al.,

2019; Fritz et al., 2020), both of which can inhibit NMD on hundreds of endogenous transcripts
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with long 3'-UTRS (Ge et al., 2016; Kishor et al., 2019). Additional regulatory features include AU-
rich sequence downstream of the TC (Toma et al., 2015) and GC-rich sequences with stable
secondary structures that can actually lead to accumulation of UPF1 in the 3’-UTR (Imamachi et
al., 2017) and promote NMD.

Another NMD-inducing feature of many mRNAs is an upstream open reading frame (UORF)
that can lead to translation in an alternate reading frame and premature termination well upstream
of the normal termination codon. uORF containing mRNAs increase in abundance when NMD is
inhibited (Colombo et al., 2017), indicating that at least some of these mMRNAs can be targeted
for degradation by NMD. Interestingly, it has also been proposed that PTCs very close to the 5'-
end of the transcript, as would be expected with a uORF that alters the reading frame, are actually
resistant to NMD (/nacio et al., 2004; Neu-Yilik et al., 2011; Peixeiro et al., 2012; Lindeboom et
al., 2016). One explanation is that because of the closed-loop structure of mammalian mRNAs,
PABPC-elF4G proteins are in close proximity to the PTC when they are close to the 5’-end of the
transcript and can promote normal termination (Peixeiro et al., 2012). Another explanation is that
ribosomes can reinitiate translation when termination occurs that far upstream (/nacio et al., 2004;
Pereira et al., 2015; Jagannathan and Bradley, 2016; Buisson et al., 2006; Stump et al., 2012;
Stump et al., 2013; Lindeboom et al., 2016), and this is dependent on the proximity to the
canonical start codon and the proximity of a downstream ATG codon that acts as a de facto start
codon for translation reinitiation (Jagannathan and Bradley, 2016; Inacio et al., 2004; Kozak,
2001; Lindeboom et al., 2016). Thus, many transcripts can be targeted by NMD or escape NMD
depending on the nature of the sequence.

The rules described thus far have primarily been characterized through research with single
gene transcripts, NMD reporters, and depletion of canonical NMD factors (Mendell et al., 2004;
Zhang et al., 1998; Colombo et al., 2017; Kurosaki et al., 2019; Hoek et al., 2019; Eberle et al.,
2008), all of which have clearly shown the importance of EJCs and long 3'-UTRs in stimulating

NMD. Another approach employed by a group more recently was the use of large patient data
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sets from The Cancer Genome Atlas (TCGA) to search for “non-canonical” rules that can impact
the NMD-sensitivity of endogenous NMD transcripts (Lindeboom et al., 2016). The use of such a
strategy has multiple advantages: the datasets are very large with many independent samples,
tumors often contain large numbers of single-nucleotide variants that may or may not lead to a
PTC and affect the NMD sensitivity of the transcript, and the many different genes make it more
likely to identify features that may not have been found before. The downside is that the tumors
likely had perturbed cellular homeostasis and thus it is not as well controlled as some reporter
experiments, but the large number of samples likely helps mute some of this noise. Additionally,
all of the data is from RNA-seq measurements of steady state mRNA levels, which may be
affected by changes in transcription or secondary effects rather than by PTC-mediated RNA
destabilization per se. Below is some information on these non-canonical rules that were
identified, which mostly describe ways that transcripts with PTCs can evade NMD.

One rule corroborated previous work that found PTCs close to the start codon evaded NMD
(Inacio et al., 2004, Neu-Yilik et al., 2011; Peixeiro et al., 2012), but this region was expanded to
include the first 150 nucleotides after the start codon (Lindeboom et al., 2016). NMD-sensitivity of
the transcript was reduced by threefold when there was a nearby start codon (Lindeboom et al.,
2016), corroborating previous findings (Jagannathan and Bradley, 2016) and supporting the idea
that translation reinitiation is the primary mechanism by which transcripts with PTCs in this type
of position evade NMD.

A more novel discovery was that PTCs in exceptionally long exons greater than 400
nucleotides lead to less NMD-sensitivity of the transcript than PTCs in short exons (less than 400
nucleotides) (Lindeboom et al., 2016). The NMD-sensitivity decreased as the distance of the PTC
from the 3’ end of the exon in which it resided (where the closest downstream EJC would be)
increased, suggesting that this NMD evasion can be ascribed to the terminating ribosome not
being close enough to the nearest EJC, recapitulating a concept from the canonical NMD rules.

This also provides a selective advantage explanation for why the average length of mammalian
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exons is so short (Hawkins, 1988): shorter exons would lead to a higher likelihood that a PTC
would be recognized as aberrant and the mRNA targeted for degradation by NMD, preventing
potentially toxic protein production.

An unexpected finding was that when a PTC is very far from the normal TC the transcript is
less NMD-sensitive (Lindeboom et al., 2016), which is essentially the opposite of what would be
predicted based on the long 3’-UTR rule of NMD. It's not clear what could be leading to this
reduced NMD-sensitivity.

Finally, the study identified specific sequence motifs near the PTC in mRNAs that were
associated with reduced NMD-sensitivity (Lindeboom et al., 2016), including binding sites for
PABPN1, SRSF1, SNRPB2 and ACO1. These sites expanded the repertoire or mRNA protein
binding sites that can regulate NMD-sensitivity of PTC-containing transcripts.

An important feature of this study was what percentage of PTC-containing transcripts would
be predicted to evade NMD based on these newly updated “rules of NMD” (Lindeboom et al.,
2016). The “last exon” rule, which has been described previously, explained the largest proportion
of PTC-containing transcripts that evade NMD of any single rule. Even with the use of this large
dataset, there were ~25% of PTC-containing transcripts that evade NMD that could not be
explained by any of the canonical and non-canonical rules of NMD (Lindeboom et al., 2016). This
is more evidence for the need for continued work on identifying features of transcripts that can

affect NMD-sensitivity to help further home in on a more exhaustive set of rules for NMD.

NMD’s role in modulating gene expression and endogenous transcripts

PTCs that originate from mutations that could lead to deleterious truncated proteins are often
thought of as the main contributor to the selective pressure to maintain the NMD pathway, but the
quality control aspect of NMD is not its only function. A significant number of studies that have
inhibited NMD and done RNA-seq have shown that NMD also acts on endogenous transcripts,

many of which encode for full-length, functional proteins that don’t need to be limited through
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quality control mechanisms (Mendell et al., 2004, Chan et al., 2007; Yepiskoposyan et al., 2011;
Schmidt et al., 2015; Lykke-Andersen et al., 2014; Wittmann et al., 2006; Ni et al., 2007; Saltzman
et al., 2008; Weischenfeldt et al., 2008; Mcllwain et al., 2010; Weischenfeldt et al., 2012; Tani et
al., 2012; Nguyen et al., 2012; Colombo et al., 2017; Kurosaki et al., 2019). These include
endogenous transcripts with the aforementioned long 3'-UTRs and uORFs as well as regulatory
alternative splicing that can introduce a PTC (Lewis et al., 2003; Lareau et al., 2007; Lareau and
Brenner, 2015). There are many examples highlighting NMD’s function in modulating gene
expression as it has expanded beyond just a quality control mechanism in higher eukaryotes,
which will be described in more detail below.

Transcriptomic analysis of splicing in humans estimated that up to 35% of all alternative
splicing events introduce a PTC into the mRNA that is predicted to lead to NMD of the transcript
(Lewis et al., 2003). Such a large proportion of alternative splicing events that seemingly have no
function other than to target the mRNA for destruction before any functional protein can be made
would not be expected to just be due to aberrant splicing, but rather would have some sort of
regulatory function. Indeed, further studies have shown that these alternative splicing events that
lead to NMD (AS-NMD) of the transcript can serve as a regulatory function to limit levels of the
protein from that gene (Lareau et al., 2007; Ni et al., 2007, Saltzman et al., 2008). This mechanism
is conserved among metazoans, fungi, and plants (Hamid and Makeyev, 2014; McGlincy and
Smith, 2008), indicating it plays an important role in gene expression. AS-NMD is particularly
prevalent in genes for splicing factors (Lareau et al., 2007) and can lead to autoregulation in which
the splicing factors will bind to their own pre-mRNAs and induce PTC-containing isoform inclusion
to regulate their own protein levels (McGlincy and Smith, 2008). The alternative splicing events
are often alternative exons, termed “poison exons” as they poison the transcript by inducing its
destruction by NMD, but can also include intron retention and alternative splice site usage (de
Lima Morais and Harrison, 2010). There are many of these AS-NMD events annotated for non-

splicing factor genes, which would not have this same autoregulatory function. The regulation and
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importance of those AS-NMD events is unknown, but high throughput screens deleting those
poison exons have been performed to help clarify their function in humans (Thomas et al., 2020).

The autoregulatory features of splicing factor genes have been characterized in depth, but
another class of genes that utilize a similar strategy are those that code for some of the canonical
NMD factors (Mendell et al., 2004, Yepiskoposyan et al., 2011; Huang et al., 2011; Longman et
al., 2013; Singh et al., 2008). Rather than using alternative splicing, which NMD factors
themselves do not directly regulate, mMRNAs encoding NMD factors have long 3’-UTRs that can
be targeted for degradation by NMD (Singh et al., 2008; Yepiskoposyan et al., 2011). When NMD
factors get to high levels, they target their own mRNAs to bring the levels back down; when NMD
factors are at low levels, there aren’t enough of them around to degrade their own mRNAs and
those mRNAs are translated to bring the levels back up. This self-buffering mechanism seems
dependent on long 3’-UTR-mediated NMD, which is not as efficient as EJC-mediated NMD but is
nonetheless very important for modulating endogenous gene expression as exemplified by the
mRNAs encoding several NMD factors (UPF1, UPF2, SMG1, SMG5, and SMG6).

The breadth of endogenous transcripts whose levels can be tuned by NMD has been noted
by many different studies and it is estimated that NMD regulates ~10% of the mammalian
transcriptome (Mendell et al., 2004; Wittmann et al., 2006, Muhlemann and Jensen, 2012;
Colombo et al., 2017). NMD clearly has a very important role in degrading endogenous transcripts
involved in the integrated stress response, ER stress, apoptosis, stem cell differentiation,
hematopoiesis, neural development, and the immune response (reviewed in Kurosaki et al.,
2019). NMD'’s essentiality in higher eukaryotes is likely a product of both the quality control aspect
of NMD as well as the gene expression regulation aspect.

One confounding factor that has made identifying all endogenous transcripts that are direct
targets of NMD difficult is the propensity of secondary effects that occur with NMD inhibition.
These secondary effects, combined with steady state measurements after long term NMD

inhibition (Mendell et al., 2004; Tani et al., 2012; Colombo et al., 2017), can make it impossible to
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distinguish between direct and indirect NMD targets. For example, if NMD is inhibited by
knockdown of a canonical NMD factor such as UPF1 and RNA-seq is performed 72 hours later
to measure which endogenous transcripts increased in abundance (suggesting they are NMD
targets since they accumulate when NMD is inhibited), there will be many direct targets of UPF1
that increase in abundance and many indirect targets that increase due to the ubiquitous changes
in gene expression from inhibiting such an important RNA degradation pathway for an extended
time. Some studies have utilized mRNA half-life measurements with and without NMD inhibition
to directly measure degradation rates (Wang et al., 2011; Weischenfeldt et al., 2012; Tani et al.,
2012), which is likely to identify more bona fide NMD substrates than steady state measurements
but still could be affected by secondary effects. Another recent study opted to forego NMD
depletion in favor of direct immunoprecipitation of phospho-UPF1 (Kurosaki et al., 2018) and
sequencing of the bound mRNAs, which should not be subject to as many issues with secondary
effects or indirect targets. Another option for high temporal control with NMD inhibition is using
small molecules to inhibit central NMD factors (Durand et al., 2007; Dang et al., 2009; Gopalsamy
et al., 2012; Martin et al., 2014), although this could lead to unpredictable off-target effects.
Another strategy for inhibiting NMD with high temporal control to correctly identify bona fide
endogenous NMD transcripts will be described in Chapter 2. These types of measurements can
also help identify novel sequence features of endogenous transcripts that can protect or promote

NMD.

NMD in health and disease

NMD’s roles in both quality control and gene expression regulation are important for cell health
and homeostasis. Perturbation of or escape from the pathway can have drastic effects on health
and disease in humans. NMD’s ability to prevent severe disease through prevention of toxic
truncated protein production is its canonical role in human health, but it also can impact cancer,

FSHD, and development. These topics will be discussed in more detail below.
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PTC-containing genes have differences in disease severity depending on location of PTC
Nearly one third of human genetic diseases are a result of a PTC (Mendell et al., 2001, Stenson
et al., 2003), but not all PTCs are created equal in terms of their ability to cause disease. PTCs
whose transcripts are able to efficiently escape NMD can often cause disease in heterozygotes
(only one allele mutated) due to the neomorphic effects from the truncated protein that is created
(Takiar et al., 2017). PTCs that lead to NMD-sensitive transcripts often do not cause disease in
heterozygotes (unless the single remaining functional copy of the gene is haploinsufficient), as
the PTC-containing transcript is degraded and no deleterious truncated protein is produced.

This effect can be observed in many genes and genetic disorders by looking at where the
PTC resides in the transcript and the severity of the disease outcome. If the PTC is in the last
exon or in the last ~50-55 nucleotides of the penultimate exon the disease outcome is often more
severe than if the PTC is earlier in the transcript (sufficiently upstream of the last exon-exon
junction) since the transcript can evade NMD (Holbrook et al., 2004; Khajavi et al., 2006; Miller
and Pearce, 2014). This is true for heterozygous mutations in which there is still one functional
copy of the gene and no haploinsufficiency associated with the gene (Miller and Pearce, 2014).
For homozygous PTC mutations, the opposite is often the case: PTCs that result in NMD-sensitive
transcripts will have no protein made at all, leading to disease, while PTCs that lead to NMD-
insensitive transcripts will have some truncated protein made that could have some residual
function, leading to potentially less severe disease. This depends on locations of the PTCs and
the specific gene that is affected (Holbrook et al., 2004, Miller and Pearce, 2014, Lindeboom et
al., 2016).

This protective feature of NMD is exemplified by the disease beta-thalassemia (Thein, 2013)
in which NMD was first characterized in humans (Maquat et al., 1981; Kinniburgh et al., 1982). In
the recessive form of this disease, NMD-sensitive mutations in the beta-globin gene lead to mMRNA

that is degraded by NMD and no truncated protein is made (Hall and Thein, 1994). Heterozygotes
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with such mutations are typically unaffected, as the non-mutated beta-globin gene can make
enough functional protein to avoid a disease phenotype. However, if the PTC is in the last exon
of the beta-globin mRNA, truncated, non-functional beta-globin protein is produced that can be
toxic to cells (Thein et al., 1990), resulting in beta-thalassemia disease.

Beta-globin is just one example of a PTC-containing gene that is protected from causing
disease by NMD. There are numerous other examples, including interferon gamma receptor 1
(Jouanguy et al., 1996; Jouanguy et al., 1999), ROR2 (Schwabe et al., 2000), CRX (Rivolta et al.,
2001), VWF (Schneppenheim et al., 2001), and rhodopsin (Rosenfeld et al., 1992; Sung et al.,
1991). It should be noted that not all truncating PTC mutations would lead to neomorphic or
dominant negative proteins if NMD were not active. Many truncating mutations would lead to non-
functional proteins or possibly even proteins with residual function. The only way to really know
the outcome of a particular PTC in the absence of NMD would be to express the cDNA (not NMD-
sensitive because there would be no downstream EJC) in cells and determine how the truncated
protein affects cell health. This would be very dependent on the gene and location of the PTC.

NMD’s protective role as a quality control pathway is well established, but there are also
diseases that are caused by NMD degrading PTC-containing transcripts that could otherwise be
translated into truncated protein with full or partial function (Miller and Pearce, 2014). One
prominent example of this is Duchenne muscular dystrophy (DMD), in which NMD degrades
dystrophin gene transcripts bearing PTCs that leads to a more severe disease phenotype than
cases in which PTCs in the dystrophin gene are NMD-insensitive and produce truncated proteins
with residual function (Kerr et al., 2001; Pillers et al., 1999). The truncated dystrophin protein
expression still leads to Becker muscular dystrophy (BMD), which is a milder version of DMD, but
in this case the outcome from avoiding NMD is less deleterious than the outcome from targeting
by NMD.

The cases in which avoiding destruction of a PTC-containing transcript by NMD would be

beneficial to patients has led to the search for therapeutic treatments to repress NMD and promote
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protein production from such transcripts. The primary treatment method is with small molecule
compounds that promote nonsense suppression (also called “readthrough”) at PTCs (Dabrowski
et al., 2018), leading to “recoding” of the PTC into a sense codon, incorporation of an amino acid
at the PTC, and full-length protein production with a missense amino acid substitution in the
polypeptide. Readthrough is a natural process that happens at a low frequency in normal genes,
but happens more frequently at PTCs than at normal TCs (Keeling et al., 2012), possibly due to
changes in the kinetics and timing of translation termination at a PTC. Importantly, readthrough
of PTCs that arise from frameshift mutations would not be therapeutically useful as this would
lead to out-of-frame translation downstream of the PTC, neopeptide production, and likely
premature termination at another PTC downstream of the original PTC (depending on where in
the gene the original PTC is located).

Several small compounds have been discovered that can enhance readthrough of PTCs,
including G418 and aminoglycosides (Roy et al., 2015). Although there is some toxicity associated
with these types of compounds, they have been shown in some models to modulate disease
phenotype through their PTC readthrough ability. Some diseases that have the potential be
treated with such compounds include cystic fibrosis (Howard et al., 1996; Bedwell et al., 1997; Du
etal., 2008; Rowe et al., 2011, Sharma et al., 2021), DMD (Welch et al., 2007, Kayali et al., 2012),
Rett syndrome (Brendel et al., 2009; Popescu et al., 2010, Brendel et al., 2011; Vecsler et al.,
2011), ataxia telangiectasia (Lai et al., 2004, Nakamura et al., 2012), hemophilia (James et al.,
2005; Yang et al., 2007), and others. There has been limited success in human clinical trials,
potentially because the compounds are non-specific and can lead to readthrough of any PTC in
the transcriptome, which could lead to proteotoxic stress from bulk levels of truncated proteins
that are produced from endogenous NMD transcripts. Treatments that are specific to the PTC of
interest may be necessary for successful therapeutic strategies.

Another proposed strategy to increase protein production from PTC-containing NMD-sensitive

transcripts is through general NMD inhibition to simply increase the number of mMRNAs. There are
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general kinase inhibitors such as wortmannin and caffeine that can inhibit SMG1 activity, although
there are many off target effects that make these types of compounds less desirable. NMDI14 is
a small molecule that disrupts the UPF1-SMG?7 interaction that can lead to an increase in NMD-
sensitive MRNAs in treated cells (Martin et al., 2014). Combining NMD inhibitors with readthrough
compounds could be an effective strategy to promote protein production from NMD-sensitive
transcripts to alleviate disease phenotypes.

Finally, it is important to note that NMD’s role in preventing disease through the prevention of
truncated proteins has been well accepted despite the fact that there are few quantitative
measurements of the truncated proteins encoded by NMD sensitive transcripts. Most
measurements are of the PTC-containing transcripts themselves, which accumulate to non-
negligible levels and must be translated in order to be degraded. There are anecdotal accounts
of very low levels of truncated peptides from NMD-sensitive transcripts (Anczukoéw et al., 2008),
implying that cells could have additional mechanisms of limiting truncated protein accumulation
and preventing deleterious effects on cell health and attenuating disease-causing potential. This

will be discussed and probed in more detail in Chapter 3.

NMD in cancer

Changes in gene expression that can promote tumorigenesis are associated with many types of
cancer, and NMD can have a significant influence on those gene expression changes. NMD-
sensitive mutations are enriched in tumor suppressor genes relative to oncogenes (Mort et al.,
2008), and tumors can select for these types of mutations to promote tumorigenesis (Hu et al.,
2017; Lindeboom et al., 2016). These mutations are often heterozygous in normal tissues,
demonstrating the protective effect of NMD to prevent dominant negative or neomorphic activity
from the truncated protein, but tumors can select for these NMD-sensitive mutations in genes that

are haploinsufficient or that have deletions in the other allele (Hu et al., 2017, Lindeboom et al.,
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2016). This leads to no or less functional protein in these important tumor suppressor genes that
will promote the cancer phenotype.

Some tumor suppressor genes that have been shown to have PTC-containing transcripts in
cancer include P53 (Anczukoéw et al., 2008), BRCA1 (Perrin-Vidoz et al., 2002), BRCA2 (Ware et
al., 2006), and Rb (Pinyol et al., 2007). Additionally, NMD-sensitive mutations are selected for to
a greater degree than NMD-insensitive mutations in tumor suppressor genes in cancer
(Lindeboom et al., 2016), leading to less protein expression from these genes that can promote
tumorigenesis. Inhibition of NMD or nonsense suppression with small molecule compounds could
increase protein expression from PTC-containing tumor suppressors (Gonzalez-Hilarion et al.,
2012; Martin et al., 2014), but it's not clear how effective such a strategy would be for other genes
in which the truncated protein could have deleterious effects.

The lower degree of selection for NMD-insensitive mutations implies that neomorphic
truncated proteins are not as selected for by cancers as loss of function for tumor suppressor
genes. It's also possible that accumulation of many truncated proteins would be toxic even to
tumor cells, and that functional NMD is necessary for this reason as well. In support of this
hypothesis, colorectal cancers with high mutation rates due to microsatellite instability have
increased levels of core NMD factors relative to colorectal cancers with lower mutation rates
(Bokhari et al., 2018). The tumors may select for higher levels of NMD activity to suppress
truncated protein production more efficiently in the tumors with higher levels of PTC-containing
transcripts. This would lead to the prediction that inhibiting NMD could inhibit tumor growth, which
has been shown to be true (Bokhari et al., 2018; Pastor et al., 2010). However, whether this
reduction in tumor growth is a function of an increase in toxic truncated proteins, an increase in
neoantigens leading to immune-mediated tumor destruction, or other factors has yet to be
determined.

Support for an immune-mediated reduction in tumor growth due to an increase in tumor

neoantigens when NMD is inhibited comes from a study that used NMD inhibition in mouse tumor
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cells with or without expression of a neoantigen (Pastor et al., 2010). They found higher T cell
infiltration in tumors that expressed a neoantigen encoded on an NMD-sensitive transcript when
NMD was inhibited and a drastic decrease in tumor growth (Pastor et al., 2010). This suggests
that inhibiting NMD in human patients could increase neoantigen levels in tumors and harness
the immune system to attack the tumor. Recent work using splicing inhibitors, which leads to
intron retention and an increase in NMD-sensitive transcripts, leads to production of neoantigens
that are immunogenic and can decrease tumor growth (Lu, De Neef, Thomas et al., 2021).

Previous work found specific point mutations in UPF1 in pancreatic adenosquamous
carcinoma (Liu et al., 2014) that were implicated in the disease pathology, but recent work has
determined that these mutations are not causing any changes in gene expression or increases in
endogenous NMD substrates and likely represent genetic variation with no pathological
consequences (Polaski et al., 2021; details in Chapter 4).

NMD may seem to be essential for tumorigenesis based on this information so far, but another
study found that the tumor microenvironment inhibited NMD (Wang et al., 2011). The elF2-alpha
phosphorylation in tumor cells led to NMD inhibition via reduced global translation, and many of
the endogenous transcripts that were upregulated were involved in stress response and tumor
formation (Wang et al., 2011). This led to tumors that were resistant to stress and better able to
survive the conditions in the tumor microenvironment. More work will be needed to understand if
these types of tumors that inhibit NMD can do so because they have a lower mutational burden,
fewer neoantigens, and less immune cell infiltration than other tumors.

Clearly NMD’s role in cancer is not as simple as just being inhibited or promoted. It seems
likely that the cancer type and oncogenic features of the tumor will likely influence how NMD

influences the formation and progression of different tumors.
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NMD and DUX4 expression in FSHD

NMD’s ubiquitous role in many aspects of cell biology through both quality control and gene
expression regulation likely makes it hard for many disease-state cells to survive when NMD is
completely inhibited. One exception to that expectation is facioscapulohumeral muscular
dystrophy (FSHD), a genetic disease in which the transcription factor DUX4 is derepressed and
expressed in skeletal muscle cells (Snider et al., 2009; Lemmers et al., 2010). This expression is
highly toxic for muscle cells and leads to muscle wasting, although the exact mechanism by which
DUX4 activity causes this toxicity isn’t known.

DUX4 can activate hundreds of genes through its transcriptional activity and its expression
indirectly leads to NMD inhibition and an increase in abundance of endogenous NMD-sensitive
transcripts (Feng et al., 2015; Jagannathan et al., 2019). One possibility is that the stabilized
endogenous NMD-sensitive transcripts can be translated into truncated proteins and that large-
scale increases in such deleterious proteins can lead to proteotoxic stress and contribute to
disease pathology. DUX4 itself is a target of NMD as it contains two introns in its 3'-UTR, leading
to a positive feedback loop in which DUX4 expressing cells stabilize DUX4 mRNA through NMD
inhibition and more DUX4 protein is translated from the stabilized mMRNA (Feng et al., 2015). This
means that small bursts in DUX4 expression can be amplified and lead to significant gene
expression changes and toxicity to muscle cells.

The mechanism by which NMD is inhibited in DUX4-expressing cells has been shown to
involve the degradation of UPF1 protein without affecting UPF1 mRNA levels (Feng et al., 2015).
It is unknown how DUX4 expression leads to this degradation, although it is predicted to involve
the genes that are activated by DUX4’s transcriptional activity. Genetic screens that can identify
factors involved in UPF1 protein degradation may be necessary to further elucidate this
mechanism, and stable cell lines with fluorescently tagged UPF1 (described in Chapter 2) could

be useful for such an approach.
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NMD in development

NMD is conserved among all studied eukaryotes, although its essentiality varies depending on
the organism. In Saccharomyces cerevisiae, the core UPF genes can be deleted and the yeast
are still able to survive (Leeds et al., 1991; Leeds et al., 1992). But in higher eukaryotes, namely
mammals, knockout of some of the core NMD factors is embryonic lethal (Weischenfeldt et al.,
2008; Medghalchi et al., 2001; Mcllwain et al., 2010; Li et al., 2015). Differentiation of embryonic
stem cells has been shown to be abrogated in such knockout cells (Li et al., 2015), providing
some explanation for the essentiality of NMD.

The downregulation of NMD factors in mouse neuronal stem cells was shown to accompany
their differentiation into mature neurons and NMD activity was attenuated during this process (Lou
et al., 2014), implying that fine-tuning of gene expression with changes in levels of core NMD
factors is important for differentiation. Overexpression of UPF1 in those same neuronal stem cells
maintained the cells in a proliferative state (Lou et al., 2014), demonstrating that although
knockout of NMD factors can be lethal, overexpression of those same factors can have
detrimental consequences to development as well.

Proper neural development is reliant on NMD for additional processes, including axon
positioning in the spinal cord. One study showed that proper expression of ROBO3.2 protein,
which is encoded by an NMD-sensitive mRNA with a retained intron, is dependent on its NMD
sensitivity and the levels of core NMD factors in the axon (Colak et al., 2013). The NMD sensitivity
of the ROB0O3.2 mRNA leads to low levels of ROBO3.2 protein, and these low levels are
necessary for proper axon positioning (Colak et al., 2013). NMD inhibition through UPF2 depletion
leads to increased ROBO3.2 protein production and improper axon migration (Colak et al., 2013).
This example demonstrates how tightly regulated protein production through NMD can impact
physiological processes.

It's also interesting because protein produced from PTC-containing mRNAs is typically

thought to accumulate to such low levels that it would not be relevant for cell health and
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homeostasis (Udy and Bradley, 2021), but in this example the low protein levels are necessary
for maintaining proper cell function. It’s also not clear from this work if the novel C-terminal protein
sequence, a function of the retained intron near the end of the gene and PTC, alters the function
of the protein in any way or if the protein function stays the same because only a small part of the
sequence is changed. Intron retention near the end of a gene could be a common way to limit
protein production via NMD without changing the function of the gene if the C-terminal alteration
has relatively little effect on protein function. More work on NMD in development will help

determine how frequently cells utilize this elegant mechanism.

NMD research moving forward

Clearly NMD must be appreciated as more than just a quality control pathway and has many roles
that are essential for proper cell health and homeostasis. A lot of research has contributed to our
understanding of NMD, as highlighted above, from details about the molecular mechanism of
different NMD factors to broader understanding of how genetic diseases are impacted by NMD.
Future and ongoing work, some of which will be discussed in the coming chapters, will further

elucidate our understanding of NMD.
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Chapter 2: Tagging Endogenous UPF1 with Auxin Inducible Degron for Rapid Depletion

to Identify Novel mRNA Targets of NMD
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Introduction

Nonsense mediated decay (NMD) is a conserved eukaryotic cellular surveillance system that
degrades mRNAs containing premature termination codons (PTCs) (reviewed in Lykke-Andersen
etal., 2015; Kurosaki et al., 2019; Yi et al., 2021). PTCs often arise from changes in splicing, with
NMD functioning to prevent accumulation of the potentially deleterious truncated protein products
derived from PTC transcripts. 35% of alternatively spliced mRNAs are predicted NMD substrates
(Lewis et al., 2003), revealing the importance of this pathway in gene expression. Although the
canonical model implies PTC containing mRNAs will be degraded by NMD, many transcripts
degraded by NMD do not contain a PTC and many PTC containing transcripts are not degraded
by NMD (Mendell et al., 2004; Wittmann et al., 2006, Weischenfeldt et al., 2012; Colombo et al.,
2017). This implies that PTCs are neither necessary nor sufficient to trigger NMD and alternative
mechanisms exist to designate NMD substrates.

Previous studies have inhibited NMD to increase the abundance of putative NMD substrates
and analyzed gene expression to identify those substrates (Mendell et al., 2004; Wittmann et al.,
2006; Weischenfeldt et al., 2012, Colombo et al., 2017). These data rely on prolonged NMD
inhibition, which can lead to confounding secondary effects. More precise measurements must
be made to confidently assert which transcripts are true targets of NMD. Recent work has
identified transcripts bound to phosphorylated UPF1 (Kurosaki et al., 2018) to circumvent the
need to inhibit NMD to identify targeted transcripts. Additional measurements that have temporal
control over NMD inhibition would be useful for further analyses on NMD-sensitive transcripts.

The auxin inducible degron (AID) system was first developed in yeast (Nishimura et al., 2009)
and later developed for use in mammalian cells (Holland et al., 2012) based on the endogenous
auxin-dependent degradation pathway used by plants. This system combines the IAA17 degron
from plants (which was termed the AID degron) with a protein of interest and indole-3-acetic acid

(IAA, a type of auxin) treatment, which leads to rapid degradation of the protein of interest via
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ubiquitination of the AID domain and proteasomal degradation (Nishimura et al., 2009). This
system has also been used to tag endogenous proteins with the AID domain via CRISPR/Cas9
genome engineering (Natsume et al., 2016), making rapid depletion of endogenous proteins in
mammalian cells feasible for studying their function. We reasoned that tagging endogenous
UPF1, the master regulator of NMD (Lykke-Andersen et al., 2015), with an AID domain and
treating with auxin to rapidly deplete UPF1 from cells would be a way to inhibit NMD with temporal
control and avoid accumulation of secondary effects.

Here we describe the effort made to tag endogenous UPF1 with the AID domain and rapidly
deplete it from human cells. While we were able to engineer cells with AID-tagged UPF1, we were
not able to fully deplete the tagged UPF1 and identify bona fide endogenous NMD-sensitive
transcripts in order to characterize novel sequence features that confer NMD-sensitivity to

mRNAs. We discuss additional experiments to determine why we could not fully deplete UPF1.
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Results

Generation of HEK 293T cells with both copies of Upf1 tagged with mEmerald and AID
domain and Tir1 integration at AAVS1 locus

In addition to the AID domain, we sought to tag endogenous UPF1 with a fluorescent protein to
easily assess if and when cells have UPF1 degraded, as well as the FLAG epitope tag for potential
biochemistry experiments. We utilized the CRISPR/Cas9 system and homology directed repair
(HDR) for this genome editing (Jinek et al., 2012; Ran et al., 2013; Lin et al., 2014) and chose
human HEK 293T cells because of their propensity for use in genome engineering (Lin et al.,
2014). We designed donor plasmids and sgRNAs targeting the C-terminus of UPF1 (Figure 1A).
The sgRNAs were designed such that the cut site would be within 15 base pairs of the insertion
site (Ran et al., 2013) and the donor plasmids were designed to have 1000 nucleotides of
homology on either side of the insert (Hasty et al., 1991) (additional details in Materials and
methods).

A plasmid expressing both Cas9 and an sgRNA targeting UPF1 was co-transfected with the
corresponding donor plasmid into 293T cells to engineer the sequences of interest into the Upf1
endogenous loci. These transfected cells were grown in culture for ~1 week before being imaged
to look for fluorescence. We observed fluorescence in a fraction of the cells and the fluorescence
appeared excluded from the nucleus, consistent with UPF1 protein localization (Mendell et al.,
2002) and the fluorescence originating from genomic UPF1-mEmerald-AID rather than plasmid-
based transiently expressed AID-mEmerald. We did flow cytometry to quantify the fraction of cells
stably expressing UPF1-mEmerald-AID. The fraction of mEmerald-positive cells was not
overwhelming (~5%), but it was a clear distinction from 293T-WT cells and enough to proceed
with single cell sorting to establish monoclonal cell lines.

Our temporally controlled UPF1 depletion experiments required both copies of Upf1 to be

tagged with the AID domain to get full depletion of endogenous UPF1. We presumed that most
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cells expressing UPF1-mEmerald-AID would be heterozygous for the insertion due to the
inefficient nature of HDR (Liu et al., 2018), but that there would still be some fraction of cells with
both copies of Upf1 successfully edited. To isolate these cells homozygous for UPF1-mEmerald-
AID, we subjected the population of engineered cells to single cell sorting, gating for only cells
with high mEmerald expression. We established monoclonal cell lines from this sorting and
assessed the zygosity of the insertion at Upf1 with genomic DNA PCR. We found multiple
monoclonal lines that were homozygous for the insertion (Figure 1B, Figure 1—figure supplement
1A). When assessed with fluorescence microscopy and flow cytometry these monoclonal lines
displayed fluorescence in all cells in the population (Figure 1D, Figure 1—figure supplement 1B).

To confirm that addition of the AID and mEmerald domains did not destabilize the UPF1
protein or otherwise affect UPF1 protein abundance we quantified UPF1-mEmerald-AID protein
levels from the homozygous monoclonal cell lines via western blot. The blot showed the expected
size shift of the UPF1-mEmerald-AlD protein in the monoclonal lines and showed similar levels
of UPF1 and UPF1-mEmerald-AlD proteins (Figure 1C). Modest differences in the protein levels
were attributed to clonal heterogeneity.

We had originally planned to rapidly deplete UPF1 by transiently expressing the Tir1 protein
(Holland et al., 2012) in these monoclonal lines. However, preliminary experiments showed that
this strategy did not lead to depletion of UPF1-mEmerald-AID in all cells, presumably because
not all cells were successfully transfected with the Tir1 plasmid. To ensure Tir1 expression in all
cells and attain temporal control of this expression, we chose to stably integrate the Tir1 sequence
into one of our monoclonal 293T-UPF1-mEmerald-AID cell lines using CRISPR/Cas9 mediated
HDR. We stably integrated this sequence in the AAVS1 Safe Harbor locus (Figure 1E) as
described in Natsume et al., 2016. The Tir1 sequence was under control of a dox-inducible
promoter (Figure 1E), allowing for temporal control of its expression that could be combined with

auxin addition to deplete UPF1.
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Cells were selected for stable integration of the Tir1 sequence using puromycin, as the
insertion sequence also contains a puromycin resistance gene. These cells were then subjected
to single cell sorting to get monoclonal populations in which all cells have Tir1 expressed. Stable
Tir1 integration was confirmed with genomic DNA PCR with the monoclonal lines (Figure 1F) and

experiments proceeded with these lines.

Engineered cell lines display bimodal distribution of fluorescence with induction of AID
degradation

To test for UPF1 depletion upon Tir1 expression and auxin addition in our monoclonal cell lines,
we performed western blots probing for UPF1 protein. Addition of both doxycycline (to induce Tir1
expression) and auxin in one of the engineered cell lines led to partial depletion of UPF1-
mEmerald-AlID relative to uninduced cells without auxin (Figure 2A, lanes 1-2). To ensure that
Tir1 wasn’t promiscuously degrading UPF1 in the presence of auxin, we tested for UPF1 depletion
in Tir1 expressing cells with untagged UPF1. There was no change in UPF1 protein levels in
these cells under these conditions (Figure 2A, lanes 3-4), confirming that UPF1 depletion is
dependent on the AID domain.

UPF1 was not fully depleted in the dox-induced, auxin-treated cells, as has been seen with
other proteins using the AID system in mammalian cells (Eaton et al., 2018; Chan et al., 2018).
We presumed that the full population of cells had some remaining undegraded UPF1 and that
measuring fluorescence with flow cytometry would show a unimodal distribution of fluorescence
with less fluorescence than uninduced cells with no auxin addition but more fluorescence than
cells with untagged UPF1. We first measured fluorescence in the polyclonal Tir1 integrated
population and observed a bimodal distribution with dox and auxin addition (Figure 2B), which we
attributed to a subset of cells without Tir1 integrated. We repeated this measurement in the
monoclonal cell lines with Tir1 integrated in all cells and, to our surprise, observed the same

bimodal fluorescence distribution (Figure 2C).
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This bimodal fluorescence distribution does explain the lack of full UPF1 depletion observed
by western blot, but it was unexpected given the induction of Tir1 expression in all cells. As a
control we did the same experiment with a cell line published in Natsume et al., 2016 that has
Tir1 stably integrated in a HCT116 cells engineered with DHC1-mAID-Clover (Figure 2—figure
supplement 1A). We observed a similar bimodal fluorescence distribution in these published cell
lines under the same treatment conditions (Figure 2—figure supplement 1B), demonstrating that

this effect is not restricted to just our cell type or tagged protein of interest.

Bimodal distribution is independent of auxin addition

The surprising nature of the bimodal fluorescence distribution in our UPF1-mEmerald-AID cells
led us to further test the robustness of the system. To determine if UPF1 degradation was
dependent on auxin addition, which would provide temporal control of UPF1 levels, we induced
expression of Tir1 with and without auxin addition. Unexpectedly, the UPF1 degradation and
bimodal fluorescence distribution was observed without auxin addition (Figure 3A, middle panel)
and looked similar to the distribution with auxin added (Figure 3A, right panel). This indicated that
auxin was not necessary to induce degradation of the AlD-tagged proteins.

We next tested if increasing the concentration or length of time auxin was on cells influenced
UPF1 degradation or the fluorescence distribution. Doubling the auxin concentration from 500 uM
to 1 mM did not have any noticeable effect (Figure 3B). Adding auxin for 0, 18, or 44 hours before
flow cytometry analysis, while keeping the length of time of dox exposure constant, resulted in
nearly identical degradation patterns (Figure 3C).

Finally, we tested auxin-dependent degradation in the previously published HCT116-DHC1-
mAID-Clover cells. There was DHC1-mAID-Clover degradation without auxin addition (Figure 3—
figure supplement 1, middle panel), although auxin addition led to an increase in the fraction of
cells with reduced fluorescence (Figure 3—figure supplement 1, right panel). This increase in

degradation with auxin addition can also be observed in our UPF1-mEmerald-AlD cell line (Figure
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3A, middle vs right panel), although not to the same degree as in the HCT116 cell line. These
data suggest that auxin-independent degradation is a common phenomenon with the AID system

in mammalian cells, but auxin can still have some impact on degradation of AlD-tagged proteins.

Bimodal distribution is still observed with constitutive Tir1 expression

One possible explanation for this bimodal distribution is that the Tir1 is highly expressed in some
cells and not expressed or expressed at low levels in other cells, leading to degradation of UPF1
in only cells with high enough levels of Tir1. Such different levels of Tir1 could be a function of the
dox-inducible promoter driving Tir1 expression.

To test if the bimodal distribution is dependent on the dox-inducible promoter, we engineered
the UPF1-mEmerald-AID cells with Tir1 driven constitutively by a CMV promoter (Figure 4A,
Natsume et al., 2016). The CMV-Tir1 donor plasmid was integrated at the AAVS1 locus in the
same manner as the dox-inducible Tir1 donor plasmid as described in Natsume et al., 2016. After
puromycin selection for cells with successful integration, we noticed that the cells grew more
slowly than parental cells and were generally unhealthy looking (data not shown), which we
posited could mean that the constitutive, high Tir1 expression levels could be leading to
degradation of UPF1 and affecting cell health, consistent with UPF1’s essentiality in mammalian
cells (Weischenfeldt et al., 2008; Medghalchi et al., 2001; Mcllwain et al., 2010; Li et al., 2015).
We analyzed these cells by flow cytometry with and without dox and auxin (dox added just to
replicate conditions of dox-inducible cell lines) and observed the same bimodal fluorescence
distribution in all conditions (Figure 4B). These data indicate that the bimodal distribution is not
dependent on the dox-inducible promoter, but the possibility that Tir1 levels differ between the
two populations of cells remains a possibility. A caveat to these data is that we could only use
polyclonal populations because the monoclonal cell lines would not grow up, likely because the

constitutive Tir1 expression led to reduced Upf1 levels that negatively affected cell health. The
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cells that were still fluorescent, indicating undegraded UPF1, may have been cells that did not

have Tir1 successfully integrated and expressed.

Different concentration and timing of dox affects fraction of cells with reduced
fluorescence, but bimodality remains

To further probe what could be causing the bimodal distribution phenotype in the UPF1-
mEmerald-AID cells, we tested the concentration and timing of dox addition. We predicted that
higher dox concentration and longer dox treatment would increase the fraction of cells with UPF1
degraded and reduced fluorescence if Tir1 expression levels are directly related to the differences
in UPF1 degradation between the two populations.

We tested three different concentrations of dox: 100 ng/mL, 2 pg/mL (standard concentration),
and 10 pug/mL. The standard concentration of dox led to ~3-fold as many cells with reduced
fluorescence than the lowest concentration of dox, consistent with the idea that higher Tir1
expression leads to more AlD-mediated degradation of UPF1 (Figure 4C). The highest
concentration of dox led to fewer cells with reduced fluorescence than the standard concentration
of dox, inconsistent with the Tir1 expression level prediction (Figure 4C, right panel). However,
the cells looked unhealthy and morphologically different with the high amount of dox on them,
suggesting that cell health may have been affected by such a high level of dox (data not shown)
independent of the affects from UPF1 degradation.

We tested two different lengths of time of dox treatment, both without auxin addition: 18 hours
and 44 hours. There was a stark difference between these two lengths of time, with the shorter
time leading to virtually no cells with reduced fluorescence while the longer time had almost half
of the cells with reduced fluorescence and the characteristic bimodal distribution (Figure 4D).
These data are consistent with the prediction that longer induction with dox leading to higher Tir1
expression levels will increase the fraction of cells with reduced UPF1 and fluorescence.

However, if Tir1 expression levels are directly impacting the amount of UPF1 degradation, this
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raises the important questions of why some cells in the population are expressing more Tir1 than

other cells and how different those Tir1 levels are between the two sub-populations.

Cell populations enriched for either high or low fluorescence show different levels of Tir1
expression

The data thus far suggested to us that Tir1 expression levels could determine whether UPF1 is
degraded in these cell lines. To confirm that Tir1 levels are higher in the fraction of cells with
reduced fluorescence than those with high fluorescence we combined fluorescence-activated cell
sorting (FACS) with gPCR to quantify Tir1 mRNA levels separately in the two sub-populations.

We treated the cells with two different concentrations of dox: 200 ng/mL (low) and 2 pg/mL
(standard, high). We predicted that this treatment would lead to a greater fraction of cells with
reduced fluorescence with the higher dox concentration (as seen in Figure 4). For the Tir1 levels
in the reduced fluorescence sub-populations between low vs high dox conditions, we predicted
two possibilities: (1) Tir1 expression levels would be the same if Tir1 levels reached a maximum
level and that level correlated with UPF1 degradation; (2) Tir1 expression levels would be higher
in the high dox concentration sample if dox concentration directly correlates with Tir1 expression
level, and those levels haven’t reached their maximum yet.

We treated the cells with the respective dox concentrations for 48 hours before subjecting
them to FACS based on mEmerald fluorescence. The high dox sample had ~60% of cells with
reduced fluorescence and the low dox sample had ~30% (Figure 5A), as we had seen in previous
experiments. The sorted cells underwent protein extraction to blot for UPF1-mEmerald-AlD
protein levels (Figure 5—figure supplement 1A) and RNA extraction, DNAse treatment, cDNA
synthesis, and gPCR to quantify the Tir1 mRNA levels. We also included unsorted cells that were
treated with dox for either 24 or 36 hours as controls, which we expected to have intermediate

levels of Tir1 expression relative to the high vs low fluorescence sorted samples.
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Tir1 mRNA levels in all dox treated samples were orders of magnitude higher than no dox
samples, confirming the inducibility of the system (Figure 5B, blue boxes). Tir1 levels were higher
in the low fluorescence sorted populations than in the high fluorescence sorted populations for
both dox concentrations as predicted, with a modestly larger difference in the low dox samples.
The levels are very similar in the low fluorescence samples in low vs high dox conditions,
suggesting that the Tir1 levels can “max-out” regardless of dox concentration and those levels
lead to AID-mediated degradation. Interestingly, the levels are modestly higher in the high
fluorescence, high dox sample compared to the high fluorescence, low dox sample. This could
mean that the high dox induces higher Tir1 expression in those cells, but the levels don’t get high
enough to lead to degradation of UPF1. As predicted, the unsorted dox-treated samples, which
were a mix of degraded and undegraded UPF1-mEmerald-AlD cells, had Tir1 levels in between
those of the high and low fluorescence sorted populations (Figure 5B). Note that we had also
been curious if Tir1 protein levels directly correlate with Tirl mRNA levels as expected, but there
is no commercially available Tir1 antibody. We opted to not pursue quantifying the Tir1 protein
levels because of this.

Although the reduced levels of Tir1 in the high fluorescence sub-population relative to the low
fluorescence population was expected, we were surprised that the levels of Tir1 in the high
fluorescence population were so much higher than uninduced cells (~200-400 fold higher, Figure
5B). Our naive prediction would have been that that level of induction would be enough to lead to
AID-mediated degradation of UPF1, which clearly is not the case. As an alternative way of
interpreting these data, we plotted the Tir1 mRNA levels as estimated transcripts per million (TPM)
for each of these samples, using the Srp14 levels to make the estimation (Figure 5—figure
supplement 1B). The Tir1 levels in the high fluorescence samples are lower than Srp14 mRNA
levels, while the Tir1 levels in the low fluorescence samples are significantly higher. The Tir1
levels in the uninduced samples are also extremely low, which could confound the fold-change

differences when compared to induced samples in Figure 5B. These data still don’t establish if
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the Tir1 levels are functionally high enough to be expected to lead to AID-mediated degradation
in the high fluorescence samples, but they do clearly show that the levels are lower than a
common endogenous human gene and that the difference from uninduced Tir1 levels is not as
drastic as first described.

The different Tir1 levels in the two sub-populations of cells was consistent with the differences
in UPF1 degradation, but how such significant differences in Tir1 levels could occur in a
monoclonal cell line treated with high levels of dox for an extended period remained a mystery.
Large cell-to-cell variability in transcription from the AAVS1 locus struck us as one possibility. To
test this hypothesis, we measured RNA levels of the other two genes—Tet-On 3G and puromycin
resistance (PuroR)—stably integrated with Tir1 at the AAVS1 locus (insert sequence showing
these additional genes in Figure 1E).

We found that the levels of both Tet-On 3G and PuroR were higher in the cells sorted for low
fluorescence relative to the cells sorted for high fluorescence (Figure 5B, red and green boxes),
supporting the idea that different Tir1 levels could be a function of different rates of transcription
at the AAVS1 locus. The magnitude of the differences in levels for Tet-On 3G and PuroR in low
vs high fluorescence cell populations was not as high as for Tir1, likely reflecting the lack of
inducible promoter driving Tet-On 3G and PuroR expression. All stably integrated genes showed
higher expression levels in the low fluorescence cell populations than in the uninduced sample,
further implicating increased transcription from that locus in the low fluorescence cells. In the high
fluorescence populations, PuroR stayed at the same level as in uninduced samples while Tet-On
3G increased modestly, suggesting that dox addition does not lead to increased transcription at
the locus for all genes in all cells. As with Tir1, the levels of these genes are similar in the high vs
low dox samples for the sorted populations.

Combined, these data clearly show that Tir1 levels, and levels of other genes stably integrated
with Tir1, correlate with UPF1 degradation, and suggest that changes in transcription could be

driving these differences.
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Cell populations enriched for low or high fluorescence still display bimodality

The bimodal UPF1 degradation phenomenon made our original experimental plan not as
technically feasible because a large fraction of the cells would not have impaired NMD and the
temporal control with auxin addition was lost. However, we thought we could potentially salvage
some interesting data if we could get a pure population of cells that show high levels of Tir1
expression and degraded UPF1, the readout of which would be reduced fluorescence.

We predicted that we could enrich for such a population of cells by sorting cells for reduced
fluorescence and continuing to grow those cells separately from high fluorescence cells. If
increased transcription at the AAVS1 locus is the primary factor driving high levels of Tir1 and
subsequent degradation of UPF1, cells sorted for low fluorescence could maintain that high
transcription rate for an extended period and show a unimodal distribution of UPF1 degradation
when analyzed again. Alternatively, the differential transcription rates could arise from stochastic
silencing at AAVS1 (Bhagwan et al., 2020) or transcriptional bursting (Raj et al., 2006; Chubb et
al., 2006; Suter et al., 2011), leading to sorted populations still displaying bimodality.

We treated cells in the same manner as we did for the gPCR experiment: low and high
concentrations of dox for 48 hours before sorting. We collected both high and low fluorescence
cells (Figure 5C) and grew them separately for 48 hours before reanalyzing them with flow
cytometry. For the analysis of the sorted populations, we treated all cells with the same
concentration of dox (2 pug/mL). We also analyzed uninduced and unsorted cells as controls
(Figure 5D, top row). The samples previously sorted for low fluorescence showed a greater
proportion of cells with reduced fluorescence than the samples sorted for high fluorescence
(Figure 5D), although the bimodal fluorescence distribution was still present. This indicated to us
that we were able to enrich our samples for cells that efficiently degrade UPF1 to some degree,
but some of the cells that previously degraded UPF1 were no longer doing so. The samples
previously sorted for high fluorescence showed a greater proportion of cells with high

fluorescence, as expected, with a similar bimodal distribution as seen previously.
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Similar fluorescence distributions were observed during this round of analysis for both high
dox-treated and low dox-treated samples sorted for low fluorescence (~80% vs ~78% of cells with
low fluorescence), while there were differences with high dox-treated and low dox-treated
samples sorted for high fluorescence (~18% vs ~35% of cells with low fluorescence) (Figure 5D).
The differences may be related to treating all the sorted cells with high dox rather than the same
dox concentration used for the sorting.

Together, these data show that we can enrich our samples for cells more likely to degrade
UPF1, but we can’t get a completely homogenous population of cells that all degrade UPF1. This

brings up additional questions regarding differential transcription rates at the AAVS1 locus.

Stable integration of fluorescent proteins into AAVS1 loci show bimodality to varying
degrees in different cell types

The unexpected technical challenges we encountered with these cell lines led us to abandon our
original goal of rapidly depleting UPF1 and quantifying changes in endogenous NMD transcript
levels. However, the bimodal distribution and different Tir1 levels we observed led us to pursue
the mechanisms modulating these surprising phenomena.

We chose to modify the experimental readout for additional experiments by stably integrating
fluorescent proteins (FPs) into the AAVS1 locus of multiple mammalian cell lines. We did this for
multiple reasons. The previous fluorescence measurements were indirect readouts of expression
from the AAVS1 locus: Tir1 was expressed from the AAVS1 locus and then degraded UPF1-
mEmerald-AlID, for which fluorescence was measured. The indirect nature of this readout could
introduce additional variation that may confound our interpretations, while using FPs stably
integrated at AAVS1 is a more direct measurement of expression from that locus. Additionally,
there could be a selective advantage for cells to silence transcription of Tir1 from the AAVS1 locus
in UPF1-mEmerald-AID cells. Less Tir1 would lead to less UPF1 degradation, which could be a

selective advantage given UPF1’s essentiality in mammalian cells (Weischenfeldt et al., 2008;
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Medghalchi et al., 2001; Mcllwain et al., 2010; Li et al., 2015). Expression of FPs from the AAVS1
locus would not be predicted to confer any selective advantage or disadvantage, allowing for a
more controlled assessment of how expression is being modulated at that locus. Note that we
originally designed the UPF1-mEmerald-AlD experiments under the guise that there would be no
degradation in the absence of auxin, and thus there would be no selective advantage for cells to
silence Tir1 expression.

We chose 293T, K562, and HCT116 cells for these experiments. We hypothesized that the
AAVS1 locus undergoes stochastic silencing in these cells, as has been observed in stem cells
(Ordovas et al., 2015). If so, we predict that we would observe bimodal fluorescence distributions
in all or some of these cell lines with FPs stably integrated at AAVS1. We chose mEmerald and
mCardinal, a green and red FP, for stable integration and both CMV and dox-inducible promoters
for each of the FPs. One aspect of the dox-inducible promoter that could influence the bimodality
phenotype is the Tet-On 3G gene that is also integrated at AAVS1 right next to the FP (or Tir1 in
the previous cell lines, Figure 1E). The Tet-On 3G protein is the dox-inducible activator that drives
expression of the gene of interest at AAVS1 (previously Tir1 and now FPs), meaning that small
changes in transcription at the AAVS1 locus could have a synergistic effect and lead to big
changes in transcription of the gene of interest. If there is stochastic silencing of AAVS1, such
silencing could directly reduce Tet-On 3G levels which would then possibly reduce the levels of
the gene of interest to a greater degree than reduction of Tet-On 3G, leading to the bimodality
observed previously. The CMV promoter is constitutive, and any bimodality observed with it would
be a function of direct silencing of the promoter itself.

We stably integrated the FPs at AAVS1 using CRISPR/Cas9-mediated HDR as described
previously. The polyclonal populations were a mix of fluorescent and non-fluorescent cells (Figure
6—figure supplement 1); the non-fluorescent cells could be cells that were unsuccessfully
transfected or cells that had silencing of AAVS1. To ensure that all cells analyzed were

successfully transfected and had the FPs stably integrated, we sorted for fluorescent cells from
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the full population (Figure 6—figure supplement 1) and continued growing those sorted cells in
culture.

We observed both unimodal and bimodal fluorescence distributions in the sorted populations
depending on the cell type and promoter but independent of the FP used (Figure 6). For K562
cells, for which only mEmerald was stably integrated, there was a very clear unimodal distribution
with either constitutive CMV promoter or inducible dox promoter (Figure 6A). Unexpectedly, the
dox inducible promoter led to higher overall expression of mEmerald than the CMV promoter. Dox
was added to the cells ~60 hours before flow analysis, which is longer than previous induction
and could have contributed to the exceptionally high fluorescence. These results did not support
the hypothesis that there is stochastic silencing of the AAVS1 locus, at least not in K562 cells.

For 293T cells, both mCardinal and mEmerald were used with the two promoters. The two
FPS both displayed a unimodal fluorescence distribution under control of the CMV promoter
(Figure 6B), similar to what we observed in K562 cells. But the bimodal distribution appeared for
both FPs when the dox-inducible promoter was used (Figure 6B, right three panels). We anal-
yzed cells that were treated with dox for different lengths of time and observed a very striking time
dependent phenotype: the longer the dox induction, the greater the fraction of cells with increased
fluorescence (Figure 6B). The longest we induced for was 72 hours, in which there was still a
small but distinct population of cells with reduced fluorescence, lending support for our hypothesis
of stochastic silencing at AAVS1. Another unexpected observation was that the low fluorescence
population of cells in the bimodal distribution appears to have higher fluorescence than uninduced
or wild-type cells, indicating that there is some expression from AAVS1 in those cells but orders
of magnitude less than expression in the high-fluorescence population. As with K562 cells, the
fluorescence was higher with the dox-inducible promoter than with CMV (for the long dox
induction).

The HCT116 cells showed similar patterns as the 293T cells: the CMV promoter led to

unimodal fluorescence distribution for both mEmerald and mCardinal, while the dox-inducible
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promoter led to bimodality (Figure 6C). The fraction of cells with reduced fluorescence was lower
in HCT116 cells relative to 293T cells. There was not as much clear separation between
fluorescent and non-fluorescent populations, particularly with mCardinal (Figure 6C), which could
be related to the lack of separation when the cells were originally sorted (Figure 6—figure
supplement 1C). It also took longer dox induction to get a majority of cells to display mCardinal
fluorescence.

The unimodal fluorescence distributions with the CMV promoter in all cell types and the dox-
induction timing dependence suggest that the differential Tir1 levels from the UPF1-mEmerald-
AID cell lines could be directly related to stochastic silencing/transcriptional regulation of
sequence features of the dox-inducible promoter or Tet-On 3G promoter rather than features of

the AAVS1 locus.

Stable integration of two different fluorescent proteins into AAVS1 loci in the same cell
shows no evidence of monoallelic expression

In addition to stochastic silencing of the sequence features stably integrated at AAVS1, another
possibility could be monoallelic gene expression in which transcription from AAVS1 occurs at only
one allele at a time (Deng et al., 2014). This would be consistent with the bimodal fluorescence
distributions seen in the cells with dox-inducible expression of FPs (Figure 6): many cells would
have the FP stably integrated in only one copy of AAVS1, and if only the unedited AAVS1 allele
was expressed those cells would be non-fluorescent.

To distinguish between cells with monoallelic expression from AAVS1 and cells with
reduced/silenced expression from both copies of AAVS1, we stably integrated both mEmerald
and mCardinal together into the same population of cells and sorted for cells with both colors
(Figure 7—figure supplement 1). If there was monoallelic expression from AAVS1, we would
expect to see many cells with just one color and very few cells with no fluorescence from either

color. We used both HCT116 and 293T cells for this because they are pseudodiploid and
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expected to have only two copies of the AAVS1 gene. We also decided to use both CMV and
dox-inducible promoters, as we had in the previous experiments with only one FP at a time.

For initial analysis of the cells before sorting, we observed four distinct populations: no
fluorescence, mEmerald only, mCardinal only, and both FPs (Figure 7—figure supplement 1).
This could indicate silencing or differences in which donor plasmids were successfully transfected
among all cells, which necessitated sorting for cells that were assuredly transfected with both FP
donor plasmids.

After sorting for cells with both red and green fluorescence, we analyzed the cells to see if
there was any evidence of AAVS1 monoallelic expression (Figure 7). For 293T cells with FP
expression driven by the CMV promoter, there were some cells that did not show double
fluorescence (Figure 7A), but those cells were diffuse in their fluorescence values and did not
form distinct populations as they did with single FPs (Figure 6B). HCT116 cells were similar for
the CMV promoter-driven FPs, but very small distinct populations did form (Figure 7B). These
populations were so small that it is possible they came from basal error rates during cell sorting
(i.e. some cells that did not show double fluorescence were incorrectly sorted with the double-
positive cells).

For the dox-inducible promoter driven FP cells, we used multiple lengths of time for dox
induction to see how the distribution of cells changed (Figure 7). For 293T cells, there were distinct
populations of doubly fluorescent cells and no fluorescence cells, while cells with only mEmerald
or only mCardinal were rare (Figure 7A). This does not support the hypothesis of monoallelic
expression from AAVS1, but rather some sort of stochastic silencing of both AAVS1 alleles. As
we’ve seen before, the fraction of cells with fluorescence increases as the length of time of dox
induction increases (Figure 7A). For HCT116 cells, there was not a distinct population of double
fluorescent cells when the dox-inducible samples were sorted (Figure 7—figure supplement 1B),
making the analysis on the sorted cells harder to interpret (Figure 7B). But there were many

doubly fluorescent cells after sorting, inconsistent with the monoallelic expression hypothesis.
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Overall, these data support the idea of stochastic silencing that is dependent on sequence
features associated with the stably integrated sequences from the dox-inducible promoter donor
plasmid, including the dox-inducible promoter itself or the Tet-On 3G sequence. The nature of the

silencing remains to be determined.
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Discussion

Here we described a system we originally developed to investigate sequence features governing
NMD sensitivity of endogenous transcripts in human cells that transformed into a study describing
unexpected phenomena involving the human Safe Harbor AAVS1 locus. Although the original
questions could not be answered due to the technical challenges encountered, we felt that our
discovery that the AAVS1 locus appears to undergo silencing and may not be as reliable of a safe
harbor locus as previously described (Papapetrou et al., 2011; Sadelain et al., 2012) is important
and will influence how we design similar experiments moving forward.

Most of our data support the idea that there could be stochastic silencing of expression from
AAVS1 that is partially or fully dependent on the sequence features of the dox-inducible promoter
or other sequences from the donor plasmid that were stably integrated. The data from the FPs
stably integrated under control of the dox-inducible promoter vs CMV promoter, which showed
cells with possible silencing only with use of the dox-inducible promoter and not the CMV
promoter, support this idea (Figures 6 and 7). Our previous data with CMV driven expression of
Tir1 in the UPF1-mEmerald-AID cell lines appeared to show possible silencing with the CMV
promoter in use, contradicting our later data (Figure 4A). However, those were polyclonal cell
lines that may not have had CMV-Tir1 stably integrated in all cells, the readout for silencing was
indirect (Tir1 had to be expressed and then degrade Upf1-mEmerald-AID to see a change in
signal), and there may have been a selective advantage for cells without high Tir1 expression.
Overall, the more reliable data with FPs stably integrated at the AAVS1 locus indicates that the
sequences stably integrated with the dox-inducible promoter could be involved in the apparent
silencing/reduction in expression from that locus.

The length of time of dox induction is another important point of interest. The increase in
fluorescence of the stably integrated FPs with the longer dox induction suggests that silenced

AAVS1 is a transient phenomenon, potentially dependent on the cell cycle or transcriptional
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bursting (Raj et al., 2006; Chubb et al., 2006, Suter et al., 2011). In theory, keeping dox on the
cells indefinitely could lead to expression from AAVS1 in all cells, but this was not observed when
we did this in Tir1-AAVS1 cells (data not shown). Further work is needed to understand the timing
aspect of expression from AAVS1.

Given the silencing associated with the dox-inducible promoter, CMV driven expression of
Tir1 would have been a viable alternative if not for the auxin-independent degradation of UPF1-
mEmerald-AID that we observed in the presence of high levels of Tir1 (Figure 3). Although we
don’t know the exact reasons we observe this auxin-independent degradation, it has been
observed in other studies using AID-tagged proteins in mammalian cells. One possibility we had
not considered which may be particularly confounding and hard to correct is the use of fetal bovine
serum (FBS) in our cell culture media. FBS from cattle is a necessary reagent to keep our cells
alive, but cattle eat a significant amount of grass, which contains auxin. If our cell culture media
contains auxin from the FBS taken from grass-eating cattle, that could be the reason for our
observed Tir1 activity without directly adding auxin to our samples.

The experiment in which we sorted for cells with reduced levels of UPF1-mEmerald-AID and
then grew them in culture and did further analysis on them (Figure 5) suggested that we could
enrich for cells that have high enough levels of Tir1 expression to degrade Upf1. One potential
experimental route we could have taken would be to do many successive iterations of this sorting
until we get a population in which all cells show reduced UPF1-mEmerald-AlD fluorescence upon
addition of dox. However, it's not clear if it would be possible to get such a population or if the
phenotype would persist, especially given the transient nature of AAVS1 silencing that we had
observed with the FPs stably integrated (Figure 6).

Our work brings to light some of the shortcomings of the auxin-inducible degron system in
mammalian cells and the caveats associated with using the AAVS1 locus for stable gene
expression. We hope continued improvement of these systems will increase the feasibility of

exciting new research and experiments such as the ones we originally proposed.
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Materials and Methods

Design of donor plasmids for genome engineering

The Upf1-mEmerald-AID donor plasmid was designed to be integrated at the 3’-end of the Upf1
gene coding sequence in-between the last coding codon and the stop codon. The mEmerald-AID
coding sequence was flanked on either side by 1000 nucleotides homologous to the Upf1 DNA
sequence, which included intronic sequence and protein coding sequence at the 5’-end and 3’-
UTR sequence at the 3’-end. This donor sequence was fully synthesized by GenScript Biotech
and cloned into the pBluescript Il KS(+) vector using the EcoRI and EcoRV cut sites.

The CMV and dox-inducible Tir1-AAVS1 donor plasmids were ordered from Addgene
(Plasmid: #72834 and #72835) and had ~800 nucleotides of homology to the AAVS1 DNA
sequence on either side of the insert sequences. The mEmerald and mCardinal sequences were
cloned into those backbones for their stable integration at AAVS1. For the CMV promoter donor
plasmid, the original plasmid was cut with Afel and Sall restriction enzymes, while the dox-
inducible promoter donor plasmid was cut with Mlul and Bglll. The mEmerald and mCardinal
inserts were amplified by PCR using primers with overhangs homologous to the donor plasmids

to facilitate isothermal assembly into the cut backbone.

Cell culture and genome engineering of mammalian cell lines

293T and HCT116 cells were grown at 37°C and 5% CO2 in DMEM media with 10% FBS and 1%
penicillin-streptomycin and split every 2-3 days before reaching full confluence. K562 cells were
grown in IMDM media with 10% FBS and 1% pen/strep. For CRISPR/Cas9 mediated genome
engineering, the cells were plated in wells of a 12-well plate. For each transfection, 1.2 ug of total
DNA was used along with 1.8 pL of Lipofectamine 3000 and 2.4 pyL of P3000 reagent. The
transfections proceeded according to the Lipofectamine 3000 manufacturer’s protocol. One day

after transfecting, puromycin (Gibco, A11138-03) was added (2 pg/mL) to select for successfully
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transfected cells. The next day, cells were split from each well into a 10 cm plate and grown in
puromycin-containing media for several days to select for stable integration of the reporters (for
the AAVS1 editing in which the insert contained a puromycin resistance gene). For the UPF1-
mEmerald-AID engineering, cells were grown in regular media and later analyzed by fluorescence

microscopy and flow cytometry to assess the efficiency of genome engineering.

Fluorescence imaging of genome engineered HEK 293T cells

The UPF1-mEmerald-AID engineered cells were plated in wells of a 12-well plate and imaged on
a Cytation™ 5 plate reader (BioTek) using the 488 channel. Cells that were sorted for positive
mEmerald fluorescence were also imaged on the plate reader to confirm the entire population

was expressing UPF1-mEmerald-AlD.

Fluorescence-based flow cytometry analysis of genome-engineered mammalian cells

Cells were grown in wells of a 12-well plate, trypsinized and washed with phosphate-buffered
saline (PBS), and resuspended in 1 mL of PBS. Flow cytometry was performed with an LSR Il or
FACSCelsta flow cytometer (BD Biosciences). Live cells and singlets were gated for before using
analyzing what fraction of the cells were fluorescent. The flow cytometry data was analyzed and

plotted using FlowJo.

Fluorescence-activated cell sorting (FACS)

Cells were prepared in a similar manner as cells prepared for flow cytometry analysis, although
for bulk cell sorting cells were grown in 10 cm plates and resuspended in a larger volume of PBS.
Cell sorting was performed using a FACSAria flow cytometer (BD Biosciences) and an MA900
multi-application cell sorter (Sony Biotechnology). 15 mL conical tubes with media supplemented
with 20% FBS was used to collect bulk populations of cells, while 96-well plates were used for

single cell sorting.
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Genomic DNA PCR of monoclonal engineered cell lines
To determine the zygosity of UPF1-mEmerald-AID monoclonal cell lines sorted for mEmerald
fluorescence we did genomic DNA (gDNA) PCR using primers outside of the insert sequence that
would yield a large amplicon with the insert stably integrated and a small amplicon if there is no
insert (Figure 1A-B). We also used a primer set with the reverse primer in the insert sequence
itself and the forward primer outside of the homology arm sequence; only stable integration of the
insert at the 3’-end of the Upf1 coding sequence would yield an amplicon (Figure 1A and Figure
1—figure supplement 1A).

To determine if the Tir1 insert sequences were stably integrated at the AAVS1 locus, we used
a forward primer outside of the left homology arm sequence and a reverse primer inside the insert
sequence (Figures 1E and 4A). Only stable integration specifically at the AAVS1 locus would yield
a PCR amplicon (Figure 1F). We did not test for homozygosity of the Tir1 insertion at AAVS1, as

it was not necessary for our assays.

Western blotting for engineered UPF1 protein

Cells were collected from individual wells of a 12-well culture plate, centrifuged at 1200 rpm for 5
min, washed with PBS, and lysed using 50 yL of NP40 Cell Lysis Buffer (Invitrogen, FNN0021)
supplemented with protease and phosphatase inhibitors (Pierce, A32955). Lysates were
sonicated, incubated on ice, and spun down at 10,000 x g at 4°C for 15 min; the supernatant was
collected for downstream assays. The protein concentration was quantified using the Qubit
Protein Assay (Thermo, Q33212). 12 ug of protein per sample was used for gel electrophoresis
with a NuUPAGE™ 4-12% Mini Protein Gel (Invitrogen, NP0323) in a Mini Gel Tank (Invitrogen)
with 1X NuPAGE™ MOPS SDS Running Buffer (Invitrogen, NP00OO01). After electrophoresis,
protein was transferred overnight to a nitrocellulose membrane (Invitrogen, LC2001) using 1X

NuPAGE™ Transfer Buffer (Invitrogen, NP0O006-1) with 10% methanol. After transfer, protein
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bands were visualized with Ponceau stain (Sigma, P7170) to confirm protein transfer and even
loading.

The membrane was blocked with Odyssey Blocking Buffer (PBS) (LI-COR Biosciences, 927-
40000) for one hour at 4°C with gentle shaking. The blot was probed with primary antibodies
overnight at 4°C with gentle shaking. The UPF1 antibody (ab109363, rabbit monoclonal, abcam)
was chosen because it specifically recognizes the N-terminus of UPF1, which was not predicted
to be affected by the mEmerald-AlID insertion sequence.

Following overnight incubation, the blot was washed 3 times for 5 min with 1X TBST buffer at
room temperature with gentle shaking. The blot was then probed with IRDye® secondary
antibodies (LI-COR Biosciences) for 1 hour at room temperature with gentle shaking, followed by
a final sequence of washes as described above. The blot was imaged on an Odyssey® CLx

Imaging System and images were processed using Fiji (ImagedJ v2.1.0).

Cell culture with doxycycline and auxin addition

Cells were normally grown without dox or auxin in the media and those compounds were only
added at specific time points for experiments. Dox (Sigma, D9891) was added to a final
concentration of 2 pyg/mL unless stated otherwise. Auxin (Sigma, 15148) was added to a final

concentration of 500 uM unless stated otherwise.

RNA extraction and RT-PCR to measure Tir1 gene expression levels

Bulk sorted cells were spun down and lysed with TRIzol Reagent (Invitrogen, 15596-026) and
processed according to the manufacturer’'s protocol for RNA isolation. The RNA pellet was
resuspended in 50 uL of water and then subjected to RNeasy (Qiagen, 74104) column purification
and DNase digestion. The 50 yL of RNA was added to 300 uL RLT lysis buffer, mixed with 350

ML 70% ethanol, and transferred to an RNeasy spin column. The samples were then processed

52



according to the manufacturer’s protocol using RNase-Free DNase Set (Qiagen, 79254) for on-
column DNase digestion.

cDNA was synthesized from 3 pug of RNA per sample using SuperScript IV Reverse
Transcriptase (Invitrogen, 18090050) using oligo-dT primers according to the manufacturer’s
protocol. The cDNA reactions were diluted 1:50 and 4 pL was used per 10 uL qRT-PCR reaction
with PowerUp SYBR Green Master Mix (ThermoFisher, A25742) and final primer concentrations
of 500 nM in 384-well plates (ThermoFisher, AB1384). Multiple primer sets were designed for the
Tir1, PuroR, and Tet-On 3G genes and tested for amplification efficiency with a dilution series of
one sample in gPCR. The best primer sets were then used for gPCR in all the samples tested
using an ABI QuantStudio 5 Real-Time PCR System (ThermoFisher). Three technical replicate

reactions were performed for each unique primer set for each sample.

Estimation of Srp14 and Tir1 TPM levels
Primers for Srp14 were also used in qPCR to compare Tir1 RNA levels to those of a known
reference gene. These values were used to estimate the TPM of Tir1 in the different samples.

TPM values for Srp14 were estimated (https://www.proteinatlas.org/ENSG00000140319-

SRP14/tissue/kidney) and assumed to be constant in all samples (~300 TPM). The C+ values for

Tir1 were normalized to Srp14 in each sample, and that normalization was used with the 300 TPM

estimation for Srp14 to estimate the Tir1 TPM in each sample (Figure 5B).
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Figures
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Figure 1. Genome engineering for stable integration of mEmerald and AID sequences at Upf1
loci in HEK-293T cells. (A) Schematic illustrating how the mEmerald and AID sequences are
integrated relative to the Upf1 coding sequence. The C-terminal fusion strategy was ultimately
used for the genome engineering. Primer sets used to confirm zygosity (F1 and R1) and correct

integration location (F2 and R2) are shown. (B) Genomic DNA PCR gel used to determine the
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zygosity of mEmerald and AID integration at Upf1 loci in 293T monoclonal cell lines. The forward
primer (F1) was designed upstream of the mEmerald insert sequence and the reverse primer (R1)
was designed downstream of the Upf1 stop codon. The larger band corresponds to integration of
the mEmerald-AID sequence at the Upf1 locus, while the smaller band corresponds to the
unedited Upf1 locus. Monoclonal lines that showed homozygous Upf1-mEmerald-AlD editing are
highlighted in red. (C) Western blot showing UPF1-mEmerald-AlD protein levels in the engineered
monoclonal lines. The shift in size corresponds to the added amino acid sequence for mEmerald-
AID. An antibody recognizing the FLAG epitope was also used and showed specific affinity for
the engineered UPF1 protein. (D) Flow cytometry analysis of 293T-WT cells and 293T-mEmerald-
AID monoclonal cells. An excitation laser specific to mEmerald was used to show the differences
in fluorescence. (E) Schematic illustrating how the dox-inducible Tir1 and associated genes were
stably integrated at the AAVS1 loci of 293T-mEmerald-AID monoclonal cell lines. A primer set
(F4 and R4) to confirm integration at AAVS1 is shown. (F) Genomic DNA PCR gel used to confirm
integration of the Tir1 insert at the AAVS1 locus. The forward primer (F4) is upstream of the left
homology arm sequence from the donor plasmid and the reverse primer (R4) is in the insert
sequence. This primer strategy confirms integration at AAVS1 but does not report on zygosity,

which wasn’t necessary for the Tir1 insert.
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Figure 1—figure supplement 1

A Primers F2 and R2

Figure 1—figure supplement 1. Additional data and images for monoclonal 293T-mEmerald-
AID cell lines. (A) Genomic DNA PCR to confirm the mEmerald-AlID insert is stably integrated at
the Upf1 locus. The forward primer (F2 in Figure 1A) is upstream of the left homology arm
sequence from the donor plasmid and the reverse primer (R2 in Figure 1A) is in the mEmerald
insert sequence. (B) Fluorescence microscopy images of 293T-mEmerald-AID monoclonal cells

with both copies of Upf1 tagged. All cells in the population display fluorescence.
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Figure 2
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Figure 2. Initial experiments testing UPF1-mEmerald-AID degradation in our engineered cell

lines. (A) Western blot measuring UPF1 protein levels with and without induction of Tir1. The left

two lanes are using an engineered UPF1-mEmerald-AID-Tir1-AAVS1 monoclonal line, while the

right two lanes use a control line with just Tir1 integrated at AAVS1. (B) Flow cytometry with

polyclonal Tir-AAVS1 cells made from monoclonal UPF1-mEmerald-AID cells. Gates were drawn

for low and high fluorescence to estimate the number of cells with UPF1-mEmerald-AID

degraded. (C) As in (B), but with monoclonal Tir1-AAVS1 cell lines.
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Figure 2—figure supplement 1
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Figure 2—figure supplement 1. Degradation experiments with published HCT116-DHC1-mAID-

Clover cell line. (A) Schematic from Natsume et al., 2016 describing how the DHC1 gene was

tagged with an AID domain and mClover fluorescent protein sequence. Tir1 integration at the

AAVS1 locus was performed in the same manner as in our UPF1-mEmerald-AID cell lines. (B)

Flow cytometry with the HCT116-DHC1-mAID-Clover cell lines with and without dox and auxin

addition to induce degradation on DHC1.
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Figure 3

Control, no dox,
**7  noauxin
200 -:Roducod fluorescence High fluorescence
: 0.096 992
5
g
N D
o
FITC-H
aax
: No auxin, no dox
s
o
g 1 Reduced tuorescence mo;;’;”"'
100K = 0.069 -
=1 *
L e a— L
m3 m‘ ms
FITC-H
250K =
2 ug/mL dox 44 hours,
x4 NO auxin
< 150K =
g

Fluorescent
100K = Reduced fluorescence 51.7

50K =

0

SSCA

FSC-A

24 hours dox,
7 noauxin

1 Reduced fluorescence
103

High fuorescence
200 7 846

150K =

SSC-A

1 mM auxin,
2 ug/mL dox

150K =

100k~ Reduced fluorescence Fluorescent
] 246 of S 736
SOK = iy
-

250K =

2 ug/mL dox 44 hours,
=500 uM auxin 18 hours

2000

2

150K =
Fluorescent
100K = Reduced fluorescence

50K =

L B Bt B B
10° ! 02 10?0t w0

FITC-H

24 hours dox,
=<7 24 hours auxin

J Reduced fluorescence  High fluorescence

200K 153 826

150K =

250K =

500 mM auxin,
i 2 ug/mL dox

{ Reduced fluorescence
] Reduced fluon Fluorescent

w

200K

150K

FSC-A

100k =

7 2 ug/mL dox 44 hours,
500 uM auxin 44 hours

FSC-A

Fluorescent
100K = Reduced fluorescence 558

50K =
0o
10° 10! 102 10 10t 10°
FITC-H

Figure 3. Tir1-dependent degradation of UPF1 is not dependent on auxin. (A) Flow cytometry for

engineered cells with or without dox and auxin addition. The gates are the same in every panel

to compare the fraction of cells with reduced fluorescence. (B) As in (A), but testing multiple

concentrations of auxin. (C) As in (A), but testing multiple lengths of time with auxin present.
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Figure 3—figure supplement 1
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Figure 3—figure supplement 1. Auxin-independent degradation is also seen in published

HCT116-DHC1-mAID-Clover cell line.
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Figure 4
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Figure 4. Bimodal fluorescence distribution persists with different promoters and degree of Tir1
induction. (A) Schematic illustrating how CMV-Tir1 and associated genes were stably integrated

at the AAVS1 loci of 293T-mEmerald-AID monoclonal cell lines. The homology arms and donor
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plasmid were the same as with the dox-inducible Tir1, but the insert sequence differed. (B) Flow
cytometry showing the fluorescence distribution of UPF1-mEmerald-AID cells with CMV-Tir1
stably integrated. The dox was added just to replicate the conditions of cells with dox-inducible
Tir1. (C) Flow cytometry showing the fluorescence distribution of UPF1-mEmerald-AID cells with
dox-inducible Tir1 and various concentrations of dox. (D) Same as (C), but with different lengths
of time the cells are induced with dox. Auxin was also not included in these samples to remove
an additional variable that could give different effects based on the different amounts of time for

dox exposure.
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Figure 5
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Figure 5. Measuring Tir1 levels in sub-populations of engineered cells with and without reduced
fluorescence. (A) Flow cytometry with UPF1-mEmerald-AID cells with dox inducible Tir1-AAVS1
treated with two different concentrations of dox. The two populations for each condition were
sorted separately for Tir1 expression measurements. (B) RNA levels of Tir1 and other genes
stably integrated at the AAVS1 locus as measured by gqRT-PCR from the sorted cell populations
in (A). The levels are normalized to a control reference gene (Srp14) and then normalized to a no
dox induction control sample (first sample in the plot) and plotted as the log. fold-change. (C)

Diagram illustrating the strategy of sorting cells based on fluorescence and then growing them in
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culture. (D) Flow cytometry measuring fluorescence distributions of the sorted cells from (C) with

dox added.
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Figure 5—figure supplement 1
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Figure 5—figure supplement 1. Additional data for the experiment measuring Tir1 levels in

sorted cell populations. (A) Western blot for Upf1-mEmerald-AID protein levels from the cells

sorted for high or low fluorescence. Untreated and unsorted cells with constitutive dox and auxin

treatment were also used as controls, along with cell lines without tagged UPF1. (B) Tirl RNA

levels plotted as estimated transcripts per million (TPM). The Tir1 levels from each sample were

normalized to Srp14 levels and Srp14 levels were converted to estimated TPM based on known

levels.
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Figure 6
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Figure 6. Flow cytometry for mammalian cells sorted for high fluorescence. (A) Flow cytometry
for K562 cells with mEmerald stably integrated at the AAVS1 locus. Cells had been previously
sorted for high fluorescence and grown in culture before analyzing the fluorescence distribution
as shown here. The promoter driving fluorescent protein expression is indicated. (B) Flow
cytometry for 293T cells with either mEmerald (upper row of panels) or mCardinal (lower row of
panels) stably integrated at the AAVS1 locus. Cells had been previously sorted for high
fluorescence and grown in culture before analyzing the fluorescence distribution as shown here.
293T-WT cells with no added fluorescent proteins are included as a control. The promoter driving
fluorescent protein expression is indicated. For the dox-inducible promoter, the time that the cells
were treated with dox to induce fluorescent protein expression is indicated. (C) As in (B), but with

HCT116 cells.
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Figure 6—figure supplement 1
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Figure 6—figure supplement 1. Flow cytometry of polyclonal populations of mammalian cells

with fluorescent proteins stably integrated into the AAVS1 loci. (A) Flow cytometry and histograms
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showing the fluorescence distribution of polyclonal K562 cells engineered to have mEmerald
stably integrated at the AAVS1 locus. The promoter type driving mEmerald expression is
indicated. (B) Flow cytometry and histograms showing the fluorescence distribution of polyclonal
293T cells engineered to have either mEmerald or mCardinal stably integrated at the AAVS1
locus. 293T-WT cells with no added fluorescent proteins are included as a control. The promoter

type driving fluorescent protein expression is indicated. (C) As in (B), but with HCT116 cells.
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Figure 7
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Figure 7. Flow cytometry for mammalian cells sorted for high fluorescence of both mEmerald and
mCardinal. (A) Flow cytometry for 293T cells with both mEmerald and mCardinal stably integrated
at the AAVS1 locus. Cells had been previously sorted for high fluorescence of both fluorescent
proteins and grown in culture before analyzing the fluorescence distribution as shown here. 293T-
WT cells with no added fluorescent proteins are included as a control. The promoter driving
fluorescent protein expression is indicated. For the dox-inducible promoter, the time that the cells
were treated with dox to induce fluorescent protein expression is indicated. (B) As in (A), but with

HCT116 cells.
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Figure 7—figure supplement 1
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Figure 7—figure supplement 1. Flow cytometry of polyclonal populations of mammalian cells
with both mEmerald and mCardinal integrated at the AAVS1 loci. (A) Flow cytometry showing the
fluorescence distribution of polyclonal 293T cells engineered to have both mEmerald (x-axis) and
mCardinal (y-axis) stably integrated at the AAVS1 locus. The promoter type driving fluorescent
protein expression is indicated. 293T-WT cells with no fluorescent protein expression were
included as a control. Cells were sorted based on positive expression for both fluorescent

proteins. (B) As in (A), but with HCT116 cells.
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Chapter 3: Nonsense-mediated mRNA decay utilizes complementary mechanisms to

suppress mRNA and protein accumulation

A version of this chapter has been previously published as:

Udy, D. B., & Bradley, R. K. (2021). Nonsense-mediated mRNA decay uses complementary

mechanisms to suppress mRNA and protein accumulation. Life science alliance, 5(3),

€202101217. DOI: https://doi.org/10.26508/Isa.202101217, PMID: 34880103
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Abstract

Nonsense-mediated mMRNA decay (NMD) is an essential, highly conserved quality control
pathway that detects and degrades mRNAs containing premature termination codons (PTCs).
Although the essentiality of NMD is frequently ascribed to its prevention of truncated protein
accumulation, the extent to which NMD actually suppresses proteins encoded by NMD-sensitive
transcripts is less well-understood than NMD-mediated suppression of mRNA. Here, we describe
a reporter system that permits accurate quantification of both mRNA and protein levels via stable
integration of paired reporters encoding NMD-sensitive and NMD-insensitive transcripts into the
AAVS1 safe harbor loci in human cells. We use this system to demonstrate that NMD suppresses
proteins encoded by NMD-sensitive transcripts by up to 8-fold more than the mRNA itself. Our
data indicate that NMD limits the accumulation of proteins encoded by NMD substrates by
mechanisms beyond mRNA degradation, such that even when NMD-sensitive mRNAs escape

destruction, their encoded proteins are still effectively suppressed.
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Introduction

Nonsense-mediated mRNA decay (NMD) is a eukaryotic cellular surveillance system that acts to
prevent the accumulation of potentially deleterious truncated proteins by targeting mRNAs with
premature termination codons (PTCs) for degradation (seminal papers: Chang et al., 1979;
Losson and Lacroute, 1979; Maquat et al., 1981; Kinniburgh et al., 1982; reviewed in: Lykke-
Andersen and Jensen, 2015; Kurosaki et al., 2019). In mammalian cells, mMRNAs with a PTC
upstream of an exon-exon junction are recognized as aberrant during translation through the
interaction of the terminating ribosome with an exon junction complex (EJC) that is deposited
upstream of a splice junction (Nagy and Maquat, 1998; Le Hir et al., 2000; Lykke-Andersen et al.,
2001; Le Hir et al., 2001; Le Hir et al., 2016; Schlautmann and Gehring, 2020). This leads to
recruitment of RNA degradation machinery that cleaves the mRNA (Huntzinger et al., 2008,
Eberle et al., 2009) and thus prevents continued production of truncated proteins.

Truncated proteins derived from NMD-insensitive transcripts, in which the PTC resides in the
last exon or last ~55 nucleotides of the penultimate exon, can cause disease in heterozygotes,
while heterozygous individuals bearing PTCs that generate NMD-sensitive transcripts in the same
genes are often unaffected (Holbrook et al., 2004; Khajavi et al., 2006; Miller and Pearce, 2014;
Coban-Akdemir et al., 2018). These genetic findings strongly support the hypothesis that limiting
potentially deleterious truncated protein accumulation is essential for cell health and homeostasis
and likely one of the primary selection pressures for evolution and maintenance of the NMD
pathway. Despite this hypothesized importance, levels of proteins encoded by NMD-sensitive
transcripts have not been quantitatively measured to the same extent as corresponding mRNA
levels. Levels of NMD-sensitive mRNAs have been extensively measured and characterized
(Zhang et al., 1998; Mendell et al., 2004; Tani et al., 2012; Lindeboom et al., 2016; Colombo et
al., 2017; Celik et al., 2017; Kurosaki et al., 2018; Karousis et al., 2021; Kovalak et al., 2021),

clearly demonstrating that NMD suppresses mRNA levels. These reduced mRNA levels imply
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coincident reduction of corresponding protein levels. However, in the absence of highly
quantitative protein-level measurements, the extent to which protein versus mRNA alone is
suppressed remains unclear.

There are multiple lines of evidence supporting the idea that proteins encoded by NMD-
sensitive transcripts have the potential to accumulate to non-negligible levels: (1) NMD is a
translation dependent process, so production of some potentially deleterious proteins is required
to degrade the mRNA; (2) NMD does not completely deplete NMD-sensitive transcripts from cells
— some remain at 20-35% levels of corresponding NMD-insensitive transcripts (Trcek et al., 2013;
Hoek et al., 2019); (3) there is evidence for a subpopulation of NMD-sensitive mRNAs that are as
stable as NMD-insensitive mRNAs (Tani et al., 2012; Trcek et al., 2013; Hoek et al., 2019); (4)
NMD transcripts can be translated multiple times and degradation can occur after the pioneer
round of translation (Kurosaki et al., 2018; Hoek et al., 2019); (5) NMD transcripts have been
found to be associated with polysomes (Kim et al., 2017; Kurosaki et al., 2018); (6) NMD
transcripts can be targeted for degradation even after associating with the elF4F complex that is
involved in bulk protein synthesis (Rufener and Miihlemann, 2013; Durand and Lykke-Andersen,
2013); and (7) select proteins encoded by endogenous transcripts that are predicted to be
targeted by NMD can be detected (Giorgi et al., 2007).

Much of the previous work on NMD has utilized reporter systems (Daar and Maquat, 1988;
Carter et al., 1996; Zhang et al., 1998; Blihler et al., 2004; Eberle et al., 2008; Kuroha et al., 2009;
Kim et al., 2017; Hoek et al., 2019) that facilitate changes to the reporter sequence to test various
features (e.g., PTC location, NMD-inducing features, 3’-UTR length) in a controlled manner and
precisely quantify how such features affect mMRNA levels. Some systems employ protein-level
measurements from NMD-sensitive reporters using fluorescent proteins or luciferase (Paillusson
et al., 2005; Boelz et al., 2006; Nickless et al., 2014; Pereverzev et al., 2015; Alexandrov et al.,
2017; Baird et al., 2018; Sato and Singer, 2021; Cheruiyot and Li et al., 2021; D’Orazio et al.,

2021; Chu et al., 2021; Zinshteyn et al., 2021), but these past studies have not directly compared
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mMRNA and protein levels. Several studies have measured both mRNA and protein levels from
NMD-sensitive reporters in yeast (Muhlrad and Parker, 1999; Kuroha et al., 2009) and human
cells (Inoue et al., 2004; Boelz et al., 2006; Anczukow et al., 2008; Kang et al., 2009; Kim et al.,
2017; Aksit et al., 2019), although the reporters used in human cells were not optimized for precise
protein-level measurements. Intriguingly, studies in yeast indicated that protein levels can be
reduced to a greater degree than mRNA levels (Muhlrad and Parker, 1999; Kuroha et al., 2009).
However, in the absence of quantitative and simultaneous measurements of levels of NMD-
sensitive MRNAs and their encoded proteins in human cells, the extent to which mRNA and
protein suppression contribute to the overall suppression of gene expression by NMD remains
unclear. Overall, these past studies highlight the need to develop NMD reporters with quantitative
readouts that are suitable for use in mammalian cells.

We therefore sought to develop a system to make quantitative mRNA- and protein-level
measurements in human cells in order to systematically determine how NMD sensitivity influences

levels of the encoded proteins relative to their parent mMRNAs.
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Results

Development of an NMD reporter system for precise quantification of mRNA and protein
levels

We sought to develop a reporter system based on previously validated reporters that included
new, complementary features which facilitated precise measurement of both mRNA and protein
levels. Such features include: (1) protein-level measurement with a high dynamic range; (2) full-
length protein domains to minimize inherent instability of a truncated protein lacking any folded
domains as a potentially confounding source of variability between proteins encoded by NMD-
insensitive (“‘control”) and NMD-sensitive (“NMD(+)”) reporters; (3) internally included, NMD-
insensitive control reporters to permit accurate normalization between samples; (4)
straightforward measurement of mMRNA and protein stability; (5) stable integration into a “safe
harbor” genomic locus to eliminate the need for repeated transient transfections—which itself can
reduce NMD efficiency (Gerbracht et al., 2017)—as well as remove stochastic location of genomic
integration as a potentially confounding source of variability between experiments.

We employed luciferase-based reporters (based on previously published and validated
reporters; Baird et al., 2018) in order to achieve high dynamic range protein-level measurements
from reporter proteins with a full-length, functional domain (Figure 1A). Using luminescence as
the readout precludes the need for western blotting and antibodies, eliminating additional
potentially confounding variables. The luciferase sequences are followed by sequences that code
for either full-length beta-globin (control reporters) or truncated beta-globin with a PTC at amino
acid position 39 (NMD(+) reporters) (Figure 1A) (Zhang et al., 1998; Baird et al., 2018).

We took advantage of the reporters’ potentiality for use in a dual-luciferase system (Sherf et
al., 1996) in which two distinct luciferase enzymes (firefly and renilla) are co-expressed and one
is designated as an internal control (Figure 1A), permitting normalization between samples with

the same internal control luciferase. For example, the firefly NMD(+) reporter is normalized to a
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renilla control reporter in the same sample, and that ratio is then compared to the firefly control
reporter normalized to the renilla control reporter in another sample to determine the firefly
NMD(+) reporter level relative to the firefly control reporter level (Figure 1—figure supplement 1).
We created two distinct NMD(+) cell lines, in which either firefly or renilla luciferase is used in the
NMD(+) reporter while the other luciferase is used in the control reporter, and vice versa (Figure
1A, bottom two sets of reporters). This strategy ensured that results were dependent on the NMD
sensitivity of the reporter rather than specific to a particular luciferase.

RNA stability is often measured using actinomycin D to inhibit transcription, which can lead to
widespread changes in the transcriptome and pleiotropic effects on cell function (Lugowski et al.,
2018). We therefore used a Tet-On inducible promoter system (Gossen et al., 1995; Heinz et al.,
2011) with our NMD reporters (Figure 1B) to modulate reporter expression with doxycycline,
enabling temporal control of expression and mRNA stability measurements without bulk
transcription inhibition.

Finally, mRNAs transcribed from transiently transfected reporters are not efficiently degraded
by NMD in some cell types (Gerbracht et al., 2017). To avoid such a disruptive complication and
obtain more uniform and consistent reporter expression, we used CRISPR/Cas9-mediated
genome engineering to stably integrate the reporters into the AAVS1 safe harbor loci in HEK-293
cells. The reporter sequences were cloned into a donor plasmid with homology arms to the AAVS1
locus (Natsume et al., 2016) (Figure 1B), and the donor plasmids were co-transfected with a
Cas9/AAVS1-sgRNA expressing plasmid into HEK-293 cells. Cells with stably integrated
reporters were selected for using puromycin over several days (workflow in Figure 1C). After
generation of these stable cell lines, we used RT-PCR to confirm that these reporters were
efficiently and correctly spliced (Figure 1—figure supplement 2). We performed all subsequent

experiments with these cell lines unless described otherwise.
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mRNA levels and decay kinetics confirm NMD sensitivity of the reporters

We first validated our reporters by confirming that they were subject to RNA degradation by the
NMD machinery. We measured reporter mRNA levels via gqRT-PCR and found that the NMD(+)
reporter mMRNA levels were reduced to ~15-25% of the corresponding control reporter mRNA
levels (Figure 2A, “siCtrl” solid boxes), a reduction similar to that observed in previous
experiments that used beta-globin reporters with a PTC at amino acid position 39 (Zhang et al.,
1998). We used poly-dT primers for cDNA synthesis (additional details in Materials and methods)
to select for mature polyadenylated mRNA and decrease the likelihood that our samples contain
substantial fractions of nascent or not fully processed mRNA; however, we cannot rule out the
possibility that some amount of nuclear RNA is measured in this assay.

To confirm that the lower mRNA levels of the NMD(+) reporters are a consequence of the
desired NMD sensitivity of the transcript, we inhibited NMD by depleting elF4A3 (Figure 2—figure
supplement 1). elF4A3 is a core component of the exon junction complex (EJC) (Chan et al.,
2004; Palacios et al., 2004; Shibuya et al., 2004; Ferraiuolo et al., 2004) and binds directly to both
spliced RNA and other core EJC factors (Shibuya et al., 2004; Bono et al., 2006; Andersen et al.,
2006). Depletion of elF4A3 is predicted to reduce EJC deposition on spliced RNAs and leads to
preferential stabilization of NMD-sensitive transcripts (Palacios et al., 2004; Shibuya et al., 2004;
Ferraiuolo et al., 2004; Giorgi et al., 2007). NMD(+) reporter mMRNA levels increased with elF4A3
depletion (Figure 2A, “sielF4A3” dashed boxes) by up to ~3-fold relative to control siRNA samples,
confirming that reduced steady-state levels arise from action of the NMD machinery. Although
elF4A3 depletion could potentially have unintended effects on other aspects of cell physiology
given the multifunctionality of the EJC (Le Hir et al., 2016; Ye et al., 2021), our use of both control
(NMD-insensitive) and NMD(+) reporter cell lines in the knockdown experiments and subsequent
normalization of NMD(+) reporter mRNA levels to control reporters and the control cell line makes

these data robust to such effects.
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To determine if faster RNA degradation was responsible for the observed lower steady-state
NMD(+) reporter mRNA levels, we turned off transcription using the inducible promoter to directly
measure reporter mMRNA decay kinetics. The NMD(+) reporter mMRNA was degraded faster than
was the control reporter mRNA (Figure 2B), as expected and consistent with previous studies
(Trcek et al., 2013; Kim et al., 2017; Askit et al., 2019). We observed faster degradation for both
the firefly and renilla NMD(+) reporters (Figure 2B, right two panels), although there were modest
differences in the magnitudes of the changes. We observed these differences in magnitude for
both the steady-state mRNA levels and mRNA degradation rates (Figure 2A-B), suggesting that
they may arise from the different luciferase CDSs used in each reporter. These CDS-specific
differences highlight the importance of controlling for CDS identity when studying NMD, a control
that is inherent to our reporter system given its use of CDS-matched NMD-sensitive and NMD-
insensitive transcripts.

Overall, these data confirm that our stably integrated reporters are modulated by NMD at the
RNA level and that NMD activity suppresses their steady-state levels and influences their decay

kinetics as expected based on results from previously published NMD reporters.

NMD(+) reporter protein levels are reduced to a greater degree than are mRNA levels

We next took advantage of the reporters’ luminescence to make precise and quantitative
measurements of protein levels. We inhibited NMD with RNAi of multiple NMD factors and
qualitatively assessed changes in renilla NMD(+) reporter protein levels via western blot (Figure
2—figure supplement 1). We observed effective protein depletion with at least one siRNA for each
NMD factor. In control samples, we observed a very faint band corresponding to the renilla
luciferase plus truncated beta-globin fusion protein (Figure 2—figure supplement 1, lanes 1-2).
The band intensity increased to the greatest degree with depletion of elF4A3 (Figure 2—figure

supplement 1, lane 3). In general, the greater degree of protein depletion for each NMD factor
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corresponded with a greater degree of increase in signal intensity from the renilla NMD(+) reporter
protein band (Figure 2—figure supplement 1, lanes 6 and 10).

For more precise quantification of these changes, we used the dual-luciferase assay to
measure protein levels in the NMD reporter cell lines and normalized to control siRNA conditions
and the control cell line. The protein levels for both NMD(+) reporters increased to some degree
with at least one siRNA for each targeted gene, with depletion of elF4A3 and SMG1 leading to
the biggest effect size and depletion of SMG6 showing a more modest effect size (Figure 3A).
Surprisingly, the NMD(+) reporter protein levels did not increase substantially in both NMD(+)
reporter cell lines treated with siRNAs targeting Upf1 (Figure 3A), despite full depletion of the
UPF1 protein (Figure 2—figure supplement 1, lanes 4-5). We plotted the data from the control
siRNA conditions and normalized to just the control cell line to quantify the steady-state protein
levels (Figure 3B). As expected, NMD(+) reporter protein levels were lower than control reporter
levels under control siRNA conditions (Figure 3B, “Control” green boxes compared to “Control”
black box).

Although decreased NMD(+) reporter protein levels relative to control reporter levels were
expected, the dramatic extent of this protein-level suppression was surprising. We therefore
tested whether differential rates of integration of the reporters was responsible for these
pronounced differences. We assessed whether this phenomenon was still observed in a more
controlled genetic setting in which exactly one copy of both the control and NMD(+) reporter was
stably integrated in every cell. We performed single-cell sorting, established monoclonal cell lines,
and selected clones which we confirmed via gDNA PCR had both firefly and renilla luciferase
reporters stably integrated at the loci of the two AAVS1 alleles (Figure 3—figure supplement 1,
additional details in Materials and methods). Monoclonal cell line protein levels mimicked those
observed in the polyclonal lines (Figure 3—figure supplement 2), confirming that biased

integration was not the source of the marked protein-level suppression.
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We next utilized the quantitative nature of our reporters to compare the relative suppression
of mRNA and protein as a consequence of NMD. Unexpectedly, the NMD(+) reporter protein
levels were consistently reduced to a greater degree than were the NMD(+) reporter mRNA levels
(Figure 3B, green boxes compared to red boxes) relative to control reporters. For example, the
renilla NMD(+) reporter mRNA was reduced to ~9% of control reporter mRNA levels, while the
renilla NMD(+) reporter protein was reduced to ~2% of control reporter protein levels (Figure 3B).
We repeated these measurements with an additional experiment and obtained similar results
(Figure 3-figure supplement 6). Overall, these experiments unexpectedly revealed 4- to 8-fold
greater suppression of protein levels than we observed with RNA levels.

We next tested whether this enhanced protein-level suppression arose from the NMD
sensitivity of the reporter mMRNA. We depleted multiple factors to inhibit NMD and measured
mRNA and protein levels. Upon effective depletion of SMG1, SMGB6, or elF4A3, NMD(+) reporter
protein levels increased relative to control siRNA conditions (Figure 3B, green boxes, additional
data for less effective depletion in Figure 3—figure supplement 4). NMD(+) reporter protein levels
increased to a greater degree than did NMD(+) reporter mRNA levels with NMD inhibited (~5-fold
protein-level increase vs ~2.5-fold mRNA-level increase following SMG1 depletion, annotated in
Figure 3B). Furthermore, the NMD(+) reporter protein levels approached the same level as the
NMD(+) reporter mRNA levels under SMG1 and elF4A3 depletion conditions (green boxes vs red
boxes), which is in stark contrast to the large differences under control siRNA conditions. These
data imply that the pronounced difference in relative suppression of mMRNA and protein levels is
dependent on reporter NMD sensitivity.

A potential caveat to this phenomenon is that the reporter protein levels may not have reached
steady state after the 24 hours of doxycycline induced expression. To address this, we induced
reporter expression at 24 hour intervals up to 120 hours. We observed that the reporter protein
levels did continue to increase with longer expression (Figure 3—figure supplement 5A), but the

normalized NMD(+) reporter protein levels relative to control reporter protein levels remained
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constant (Figure 3—figure supplement 5B). Furthermore, we measured reporter mRNA levels at
a short (24 hours) and long (120 hours) length of expression time. We found that the NMD(+)
reporter protein levels were reduced to a greater degree than the NMD(+) reporter mRNA levels
for both short and long induction times (Figure 3—figure supplement 5C), confirming that the
differences in relative suppression are not dependent on the length of time of expression of the

reporters.

NMD(+) reporter proteins are degraded modestly faster than are control reporter proteins
The greater degree of NMD(+) reporter protein reduction relative to mRNA reduction implies the
existence of cellular mechanisms beyond RNA decay that limit the levels of proteins translated
from NMD-sensitive transcripts. We therefore sought to test possible mechanisms responsible for
this phenomenon.

One potential mechanism is through increased degradation of proteins encoded by NMD-
sensitive mRNAs, which has been observed for truncated proteins encoded by NMD-sensitive
reporter transcripts in yeast (Kuroha et al., 2009). To directly measure the decay kinetics of NMD
reporter proteins, we inhibited translation with cycloheximide in our NMD reporter cell lines and
measured protein levels at several later time points. Over the full six-hour time course there was
minimal change between control and NMD(+) protein levels (Figure 4A). It is possible that
cycloheximide treatment could have led to unintended side effects in these cell lines, but we felt
this was the best strategy for getting precise, quantitative measurements of the NMD(+) reporter
proteins to estimate half-lives.

Interestingly, the early time points do show faster degradation of NMD(+) reporter proteins
relative to control reporter proteins (Figure 4B). However, the changes are relatively modest. To
estimate the differences in half-lives of the reporter proteins at these early time points, we
estimated best-fit exponential decay models (Figure 4—figure supplement 1A) and normalized to

the control cell lines. Although the amino acid sequence differences between the firefly and renilla
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proteins could potentially differentially affect protein stability, this is not a confounding factor in
our measurements because we normalized all data for proteins produced from NMD(+) transcripts
to corresponding data for the firefly and renilla control proteins produced from NMD-insensitive
transcripts. Our measurements are therefore internally controlled for amino acid sequence. The
NMD(+) reporter proteins were degraded ~1.1-1.6-fold faster than were the control reporter
proteins (Figure 4—figure supplement 1B), a modest change similar in magnitude to that of a
protein from an NMD-targeted transcript in a recent report using a different reporter system (Chu
et al., 2021). In contrast, steady-state protein levels were ~4- to 8-fold lower than were steady-
state MRNA levels (Figure 3B), suggesting that increased degradation of proteins encoded by
NMD-sensitive transcripts is not the primary mechanism underlying the marked protein-level
suppression that we observed.

We next sought to determine if the modest increase in NMD(+) reporter protein decay that we
observed was dependent on the ubiquitin-proteasome system. We treated our cell lines with
MG132 to inhibit the proteasome and measured reporter protein levels. We confirmed that MG132
treatment was functional by confirming an increase in global protein ubiquitination (Figure 4—
figure supplement 2). We observed no or very modest increases in NMD(+) reporter protein levels
with MG132 treatment relative to no MG132 (Figure 4C, solid green boxes), consistent with
modest increases in degradation rate (Figure 4B). Although the effects of MG132 treatment on
protein levels were more notable for the renilla NMD(+) reporter than the firefly NMD(+) reporter,
the effects for both were dwarfed by the effects of elF4A3 depletion on protein levels (Figure 4C,
dashed green boxes). Together, these data demonstrate that increased protein degradation is

not the dominant mechanism leading to lower observed steady-state levels.

84



Discussion

We have developed a robust NMD reporter system for making precise, quantitative mRNA and
protein level measurements (Figure 1). This system builds on previous reporters and adds
numerous features, including (1) luciferase domains for high dynamic range protein-level
measurements, (2) internal control reporters for accurate normalization across samples, (3) dox-
inducibility for mRNA stability measurements, and (4) stable integration at the AAVS1 safe harbor
loci for predictable genomic integration and uniform expression. The highly controlled nature of
these reporters permitted us to clearly demonstrate that protein levels of the NMD(+) reporters
were reduced to a greater degree than were mRNA levels, and to quantify the relative magnitude
of mMRNA- and protein-level suppression (Figure 3). Together with previous studies reporting
protein-level suppression in both yeast and human cells, these findings imply that cells utilize
mechanisms beyond mRNA decay to reduce the levels of potentially deleterious truncated
proteins encoded by NMD-sensitive transcripts.

The modest increase in decay of the NMD(+) reporter proteins at early time points (Figure
4B) suggests that cells may have a mechanism to target truncated proteins for degradation,
similar to the ribosome-associated protein quality control (RQC) pathway (Joazeiro, 2019).
However, similar control and NMD(+) reporter protein levels at the late time point (Figure 4A)
appear inconsistent with the existence of such a mechanism. One way to reconcile these
differences is to hypothesize the presence of two populations of NMD transcripts: one consisting
of transcripts that are rapidly degraded, and the other with transcripts that “escape” NMD and are
degraded at a similar rate as control transcripts; only proteins derived from rapidly degraded
transcripts are rapidly degraded themselves. This hypothesis is consistent with previous studies
demonstrating the existence of two such pools of NMD-sensitive transcripts (Cheng and Maquat,
1993; Belgrader et al., 1994; Trcek et al., 2013; Kim et al., 2017; Hoek et al., 2019). However,

such a mechanism still would not fully explain the large difference between NMD(+) reporter
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mMRNA and protein steady-state levels (Figure 3B), suggesting that additional mechanisms, such
as reduced translation, likely modulate protein levels. Reduced translation of NMD-sensitive
MRNAs has been observed in previous studies (Ishigaki et al., 2001; Chiu et al., 2004; Sheth and
Parker, 2006; You et al., 2007; Isken et al., 2008; Lee et al., 2010; Kim et al., 2017) and a recent
report identified factors involved in translational repression specifically of NMD-sensitive
transcripts (Zinshteyn et al., 2021). Given the minimal protein decay differences that we observed
(Figure 4B), translational repression is likely an important mechanism for limiting levels of
proteins encoded by NMD-sensitive transcripts.

Our data suggest a model in which there are multiple layers of the NMD pathway, each of
which acts to limit truncated protein accumulation (Figure 5). The first is the canonical, well-
characterized mRNA degradation pathway, preventing truncated protein production by reducing
the NMD-sensitive mRNA available to make proteins. The second is through limiting the
accumulation of truncated proteins from the remaining mRNAs (via modestly increased protein
degradation and reduced translation), leading to protein levels at a fraction of those of full-length
proteins translated from NMD-insensitive transcripts. Neither mechanism is 100% efficient (some
MRNAs escape NMD and some proteins are still translated from the remaining mRNAs), but the
combination of both leads to an additive decrease in protein accumulation that prevents
deleterious effects on cell health. A potential additional layer of modulation for truncated peptides
encoded by endogenous NMD-sensitive mRNAs is inherent instability, which could lead to
substantially faster degradation and even lower protein levels.

The presumed purpose of NMD is to limit the accumulation of truncated proteins that could
negatively affect cell health and homeostasis. The canonical mechanism for this is through
recognition and degradation of NMD-sensitive mRNA, which is the well-characterized NMD
pathway. Our data provide evidence for mechanisms complementary to the canonical pathway
that further act to prevent the accumulation of truncated proteins. Future work is needed to

determine if the limited protein accumulation from these NMD reporters is representative of most

86



or all NMD-sensitive transcripts and their encoded proteins, and how other features — of both the

transcript and peptide sequence — can influence this phenomenon.
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Materials and Methods

Design and cloning of luciferase-based NMD reporters

A set of firefly luciferase NMD reporters were obtained as a gift from Dr. James Inglese (Addgene
IDs: 112085 and 112084). These reporters had the firefly luciferase sequence followed by either
full-length or PTC39 beta-globin sequence in the p3xFLAG-CMV-10 backbone (Baird et al., 2018).
To create renilla luciferase versions of these reporters, the plasmids were digested with EcoRI to
cut on either side of the firefly luciferase sequence. The renilla luciferase sequence was amplified
via PCR using two sets of primers with overhang sequences to facilitate isothermal assembly into
the cut backbone (primer sequences listed in the Key Resources Table, RKB3257-3260). The
renilla luciferase PCR amplicon (insert) and cut backbone were run on a 1% agarose gel and the
DNA was isolated by gel extraction. The insert was then ligated into the cut backbone by
isothermal assembly (NEBuilder® HiFi DNA Assembly, E2621L) according to the manufacturer’'s
protocol. The assembled plasmids were transformed into NEB® Stable Competent E.
coli (C3040H) and individual colonies were sequence verified.

The transient expression constructs described above were sub-cloned into donor plasmid
backbones for CRISPR/Cas9 mediated genomic integration via homology directed repair. A
backbone with homology arms to the AAVS1 safe harbor locus and with a dox-inducible promoter
(Natsume et al., 2016; Addgene ID 72835) was cut with Mlul and Bglll. The luciferase-beta-globin
sequence was amplified via PCR using primers with overhang sequences (RKB3454-3455) to
facilitate isothermal assembly into the cut backbone. The cloning proceeded as described above,
with the final assembled plasmids sequence verified. All of these plasmids are available on

Addgene (see Key Resources Table).

Cell culture and genome engineering of HEK 293 cells

Flp-In™ T-REx™ 293 cells (ThermoFisher, R78007) were cultured at 37°C and 5% CO_ in DMEM
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media with 10% FBS and 1% penicillin-streptomycin and split every 2-3 days before reaching full
confluence. For stable integration of the NMD reporters, 293 cells were plated at 40% confluency
in a well of a 12-well plate the day before transfecting. For each well, ~400 ng of firefly donor
plasmid, ~400 ng of renilla donor plasmid, and ~400 ng of Cas9/AAVS1-sgRNA expressing
plasmid were used. The DNA and 2.4 uL of P3000 reagent were diluted in 60 uL of Opti-MEM
(Gibco) and separately 1.8 pL of Lipofectamine 3000 Reagent (Invitrogen, L3000-015) was diluted
in 60 pL Opti-MEM. The transfections proceeded according to the manufacturer’s protocol, with
100 pL of transfection mix added to each well already containing 1 mL of media.

One day after transfecting, puromycin (Gibco, A11138-03) was added (2 pg/mL) to select for
successfully transfected cells. The next day, cells were split from each well into a 10 cm plate and
grown in puromycin-containing media for several days to select for stable integration of the

reporters. Polyclonal cell lines were cryopreserved and used for subsequent experiments.

Induction of reporters and depletion of NMD factors

For RNAiI mediated knockdown of NMD factors, reverse transfections were used to add siRNAs
to our cells. For each reverse transfection, 3 pL of Lipofectamine RNAIMAX Reagent (Invitrogen,
13778-150) was diluted in 50 yL of Opti-MEM (Gibco, 31985-062) and separately siRNA was
diluted in 50 pL of Opti-MEM. These volumes were combined, mixed, and incubated at room
temperature for 10 minutes. 100 uL of the transfection mix was added to the bottom of an empty
well of a 12-well culture plate. Cells resuspended in 900 uL of medium were plated into each well
at ~20% confluence, aiming for ~100% confluence 72 hours after plating. The final concentration
of siRNA for each well was 20 nM (4 L of 5 yM siRNA for these transfections) in 1 mL final
volume per well. The cells were collected 72 hours after transfection. To induce expression of the
stably integrated reporters, doxycycline (Sigma, D9891) was added to a final concentration of 1
pug/mL to each well 24 hours before cell collection. For inducing reporter expression for multiple

lengths of time, cells were plated in five separate 12-well plates and doxycycline was added at a
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different time (24 hour intervals) for each plate. Doxycycline was replenished every 24 hours and

cells passaged to new plates every 48 hours.

RNA extraction and RT-PCR to confirm expected splicing of reporter mRNA

Cell pellets were lysed with TRIzol Reagent (Invitrogen, 15596-026) and processed according to
the manufacturer’s protocol for RNA isolation. The RNA pellet was resuspended in 50 uL of water
and then subjected to RNeasy (Qiagen, 74104) column purification and DNase digestion. The 50
uL of RNA was added to 300 uL RLT lysis buffer, mixed with 350 uL 70% ethanol, and transferred
to an RNeasy spin column. The samples were then processed according to the manufacturer’s
protocol using RNase-Free DNase Set (Qiagen, 79254) for on-column DNase digestion.

The purified RNA was confirmed to be free of DNA contamination using end-point PCR with
primers specific to the firefly luciferase sequence (RKB2250-2251). cDNA was synthesized from
3 ug of RNA per sample using SuperScript IV Reverse Transcriptase (Invitrogen, 18090050) using
oligo-dT primers according to the manufacturer’s protocol. To check splicing, forward primers
were designed in either the firefly or renilla sequence and reverse primers were designed in the
3’-UTR sequence just downstream of the last beta-globin exon. End-point RT-PCR was
performed on the cDNA samples using these primers (RKB3600-3612, Figure 1—figure
supplement 2), and the PCRs were run on 1% agarose gels to visualize the size of the PCR

amplicons.

NMD reporter mRNA steady-state level measurement

The cDNA reactions were diluted 1:50 and 4 pL was used per 10 uyL qRT-PCR reaction with
PowerUp SYBR Green Master Mix (ThermoFisher, A25742) and final primer concentrations of
500 nM in 384-well plates (ThermoFisher, AB1384). Two unique primer sets (Key Resources

Table) were used for each luciferase and two reference genes were also quantified with qRT-
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PCR using an ABI QuantStudio 5 Real-Time PCR System (ThermoFisher). Three technical
replicate reactions were performed for each unique primer set for each sample.

To quantify the reporter mRNA levels from the qRT-PCR data, the means of the technical
replicates for each reporter primer set were used. Each of the two firefly primer sets was
compared to each of the two renilla primer sets, for a total of n=4 normalized technical replicates
in each sample. Those replicates were normalized to replicates from two control cell lines for a

total of eight data points, all plotted relative to the control cell lines.

Decay kinetics of NMD reporter mRNA

Cells were plated at 10% confluency in poly-L-lysine coated wells of a 12-well culture plate the
day before induction. The following day the media was replaced with doxycycline-containing
media 24 hours before cell collection. To turn off reporter expression to measure mRNA decay
kinetics, doxycycline containing media was removed and the cells were washed with PBS and
standard media (no dox) before being replaced with standard media for a specified length of time
before the cells were harvested. RNA extraction, cDNA synthesis, and gqRT-PCR were performed
as described above.

For examining reporter mRNA decay kinetics from qRT-PCR data, each of the luciferase
primer sets (two sets for firefly and two sets for renilla) was normalized to two reference genes
(RPL27 and SRP14) for a total of n=4 technical replicates for each luciferase in each sample.
Those values were normalized to the sample collected at time 0 for each cell line and plotted

relative to time 0 to show the decrease in reporter mMRNA over time.

Western blotting for NMD reporter proteins
Cells were collected from individual wells of a 12-well culture plate, centrifuged at 1200 rpm for 5
min, washed with PBS, and lysed using 50 uL of NP40 Cell Lysis Buffer (Invitrogen, FNN0021)

supplemented with protease and phosphatase inhibitors (Pierce, A32955). Lysates were
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sonicated, incubated on ice, and spun down at 10,000 x g at 4°C for 15 min; the supernatant was
collected for downstream assays. The protein concentration was quantified using the Qubit
Protein Assay (Thermo, Q33212). 12 ug of protein per sample was used for gel electrophoresis
with a NuUPAGE™ 4-12% Mini Protein Gel (Invitrogen, NP0323) in a Mini Gel Tank (Invitrogen)
with 1X NuPAGE™ MOPS SDS Running Buffer (Invitrogen, NP00OO1). After electrophoresis,
protein was transferred overnight to a nitrocellulose membrane (Invitrogen, LC2001) using 1X
NuPAGE™ Transfer Buffer (Invitrogen, NP0O006-1) with 10% methanol. After transfer, protein
bands were visualized with Ponceau stain (Sigma, P7170) to confirm protein transfer and even
loading.

The membrane was blocked with Odyssey Blocking Buffer (PBS) (LI-COR Biosciences, 927-
40000) for one hour at 4°C with gentle shaking. The blot was probed with primary antibodies
overnight at 4°C with gentle shaking; specific antibodies and dilutions used are listed in the Key
Resources Table. Following overnight incubation, the blot was washed 3 times for 5 min with 1X
TBST buffer at room temperature with gentle shaking. The blot was then probed with IRDye®
secondary antibodies (LI-COR Biosciences) for 1 hour at room temperature with gentle shaking,
followed by a final sequence of washes as described above. The blot was imaged on an
Odyssey® CLx Imaging System and images were processed using Fiji (ImagedJ v2.1.0).

The western blot did not show full depletion of the elF4A3 protein. However, the immunogen
sequence used to generate the elF4A3 antibody is highly conserved among elF4A3, elF4A1, and
elF4A2, and all three proteins are similar size. We predict that the antibody is likely also binding
elF4A1 and elF4A2 on the western blot and the band shown corresponds to all three of those
proteins. Given that the bands have modestly reduced intensity and the NMD reporter protein
levels increase in the lanes with sielF4A3 samples, we concluded that the siRNAs are likely

effectively depleting elF4A3.
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Dual-luciferase assay for NMD reporter protein level measurement

The Dual-Luciferase® Reporter Assay System (Promega, E1910) was used for measuring
luciferase levels from NMD reporter cell lines according to the manufacturer’s protocol. Briefly,
individual wells of a 12-well culture plate were washed with 1 mL of PBS before 200 uL of 1X
Passive Lysis Buffer was added directly to each well. The culture plates were placed on an orbital
shaker with gentle rocking for 15 minutes at room temperature to achieve complete lysis. Cell
lysates were collected and centrifuged at max speed for 30 seconds and the supernatants were
collected and used for subsequent assays.

The dual-luciferase assay was performed using a Cytation™ 5 plate reader with a dual-injector
system (BioTek). For each sample, 20 uL of lysate was transferred to wells of a 96-well plate. The
plate reader was set-up and programmed to inject 100 uL of Luciferase Assay Reagent Il (LAR
[I) from the first injector and 100 uL of Stop & Glo® Reagent from the second injector. Timing for
measuring luminescence was set according to the Dual-Luciferase® Reporter Assay System

protocol.

Monoclonal NMD reporter cell line generation

Polyclonal cell lines underwent single cell sorting into 96-well culture plates using an MA900 multi-
application cell sorter (Sony Biotechnology). Single cells were grown in 50 uL of DMEM media
supplemented with 20% FBS per well, with an additional 50 uL of media added every 3-4 days to
maintain optimal growth conditions for cells at low confluence. Cells began reaching confluence
in individual wells 2-3 weeks after sorting, at which time the cells were split into 24-well plates.
Upon reaching confluence in the 24-well plates, cells were split into two separate 12-well plates:
one to continue propagating cells and another for a dual-luciferase assay to determine which
luciferase reporters were stably integrated. Monoclonal lines with luciferase expression were cryo-

preserved and a subset of cells from each line were collected for gDNA extraction with DNeasy®

93



Blood & Tissue Kit (Qiagen, 69504) to confirm stable integration of the reporters at the AAVS1
loci via gDNA-PCR.

A forward primer was designed in the AAVS1 sequence outside of the left homology arm on
the donor plasmid (RKB2392), while the reverse primer was designed in the luciferase sequence
(Figure 3—figure supplement 1) such that only stable integration of the reporters at that locus
would yield a PCR amplicon. Separate reverse primers were designed for firefly and renilla
luciferase sequences (RKB3517 and RKB3531), and monoclonal lines with amplicons specific to

both luciferases were used for subsequent experiments.

Proteasome inhibition in NMD reporter cell lines

Reporter cell lines were grown in 12-well culture dishes and treated with siRNAs as described
above. Cells were treated with a final concentration of 10 yM MG132 (Sigma, C2211) to inhibit
the proteasome; control samples were treated with DMSO (vehicle) (Sigma, D2650). Cells were
lysed in 200 uL of 1X Passive Lysis Buffer (dual-luciferase assay) 6 hours after MG132 addition.

The samples were processed for use in the dual-luciferase assay as described above.

Decay kinetics of NMD reporter proteins

Cells were grown in 12-well culture plates and reporter expression was induced with doxycycline
as described above. To inhibit translation, cells were treated with cycloheximide (Sigma, C7698)
at a final concentration of 100 ug/mL for specified lengths of time before being lysed with 200 pL
of 1X Passive Lysis Buffer. The samples were processed for use in the dual-luciferase assay.
For examining reporter protein decay kinetics from the dual-luciferase assay data, the
luminescence values for each luciferase were plotted relative to the time 0 value to show the
change in reporter protein levels over time after translation inhibition. The half-lives of the
reporters were calculated using linear regression of the mean of the technical replicates at each

time point for each reporter. The half-lives of the NMD(+) reporter proteins were normalized to
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those of the control reporter proteins and control reporter cell line to get the “fold destabilization”

(Figure 4B) relative to the control reporter.
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Figure 1. Development of a reporter system for quantitative mRNA- and protein-level

measurements. (A) Diagrams of the luciferase-based NMD reporters used in this study. The

reporters were grouped in pairs (one firefly luciferase reporter and one renilla luciferase reporter)

and used together in a control cell line (both reporters have a normal termination codon) or

NMD(+) cell lines (one reporter with normal TC and the other with a PTC). (B) Schematic of the

reporter plasmid sequence that was stably integrated into the AAVS1 loci of 293 cells. (C)

Workflow describing how the NMD reporters were stably integrated into 293 cells using CRISPR-

Cas9 genome engineering and how selection for only cells with stably integrated reporters was

performed.
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Figure 2. NMD reporter steady-state mRNA levels and decay kinetics are comparable to those
of previously published NMD-sensitive reporters. (A) Box plots showing the steady-state NMD
reporter mRNA levels relative to the levels in the control cell lines with and without NMD inhibition
via RNAi-mediated elF4A3 depletion. Each box plot shows n=4 technical replicates from n=2
biological replicates for a total of eight data points. An unpaired two-samples t-test was used for
calculating the p-values (****P<.0001, exact values listed in Supplementary Table 1). (B) Line
plots showing the decay kinetics of the NMD reporter mRNA after doxycycline removal to turn off
reporter transcription. The firefly and renilla reporters are plotted as separate lines. The levels at
each time point are plotted relative to the levels at time point 0. The “control” panel is a
combination of two independent control cell lines (both cell lines have the same two control
reporters integrated, but the lines were generated separately with CRISPR/Cas9 mediated
genome engineering). Each time point corresponds to n=4 technical replicates (n=2 biological
replicates for the control panel, n=8 data points), with error bars showing the range of those values
and the line plot connecting at the mean of the values. An unpaired two-samples t-test was used
for calculating the p-values (***P<.001, ****P<.0001, exact values listed in Supplementary Table
1), which used the ratio of individual firefly replicate values to the mean renilla value at each time

point for the NMD(+) reporter cell lines compared to the ratios at the same time point in the control
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cell lines. The data is plotted starting at one hour after doxycycline removal because there is little
change in the reporter levels between the zero- and one-hour time points, likely due to technical

limitations of the dox-inducible promoter.
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Figure 3
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Figure 3. NMD(+) reporter protein levels are reduced relative to control reporter protein levels
and to a greater degree than NMD(+) reporter mRNA levels. (A) Box plots showing the increase
in NMD(+) reporter protein levels relative to control reporter protein levels upon depletion of NMD
factors UPF1, SMG1, SMG6, and elF4A3. The dual-luciferase assay was used to measure
reporter protein levels. Each box plot shows n=3 technical replicates normalized to n=2 biological
replicates for a total of six data points. The specific sSiRNAs used are listed in the Key Resources

Table. An unpaired two-samples t-test was used for calculating the p-values, (ns P>.05, *P<.05,
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**P<.01, ***P<.001, ****P<.0001, exact values listed in Supplementary Table 1), which
correspond to the comparison between the control cell line and each NMD(+) reporter cell line for
each siRNA. (B) Box plots showing the comparison between NMD(+) reporter mMRNA and protein
levels relative to control reporter levels, with and without NMD factor depletion (indicated on x-
axis). Fold-changes are shown for the difference between mRNA and protein levels under control
conditions (~4-fold), the difference between mRNA levels with and without SMG1 depletion (~2.5-
fold), and the difference between protein levels with and without SMG1 depletion (~5-fold). An
unpaired two-samples t-test was used for calculating the p-values (**P<.01, ****P<.0001, exact
values listed in Supplementary Table 1), which correspond to the comparison between mRNA

and protein levels under the same siRNA treatment conditions for each NMD(+) reporter cell line.
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Figure 4
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Figure 4. NMD(+) reporter proteins are degraded modestly faster than are control reporter
proteins. (A) Line plots showing the decay kinetics of NMD reporter proteins after translation
inhibition with cycloheximide. Each time point corresponds to n=3 technical replicates (n=2
biological replicates for the control panel, n=6 data points), with error bars showing the range of
those values and the line plot connecting at the mean of the values. (B) Same as in (A), but only
for the early time points. P-values were calculated as described for Figure 2B (ns P>.05, **P<.01,
exact values listed in Supplementary Table 1), using the ratio of firefly:renilla at each time point
for the NMD(+) reporter cell lines compared to the control cell lines. The fold increase in
destabilization/degradation of the NMD(+) reporter proteins relative to the corresponding control
reporter proteins are based on the estimated half-lives of the reporter proteins calculated in
Figure 4—figure supplement 1B. (C) Box plots showing NMD(+) reporter protein levels with and

without MG132 treatment and elF4A3 depletion relative to control reporter protein levels. An
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unpaired two-samples t-test was used for calculating the p-values (ns P>.05, ***P<.001, exact

values listed in Supplementary Table 1).
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Figure 5
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Figure 5. Model illustrating multiple layers of NMD pathway that complement one another to limit

truncated protein accumulation.
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Supplementary Figures

Figure 1—figure supplement 1
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Figure 1—figure supplement 1. Mock dual-luciferase assay data demonstrating how to

normalize the luminescence values of the luciferases and how to plot the level of the NMD(+)

reporter relative to the control reporter.
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Figure 1—figure supplement 2

Firefly luciferase

spliced unspliced

RKB3608——> 1 <——RKB3601 1146 1930
RKB3609 ——>. 2 ~—RKB3605 666 1450
RKB3610——> 3 RKB3607 1040 1824
RKB3611 ——>. 4 <——RKB3612 1079 1863

Renilla luciferase

spliced unspliced

RKB\BGOC 5 RKB3601 824 1608
RKBSSOZ\ 6 RKB3603 1128 1912
RKB3604 7 ~——RKB3605 1233 2017

RKB3606—> 8 <——RKB3607 1279 2063

Figure 1—figure supplement 2. Stably integrated luciferase reporters are spliced correctly. (A)
Schematics showing how primers were designed for each luciferase reporter to confirm correct
splicing. The forward primers were designed in the luciferase sequence while the reverse primers
were designed in the 3’-UTR; if either intron were not spliced out there would be a noticeable size
shift in the PCR amplicon. The sizes are shown for the expected PCR amplicons for each primer
set from either the fully spliced reporter mRNA or the fully unspliced reporter mMRNA. The primer
sequences are listed in the Key Resources Table. (B) End-point RT-PCR using the primer sets
shown in (A) and cDNA from cell lines with stably integrated luciferase reporters. The number

above each lane corresponds to the primer pair used for that PCR (listed in (A)).
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Figure 1—figure supplement 3

Figure 1—figure supplement 3. Raw images of the RT-PCR gels shown in Figure 1—figure

supplement 2. The cropped regions are shown in the dashed boxes.
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Figure 2—figure supplement 1
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Figure 2—figure supplement 1. Western blot showing the depletion of several factors involved
in NMD and the corresponding change in renilla NMD(+) reporter protein levels in samples from
the polyclonal renilla NMD(+) cell line. The fold-change at the bottom represents the change in
intensity of the renilla NMD(+) reporter protein band in each lane relative to the intensity of the
band in the untreated control lane. The “% target protein” refers to the level of depleted protein
remaining in each lane for the specific factor that was targeted by RNAI in that sample. The
number after the gene name at the top of each lane corresponds to the specific siRNA used;
additional siRNA details are listed in the Key Resources Table. The order of the siRNAs for each

gene in the western blot corresponds to the order of the boxplots for each gene shown in Figure

3A.
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Figure 2—figure supplement 2
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a-firefly luciferase
(control reporter protein)

a-renilla luciferase
(NMD(+) reporter protein)

a-elF4A3

a-GAPDH

Figure 2—figure supplement 2. Raw images of the western blots shown in Figure 2—figure

supplement 1. The cropped regions are shown in the dashed boxes. The molecular weights for

the relevant ladder markers are indicated in kilodaltons.
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Figure 3—figure supplement 1

A
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Firefly specific
primer

Renilla specific
primer

Figure 3—figure supplement 1. Monoclonal cell lines have both luciferase reporters integrated
at the AAVS1 loci. (A) Schematic showing primer design to confirm integration of both reporters
at the AAVS1 loci. The forward primer was designed upstream of the AAVS1 homology arm
region, while the reverse primer was designed inside the luciferase sequence. The different
primers for the different luciferase sequences allow us to distinguish whether the firefly and/or
renilla reporter is stably integrated. Primer sequences are listed in the Key Resources Table. (B)
Genomic DNA PCR using the primer sets shown in (A). The bands outlined in the red boxes
correspond to the clonal cell lines that had stable integration of both luciferase reporters at the

AAVS1 loci and were subsequently used for dual-luciferase assay measurements.
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Figure 3—figure supplement 2
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Figure 3—figure supplement 2. Box plots showing the NMD reporter protein levels from
monoclonal cell lines with both firefly and renilla luciferase reporters stably integrated in the
AAVS1 loci. The levels are normalized to the control reporter monoclonal cell line. Each box plot
shows n=3 technical replicates normalized to n=1 biological replicate. An unpaired two-samples
t-test was used for calculating the p-values (*P<.05, ****P<.0001, exact values listed in
Supplementary Table 1), which correspond to the comparison between the monoclonal control

cell line and each monoclonal NMD(+) reporter cell line.
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Figure 3—figure supplement 3

Figure 3—figure supplement 3. Raw image of the gDNA PCR gels in Figure 3—figure

supplement 1. The cropped regions are shown in the dashed boxes.
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Figure 3—figure supplement 4
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Figure 3—figure supplement 4. Box plots showing the comparison between NMD(+) reporter
mMRNA and protein levels relative to control reporter levels, with and without NMD factor depletion
(indicated on x-axis). This data is plotted in the same manner as in Figure 3B, but the siRNAs
used for these samples did not show as big of an effect size for the NMD(+) reporter RNA and
protein levels as the siRNAs used for Figure 3B. An unpaired two-samples t-test was used for
calculating the p-values (****P<.0001, exact values listed in Supplementary Table 1), which
correspond to the comparison between mMRNA and protein levels under the same siRNA
treatment conditions for each NMD(+) reporter cell line. The siRNAs used for Figure 3B are Smg1

#5, Smg6 # 11, and elF4A3, the details of which are in the Key Resources Table.
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Figure 3—figure supplement 5
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Figure 3—figure supplement 5. The greater degree of protein reduction relative to mRNA
reduction for the NMD(+) reporters is not dependent on length of time of reporter expression. (A)
Box plots showing the levels of both firefly (left plot) and renilla (right plot) luminescence for each
NMD reporter cell line for different lengths of time of reporter expression. The absolute
luminescence levels were normalized to the levels from the 24 hour dox induction time point for
each luciferase in each cell line at each time point. Each box plot shows n=3 technical replicates.

(B) Box plots showing the NMD(+) reporter protein levels relative to control reporter protein levels

firefly renilla
hours dox induction
24
48
T
96 [;I']
& 120 EI] % -
?)
: " } i
& = = E}Eg
1 o
&a L] = .
N \
o 0@2 \ o 0‘\“9'7' o o o 00(\\‘2 \ oo o Vx\0\"\ o ‘Y\o\*\
W . . .
AN P e\\\\‘\ (\@N @6‘\\0 o e’\\\\“ & ‘(\@“ ‘e‘i\\\a
C
J control firefly NMD(+) renilla NMD(+)
0 LJQE
o I B | e e | e e
_1 -4
©
2 -2
2 . :
5 = B8
2 _3 %
hours dox ns S £ E5
induction ns S .
24 ns *E ns NS 2 44
i mehg =
& 72 ;:1$$ ==!
& 96 5] =] oy
] #8120 & RNA =
' . ' & protein
N o o g — . : : : ,
& o oY 24 120 24 120 24 120
N o™ h . .
ours dox induction




for different lengths of time of reporter expression. Each box plot shows n=3 technical replicates
normalized to n=2 biological replicates for a total of six data points. An unpaired two-samples t-
test was used for calculating the p-values (ns P>.05, *P<.05, **P<.01, exact values listed in
Supplementary Table 1), which correspond to the comparison of NMD(+) reporter protein levels
at each time point relative to the 24 hour dox induction time point. (C) Box plots showing the
comparison between NMD(+) reporter mRNA and protein levels relative to control reporter levels
for a short (24 hours) and a long (120 hours) length of time of reporter expression. For the protein
levels, each box plot shows n=3 technical replicates normalized to n=2 biological replicates for a
total of six data points. For the mRNA levels, each box plot shows n=4 technical replicates
normalized to n=2 biological replicates for a total of eight data points. An unpaired two-samples
t-test was used for calculating the p-values (****P<.0001, exact values listed in Supplementary
Table 1) which correspond to the comparison between mRNA and protein levels for each dox

induction time for each NMD(+) reporter cell line.
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Figure 3—figure supplement 6
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Figure 3—figure supplement 6. Box plots showing additional experimental data for the
comparison between NMD(+) reporter mRNA and protein levels relative to control reporter levels,
as in Figure 3B. Fold-changes are shown for the difference between mRNA and protein levels
under control conditions (~8-fold), the difference between mRNA levels with and without elF4A3
depletion (~3-fold), and the difference between protein levels with and without elF4A3 depletion
(~6-fold). An unpaired two-samples t-test was used for calculating the p-values (*P<.05, **P<.01,
****P<.0001, exact values listed in Supplementary Table 1), which correspond to the comparison
between mRNA and protein levels under the same siRNA treatment conditions for each NMD(+)

reporter cell line.
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Figure 4—figure supplement 1
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Reporter Sussont o (minutes) normalization | half-life [ luciferase Ty ——
P factor (minutes) | half-life 9

Firefly |Control
NMD(+) [cell line #1 150 .956 144 162 1.13
Firefly [Control
NMD(+) |cell line #2 150 1.18 177 246 1.39
Firefly |Combined
NMD(+) [control cell lines 150 1.06 160 200 1.25
Renilla |Control
NMD(+) |cell line #1 139 .634 88 144 1.64
Renilla |Control
NMD(+) |cell line #2 139 .961 133 178 1.33
Renilla |Combined
NMD(+) |control cell lines 139 781 108 160 148

Figure 4—figure supplement 1. Estimating the half-lives of the NMD reporter proteins. (A) Same
data as in Figure 4B, but with a best-fit line plotted as calculated from linear regression of the
mean of the technical replicates at each time point for each reporter. The best fit line was used to
calculate the unnormalized half-life for each reporter protein in each cell line based on the time
(x-axis) at which the best-fit line crosses the 50% protein level (relative to time 0). The two control
cell lines are plotted separately. (B) Table showing fold-change in destabilization of the NMD(+)
reporter protein relative to the control reporter protein for each luciferase reporter. The half-lives
of the reporter proteins in the NMD(+) cell lines were normalized to the half-lives of the reporter
proteins in the control cell lines (using the half-lives of the control luciferase reporter proteins that

both cell lines have in common) in order to more accurately estimate the differences in half-lives.
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The half-life of the control luciferase in the control reporter cell line was divided by the half-life of
the corresponding control luciferase in the NMD(+) reporter cell line (e.g. control reporter cell line
firefly/NMD(+) reporter cell line firefly) to get the “luciferase normalization factor.” The half-life of
the NMD(+) luciferase in the NMD(+) reporter cell line was then multiplied by the luciferase
normalization factor to get the “adjusted half-life.” The half-life of the corresponding control
luciferase in the control reporter cell line was then divided by the adjusted half-life of the NMD(+)
luciferase in the NMD(+) reporter cell line (e.g. control reporter cell line renilla half-life/NMD(+)
reporter cell line renilla adjusted half-life) to get the fold-change in destabilization of the NMD(+)
reporter protein relative to the control reporter protein. For each NMD(+) reporter luciferase, the
comparison was made with each control cell line separately and the two control cell lines

combined (“Control cell line comparison” column).
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Figure 4—figure supplement 2
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Figure 4—figure supplement 2. Western blots confirming that MG132 treatment led to
proteasomal inhibition and accumulation of ubiquitinated proteins. The polyclonal NMD reporter
cell line used for each sample is indicated above the blot. Samples for this blot are from cells

lysed in Passive Lysis Buffer (PLB) for use in the Dual-Luciferase Reporter Assay.
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Figure 4—figure supplement 3
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Figure 4—figure supplement 3. Raw images of the western blots shown in Figure 4—figure
supplement 2. The cropped images are shown in the dashed boxes. The molecular weights for

the relevant ladder markers are indicated in kilodaltons.
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Supplemental Tables

Key Resources Table
Reagent
type . . Source or - . . .
(species) or Designation reference Identifiers Additional information
resource
Cell line Flp-In™ T- Cat. No Used for stable
(Homo REx™ 293 Invitrogen (7 integration of all NMD
. . R78007
sapiens) Cell Line reporters
HEK-293 cell line stably
expressing pCMV-
Cell line (H. KC-4.06 PMID: 3XFLAG-Fluc-B-globin
sapiens) P ' 29528287 (39PTC); used for
Figure 2—figure
supplement 1
Control firefly and
control renilla reporters
stably integrated at
Cell line (H. Control cell This paper AAVS1 loci; same
sapiens) line; ctrl_1 pap reporters as ctrl_2 but
created separately
(biological replicate);
polyclonal
Control firefly and
control renilla reporters
stably integrated at
Cell line (H. Control cell This paper AAVS1 loci; same
sapiens) line; ctrl_2 pap reporters as ctrl_1 but
created separately
(biological replicate);
polyclonal
Control firefly and
: Renilla NMD(+) renilla
gae”ig/r;:)(H. NMD(+) cell This paper reporters stably
p line; nmd_1 integrated at AAVS1
loci; polyclonal
Firefly Control renilla and
Cell line (H. , NMD(+) firefly reporters
sapiens) Eln“gDrngrrz dce2II This paper stably integrated at
’ - AAVS1 loci; polyclonal
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Control firefly and
control renilla reporters

Monoclonal stably integrated at
Cell line (H. control cell This paper AAVS1 loci; polyclonal
sapiens) line; ctrl_1- pap cell line ctrl_1
clone_1.2 underwent single cell
sorting to get this cell
line; monoclonal
Control firefly and
NMD(+) renilla
Monoclonal reporters stably
. renilla integrated at AAVS1
Sae”ig/rvlg)(H. NMD(+) cell This paper loci; polyclonal cell line
P line; nmd_1- nmd_1 underwent
clone_2.3 single cell sorting to get
this cell line;
monoclonal
Control firefly and
NMD(+) renilla
Monoclonal reporters stably
. renilla integrated at AAVS1
Sae”ig;;:)(H' NMD(+) cell This paper loci; polyclonal cell line
P line; nmd_1- nmd_1 underwent
clone_2.4 single cell sorting to get
this cell line;
monoclonal
Control renilla and
Monoclonal NMD(+) firefly reporters
firefly stably integrated at
Cell line (H. , AAVS1 loci; polyclonal
sapiens) Eln“gDrngrrz dcezll_ This paper cell line nmd_2
X P underwent single cell
clone_6.10 sorting to get this cell
line; monoclonal
Transient transfection
g)(élll/ll_\/’&G_ Addgene plasmid used to make
Recombinant firefly- PMID: ID 112085; renilla versions of the
DNA reagent luciferase- 29528287 RRID:Add reporters and cIo.ned
beta-globin- gene_112 into donor plasmid
control 085 backbone for stable
integration
pCMV- Addaene Transient transfection
Recombinant 3XFLAG- PMID: D 1§1]2084' plasmid used to make
DNA reagent firefly- 29528287 RRID'Add, renilla versions of the
luciferase- ' report d cloned
porters and clone
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beta-globin- gene_112 into donor plasmid
(39PTC) 084 backbone for stable
integration
Transient transfection
pCMV- plasmid cloned into
3XFLAG- donor plasmid
Recombinant renilla- , backbone for stable
DNA reagent luciferase- This paper PRKBA52 integration; renilla
beta-globin- sequence replaces
control firefly sequence in
plasmid 112085
Transient transfection
pCMV- plasmid cloned into
3XFLAG- donor plasmid
Recombinant renilla- , backbone for stable
DNA reagent luciferase- This paper PRKBA53 integration; renilla
beta-globin- sequence replaces
(39PTC) firefly sequence in
plasmid 112084
Donor plasmid
backbone for stable
Addgene integration of NMD
. . AAVS1-Tet- _ ID72835; | reporters; TIRT
ecombinant OsTIR1- PMID: RRID:Add se laced with
: quence replaced wi
DNA reagent PURO- 27052166 728 lucif _beta-qlobin
AAVS1 gene_ uciferase-beta-glo
35 sequences from
transient transfection
constructs
AAVS1-
TetOn- Donor plasmid for
Recombinant 3XFLAG- ' §table integration of
DNA reagent firefly-beta- This paper pRKB458 firefly control reporter;
gen : : :
globin- in cell lines ctrl_1,
control- ctrl_2, nmd_1
AAVS1
AAVS1-
TetOn- Donor plasmid for
Recombinant 3XFLAG- staple integration of
DNA reagent renilla-beta- This paper pRKB460 renilla control reporter;
globin- in cell lines ctrl_1,
control- ctrl_2, nmd_2
AAVS1
: AAVS1- :
Recombinant TetOn- This paper PRKB459 Donor .plasmld. for
DNA reagent 3XFLAG- stable integration of
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firefly-beta-

firefly PTC39 reporter;

globin- in cell line nmd_2
PTC39-
AAVS1
AAVS1-
E;RXG_ Donor plasmid for f
Recombinant , : stable integration o
DNA reagent é?gg:ﬁ:beta- This paper PRKB461 renilla PTC39 reporter;
PTC39- in cell line nmd_1
AAVS1
pX459 (sgRNA and
Cas9 expressing
) plasmid,
Recombinant gx/ﬁ?/s . This paper: RRID:Addgene_62988)
DNA reagent CgasQ/AA\}S PMID: pRKB331 with targeting sequence
9 24157548 specific to AAVS1,
1-sgRNA ; .
targeting sequence is:
GGGGCCACTAGGGA
CAGGAT
siCtrl; non-
. targeting D-001810- ON-TARGETplus Non-
SIRNA control Dharmacon | 44 g5 targeting SiRNA #1
siRNA
: : J-011763- ON-TARGETplus
siRNA siUpf1 #5 Dharmacon 05-0002 SIRNA
: : J-011763- ON-TARGETplus
siRNA siUpf1 #7 Dharmacon 07-0002 SIRNA
: : J-005033- ON-TARGETplus
siRNA siSmg1 #5 Dharmacon 05-0002 SIRNA
: : J-005033- ON-TARGETplus
siRNA siSmg1 #7 Dharmacon 07-0002 SIRNA
: : J-017845- ON-TARGETplus
siRNA siSmg6 #9 Dharmacon 09-0002 SIRNA
: : J-017845- ON-TARGETplus
siRNA siSmg6 #10 Dharmacon 10-0002 SIRNA
: : J-017845- ON-TARGETplus
siRNA siSmg6 #11 Dharmacon 11-0002 SIRNA
: : J-017845- ON-TARGETplus
siRNA siSmg6 #12 Dharmacon 12-0002 SIRNA
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Assay ID

Sequenced- ; .
based sielF4A3 jhermoFish -\ ST687F: Silencer® Select siRNA
reagent 4392420
Sequenced- AGCTTGCGGCCGCG
: PCR AATTCAACTTCGAAA
Efﬁggm RIB3207 This paper | brimer GTTTATGATCCAGAA
C
Sequenced- PCR AGATCTATCGATGAA
based RKB3258 This paper fimer TTCGCTTGTTCATTTT
reagent P TGAGAACTCGCTC
AGGATGACGATGACA
Sequenced- PCR AGCTTGCGGCCGCG
based RKB3259 This paper Amer AATTCAACTTCGAAA
reagent P GTTTATGATCCAGAA
C
Sequenced- CAAACTTGTTGATAT
: PCR CAGATCTATCGATGA
E:: ee(;jnt RKB3260 This paper | imer ATTCGCTTGTTCATTT
g TTGAGAACTCGCTC
TACCACTTCCTACCC
Sequenced- PCR TCGTAAAGAATTCGC
based RKB3454 This paper fimer GGCCGCAACCGTCA
reagent P GAATTAACCATGGAC
T
GTGGTATGGCTGATT
Sequenced- PCR ATGATCCTCTAGACA
based RKB3455 This paper fimer TATGCTGCAGAACAA
reagent P GAAAGCTGGGTCGG
C
Sequenced-
: PCR CGACTGAAATCCCTG
E::ggnt RKB2250 This paper primer GTAATC
Sequenced-
based RKB2251 This paper | PSR CTACCGTGGTGTTCG
reagent primer TTTC
Sequenced- A AA
based RKB3600 This paper RT_PCR gg%(_: AT CGTG TCC
reagent primer
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Sequenced-

, RT-PCR GAACAAGAAAGCTGG
based RKB3601 This paper orimer GTCGG
reagent
Sequenced-
based RKB3602 This paper | R1PCR GATTGGGGTGCTTGT
primer TTGGC
reagent
Sequenced-
, RT-PCR GCTGCAGAACAAGAA
based RKB3603 This paper orimer AGCTGG
reagent
Sequenced-
, RT-PCR GGGCAAATCAGGCA
based RKB3604 This paper orimer AATCTGG
reagent
Sequenced-
based RKB3605 This paper RT-PCR AAGAAAGCTGGGTC
primer GGCG
reagent
Sequenced-
, RT-PCR GCCAGTAGCGCGGT
based RKB3606 This paper primer GTATTA
reagent
Sequenced-
, RT-PCR GCAGAACAAGAAAGC
based RKB3607 This paper primer TGGGTC
reagent
Sequenced-
, RT-PCR ATTACACCCGAGGG
based RKB3608 This paper primer GGATGA
reagent
Sequenced-
, RT-PCR GAAAAAGTTGCGCG
based RKB3609 This paper primer GAGGAG
reagent
Sequenced-
, RT-PCR GAGGCGAACTGTGT
based RKB3610 This paper primer GTGAGA
reagent
Sequenced-
based RKB3611 This paper | RI-PCR CTGGATACCGGGAAA
primer ACGCT
reagent
Sequenced-
, RT-PCR ATGCTGCAGAACAAG
based RKB3612 This paper primer AAAGCTG
reagent
Saesqgsnced' Firefly 1 F PMID: gRT-PCR | AACATAAAGAAAGGC
reagent y_1- 15451462 primer CCGGC
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Sequenced-

based Eirefiy 1 R PMID: qRT-PCR GCCTTATGCAGTTGC
y-1- 15451462 primer TCTCCA
reagent
S:Sq;g”"ed' fiofy o | PMID:2625 | GRT-PCR | GAAAGGCCCGGCGC
Y 2791 primer CATTCT
reagent
Seduenced- |, & | PMID:2625 | qRT-PCR | TTCATAGCTTCTGCC
Y4 2791 primer AACCG
reagent
Sequenced- | i1 F | PMID:2058 | qRT-PCR | ACATGGTAACGCGG
- - 2318 primer CCTCTT
reagent
§§§§§ need- Renila 1 R | PMID:2058 | gRT-PCR TGCCCATACCAATAA
- = 2318 primer GGTCTGGTA
reagent
Sequenced-
based Renilla 2 F | This paper qRT-PCR GGGTGCTTGTTTGGC
primer ATTTC
reagent
Sequenced-
: : qRT-PCR AGGCCATTCATCCCA
based Renilla_2_R This paper primer TGATTC
reagent
SSS;? noed- Rpl27 E PMID: gRT-PCR GCAAGAAGAAGATCG
Pl 28669802 primer CCAAG
reagent
Sequenced-
PMID: qRT-PCR TCCAAGGGGATATCC
based Rpl27 R 28669802 | primer ACAGA
reagent
Sequenced- | a4 F PMID: GRT-PCR | GAGAGCGAGCAGTT
Pls_ 28669802 primer CCTGAC
reagent
Sequenced- | 4 R PMID: GRT-PCR | GTTTGGTTCGACCGT
Pls_ 28669802 primer CATACT
reagent
Sequenced- Genomic
based RKB2392 Thispaper | DNAPCR | LICCCCATTGGAGTC
. GCTTT
reagent primer
Sequenced- Genomic
based RKB3517 This paper | DNAPCR | GCGTTCCATCTTCCAG
- CGGAT
reagent primer
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Sequenced- Genomic
, CATCCGTTTCCTTTG
based RKB3531 This paper DNA PCR TTCTGGA
reagent primer
Anti-firefly- .
Antibod luciferase Abcam a0 D109 | 1:2000 dilution
y (mouse 4433é8 - clone Luci17
monoclonal)
Anti-renilla-
: luciferase 1:2000 dilution
Antibody (rabbit Abcam Ab185926 clone EPR17792
monoclonal)
Anti-UPF1 ab109363; , I
Antibody (rabbit Abcam RRID:AB_ | 12009 Gution,
monoclonal) 10861979
Anti-elF4A3 _—
: : 1:2000 dilution
Antibody (rabbit Abcam ab180573 clone EPR14301(B)
monoclonal)
Anti-SMG1 A301-
Antibody (rabbit Bethyl 535A 1:1000 dilution
polyclonal)
Anti-Smg6
Antibody (rabbit Abcam ab87539 1:2000 dilution
polyclonal)
Anti-GAPDH A300-
Antibody (rabbit Bethyl 639A 1:4000 dilution
polyclonal)
Anti-
: ubiquitin BostonBioc 1:5000 dilution
Antibody (mouse hem A-104 clone 83406
monoclonal)
: Anti-alpha- : 1:5000
Antibody tubulin Sigma T8203 clone AA13
IRDye® ,
680RD Goat s
Antibody anti-Rabbit LI-COR RRID'AB 1:10000 dilution
I9G Second 10956166
ary Antibody
IRDye® 800 )
Antibody CW Donkey LI-COR gg,]g%_ 1:10000 dilution
anti-Mouse ’
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IgG
Secondary
Antibody

RRID:AB_62
1847
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Supplementary Table 1

Figure Cell line siRNA Comparison p-value

2A Firefly NMD(+) | Control Firefly NMD(+) reporter vs firefly 6.6e-12
control reporter

2A Renilla NMD(+) | Control Renilla NMD(+) reporter vs renilla 1.1e-12
control reporter

2A Firefly NMD(+) Control vs elF4A3 siRNA 2.2e-9

2A Renilla NMD(+) Control vs elF4A3 siRNA 3.8e-9

2B Firefly NMD(+) Firefly NMD(+) vs control, 2 hours | 8.5e-4

2B Firefly NMD(+) Firefly NMD(+) vs control, 4 hours | 7.6e-5

2B Renilla NMD(+) Renilla NMD(+) vs control, 2 hours | 1.8e-7

2B Renilla NMD(+) Renilla NMD(+) vs control, 4 hours | 2.6e-7

3A Firefly NMD(+) | Upf1 #5 Firefly NMD(+) reporter vs firefly 9.92e-6
control reporter

3A Firefly NMD(+) | Upf1 #7 Firefly NMD(+) reporter vs firefly .0138
control reporter

3A Renilla NMD(+) | Upf1 #5 Renilla NMD(+) reporter vs renilla 2.21e-7
control reporter

3A Renilla NMD(+) | Upf1 #7 Renilla NMD(+) reporter vs renilla 5.33e-7
control reporter

3A Firefly NMD(+) | Smg1 #5 Firefly NMD(+) reporter vs firefly 1.28e-7
control reporter

3A Firefly NMD(+) | Smg1 #7 Firefly NMD(+) reporter vs firefly 2.63e-5
control reporter

3A Renilla NMD(+) | Smg1 #5 Renilla NMD(+) reporter vs renilla 1.37e-9
control reporter

3A Renilla NMD(+) | Smg1 #7 Renilla NMD(+) reporter vs renilla 3.31e-5
control reporter

3A Firefly NMD(+) | Smg6 #9 Firefly NMD(+) reporter vs firefly .09

control reporter
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3A Firefly NMD(+) | Smg6 #10 | Firefly NMD(+) reporter vs firefly 2.30e-5
control reporter

3A Firefly NMD(+) | Smg6 #11 | Firefly NMD(+) reporter vs firefly 2.50e-3
control reporter

3A Firefly NMD(+) | Smg6 #12 | Firefly NMD(+) reporter vs firefly .108
control reporter

3A Renilla NMD(+) | Smg6 #9 Renilla NMD(+) reporter vs renilla .018
control reporter

3A Renilla NMD(+) | Smg6 #10 | Renilla NMD(+) reporter vs renilla 6.62e-5
control reporter

3A Renilla NMD(+) | Smg6 #11 | Renilla NMD(+) reporter vs renilla 4.43e-4
control reporter

3A Renilla NMD(+) | Smg6 #12 | Renilla NMD(+) reporter vs renilla 4.39e-8
control reporter

3A Firefly NMD(+) | elF4A3 Firefly NMD(+) reporter vs firefly 5.27e-9
control reporter

3A Renilla NMD(+) | elF4A3 Renilla NMD(+) reporter vs renilla 2.29e-9
control reporter

3B Firefly NMD(+) | control RNA vs protein 4.87e-8

3B Firefly NMD(+) | Smg1 #5 RNA vs protein 9.27e-10

3B Firefly NMD(+) | Smg6 #11 | RNA vs protein .00133

3B Firefly NMD(+) | elF4A3 RNA vs protein 3.12e-6

3B Renilla NMD(+) | control RNA vs protein 8.51e-11

3B Renilla NMD(+) | Smg1 #5 RNA vs protein 2.88e-10

3B Renilla NMD(+) | Smg6 #11 | RNA vs protein .00273

3B Renilla NMD(+) | elF4A3 RNA vs protein 3.72e-14

4B Firefly NMD(+) Firefly NMD(+) vs control, 30 min .76

4B Firefly NMD(+) Firefly NMD(+) vs control, 60 min .76

4B Firefly NMD(+) Firefly NMD(+) vs control, 120 min | .12

4B Renilla NMD(+) Renilla NMD(+) vs control, 30 min 18

4B Renilla NMD(+) Renilla NMD(+) vs control, 60 min .0099

4B Renilla NMD(+) Renilla NMD(+) vs control, 120 min | .0014

4C Firefly NMD(+) | Control +/- MG132 .62
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4C Firefly NMD(+) | elF4A3 +/- MG132 43
4C Renilla NMD(+) | Control +/- MG132 2.9e4
4C Renilla NMD(+) | elF4A3 +/- MG132 .71
3-figsup2 Firefly NMD(+) Firefly NMD(+) reporter vs firefly .015
clone 6.10 control reporter
3-figsup2 Renilla NMD(+) Renilla NMD(+) reporter vs renilla 2.7e-9
clone 2.3 control reporter
3-figsup2 Renilla NMD(+) Renilla NMD(+) reporter vs renilla 3.2e-9
clone 2.4 control reporter
3-figsup4 Firefly NMD(+) | Upf1 #5 RNA vs protein 7.53e-13
3-figsup4 Firefly NMD(+) | Upf1 #7 RNA vs protein 1.50e-12
3-figsup4 Firefly NMD(+) | Smg1 #7 RNA vs protein 5.14e-6
3-figsup4 Firefly NMD(+) | Smg6 #10 | RNA vs protein 8.28e-11
3-figsup4 Renilla NMD(+) | Upf1 #5 RNA vs protein 2.75e-12
3-figsup4 Renilla NMD(+) | Upf1 #7 RNA vs protein 2.08e-14
3-figsup4 Renilla NMD(+) | Smg1 #7 RNA vs protein 1.46e-7
3-figsup4 Renilla NMD(+) | Smg6 #10 | RNA vs protein 2.70e-13
3-figsup5B | Firefly NMD(+) 24 hours vs 48 hours .28
3-figsup5B | Firefly NMD(+) 24 hours vs 72 hours .744
3-figsup5B | Firefly NMD(+) 24 hours vs 96 hours .76
3-figsup5B | Firefly NMD(+) 24 hours vs 120 hours .384
3-figsup5B | Renilla NMD(+) 24 hours vs 48 hours 576
3-figsup5B | Renilla NMD(+) 24 hours vs 72 hours .008
3-figsup5B | Renilla NMD(+) 24 hours vs 96 hours 1
3-figsup5B | Renilla NMD(+) 24 hours vs 120 hours .024
3-figsup5C | Firefly NMD(+) RNA vs protein, 24 hours 3.80e-9
3-figsup5C | Firefly NMD(+) RNA vs protein, 120 hours 1.36e-7
3-figsup5C | Renilla NMD(+) RNA vs protein, 24 hours 6.32e-11
3-figsup5C | Renilla NMD(+) RNA vs protein, 120 hours 6.12e-9
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Supplementary Table 2

Figure Cell line siRNA Reporter Variable %
2A Firefly NMD(+) | Control Firefly NMD(+) 27.2
2A Firefly NMD(+) | elF4A3 Firefly NMD(+) 67.9
2A Renilla NMD(+) | Control Renilla NMD(+) 15.7
2A Renilla NMD(+) | elF4A3 Renilla NMD(+) 24.9
2B Control Firefly control 2 hours 96.5
2B Control Renilla control 2 hours 94.0
2B Control Firefly control 4 hours 42.3
2B Control Renilla control 4 hours 48.7
2B Firefly NMD(+) Firefly NMD(+) 2 hours 76.3
2B Firefly NMD(+) Renilla control 2 hours 92.8
2B Firefly NMD(+) Firefly NMD(+) 4 hours 29.9
2B Firefly NMD(+) Renilla control 4 hours 53.0
2B Renilla NMD(+) Firefly control 2 hours 90.8
2B Renilla NMD(+) Renilla NMD(+) | 2 hours 54.1
2B Renilla NMD(+) Firefly control 4 hours 31.4
2B Renilla NMD(+) Renilla NMD(+) | 4 hours 19.0
3A Firefly NMD(+) | Upf1 #5 Firefly NMD(+) 151
3A Firefly NMD(+) | Upf1 #7 Firefly NMD(+) 122
3A Renilla NMD(+) | Upf1 #5 Renilla NMD(+) 203
3A Renilla NMD(+) | Upf1 #7 Renilla NMD(+) 219
3A Firefly NMD(+) | Smg1 #5 Firefly NMD(+) 460
3A Firefly NMD(+) | Smg1 #7 Firefly NMD(+) 211
3A Renilla NMD(+) | Smg1 #5 Renilla NMD(+) 660
3A Renilla NMD(+) | Smg1 #7 Renilla NMD(+) 240
3A Firefly NMD(+) | Smg6 #9 Firefly NMD(+) 89.7
3A Firefly NMD(+) | Smg6 #10 | Firefly NMD(+) 147
3A Firefly NMD(+) | Smg6 #11 | Firefly NMD(+) 262
3A Firefly NMD(+) | Smg6 #12 | Firefly NMD(+) 116
3A Renilla NMD(+) | Smg6 #9 Renilla NMD(+) 130
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3A Renilla NMD(+) | Smg6 #10 | Renilla NMD(+) 138
3A Renilla NMD(+) | Smg6 #11 | Renilla NMD(+) 375
3A Renilla NMD(+) | Smg6 #12 | Renilla NMD(+) 139
3A Firefly NMD(+) | elF4A3 Firefly NMD(+) 573
3A Renilla NMD(+) | elF4A3 Renilla NMD(+) 744
3B Firefly NMD(+) | Control Firefly NMD(+) | RNA 16.2
3B Firefly NMD(+) | Control Firefly NMD(+) | Protein 5.59
3B Firefly NMD(+) | Smg1 #5 Firefly NMD(+) | RNA 39.2
3B Firefly NMD(+) | Smg1 #5 Firefly NMD(+) | Protein 27.4
3B Firefly NMD(+) | Smg6 #11 | Firefly NMD(+) | RNA 34.8
3B Firefly NMD(+) | Smg6 #11 | Firefly NMD(+) | Protein 15.6
3B Firefly NMD(+) | elF4A3 Firefly NMD(+) | RNA 41.2
3B Firefly NMD(+) | elF4A3 Firefly NMD(+) | Protein 34.1
3B Renilla NMD(+) | Control Renilla NMD(+) | RNA 8.68
3B Renilla NMD(+) | Control Renilla NMD(+) | Protein 2.32
3B Renilla NMD(+) | Smg1 #5 Renilla NMD(+) | RNA 23.2
3B Renilla NMD(+) | Smg1 #5 Renilla NMD(+) | Protein 14.8
3B Renilla NMD(+) | Smg6 #11 | Renilla NMD(+) | RNA 17.3
3B Renilla NMD(+) | Smg6 #11 | Renilla NMD(+) | Protein 8.40
3B Renilla NMD(+) | elF4A3 Renilla NMD(+) | RNA 35.7
3B Renilla NMD(+) | elF4A3 Renilla NMD(+) | Protein 16.7
4A Control Firefly control 30 min 80.8
4A Control Renilla control 30 min 82.4
4A Control Firefly control 60 min 825
4A Control Renilla control 60 min 795
4A Control Firefly control 120 min 64.9
4A Control Renilla control 120 min 58.8
4A Control Firefly control 360 min 34.1
4A Control Renilla control 360 min 27.7
4A Firefly NMD(+) Firefly NMD(+) | 30 min 83.6
4A Firefly NMD(+) Renilla control 30 min 83

4A Firefly NMD(+) Firefly NMD(+) | 60 min 70.6
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4A Firefly NMD(+) Renilla control 60 min 69.7
4A Firefly NMD(+) Firefly NMD(+) | 120 min 58.7
4A Firefly NMD(+) Renilla control 120 min 59.1
4A Firefly NMD(+) Firefly NMD(+) | 360 min 282
4A Firefly NMD(+) Renilla control 360 min 293
4A Renilla NMD(+) Firefly control 30 min 83.9
4A Renilla NMD(+) Renilla NMD(+) | 30 min 80.8
4A Renilla NMD(+) Firefly control 60 min 78.2
4A Renilla NMD(+) Renilla NMD(+) | 60 min 66.5
4A Renilla NMD(+) Firefly control 120 min 725
4A Renilla NMD(+) Renilla NMD(+) | 120 min 57
4A Renilla NMD(+) Firefly control 360 min 38.9
4A Renilla NMD(+) Renilla NMD(+) | 360 min 385
4C Firefly NMD(+) | Control Firefly NMD(+) | - MG132 8.19
4C Firefly NMD(+) | Control Firefly NMD(+) | + MG132 8.76
4C Firefly NMD(+) | elF4A3 Firefly NMD(+) | - MG132 50.7
4C Firefly NMD(+) | elF4A3 Firefly NMD(+) | + MG132 45.8
4C Renilla NMD(+) | Control Renilla NMD(+) | - MG132 1.94
4C Renilla NMD(+) | Control Renilla NMD(+) | + MG132 3.77
4C Renilla NMD(+) | elF4A3 Renilla NMD(+) | - MG132 14.7
4C Renilla NMD(+) | elF4A3 Renilla NMD(+) | + MG132 14.0
3-figsup2 Firefly NMD(+) Firefly NMD(+) 15.4
clone 6.10
3-figsup2 Renilla NMD(+) Renilla NMD(+) 1.36
clone 2.3
3-figsup2 Renilla NMD(+) Renilla NMD(+) 1.10
clone 2.4
3-figsup4 Firefly NMD(+) | Control Firefly NMD(+) | RNA 16.2
3-figsup4 Firefly NMD(+) | Control Firefly NMD(+) | Protein 5.59
3-figsup4 Firefly NMD(+) | Upf1 #5 Firefly NMD(+) | RNA 20.8
3-figsup4 Firefly NMD(+) | Upf1 #5 Firefly NMD(+) | Protein 8.99
3-figsup4 Firefly NMD(+) | Upf1 #7 Firefly NMD(+) | RNA 18.3
3-figsup4 Firefly NMD(+) | Upf1 #7 Firefly NMD(+) | Protein 7.23
3-figsup4 Firefly NMD(+) | Smg1 #7 Firefly NMD(+) | RNA 26.0
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3-figsup4 Firefly NMD(+) | Smg1 #7 Firefly NMD(+) | Protein 12.5
3-figsup4 Firefly NMD(+) | Smg6 #10 | Firefly NMD(+) | RNA 21.2
3-figsup4 Firefly NMD(+) | Smg6 #10 | Firefly NMD(+) | Protein 8.75
3-figsup4 Renilla NMD(+) | Control Renilla NMD(+) | RNA 8.68
3-figsup4 Renilla NMD(+) | Control Renilla NMD(+) | Protein 2.32
3-figsup4 Renilla NMD(+) | Upf1 #5 Renilla NMD(+) | RNA 16.2
3-figsup4 Renilla NMD(+) | Upf1 #5 Renilla NMD(+) | Protein 4.57
3-figsup4 Renilla NMD(+) | Upf1 #7 Renilla NMD(+) | RNA 15.8
3-figsup4 Renilla NMD(+) | Upf1 #7 Renilla NMD(+) | Protein 4.95
3-figsup4 Renilla NMD(+) | Smg1 #7 Renilla NMD(+) | RNA 13.0
3-figsup4 Renilla NMD(+) | Smg1 #7 Renilla NMD(+) | Protein 5.41
3-figsup4 Renilla NMD(+) | Smg6 #10 | Renilla NMD(+) | RNA 9.95
3-figsup4 Renilla NMD(+) | Smg6 #10 | Renilla NMD(+) | Protein 3.1
3-figsup5A Control #1 Firefly control 48 hours 200
3-figsup5A Control #1 Firefly control 72 hours 167
3-figsup5A Control #1 Firefly control 96 hours 208
3-figsup5A Control #1 Firefly control 120 hours 236
3-figsup5A Control #2 Firefly control 48 hours 168
3-figsup5A Control #2 Firefly control 72 hours 159
3-figsup5A Control #2 Firefly control 96 hours 259
3-figsup5A Control #2 Firefly control 120 hours 264
3-figsup5A Firefly NMD(+) Firefly NMD(+) | 48 hours 159
3-figsup5A Firefly NMD(+) Firefly NMD(+) | 72 hours 215
3-figsup5A Firefly NMD(+) Firefly NMD(+) | 96 hours 298
3-figsup5A Firefly NMD(+) Firefly NMD(+) | 120 hours 338
3-figsup5A Renilla NMD(+) Firefly control 48 hours 199
3-figsup5A Renilla NMD(+) Firefly control 72 hours 170
3-figsup5A Renilla NMD(+) Firefly control 96 hours 210
3-figsup5A Renilla NMD(+) Firefly control 120 hours 240
3-figsup5A Control #1 Renilla control 48 hours 181
3-figsup5A Control #1 Renilla control 72 hours 185
3-figsup5A Control #1 Renilla control 96 hours 223
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3-figsup5A Control #1 Renilla control 120 hours 264
3-figsup5A Control #2 Renilla control 48 hours 183
3-figsup5A Control #2 Renilla control 72 hours 196
3-figsup5A Control #2 Renilla control 96 hours 276
3-figsup5A Control #2 Renilla control 120 hours 294
3-figsup5A Firefly NMD(+) Renilla control 48 hours 199
3-figsup5A Firefly NMD(+) Renilla control 72 hours 246
3-figsup5A Firefly NMD(+) Renilla control 96 hours 305
3-figsup5A Firefly NMD(+) Renilla control 120 hours 336
3-figsup5A Renilla NMD(+) Renilla NMD(+) | 48 hours 202
3-figsup5A Renilla NMD(+) Renilla NMD(+) | 72 hours 162
3-figsup5A Renilla NMD(+) Renilla NMD(+) | 96 hours 214
3-figsup5A Renilla NMD(+) Renilla NMD(+) | 120 hours 208
3-figsup5B Firefly NMD(+) Firefly NMD(+) | 24 hours 4.26
3-figsup5B Firefly NMD(+) Firefly NMD(+) | 48 hours 3.6
3-figsup5B Firefly NMD(+) Firefly NMD(+) | 72 hours 4.6
3-figsup5B Firefly NMD(+) Firefly NMD(+) | 96 hours 4.78
3-figsup5B Firefly NMD(+) Renilla NMD(+) | 120 hours 5.03
3-figsup5B Renilla NMD(+) Renilla NMD(+) | 24 hours 3.53
3-figsup5B Renilla NMD(+) Renilla NMD(+) | 48 hours 3.1
3-figsup5B Renilla NMD(+) Renilla NMD(+) | 72 hours 2.77
3-figsup5B Renilla NMD(+) Renilla NMD(+) | 96 hours 3.27
3-figsup5B Renilla NMD(+) Renilla NMD(+) | 120 hours 2.68
3-figsup5C Firefly NMD(+) Firefly NMD(+) | 24 hours, 17.2
RNA
3-figsup5C Firefly NMD(+) Firefly NMD(+) | 24 hours, 4.26
protein
3-figsup5C Firefly NMD(+) Firefly NMD(+) | 120 hours, 17.6
RNA
3-figsup5C Firefly NMD(+) Firefly NMD(+) | 120 hours, 5.03
protein
3-figsup5C Renilla NMD(+) Renilla NMD(+) | 24 hours, 141
RNA
3-figsup5C Renilla NMD(+) Renilla NMD(+) | 24 hours, 3.53
protein
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3-figsup5C Renilla NMD(+) Renilla NMD(+) | 120 hours, 10.7
RNA

3-figsup5C Renilla NMD(+) Renilla NMD(+) | 120 hours, 2.68
protein
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Chapter 4: The origins and consequences of UPF1 variants in pancreatic adeno-squamous

carcinoma

This chapter has been adapted from a previously published manuscript:

Polaski, J. T., Udy, D. B., Escobar-Hoyos, L. F., Askan, G., Leach, S. D., Ventura, A., Kannan,
R., & Bradley, R. K. (2021). The origins and consequences of UPF1 variants in pancreatic

adenosquamous carcinoma. eLife, 10, €62209. https://doi.org/10.7554/eLife.62209

For this previously published manuscript, my contributions include study design and conducting
some specific experiments, primarily measuring NMD reporter mRNA levels with gqRT-PCR in the
edited human 293T cell lines. The majority of the other experimental work for this chapter was
performed by Jake Polaski and Ram Kannan. Jake Polaski did most of the writing for the
published manuscript, while | re-wrote the manuscript from a different perspective for this chapter.
The figures, figure legends, methods, and Key Resources Table are unchanged from the original

publication.
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Abstract

Pancreatic adenosquamous carcinoma (PASC) is an aggressive cancer whose mutational origins
are poorly understood. An early study reported high-frequency somatic mutations affecting UPF1,
a nonsense-mediated mMRNA decay (NMD) factor, in PASC, but subsequent studies did not
observe these lesions. The corresponding controversy about whether UPF1 mutations are
important contributors to PASC has been exacerbated by a paucity of functional studies. Here,
we modeled two UPF1 mutations in human and mouse cells to find no significant effects on
pancreatic cancer growth, acquisition of adenosquamous features, UPF1 splicing, UPF1 protein,
or NMD efficiency. We subsequently discovered that 45% of UPF1 mutations reportedly present
in PASCs are identical to standing genetic variants in the human population, suggesting that they
may be non-pathogenic inherited variants rather than pathogenic mutations. Our data suggest
that UPF1 is not a common functional driver of PASC and motivate further attempts to understand

the genetic origins of these malignancies.
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Introduction

Pancreatic adenosquamous carcinoma (PASC) has a worse prognosis and higher metastatic
potential than the closely related pancreatic adenocarcinoma. Although rare, this cancer is
extremely aggressive and difficult to treat, with a median survival of only eight months (Simone et
al., 2013). Despite the seriousness of the disease, there has been minimal progress made in
determining the distinct genetic and molecular features of PASC. A key issue has been the lack
of unique mutations identified specifically for PASC. Specific genes have been characterized as
altered in PASC (Kardon et al., 2001; Murakami et al., 2003; Brody et al., 2009), but such genes
have also been shown to be altered in other types of pancreatic cancer. Thus, unique mutations
specific to PASC have remained elusive.

A recent study appeared to have finally identified a gene with mutations specific to PASC that
could drive the cancer phenotype. Liu et al., 2014 described somatic mutations in the gene UPF1
that were found specifically in PASC tumors but not in the adjacent normal pancreatic tissue,
suggesting that the mutations were tumor specific and could potentially be driver mutations. 18
out of 23 PASC patients had these mutations in the tumor tissue, while none had the mutations
in adjacent normal pancreatic tissue. Additionally, the mutations were not found in tumor tissue
from non-adenosquamous pancreatic carcinomas or lung squamous cell carcinomas, evidence
of the specificity of the mutations to PASC.

These mutations in UPF1 were found after other data from PASC patient samples indicated
that the NMD pathway may be not functioning at full capacity in PASC tumor cells. RT-PCR of
the TP53 mRNA showed an alternatively spliced isoform that accumulated specifically in the
tumor tissue. This isoform had a PTC that would be predicted to lead to NMD of the transcript; its
accumulation in tumor tissue but not adjacent normal tissue suggested that NMD could be
inhibited in some way in the PASC tumor. The authors then looked for mutations in UPF1, UPF2,

UPF3A, and UPF3B in PASC patient tumor samples and found mutations only in UPF1.
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There were many point mutations found in the UPF1 gene and they were concentrated in two
areas: exon10-intron10-exon11 and exon21-exon23. Because the point mutations were
distributed throughout exons and introns, the authors predicted that they could be disrupting
splicing of the UPF1 mRNA. To test this, they generated minigene constructs of the mutation-
heavy UPF1 regions with specific point mutations found in patient samples. When expressed in
293T cells, the mutated minigenes showed varying degrees of alternative splicing, indicating that
the PASC specific mutations can induce UPF1 alternative splicing. The mutations lead to either
exon skipping or truncation of UPF1, which could lead to non-functional or change of function
UPF1 protein. Such changes could lead to impaired NMD and potentially be the basis for driving
the unique PASC phenotype.

The striking and provocative nature of these findings—that recurrent UPF1 mutations could
drive PASC and NMD inhibition could be a hallmark of the disease—Iled us and other groups to
investigate the results more carefully. Multiple groups sequenced tumor samples from PASC
patient cohorts and did not find any somatic mutations in UPF1 (0/34 PASC samples) (Fang et
al., 2017; Hayashi et al., 2020; Witkiewicz et al., 2015), in stark contrast to the 18/23 PASC
samples found to have such mutations in Liu et al. The recurrent nature of the UPF1 mutations in
the Liu et al. cohorts was part of the striking nature of that data, and the lack of concurrence with
the subsequent cohorts from other groups called into question the ubiquity of UPF1 mutations in
PASC.

We sought to further investigate the nature of the UPF1 mutations identified in Liu et al. and
their effect on UPF1 splicing, UPF1 protein structure and levels, and downstream effects on NMD.
We also sought to directly test if mis-spliced UPF1 can drive the aggressive PASC tumor

phenotype in vivo using engineered cell lines and a mouse model.
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Results

UPF1 mutations do not affect pancreatic tumorigenesis in vivo

We first tested how the reported UPF1 mis-splicing affects pancreatic tumorigenesis in vivo using
engineered cell lines injected into the pancreata of mice. The majority of the UPF1 mutations
found in PASC tumor samples in Liu et al. were in exon 10, intron 10, and exon 11, and were
shown to induce skipping of UPF1 exons 10 and 11 in the minigene reporter assays. The UPF1
open reading frame remained in-frame after the deletion of exons 10 and 11, leading to a
predicted full-length protein product with part of the UPF1 RNA helicase domain missing (Figure
1A). The RNA helicase domain is essential for NMD activity (Lee et al., 2015), and thus NMD
activity could be affected by the disruption of this domain induced by specific point mutations in
UPF1.

To replicate this UPF1 exon-skipping isoform, we designed paired guide RNAs that flank
UPF1 exons 10 and 11 (Figure 1A), such that expression of Cas9 would induce excision of those
exons and deletion of that part of the RNA helicase domain in the UPF1 protein. In order to do
this in vivo, we used a mouse pancreatic cancer cell line for the genome editing. The KPC
(Kras®'?®; Trp53R172Hmull: Pdx1-Cre) cells were chosen because they have mutations in other
genes commonly mutated in PASC tumors (Borazanci et al., 2015; Fang et al., 2017; Hayashi et
al., 2020), and are the most genetically appropriate cell line to use.

Although engineering the specific UPF1 point mutations found in PASC tumors in Liu et al.
would have more closely modelled the genetics of the PASC patients, we chose to directly delete
UPF1 exons 10 and 11 for multiple reasons. First, there were so many mutations in that region of
UPF1 that it would have been technically infeasible to engineer them all into cell lines and do in
vivo mouse experiments. Second, the minigene reporter experiments from Liu et al. showed the
same exon skipping phenotype regardless of which mutations from which patient sample were

used in the minigene, suggesting that the deletion of the exons is the most important aspect of
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the mutations. Third, it was unknown if the mouse UPF1 gene structure would lead to the same
exon skipping phenotype with the annotated mutations, especially in the intronic region where
there was less conservation in the nucleotide sequence between mouse and human. Fourth, we
had planned to further investigate the relationship between specific annotated point mutations
and the UPF1 exon skipping isoform in complementary experiments in human cells, and thus
wanted to focus solely on how the novel UPF1 isoform affected tumorigenesis in vivo for these
experiments.

We delivered the UPF1 paired guide RNAs to KPC cells using a recombinant adenoviral
vector system and confirmed that the genome editing led to deletion of UPF1 exons 10 and 11 in
both genomic DNA and mRNA (Figure 1—figure supplement 1A-B). Additionally, we confirmed
that there was the expected decrease in full-length UPF1 protein levels and observed what were
likely unstable isoforms over a range of sizes in the UPF1 pgRNA treated cells (Figure 1—figure
supplement C). The broad range of sizes for the shorter UPF1 isoforms likely result from
destabilization of the protein due to the deletion of exons 10 and 11.

We injected control and UPF1-edited KPC cells into the pancreas of B6 albino mice (n=10
mice per group) and measured tumor growth and survival over time (Figure 1B). Although there
was a modest increase in average tumor size over time in the mice with UPF1-edited KPC cells,
the increase was not statistically significant (Figure 1C). There were also no obvious differences
in survival of the mice injected with control or UPF1-edited KPC cells after monitoring the mice
for seven weeks (Figure 1D). The histology of control vs UPF1-edited tumors was identical and
did not display any features of squamous cell differentiation as would be expected in PASC tumors
(Figure 1E-H). These data led us to conclude that deleting exons 10 and 11 in UPF1 did not affect
pancreatic tumor growth or cancer cell differentiation in this model system.

These mouse tumorigenesis experiments did come with caveats. The use of an alternative
cell type to model UPF1 exon skipping could have led to different results, although the KPC cells

used were deemed to best cell type available. Additionally, it is possible that doing these same
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types of experiments in vitro by simply measuring tumor cell growth in culture could have led to
significantly different results. The complex tumor microenvironment likely has unexpected
influences on tumor cell growth that are difficult to predict. Finally, the fraction of UPF1 genes with
exons 10 and 11 deleted was possible to estimate before injecting the tumor cells into the mice,
but it's possible that the fraction changed in vivo and that change influenced the effect on
tumorigenesis. It is also hard to predict the fraction of cells from PASC patient tumors that had
UPF1 mutations and the fraction of total UPF1 protein that had exons deleted, making it
technically infeasible to directly replicate those fractions in our in vivo mouse tumorigenesis

experiments.

UPF1 intronic mutations do not lead to exon skipping or NMD inhibition
One of the most striking pieces of data from Liu et al. was from the minigene assay in which every
reported UPF1 mutation that was tested led to some degree of UPF1 mis-splicing. All mutations
found in the exon10-intron10-exon11 region that were used in the minigene assay led to varying
degrees of exclusion of UPF1 exons 10 and 11, which was surprising given the distribution of the
mutations in that region (including some that were only in intron 10). A big caveat of these data
was the use of minigenes to assess splicing. The minigene consisted of just a small piece of the
UPF1 gene (exon10-intron10-exon11 and flanking intronic sequences) cloned into a plasmid,
which was then transfected into 293T cells and assessed for splicing with RT-PCR. Although
minigenes are commonly used, they lack some of the sequence features found in endogenous
transcripts that could modulate splicing and are not associated with chromatin like endogenous
genes are, and thus are often not spliced as efficiently as endogenous RNA transcripts (Luco et
al., 2011; Naftelberg et al., 2015).

We sought to evaluate the impact of some of the reported UPF1 mutations on UPF1 splicing
in a more natural context than minigenes to determine whether the reported mis-splicing is truly

a function of the point mutations or rather an unintended consequence of the less efficient
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minigene splicing. To do this, we used CRISPR/Cas9 genome engineering to introduce two of the
reported mutations into the endogenous UPF1 gene in human 293T cells. We chose two distinct
UPF1 mutations for two separate engineered cell lines. We chose the IVS10+31G>A (patient 1;
P1) mutation because it was recurrent among three patients and induced modest levels of UPF1
mis-splicing (36% mis-spliced RNA). We also chose IVS10-17G>A (patient 9; P9) mutation
because it led to extremely strong mis-splicing (90% mis-spliced RNA).

We also chose those two specific mutations for additional reasons. Both mutations were found
in intron 10, so there would be no change to the amino acid sequence of UPF1 protein. Any
observed changes in NMD would be a result of the UPF1 mis-splicing rather than change of UPF1
function due to amino acid changes. Both mutations were also found to occur by themselves;
patients 1 and 9 did not have any other mutations in UPF1. It would not be difficult to engineer
multiple mutations into the same cell line, but, based on the sequencing data from Liu et al., for
patients with multiple mutations it’s not clear which mutations occur together on the same allele
and which are on separate alleles. For the minigenes that were constructed with multiple
mutations, it's not clear if those mutations occurred together on the same allele endogenously in
patients and presents another confounding issue with the minigene assays. For the P1 and P9
mutations we chose, the sequencing data from Liu et al. clearly showed that P1 was homozygous
in two of the three patients and P9 was heterozygous in the one patient it occurred in. We aimed
to replicate that zygosity in the engineered cell lines.

To engineer these reported mutations into 293T cells (the same cell line used for the minigene
assay in Liu et al.) we designed an sgRNA targeting UPF1 intron 10 and transiently transfected a
plasmid expressing the sgRNA and Cas9, along with donor DNA with homology to that region of
UPF1 and the point mutations of interest, into 293T cells. To prevent Cas9 from continuing to cut
even after successful homology-directed repair (HDR), the donor DNA also contained a mutation
that disrupts the protospacer adjacent motif (PAM) site. Successful HDR was confirmed by

establishing monoclonal cell lines and sequencing the UPF1 intron 10 regions. We were able to
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engineer a monoclonal line homozygous for the P1 mutation, heterozygous for the P9 mutation,
and homozygous for only the PAM mutation as a control. We sought to determine the functional
consequences of the UPF1 mutations using these cell lines.

To determine if the patient-derived mutations affected UPF1 splicing we performed RT-PCR
on RNA samples from the monoclonal cell lines. We only observed bands corresponding to
normal UPF1 splicing with RT-PCR (Figure 2F and Figure 2—figure supplement 1E), suggesting
that the mutations in an endogenous context don’t affect UPF1 splicing. We included a positive
control sample with just DNA corresponding to the mis-spliced UPF1 isoform seen in Liu et al.,
which produced a band at a smaller size that was not seen in any of our monoclonal cell line
samples (Figure 2F). Additionally, we performed high-coverage RNA-seq on RNA from each of
the three monoclonal cell lines to look for any reads indicative of UPF1 mis-splicing, specifically
reads spanning the exon9-exon12 junction expected if exons 10 and 11 were being skipped. The
RNA-seq mapping showed only normal splice junctions for that region of UPF1 for all samples
(Figure 2G), corroborating the RT-PCR results.

The normal splicing in the engineered cell lines harboring UPF1 point mutations was
surprising to us given the changes observed in Liu et al. Although we did not expect to see a
shorter UPF1 protein isoform corresponding to the deletion of exons 10 and 11 in the monoclonal
lines due to the lack of mis-spliced UPF1 mRNA, we blotted for UPF1 protein to see if the
mutations led to any changes in abundance or other isoform levels. There was some variation in
UPF1 protein levels among the three monoclonal cell lines (Figure 2E, Figure 2—figure
supplement 1D) and among the biological replicates of each cell line, but these differences were
not significant and did not correlate with UPF1 mutational status. This suggests that the
engineered point mutations have no effect on UPF1 protein levels.

As a final test to determine if the patient-derived UPF1 point mutations had any functional
consequence on cell physiology, we measured NMD efficiency in these cell lines. We started by

using a well characterized NMD reporter system to measure NMD efficiency. The two reporters
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use the beta-globin gene sequence and are identical except for a single point mutation that leads
to a PTC at amino acid position 39 of the NMD(+) reporter (Figure 2A), which is sufficiently far
enough upstream of an intron to induce NMD of the transcript (Zhang et al., 1998). The
corresponding NMD(-) reporter has only a normal termination codon downstream of all introns
and is not degraded by NMD. We transiently transfected these reporters into our monoclonal cell
lines, measured the relative levels of both reporters, and normalized the levels to the PAM control
monoclonal cell line samples (Figure 2A). There was no evidence of reduced NMD efficiency in
the UPF1 point mutation cell lines; the modest changes actually showed increased NMD
efficiency in the mutant cell lines vs the PAM control cell line, but the changes were not statistically
significant (Figure 2A).

Transient transfections have been shown to affect NMD efficiency in 293T cell lines
(Gerbracht et al., 2017), which may have confounded our NMD efficiency measurement with the
beta-globin NMD reporters. Therefore, we also assessed NMD efficiency of endogenous NMD
substrates in the monoclonal cell lines. We performed RNA-seq and focused on quantifying
alternatively spliced endogenous transcripts that are targeted by NMD, which are common in the
human transcriptome (Mendell et al., 2004). The UPF1 mutant cell lines did not contain increased
levels of endogenous NMD substrates (Figure 2B-D), and actually contained somewhat
decreased levels of endogenous NMD substrates relative to the PAM control cell line. These data
match the results from the transient transfection experiments, with the modest differences in NMD
efficiency attributable to clonal variability (Grav et al., 2018). Combined, these molecular assays
provide robust evidence that the patient-derived UPF1 point mutations in their endogenous

context do not have a functional impact on NMD.

Reported UPF1 point mutations are genetic variants rather than somatic mutations
The lack of functional impact on NMD for the tested UPF1 point mutations contrasted with the

results from Liu et al. and led us to consider if some of the reported mutations could represent

148



inherited genetic variation rather than oncogenic somatic mutations. The absence of the reported
mutations from other PASC studies (Fang et al., 2017; Hayashi et al., 2020; Witkiewicz et al.,
2015) and their manifestation in intronic sequence, which is known to be more susceptible to
genetic variation since introns are under fewer evolutionary constraints (Chorev and Carmel,
2012), supported this hypothesis.

To determine if the reported mutations correspond to previously annotated genetic variants,
we searched for each of the mutations in databases from the 1000 Genomes Project, NHLBI
Exome Sequencing Project, Exome Aggregation Consortium (ExXAC), and the genome
aggregation database (gnomAD) (Auton et al., 2015; Karczewski et al., 2020; Exome Aggregation
Consortium et al., 2016; Server EV, 2016). Of the 40 reported UPF1 mutations, 18 (45%) were
found as genetic variants in those databases (Figure 3A-F). One mutation was even found in the
human reference genome (Figure 3E). 16 out of the 18 UPF1-patient samples from Liu et al. had
at least one mutation that was found in the databases as standing genetic variation (Figure 3A-
F). The reported intronic mutations were enriched for standing genetic variation, while the
reported exonic mutations were not, consistent with the concept that exons have less genetic
variation due to the extra evolutionary constraint of coding for amino acids and protein sequence.

If the reported UPF1 mutations caused UPF1 mis-splicing and decreased NMD efficiency, it
would be surprising to find such a large fraction of them as standing genetic variation. NMD is an
essential process and UPF1 is an essential gene in mammals (Medghalchi et al., 2001), so
mutations that have the reported functional consequences could not manifest as genetic variants.
However, out results showing that the mutations we tested did not mimic the functional
consequences reported in Liu et al. is one way to reconcile this discrepancy.

This finding that some of the reported mutations represent standing genetic variation
suggested to us that the mutations may not have actually been somatic in nature as reported by
Liu et al. We attempted to obtain primary sequencing data for both tumor and matched normal

tissue samples to investigate further, but this data was not available. Without this sequencing data
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to confirm the somatic nature of the mutations, it seems likely that the reported UPF1 mutations
are inherited genetic variants present in both normal and tumor tissue, and the mutations do not
functionally impact NMD or drive the PASC phenotype.

In a final attempt to determine if any UPF1 mutations could be mutated in PASC and
functionally contribute to driving the cancer, we reanalyzed sequencing data from Fang et al.,
2017 to look for low frequency UPF1 mutations that may not have been initially identified. We did
identify somatic UPF1 mutations in 6 out of 17 patient samples. None of the mutations were the
same as those reported in Liu et al. and most of them were at such a low allele frequency that
they would not be expected to be driver mutations. Additionally, 3 out of 34 samples from non-
adenosquamous pancreatic tumors had UPF1 mutations, in contrast to the reported 0 out of 29
non-adenosquamous pancreatic tumor samples analyzed in Liu et al. with UPF1 mutations. This
indicates that UPF1 is not a PASC-specific mutational target and that UPF1 mutations that do

arise in PASC are not driving the aggressive PASC phenotype.
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Discussion

The lack of distinct genetic features associated with PASC, specifically which unique mutations
could drive the disease phenotype, has hindered ongoing efforts to treat this aggressive cancer.
The provocative findings from Liu et al. suggesting that mutations in UPF1 and aberrant NMD
could be these elusive features was at first an apparent boon to the field, but has since become
confounding and at odds with subsequent PASC studies. Our data herein provide an explanation
for the discrepancies among the previous studies. We show that the specific splicing change in
UPF1 found in Liu et al. does not lead to more aggressive tumors in vivo, the specific reported
UPF1 point mutations do not lead to UPF1 mis-splicing or decreased NMD efficiency, and many
of the reported mutations have been previously annotated as genetic variation in the human
genome. Together, our results provide strong evidence that the reported mutations are not driving
the PASC phenotype.

There are still outstanding questions regarding the reported UPF1 mutations and the
associated data for which we don’t have an explanation. One is why the matched normal tissue
samples were reported to have no UPF1 mutations if the mutations do indeed represent genetic
variation. Because the samples and sequencing data are no longer available, we can only
speculate. One possibility is that the tumor samples and matched normal samples were
processed differently after obtaining them from patients, with the tumor samples being preserved
in such a way that led to DNA damage and accumulation of mutations that never existed in vivo.
This would mean the mutations are not genetic variation, but rather an artifact of sample
processing. Another possibility is that the reported mutations are specific to the tumor sample,
but they represent passenger mutations rather than driver mutations. This would be consistent
with the high mutational burden found in many tumors (Chalmers et al., 2017). Both of these
explanations are consistent with the reported mutations not causing UPF1 mis-splicing and NMD

inhibition.
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The original piece of data from Liu et al. that motivated the search for mutations in NMD factors
was the mis-spliced TP53 isoform that was predicted to be degraded by NMD but accumulated
specifically in tumor tissue. This piece of data is consistent with less efficient NMD in the tumor,
although likely not due to the reported UPF1 mutations. This raises the possibility that aberrant
NMD could be a unique molecular feature of PASC, although the evidence for this is minute given
that the mis-spliced TP53 was only observed in one PASC patient sample. Additionally, inhibition
of NMD is known to promote tumorigenesis (Wang et al., 2011), so this would not be unique to
PASC. Another possibility is that inefficient NMD is an effect of the tumor rather than a primary
cause of it. Further work is needed to establish the relationship between NMD inhibition and
PASC.

One caveat with our experiments to see how the reported mutations affect UPF1 splicing is
that we engineered the mutations into 293T cells rather than a more relevant pancreatic cancer
cell line. It's possible that the mutations only induce UPF1 mis-splicing in specific genetic and
molecular contexts, although if so, it may have been difficult to replicate those contexts in cell
culture with any cell type. We chose 293T cells because those were the same cells used for the
minigene experiments conducted in Liu et al. and we wanted to replicate those conditions as
closely as possible. We obtained significantly different results from the minigene experiments,
suggesting that the UPF1 mis-splicing seen by Liu et al. was a function of the less efficient splicing
associated with minigenes. We predict that we would have also seen no UPF1 mis-splicing if we
had engineered the reported mutations into a more relevant pancreatic cancer cell type.

Our work has shown the necessity of being scrupulous when analyzing previously published
data and highlights the need for continuous scrutiny with studies of this nature. It is still unclear
what, if any, relationship NMD has with PASC, but future work will probe the molecular basis of

this disease further and illuminate potential avenues for treatment.
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Materials and Methods

Construction of mouse KPC cells carrying a deletion of Upf1 exons 10 and 11
Mouse KPC cells (Kras®'??; Trp53R'72Hnl: pgx1-Cre) were obtained from Dr. Robert Vonderheide
and were cultured in DMEM (GIBCO) supplemented with 10% fetal bovine serum (FBS) and 1%
Penicillin/Streptomycin (GIBCO). All cell lines were incubated at 37°C and 5% CO,. Guide RNAs
targeting mouse Upf1 introns 9 and 11 were cloned into a paired guide expression vector (px333)
as previously described (Maddalo et al., 2014). An EcoRI-Xhol fragment containing the double
U6-sgRNA cassette and Flag-tagged Cas9 was then ligated into the EcoRI-Xhol-digested pacAd5
shuttle vector. Recombinant adenoviruses were generated by Viraquest (Ad-Upf1 and Ad-Cas9)
or purchased from the University of lowa (Ad-Cre). KPC cells were infected with (5 x 10° PFU) of
Ad-Cas9 or Ad-Upf1 in each well of a 6-well plate.

Genomic DNA was extracted 48 hr post infection to confirm excision of Upf1 exons 10 and
11. For PCR analysis of genomic DNA, cells were collected in lysis buffer (100 nM Tris-HCI at pH
8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl supplemented with fresh proteinase K at a final
concentration of 100 ng/mL). Genomic DNA was extracted with phenol-chloroform—isoamylic
alcohol and precipitated in ethanol, and the DNA pellet was dried and resuspended in double-
distilled water. For RT-PCR, total RNA was extracted with TRIzol (Life Technologies) following
the manufacturer’s instructions. cDNA was synthesized using SuperScript Il (ThermoFisher)

following the manufacturer’s instructions.

Immunoblots in mouse KPC cells

Cells were lysed in 1X RIPA buffer with protease and phosphatase inhibitors. Fifteen micrograms
of protein was separated on 4-10% acrylamide/bisacrylamide gels, transferred onto PVDF
membranes, and blocked for 1 hr in 5% milk in 1x TBST. The membranes were incubated with

rabbit UPF1 antibody (CST #9435) used at 1:1000 dilution in 5% BSA 1x TBST overnight at 4°C
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or mouse Tubulin (Sigma T9206) used at 1:2000 dilution in 5% milk 1x TBST for 1 hr at room
temperature. Following primary antibody incubation, the membranes were washed three times
with 1x TBST buffer at room temperature and probed with rabbit or mouse horseradish
peroxidase-linked secondary antibody (1:5000; ECL NA931 mouse, NA934V Rabbit). The
western blot signal was detected using the ECL Prime (RPN322) kit and the blot was exposed to

an X-Ray film, which was developed using the Konica Minolta SRX 101A film processor.

Tumorigenicity and metastasis assays

KPC cells carrying Upf1 AE10-11 or an empty Cas9 control were mixed in 1:1 Matrigel (BD
Biosciences) and simple media to a final concentration of 100,000 cells in 30 uL of total volume.
Cells were orthotopically implanted into the tails of the pancreata of B6 albino mice (Charles
River). Ten mice were implanted with each stable, genetically engineered cell line. Tumor growth
was measured weekly via 3D-ultrasound starting at 10 days post-implantation. For survival
assessment, animals were sacrificed following the endpoints approved by IACUC: (i) animals
showing signs of significant discomfort, (ii) ascites or overt signs of tumor metastasis or
gastrointestinal bleeding (blood in stool), (iii) animals losing >15% of their body weight, and (iv)
animals with tumors >2 cm in diameter. Investigators responsible for monitoring and measuring
the xenografts of individual tumors were not blinded. All animal studies were performed in
accordance with institutional and national animal regulations. Animal protocols were approved by
the Memorial Sloan-Kettering Cancer Center Institutional Animal Care and Use Committee (14-
08-009 and 11-12-029). Power analysis was used to determine appropriate sample size to detect
significant changes in animal median survival, which was based on previous survival analyses

(Escobar-Hoyos et al., 2020). Survival curves and statistics were performed using PRISM.

Immunohistochemistry (IHC) and histopathological analysis

Paraffin sections were dewaxed in xylene and hydrated in graded alcohols. Endogenous
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peroxidase activity was blocked by immersing the slides in 1% hydrogen peroxide in PBS for 15
min. Pretreatment was performed in a steamer using 10 mM citrate buffer (pH 6.0) for 30 min.
Sections were incubated overnight with a primary rabbit polyclonal antibody against p40-
DeltaNp63 (Abcam, ab166857) diluted at a ratio of 1:100. Sections were washed with PBS and
incubated with an appropriate secondary antibody followed by avidin—biotin complexes (Vector
Laboratories, Burlingame, CA, PK-6100). The antibody reaction was visualized with 3-3'
diaminobenzidine (Sigma, D8001) followed by counterstaining with hematoxylin. Tissue sections
were dehydrated in graded alcohols, cleared in xylene, and mounted. For p40 (ANp63) IHC,

expression was defined based on nuclear labeling.

Culture and genome engineering of HEK 293 T cells

HEK 293 T cells were cultured in DMEM media (GIBCO) supplemented with 10% FBS (GIBCO),
100 IU penicillin, and 100 mg/mL streptomycin (PenStrep, GIBCO). Cells were cultured at 37°C
and 5% CO.. Cells were split at a ratio of 1:10 once they reached 90-100% confluency as needed.
Cell lines were authenticated using ATCC fingerprinting and tested regularly for mycoplasma
contamination.

Guide RNAs for all cell lines were designed using the GuideScan 1.0 software package (Perez
et al., 2017) and sequences were chosen among those predicted to have the highest cutting
efficiency and specificity scores. DNA oligos for all guide RNAs were synthesized by IDT and
amplified using primers that appended homology arms to facilitate ligation into the pX459/Cas9
expression plasmid (Ran et al., 2013) by Gibson assembly (Gibson et al., 2009). Gibson assembly
reactions were transformed into NEB Stable Competent E. coli and resulting sgRNA expression
plasmids were amplified and purified using standard protocols.

Ultramers for homology directed repair (HDR) were designed using previously described
strategies (Richardson et al., 2016) and synthesized by IDT, Inc. HEK 293 T cells were transiently

transfected with 1 ug/mL sgRNA/pX459 Cas9 expression plasmid and 20 nM HDR Ultramer using
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Lipofectamine 2000 that was diluted in Opti-MEM Reduced Serum Medium (ThermoFisher). Cells
were incubated at 37°C for 24 hr, at which time the transfection medium was replaced with DMEM
media (GIBCO) supplemented with 10% FBS (GIBCO), 100 IU penicillin, 100 mg/mL streptomycin
(PenStrep, GIBCO), and 2 mg/mL puromycin. Cells were then incubated for 48—72 hr in DMEM
media (GIBCO) supplemented with 10% FBS (GIBCO), 100 IU penicillin, 100 mg/mL streptomycin
(PenStrep, GIBCO), and 2 mg/mL puromycin, at which time genomic DNA was extracted and
regions of interest were amplified using the appropriate oligos.

Genome engineering was validated using genomic DNA as follows. Amplicons from genomic
DNA PCR were ligated into vectors using the Zero Blunt TOPO PCR cloning system
(ThermoFisher) and the presence of the desired mutations was validated using Sanger
sequencing (GENEWIZ). Polyclonal cell populations were then diluted and sorted into 96-well
plates using a BD FACS Aria Il flow cytometer (BD Biosciences), such that each well contained
on average one cell, which were grown in DMEM media (GIBCO) supplemented with 20% FBS
(GIBCO), 100 IU penicillin, and 100 mg/mL streptomycin (PenStrep, GIBCO). Once cells in 96-
well plates reached confluency, they were transferred to 24-well plates and allowed to grow to

confluency for genomic DNA extraction and Sanger sequencing.

NMD efficiency measurement

NMD efficiency was estimated using the beta-globin reporter system (Zhang et al., 1998). HEK
293 T cells engineered with the reported mutations were plated at 10-15% confluency on pol-L-
lysine coated 12-well plates. Cells were co-transfected 24 hr later with 1 ug of phCMV-MUP
plasmid (transfection control) and 1 ug of either pmCMV-GI-Norm (normal termination codon) or
pmCMV-GI-39Ter (premature termination codon) using Lipofectamine 3000 (Invitrogen)
according to the manufacturer’s protocol. After 48 hr the cells were close to confluency, at which
time they were lysed using 1 mL of Trizol Reagent (Invitrogen) per well. The lysate was collected,

and total RNA was extracted according to the manufacturer’s protocol. The RNA was further
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purified and DNase treated using the Direct-zol RNA MiniPrep Kit (Zymo Research) according to
the manufacturer’s protocol.

Residual plasmid DNA was removed using DNasel (Amplification Grade, Invitrogen)
according to the manufacturer’s protocol from 600 ng of the extracted RNA. cDNA synthesis was
then performed using SuperScript IV Reverse Transcriptase (Invitrogen) with oligo dT primers
according to the manufacturer's protocol. The cDNA synthesis reaction was diluted 1:50 and 4 uL
was used for a 10 yL gPCR reaction with PowerUp SYBR Green Master Mix (ThermoFisher) and
primers specific for the reporter mRNA diluted to a working concentration of 100 nM for each
primer. qPCR reactions were performed in technical triplicate for three different biological
replicates in 384-well plates (ThermoFisher) using an ABI QuantStudio 5 Real-Time PCR System
(ThermoFisher). The levels of pmCMV-GI-Norm and pmCMV-GI-39Ter cDNA were normalized to
phCMV-MUP mRNA abundance for each sample, and levels of pmCMV-GI-39Ter cDNA were
plotted relative to levels of pmCMV-GI-Norm for each replicate in each cell type. Statistical

analysis was performed using PRISM.

Immunoblots in HEK 293 T cells

Cells were lysed using a buffer containing 150 mM NaCl, 1% NP-40, and 50 mM Tris pH 8.0
supplemented with a phosphatase inhibitor (ThermoFisher) and protease inhibitor
(ThermoFisher). After the lysis buffer was added, cells were frozen at —80°C and thawed for three
cycles, and then incubated on ice for 15 min. The lysed cells were centrifuged at 10,000 x g for
15 min, and the supernatant was collected to determine total protein concentration. Total protein
concentration was determined using a Qubit (ThermoFisher) and 20 ug of total protein was used
for electrophoresis. Following electrophoresis, protein was transferred to nitrocellulose membrane
(Novex) in transfer buffer containing 10% methanol overnight at 4°C. The blot was blocked with
Odyssey Blocking Buffer (LI-COR Biosciences) for 1 hr at room temperature and probed using a

1:1000 dilution of 0.514 mg/mL UPF1 antibody (Abcam, 109363) overnight with shaking at 4°C.
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Following overnight incubation, the blot was washed three times with 1x TBST buffer at room
temperature and probed with rabbit secondary antibody (IRDye 680RD goat anti-rabbit) for 1 hr
at room temperature. The blot was then imaged and UPF1 abundance was quantified using band

intensity in Fiji (v2.0.0). Statistical analysis was performed using PRISM.

Isoform detection by RT-PCR in HEK 293 T cell lines

Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen). cDNA was synthesized using
oligo dT primers and SuperScript IV Reverse Transcriptase (ThermoFisher) following the
manufacturer's protocol. PCR was carried out with primers targeting UPF1 exons 9 and 12 using
Q5 High-Fidelity DNA Polymerase (NEB). PCR products were run in a 2% agarose slab gel and
stained with ethidium bromide for visualization by UV shadowing (Bio-Rad Molecular Imager Gel
Doc XR+).

A positive control for the amplification of the truncated UPF1 variant missing exons 10 and 11
was synthesized as a double-stranded DNA gBlock (IDT). Two different amounts (10 fg and 1 fg)
of this ‘spike in’ control was added to separate PCRs containing cDNA from wild-type HEK 293 T
cells and amplified in the same manner as described above.

To quantify the degree of exon skipping (percent AE10-11), a background subtraction across
the entire gel was first performed in Fiji using a rolling ball radius of 100 pixels. Next, the integrated
density of each band was determined, and the density of the lower band in each lane was divided
by the total density in that same lane by summing the integrated densities of the upper and lower

bands.

Reanalysis of genomic DNA sequencing data from Fang et al.
Whole-genome and whole-exome sequencing data from Fang et al., 2017 were downloaded from
the Sequence Read Archive (accession number SRP107982) and mapped to

the UPF1 (chr19:18940305-18979266; hg19/GRCh37 assembly) and KRAS (chr12:25356390—
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25405419; hg19/GRCh37 assembly) gene loci. The first 10 nt of all reads were trimmed off due
to low sequencing quality and the trimmed reads were mapped with Bowtie v1.0.0 (Langmead et
al., 2009) with the arguments v 3 k 1 m 1 —best —strata —minins 0 —maxins 1000 —fr’. Mapped
reads were visualized in IGV (Robinson et al., 2011). Mutation/genetic variant calling thresholds
(read coverage depth 29 reads and 22 reads supporting the mutation/variant) were chosen in
order to allow detection of a hotspot KRAS mutation (G12 or G13) in every PASC sample in the
cohort. That criteria ensured that our thresholds were appropriate for discovering known cancer
driver mutations in all samples. A genetic difference from the reference genome was defined as
a somatic mutation if it was called in a tumor sample but not in the corresponding patient-matched

normal control sample.

Genome annotations

Genome and transcriptome annotations for mapping RNA-seq data to the human (NCBI
GRCh37/UCSC hg19) genome were generated as described previously (Dvinge et al., 2014).
Briefly, transcriptome annotations from Ensembl (Flicek et al., 2013) were merged with isoform
annotations from the MISO v2.0 database (Katz et al., 2010) and the UCSC known Gene track
(Meyer et al., 2013). NMD substrates were defined as those isoforms containing a premature

termination codon >50 nt upstream of the last exon—exon junction.

RNA-seq read mapping

RNA-seq reads were mapped to the transcriptome with RSEM v1.2.4 (Li and Dewey, 2011) and
Bowtie v1.0.0 (Langmead et al., 2009), where RSEM was modified to invoke Bowtie with the ‘-v2’
option. Reads that are unaligned after this transcriptome mapping were then aligned to the
genome with TopHat v2.0.8 (Trapnell et al., 2009), as well as mapped to a database of splice

junctions that was defined by creating all possible co-linear combinations of 5' and 3' splice sites
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within every gene. A final file of aligned reads was created by merging the read alignments from

TopHat with the read alignments from RSEM.

Differential splicing analysis

MISO v2.0 (Katz et al., 2010) was used to quantify isoform expression for alternative splicing
events. Differentially spliced events were defined as those that met the following criteria: (1) had
at least 20 informative reads (reads that uniquely distinguish between isoforms of a given splicing
event), (2) exhibited either an absolute change in isoform ratio 210% or an absolute fold-
change =2, and (3) had an associated p<0.05 (computed using a two-sided t-test). Differential
splicing analyses were restricted to splicing events arising from U2-type (major) introns, which
constitute >99% of all introns, in order to ensure that no potential confounding effects arose from
intron type. Splicing events were defined as NMD relevant if at least one, but not all, of the child

isoforms was predicted NMD substrates.

160



Acknowledgements

We thank the members of the Bradley, Ventura, and Leach laboratories for comments and
suggestions. We specifically thank the following individuals for their technical help and support:
Olivera Grbovic-Huezo for pancreatic injections, Paul Ogrodowski and Jonathan Bermeo for
assistance with mouse work and tissue harvest, Maria S Jiao and the MSK Center For
Comparative Medicine and Pathology Facility for p40 IHC, and Miles Wilkinson for discussing our
findings. JTP was supported in part by the NIH/NCI (T32 CA009657). DU was supported in part
by the NIH/NIGMS (T32 GM007270). RK was supported in part by the NIH/NCI (T32 CA160001).
SDL was supported in part by the NIH/NCI (R0O1 CA204228). AV was supported in part by the
Cycle for Survival’'s Equinox Innovation Award in Rare Cancers and a Functional Genomics

Initiative grant (AV). RKB is a Scholar of The Leukemia and Lymphoma Society (1344-18).

161



Figures
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Figure 1. UPF1 mutations do not result in the acquisition of squamous histological features
or confer a growth advantage to mutant cells in vivo.

(A) Schematic of UPF1 gene structure and corresponding encoded protein domains. Intron 10
(110) contains the bulk of the mutations reported by Liu et al. Scissors indicate the sites targeted
by the paired guide RNAs used to excise exons 10 and 11 (E10 and E11). Red nucleotides
represent positions subject to point mutations reported in Liu et al. Arrows indicate specific

mutations that we modeled in 293T cells. The horizontal black line indicates the nucleotide within
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the protospacer adjacent motif (PAM) site that we mutated to prevent repeated cutting by Cas9
in 293T cells.

(B) Top, experimental strategy for testing whether mimicking UPF1 mis-splicing by deleting exons
10 and 11 promoted pancreatic cancer growth. Mice were orthotopically injected with mouse
pancreatic cancer cells (KPC cells: Kras®'?®; p53R172Hndl: pgx1_Cre) lacking Upf1 exons 10 and
11. Bottom, hematoxylin and eosin (H&E) stain of pancreatic tumor tissue harvested from the
mice.

(C) Line graph comparing tumor volume between mice injected with control (AdCas9; Cas9 only)
or treatment (AdUpf1; Cas9 with Upf1-targeting guide RNAs) KPC cells. Tumor volume measured
by ultrasound imaging. Error bars, standard deviation computed over surviving animals (n = 10 at
first time point). n.s., not significant (p > 0.05). p-values at each timepoint were calculated relative
to the control group with an unpaired, two-tailed f-test.

(D) Survival curves for the control (AdCas9) or treatment (AdUpf1) cohorts. Error bars, standard
deviation computed over biological replicates (n = 10, each group). p-value was calculated relative
to the control group by a logrank test.

(E) Representative hematoxylin and eosin (H&E) staining of a pancreatic tumor resulting from
orthotopic injection of control KPC cells displaying features of a moderately to poorly differentiated
pancreatic ductal adenocarcinoma. Tumors were composed of medium-size duct-like structures
and small tubular glands with lower mucin production.

(F) Representative H&E image illustrating a moderately to poorly differentiated pancreatic ductal
adenocarcinoma resulting from orthotopic injection of Upf1-targeted KPC cells. Depicted here is
a section of the poorly differentiated component (arrow), which was characterized by solid sheets
of tumor cells with large eosinophilic cytoplasms and marked nuclear polymorphism.

(G) Representative H&E image of a pancreatic tumor resulting from orthotopic injection of Upf1-
targeted KPC cells. The dashed circle marks a moderately differentiated component; the

remainder is poorly differentiated.
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(H) Representative IHC image of a pancreatic tumor resulting from orthotopic injection of Upf1-
targeted KPC cells for the squamous marker p40 (ANp63). No expression of the marker was

observed in tumor cells.
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Figure 2. Mutations in UPF1 intron 10 do not inhibit NMD or cause exon skipping.

(A) Box plot of NMD efficiency in 293T cells engineered to contain wild-type (WT) or mutant (P1,
P9) UPF1. P1 and P9 correspond to the IVS10+31G>A and IVS10-17G>A mutations reported by
Liu et al. All cells have the PAM site mutation illustrated in (a). NMD efficiency estimated via the
beta-globin reporter assay''. Middle line, notches, and whiskers indicate median, first and third

quartiles, and range of data. Each point corresponds to a single biological replicate. n.s., not
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significant (p > 0.05). p-values were calculated for each variant relative to the control by a two-
sided Mann-Whitney U test (p = 0.40 for P1, 0.30 for P9).

(B) Scatter plot showing transcriptome-wide quantification of transcripts containing NMD-
promoting features in 293T cells carrying the UPF1 mutation that was reportedly observed in
patient 1 relative to control, wild-type cells. Each point corresponds to a single isoform that is a
predicted NMD substrate (NMD(+)). Purple points represent NMD substrates that are significantly
increased in UPF1-mutant cells relative to wild-type cells; black points represent NMD substrates
that exhibit the opposite behavior. Plot is restricted to NMD substrates arising from differential
inclusion of cassette exons. Significantly increased/decreased NMD substrates were defined as
transcripts that displayed either an absolute increase/decrease in isoform ratio of 210% or an
absolute log fold-change in expression of 22 with associated p<0.05 (two-sided t-test).

(C) As (B), but for 293T cells carrying the UPF1 mutation that was reportedly observed in patient
9. Gold points represent NMD substrates that are significantly increased in UPF1-mutant cells
relative to wild-type cells.

(D) Summary of the numbers of NMD substrates arising from differential alternative splicing that
exhibit significantly higher or lower levels in UPF1-mutant cells relative to wild-type cells. Analysis
is identical to (B) and (C), but extended to the illustrated different types of alternative splicing.
Numbers of alternatively spliced isoforms for each genotype were restricted to those of U2-type.
(E) Left, immunoblot of full-length UPF1 protein for the 293T cell lines. Each lane represents a
single biological replicate with the indicated genotype. GAPDH serves as a loading control. Equal
amounts of protein were loaded in each lane (measured by the bicinchoninic acid assay). Right,
box plot illustrating UPF1 protein levels relative to GAPDH for each genotype. Middle line,
notches, and whiskers indicate median, first and third quartiles, and range of data. Each point
corresponds to a single biological replicate. Data was quantified with Fiji (v2.0.0). A.U., arbitrary
units. n.s., not significant (p > 0.05). p-values were calculated for each variant relative to the

control by a two-sided Mann-Whitney U test (p = 0.10 for P1, 1.0 for P9).
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(F) PCR using primers that amplify both full-length UPF1 mRNA (FL) and mRNA lacking exons
10 and 11 (AE10-11). UPF1 mRNA lacking exons 10 and 11 was only detected in the positive
control lanes (AE10-11 spike in), in which DNA corresponding to UPF1 cDNA lacking exons 10
and 11 was synthesized and added to cDNA libraries created from WT cells prior to PCR.
Numbers above each lane indicate biological replicates. Numbers below each lane represent the
abundance of the lower band as a percentage of total intensity (see Methods). Data was quantified
with Fiji (v2.0.0).

(G) RNA-seq read coverage across the genomic locus containing UPF1 exons 9-12 in the
indicated 293T cell lines. Each sample corresponds to a distinct biological replicate. Numbers

represent read counts supported each indicated splice junction (Katz et al., 2015).
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Figure 3. Many reported UPF1 mutations are identical to genetic variants.

(A) lllustration of the mutations in UPF1 intron 10 (110) reported by Liu et al. Each row indicates
the wild-type (WT) sequence from the reference human genome or mutations reported by Liu et
al (P1, patient 1). Purple and gold arrows indicate the mutations that we modeled with genome
engineering in 293T cells for patient 1 and patient 9, respectively. Red nucleotides represent
positions subject to point mutations reported in Liu et al. The horizontal black line indicates the
nucleotide within the protospacer adjacent motif (PAM) site that we mutated to prevent repeated
cutting by Cas9. Parentheses indicate where we found genetic variation at a reported mutation
position that differed from the specific mutated nucleotide reported by Liu et al.

(B) As in (A), but for UPF1 exon 10 (E10).

(C) As in (A), but for UPF1 exon 11 (E11).

(D) As in (A), but for UPF1 exon 21 (E21).

(E) As in (A), but for UPF1 intron 22 (122).

(F) As in (A), but for UPF1 exon 23 (E23).
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Supplementary Figures

Figure 1—figure supplement 1

A AdUpf1 B a~ Cc

) AdUpft &
Q R P! &
XSS S T2

full-length
Upf1

E bl [E9]

Exon 9 :Exon 12 Unstable
T D 0 e 1 c < T e

isoforms

I

[\N H/\‘ \ A/

VAT [ ruouiin
F

—-Full length Upf1
~Upf1 AE10-11

Full length UPF1-

Unstable
isoforms

Figure 1-figure supplement 1. Validation experiments in mouse KPC cells.
(A) Titration of adenovirus expressing Cas9 only (AdCas9) or Cas9 and guide RNAs targeting
intron 9 and intron 11 of mouse Upf1 (AdUpf1) in KPC cells. Gel corresponds to PCR using

genomic DNA with primers in exons 9 and 12 (E9, E12). The lower band, corresponding to
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excision of exons 10 and 11, was only observed in AdUpf1 conditions. This band was excised
and sequence-verified by Sanger sequencing (sequence trace displayed below).

(B) As (A), but assaying a cDNA library instead of genomic DNA using RT-PCR. The lower band,
corresponding to spliced mRNA lacking exons 10 and 11, was only observed in AdUpf1
conditions.

(C) Immunoblot with a probe against UPF1. Levels of full-length UPF1 protein are lower in AdUpf1
conditions, as expected. 1 and 2 indicate biological replicates. Tubulin serves as a loading control.
(D) Raw gel image for the genomic DNA PCR shown in (A). The cropped region is boxed in white.
(E) Raw gel image for the RT-PCR shown in (B). The cropped region is boxed in white.

(F) Raw image of the western blot shown in (C). The cropped region is boxed in white.

(G) Raw image of the western blot for the mouse tubulin loading control shown in (C). The cropped

region is boxed in white.
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Figure 2—figure supplement 1
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Figure 2—figure supplement 1. Validation experiments in human 293T cells and raw gel

images for western blot and RT-PCR.
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(A) Sanger sequencing of genomic DNA from engineered 293T cells verifying introduction of the
mutation IVS10+31G>A in a homozygous state, as reported by Liu et al for patient P1, as well as
a single PAM site mutation.

(B) Sanger sequencing of genomic DNA from engineered 293T cells verifying introduction of the
IVS10-17G>A mutation in a heterozygous state, as reported by Liu et al for patient P9, as well as
a single PAM site mutation.

(C) Sanger sequencing of genomic DNA from engineered 293T cells verifying introduction of a
single PAM site mutation as a wild-type control.

(D) Raw image of the western blot from Figure 2E. The cropped regions for UPF1 and GAPDH
are boxed in red.

(E) Raw image of the RT-PCR gel from Figure 2F. The cropped region for full-length UPF1 is

boxed in red.
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Supplemental Tables

Key Resources Table

Reagent Designation Source or Identifiers Additional

type reference information

gene (H. UPF1 Ensembl ENSGO0000000

sapiens) 5007

gene (M. Upf1 Ensembl ENSMUSGO000

musculus) 00058301.8

strain, Mouse NCI Charles | Charles River: | Mice for pancreatic

strain River C57BL/6 albino | injections

backgroun

d (M.

musculus)

strain, NEB Stable New C3040 Chemically competent

strain Competent E. England

backgroun coli (High Biolabs

d (E. coli) efficiency)

genetic AdUpf1 This paper N/A Adenovirus expressing

reagent (M. CRISPR gRNAs

musculus) targeting mouse Upf1

introns 9-11
cellline (H. | HEK293T ATCC CRL-11268 Human cell line to
sapiens) model patient
mutations

cellline (M. | KPC Generated N/A Murine cell line to

musculus) from the model Upf1 exon
PDX-1-Cre; skipping mutations
LSL- (Hingorani et al., 2005)
KraSG12D/+.
LSL Provided by Robert
Trp53R172H Vonderheide
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antibody Anti-human Abcam Cat No. WB: (1:1000)
UPF1 ab10936
(rabbit
monoclonal)

antibody Anti-human Abcam Cat No. WB: (1:1000)
GAPDH (rabbit ab9485
polyclonal)

antibody Anti-rabbit Abcam Cat No. WB: (1:10000)
secondary ab216777 IRDye® 680RD
antibody (goat
monoclonal)

antibody Anti-mouse Cell Cat N0.9435 WB: (1:1000)
UPF1 (rabbit signalling
monoclonal) technology

antibody Anti-mouse Sigma Cat No. WB: (1:2000)
tubulin (mouse Aldrich T9206
monoclonal)

antibody Anti-rabbit Amersham NA93V WB: (1:5000)
secondary
antibody (from
donkey)

antibody Anti-mouse Amersham NA931 WB: (1:5000)
secondary
antibody (from
sheep)

antibody Anti-mouse Abcam Cat No. WB: (1:100)
p40-ANp63 ab166857
(rabbit
polyclonal)

recombina pX459/Cas9 Addgene Cat No. Ran, FA et al., 2013

nt DNA expression 48139

reagent plasmid
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recombina phCMV-MUP PMID: 9671 plasmid Control for transfection

nt DNA 053 efficiency of pmCMV-

reagent GI-Norm and pmCMV-
GI-39Ter

recombina pmCMV-GI- PMID: 9671 plasmid Transient transfection

nt DNA Norm 053 construct coding for

reagent full-length B-globin

recombina pmCMV-GI- PMID: 9671 plasmid Transient transfection

nt DNA 39Ter 053 construct coding for

reagent truncated 3-globin with
PTC at amino acid 39

sequence- mUpf1_F This paper PCR primer GGTGATGAGATTGCT

based ATTGAGC

reagent

sequence- mUpf1_R This paper PCR primer TGTTCCTGATCTGGTT

based GTGC

reagent

sequence- mUpf1- This paper Guide DNA CACCGTTGTGAGGGC

based intron_9- Oligo CATACCCTTG

reagent gDNA_F

sequence- mUpf1- This paper Guide DNA AAACCAAGGGTATGG

based intron_9- Oligo CCCTCACAAC

reagent gDNA_R

sequence- mUpf1- This paper Guide DNA CACCGCCGTTGAGCT

based intron_11- Oligo GATGGTGGCT

reagent gDNA_F

sequence- mUpf1- This paper Guide DNA AAACAGCCACCATCA

based intron_11- Oligo GCTCAACGGC

reagent gDNA_R

sequence- hUPF1_F This paper Genomic AAAACGTTTGCCGTG

based DNA PCR GATGAG

reagent primer
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sequence- hUPF1_R This paper Genomic CACATAGAGAGCGGT

based DNA PCR AGGCA

reagent primer

sequence- hUPF1- This paper Guide DNA GCGCGCGGGGCCTC

based gDNA_F oligo GCCCAT

reagent

sequence- hUPF1- This paper DNA HDR GCTCAGTGGTCTTTG

based patient_1- ultramer CAGCACAGTCTTCAC

reagent HDR_R GGCATAAACCTTCAAT
ACAAGCGGCCGTTAG
GGGCAGCCTCCGCTT
GCGTCCCGGGCCATG
GGTGAGGCCCCGCGC
GCTGAGGACGGCGCG
CACCTG

sequence- hUPF1- This paper DNA HDR GCTCAGTGGTCTTTG

based patient 9- ultramer CAGCACAGTCTTCAC

reagent HDR_R GGCATAAACCTTCAAT
ACAAGCGGCTGTTAG
GGGCAGCCTCCGCTT
GCGTCCCGGGCCATG
GGCGAGGCCCCGCG
CGCTGAGGACGGCGC
GCACCTG

sequence- hUPF1-PAM- This paper DNA HDR GCTCAGTGGTCTTTG

based control-HDR_R ultramer CAGCACAGTCTTCAC

reagent (wildtype) GGCATAAACCTTCAAT
ACAAGCGGCCGTTAG
GGGCAGCCTCCGCTT
GCGTCCCGGGCCATG
GGCGAGGCCCCGCG
CGCTGAGGACGGCGC
GCACCTG

sequence- hUPF1-RT- This paper RT-PCR GGATGAGATATGCCT

based PCR_F primer GCGGT

reagent

177




sequence-
based
reagent

hUPF1-RT-
PCR_R

This paper

RT-PCR
primer

TTCTCGTCGGCAGAC
GACAG

sequence-
based
reagent

Positive control
gBlock to detect
UPF1 splice
variant (AE10-
11)

This paper

DNA gBlock

ACATGCGGCTCATGC
AGGGGGATGAGATAT
GCCTGCGGTACAAAG
GGGACCTTGCGCCCC
TGTGGAAAGGGATCG
GCCACGTCATCAAGG
TCCCTGATAATTATGG
CGATGAGATCGCCAT
TGAGCTGCGGAGCAG
CGTGGGTGCACCTGT
GGAGGTGACTCACAA
CTTCCAGGTGGATTTT
GTGTGGAAGTCGACC
TCCTTTGACAGGCCG
GTGCTGGTGTGTGCT
CCGAGCAACATCGCC
GTGGACCAGCTAACG
GAGAAGATCCACCAG
ACGGGGCTAAAGGTC
GTGCGCCTCTGCGCC
AAGAGCCGTGAGGCC
ATCGACTCCCCGGTG
TCTTTTCTGGCCCTGC
ACAACCAGATCAGGA
ACATGGACAGCATGC
CTGAGCTGCAGAAGC
TGCAGCAGCTGAAAG
ACGAGACTGGGGAGC
TGTCGTCTGCCGACG
AGAAGCGGTACCGGG
CCTTGAAGCGCACCG
CAGAGAGAGAGCTGC
TGATG

sequence-
based
reagent

mMup1-qPCR_F

PMID: 25564
732

gPCR primer

GACCTATCCAATGCCA
ATCG (exon 5/6
junction)
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sequence- mMup1-qPCR_R [ PMID: 25564 | gPCR primer GATGATGGTGGAGTC
based 732 CTGGT (exon 7)
reagent
sequence- hB-globin- PMID: 25564 | gPCR primer GCTCGGTGCCTTTAG
based gPCR_F 732 TGATG (exon 2)
reagent
sequence- mp-globin- PMID: 25564 | qPCR primer CCCAGCACAATCACG
based gPCR_R 732 ATCATA (exon 3,
reagent mouse specific)
commercial | RNeasy Plus Qiagen Cat No.
assay or kit | Mini Kit 79654
commercial | Zero Blunt ThermoFish | Cat No.
assay or kit [ TOPO PCR er K280020
cloning system
chemical Phosphatase ThermoFish | Cat No.
compound, | inhibitor er A32959
drug
chemical Protease Thermofish Cat No.
compound, | inhibitor er A32963
drug
chemical Penicillin/Strept | GIBCO Cat No.
compound, | omycin 15070063
drug
chemical Lipofectamine ThermoFish | Cat No.
compound, | 2000 er 11668030
drug
chemical Lipofectamine Invitrogen Cat No.
compound, | 3000 L3000001
drug
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chemical Puromycin ThermoFish [ Cat No.
compound, er A1113803
drug
software, GuideScan v1.0 | PMID: 28263 | http://www.qui
algorithm 296 descan.com/
software, Fiji v2.0.0 ImagedJ https://imagej.
algorithm net/Fiji
software, RSEM v1.2.4 PMID: 21816 | deweylab.gith
algorithm 040 ub.io/RSEM/
RRID:
SCR_013027
software, Bowtie v1.0.0 PMID: 19261 | github.com/B
algorithm 174 enLangmead/
bowtie/;
RRID:
SCR_005476
software, TopHat v2.0.8b PMID: 19289 | ccb.jhu.edu/s
algorithm 445 oftware/topha
t/index.shtml
RRID:
SCR_013035
software, MISO v2.0 PMID: 21057 | genes.mit.edu/
algorithm 496 burgelab/miso/
RRID:
SCR_003124
software, IGV v2.3.90 Thorvaldsd software.broadi
algorithm ottir nstitute.org/soft
ware/igv/
RRID:
SCR_011793
software, Prism v7.0 GraphPad www.graphpad
algorithm Prism v7.0 .com

RRID:
SCR_002798
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other SuperScript IV ThermoFish | Cat No.
Reverse er 18090010
Transcriptase

other Q5 High- New Cat No. NEB
Fidelity DNA England #M0491
Polymerase Biolabs

other PowerUp ThermoFish | Cat No.
SYBER Green er A25742
Master Mix

other RNase-Free Qiagen Cat No.
DNase Set 79254
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Chapter 5: Perspectives and Future Directions

The work | have described so far demonstrates the importance of understanding many different
aspects of NMD. Determining sequence features that govern NMD-sensitivity, how proteins
translated from NMD-sensitive transcripts are suppressed, and the role of NMD factors in cancer
are all exciting research topics that are described here and elsewhere, and will no doubt be
studied extensively in the future.

For this final chapter, | will go over some ideas and topics related to NMD that | have thought
a lot about over the last several years but have not had a chance to actively work on. These topics
include new technologies, new therapeutic avenues, related RNA quality control pathways, and

recent biological discoveries related to NMD.

Other RNA quality control pathways and their relationship with NMD

NMD is the most well-studied RNA quality control pathway, but additional pathways that help clear
cells of defective mRNAs include the no-go decay (NGD) and non-stop decay (NSD) pathways
(reviewed in Shoemaker and Green, 2012), which together are known as “mRNA surveillance.”
These pathways are also translation dependent and have some level of aberrant translation
termination, leading to speculation that factors and mechanisms could be shared among the three
pathways.

NGD broadly refers to the pathway that recognizes mRNAs with sequences that cause
ribosomes to stall, or “not go”, such as mMRNAs with secondary structure or specific peptide
sequences (Doma et al., 2006; Kuroha et al., 2010). NSD refers to the process of targeting
mRNAs without a stop codon (Frischmeyer et al., 2002; van Hoof et al., 2002), which could be
cleaved transcripts in which the ribosome just gets to the 3’ end of the transcripts and stops or
transcripts that have a poly-A tail that the ribosome will translate into. The poly-A tail itself acts as

a stall sequence with the incorporation of many positively charged lysine residues into the growing
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polypeptide, which interacts with the negatively charged ribosome exit tunnel to stall the ribosome
(lto-Harashima et al., 2007; Lu and Deutsch, 2008). Thus, NGD may actually act on mRNAs
without a stop codon that were previously thought to be targeted by NSD.

NMD, NGD, and NSD all involve the recognition of the ribosome at an aberrant termination
event, but the mechanisms differ. NMD uses the canonical release factors, eRF1 and eRF3, while
NGD and NSD use two factors structurally similar to the eRFs, Hbs1 and Dom34 (Doma et al.,
2006; Lee et al., 2007; Graille et al., 2008; Chen et al., 2010). The interaction of these factors with
the terminating ribosome, combined with additional factors such as UPF1 in the case of NMD,
lead to the molecular events that degrade the mRNA and peptide.

Endonucleolytic cleavage events have been shown for all the mRNA surveillance pathways
(Huntzinger et al., 2008; Eberle et al., 2009; Tsuboi et al., 2012; Kuroha et al., 2010; Schaeffer
and van Hoof, 2011), the most well-characterized of which is Smg6 mediated cleavage in NMD.
Interestingly, these Smg6-mediated cleavage events would lead to 5 mRNA fragments that would
be targets for NSD if there were ribosomes actively translating on the 5’ fragments. Indeed, one
study found that in C. elegans NMD-sensitive transcript decay intermediates were subsequently
targeted by NSD machinery to clear the cell of the mRNA fragments and recycle the ribosomes
(Arribere and Fire, 2018). This is one example of overlap between two of the mRNA surveillance
pathways.

Another important aspect of mMRNA surveillance is how cells deal with the truncated proteins
produced from the defective transcripts. Accumulation of such peptides could be deleterious for
the cells and lead to proteotoxic stress or neomorphic proteins with aberrant functions. NMD limits
truncated protein production (Udy and Bradley, 2021) through reduced translation of the transcript
(Ishigaki et al., 2001; Chiu et al., 2004; Sheth and Parker, 2006; You et al., 2007; Isken et al.,
2008; Lee et al., 2010; Kim et al., 2017; Zinshteyn et al., 2021), while NGD and NSD have been
shown to use the ribosome quality control (RQC) complex to ubiquitinate aberrant peptides

associated with terminating ribosomes (Bengtson and Joazeiro, 2010).
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There is little evidence that the RQC is involved in NMD, but there is evidence from previous
work that proteins translated from NMD-sensitive transcripts can be rapidly degraded in a
proteasome dependent manner. Recent work has shown a modest increase in NMD transcript-
derived protein degradation in human cells (Udy and Bradley, 2021; Chu et al., 2021) and previous
work has shown that such proteins are rapidly degraded in yeast and the degradation is
dependent on UPF1 and the proteasome (Kuroha et al., 2009). UPF1 has an uncharacterized
RING domain that has been shown to have E3 ubiquitin ligase activity in human cells (Feng et
al., 2017), suggesting that it could take the role that LTN1 has in the RQC and ubiquitinate the
nascent polypeptide that is translated from NMD sensitive transcripts. Alternatively, NGD and
NSD involve E3 ligase ZNF598-mediated ubiquitination of stalled ribosomes (Garzia et al., 2017;
Juszkiewicz et al., 2018); ribosomal subunits could be targeted by UPF1 ubiquitin ligase activity
during NMD to modulate peptide degradation or ribosome recycling. ZNF598 binds to collided
ribosomes during NGD and NSD to initiate ubiquitination (Juszkiewicz et al., 2018), whereas NMD
targeted transcripts might be less likely to have ribosome collisions due to the reduced translation.
Thus, UPF1 could serve as an NMD-specific ubiquitin ligase that isn’t required to recognize the
disome specific structure.

Proteins involved in the polypeptide-extraction function of RQC are required for rapid
degradation of an NMD-sensitive transcript-derived peptide in yeast (Verma et al., 2013), although
LTN1 was not required. This is direct evidence that at least some components of the RQC are
also active in NMD. Whether there are additional NGD and NSD components and mechanisms,
including an equivalent version of CAT-tailing (Kostova et al., 2017), that are used by NMD

remains to be seen.

NMD'’s role in nonsense-induced transcriptional adaptation
Recent work characterized a potentially novel aspect of NMD, which was termed nonsense-

induced transcriptional compensation (NITC) (Ma et al., 2019; El-Brolosy et al., 2019). The studies
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found that when PTCs were introduced into endogenous genes to knockout the function of the
genes there would often be a less severe phenotype than when RNAi was used to deplete the
gene, which is unexpected since knockout of the gene would be expected to have a bigger effect.

It was discovered that in organisms with the PTCs introduced there was transcriptional
upregulation of related genes with similar nucleotide sequences as the PTC-containing gene, but
not transcriptional upregulation with knockdown of the genes. This “genetic compensation”
mechanism is dependent on the presence of a PTC in the gene and the nucleotide sequence.
Furthermore, they show evidence that the NMD factor UPF3A can interact with the COMPASS
complex and increase H3Kme3 levels at genes with complementary sequence to the PTC-
containing gene, leading to increased transcription (Ma et al., 2019). The model proposes that
UPF3A (and potentially other NMD factors) can bind to mRNA fragments from the degraded PTC-
containing transcripts and guide those fragments to complementary sequences in the nucleus
while interacting with the COMPASS complex to activate transcription of the related genes via
promoter histone methylation (Ma et al., 2019).

For homozygous PTCs or heterozygous PTCs in haploinsufficient genes, such a mechanism
could dampen the deleterious effects of such mutations by upregulating genes with similar
sequences (which could have similar function or operate in the same pathway) or, in the
heterozygous case, upregulating transcription of the wild-type allele.

NMD already functions in post-transcriptional gene regulation through its degradation of
transcripts with long 3’-UTRs, AS-NMD, uORF containing transcripts, and endogenous mRNAs
with other NMD-triggering features (reviewed in Kurosaki et al., 2019). But its proposed function
in NITC would be actively regulating the expression of genes through changing transcription,
representing a novel function for a pathway already involved in both quality control and post-
transcriptional gene regulation.

The studies that characterized NITC described it mostly as a genetic compensation

mechanism that primarily acts to prevent PTCs introduced through random mutations from
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causing deleterious consequences in cells due to not enough wild-type protein being made. But
it is interesting to wonder if NITC could function broadly as a way of tuning the gene expression
of endogenous genes (and related genes) that contain PTCs or are targeted by NMD through
other means. For example, ~35% of alternative splicing events lead to an mRNA isoform
containing a PTC that would be predicted to target it for degradation by NMD (broadly referred to
as AS-NMD) (Lewis et al., 2003). Some of those events are involved in autoregulatory buffering
of splicing factor and NMD factor levels, but the functions of most of the AS-NMD events are
unknown. One hypothesis is that they could be involved in NITC and that degradation of the PTC-
containing mRNA isoform leads to transcriptional upregulation of distinct sets of genes with similar
sequences. Such a mechanism could also explain why there are changes in levels of MRNAs not
predicted to be NMD targets when NMD is inhibited: the NMD inhibition leads to unexpected
changes in gene expression through NITC that affect many different NMD-insensitive transcripts
in addition to the NMD-sensitive transcripts.

The necessity of sequence similarity for NITC also implicates a subset of highly conserved
AS-NMD events in the pathway. These highly conserved events are known as ultra-conserved
elements (Lareau et al., 2007), a type of sequence with 95-100% sequence conservation at the
nucleotide level among human, mouse, and rat (Bejerano et al., 2004). The selective advantage
of such high nucleotide sequence conservation is unknown, especially for AS-NMD events in
which the PTC inclusion is seemingly the only necessary sequence element. If such events were
involved in NITC, the function of the high sequence conservation would be clear as it is needed
for transcriptional upregulation of a specific set of genes that is dependent on high sequence
similarity.

Whether there is any such mechanism for endogenous NMD substrates and the extent to
which NMD is involved in this process remains to be seen as the NITC pathway is still being fully
characterized. Additional work in different model organisms and a broader spectrum of genes will

help determine how widespread and conserved this phenomenon is.
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Small molecule inhibition of NMD as a therapy to treat disease

The use of small molecule drugs to treat diseases is extremely common. Compounds that inhibit
NMD have primarily been tested for their use in treating diseases that are caused by a PTC in a
specific gene, for example in CFTR (cystic fibrosis), DMD (Duchenne Muscular Dystrophy), and
others (Khajavi et al., 2006). The PTC, in either a homozygous or heterozygous context, leads to
reduced protein levels that contribute to disease. NMD inhibition can lead to higher levels of the
PTC-containing mRNAs, and combining this with compounds that can induce readthrough of the
PTC (Baradaran-Heravi et al., 2016) may lead to full-length protein production and would be an
effective therapy for some diseases (Dabrowski et al., 2018).

Small molecule compounds that can either inhibit NMD or induce readthrough have been
identified through small molecule screens. Some compounds of interest that inhibit NMD include
cardiac glycosides (Nickless et al., 2014), NMDI1 (disrupts interaction between SMG5 and UPF1;
Durand et al., 2007), NMDI14 (disrupts interaction between SMG7 and UPF1; Martin et al., 2014),
PatA (through interaction with elF4A3; Dang et al., 2009), curcumin (Feng et al., 2015), pyrimidine
derivatives (inhibits SMG1; Gopalsamy et al., 2012), general kinase inhibitors caffeine and
wortmannin (inhibits SMG1; Pal et al., 2001; Yamashita et al., 2001), and 5-azacytidine
(Bhuvanagiri et al., 2014). Compounds that induce readthrough include aminoglycosides (Roy et
al., 2015), gentamicin (Wilschanski et al., 2003; Malik et al., 2010), ataluren (Peltz et al., 2013),
and SRI-37240/SRI-41315 (reduce levels of eRF1; Sharma et al., 2021). Clinical trials with these
and other drugs will determine their efficacy in therapeutic treatment regimens.

Additional small molecule screens that can specifically identify compounds that increase the
protein levels from NMD-sensitive transcripts—either through readthrough and/or NMD
inhibition—will be necessary to find drugs that will be most useful for NMD inhibition as a cancer
treatment. Additionally, combining NMD inhibitors with compounds that promote readthrough

and/or compounds that alter splicing could be an effective strategy to maximize the production of
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aberrant proteins that can generate immune-stimulating neoantigens and enhance immune-

mediated killing of tumor cells.

Closing thoughts

NMD has many roles in maintaining cell health and homeostasis, including but not limited to its
canonical role as a quality control pathway preventing the accumulation of potentially deleterious
truncated proteins. Future NMD research will include not just further characterizing these varied
roles, but determining how they change with NMD inhibition. The last 40 years of research on
NMD have yielded many exiting breakthroughs and discoveries, and the next 40 years will

hopefully provide more of the same!
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