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Part |

Protein degradation coupled to
Nonsense-mediated mRNA decay



ABSTRACT

Translation of mRNAs containing premature termination codons (PTCs) results
in truncated protein products with deleterious effects. Nonsense-mediated decay
(NMD) is a surveillance pathway responsible for detecting PTC containing tran-
scripts. While the molecular mechanisms governing mRNA degradation have been
extensively studied, the fate of the nascent protein product remains largely un-
characterized. In part 1 of this thesis, we use a fluorescent reporter system in
mammalian cells to reveal a selective degradation pathway specifically targeting the
protein product of an NMD mRNA. We show that this process is post-translational,
and dependent on the ubiquitin proteasome system. To systematically uncover fac-
tors involved in NMD-linked protein quality control, we conducted genome-wide
flow cytometry-based screens. Our screens recovered known NMD factors, but
suggested protein degradation did not depend on the canonical ribosome-quality
control (RQC) path-way. A subsequent arrayed screen demonstrated that protein
and mRNA branches of NMD rely on a shared recognition event. Our results estab-
lish the existence of a targeted pathway for nascent protein degradation from PTC
containing mRNAs, and provides a reference for the field to identify and characterize

required factors.



Chapter 1

INTRODUCTION TO NONSENSE-MEDIATED MRNA DECAY

1.1 mRNA degradation

Translation lies at the very center of every process in biology. The ribosome
synthesizes all proteins in our cells, making its function and accuracy essential
prerequisites for the proper operation of all cellular pathways. This importance
is highlighted by a plethora of diseases caused by alterations in the translation
machinery, with even subtle deviations from normal having great effects in the
health of the whole proteome (Lee et al., 2006).

It is hence not surprising that cells have evolved a myriad of mechanisms to regulate
translation. These processes ensure that the information encoded in the mRNA
is faithfully converted into proteins (Steffen and Dillin, 2016), safeguarding the
proteome against the errors inherent to any biological process. But even if such
mechanisms were faultless, they are still dependent on a correct template. A perfect

translation is of no use if the mRNA contains errors.

This problem is imperative for the cell. Errors in the mRNA can arise from a variety
of sources, including genetic mutations, transcriptional errors, RNA processing
defects, etc. (Maquat and Carmichael, 2001). Most importantly, its effects are
much more severe than translational errors. A single mRNA can undergo translation
around 2,000 to 4,000 times on average (Schwanhdusser et al., 2011). In the presence
of errors, this can result in the production of thousands of incorrect proteins. This
amplification effect, together with the far-reaching consequences of malfunctioning
proteins, makes it crucial that mechanisms controlling the quality of mRNA exist in
the cell.

Severely damaged mRNAs (such as those lacking a 5 cap or a poly(A) tail) can
be easily recognized by the cellular machinery (Shoemaker and Green, 2012). But
those with more subtle changes, like mutations in the coding sequence, pose a greater
challenge for the cell. Unlike proteins, in which these errors can be identified by their
inability to fold, a mutated mRINA offers no biophysical clue for its detection, and
must therefore be recognized co-translationally. This principle defines a series of
co-translational mRNA surveillance pathways whereby the ribosome not only reads

the mRNA, but also scans it in search of errors. (Karamyshev and Karamysheva,
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2018). In my PhD, I studied one of those pathways, nonsense-mediated mRNA
decay (NMD), and analyzed its tight link with translation.

1.2 Nonsense-mediated MRNA decay (NMD)

NMD is an eukaryotic co-translational mRNA quality control pathway that surveys
translation and recognizes, targets and degrades select mRNAs. The discovery of
NMD emerged from studies of the genetic disease V-thalassemia, a blood disorder
caused by reduced or absent mRNA of the beta chain of hemoglobin (V-globin) (Benz
Jr., Swerdlow, and Forget, 1975). In 1979, the V-globin mRNA of a V-thalassemia
patient was first sequenced. A single point mutation, leading to the appearance of a
premature termination codon (PTC), was identified as the molecular culprit (Chang
and Kan, 1979). Subsequent studies showed that a PTC could reduce the half-life of
mRNAs across all eukaryotes (Maquat, Kinniburgh, et al., 1981) through a pathway

that was coined Nonsense-mediated mRNA decay.

PTCs can arise for a variety of reasons, including genomic insertions, deletions, or
even single point mutations along the coding sequence (named nonsense mutations)
(He and Jacobson, 2015). mRNAs with PTCs encode for truncated proteins, which
can be aggregation-prone, lose or gain activities, or even act as dominant negative
factors. This has broad implications in human disease. Out of the nearly 7,000
known rare genetic disorders, approximately 30% arise as a consequence of a pre-
mature termination codon (Miller and Pearce, 2014). The list includes diseases such
as factor X deficiency (Millar et al., 2000), von Willebrand disease (Schneppenheim
et al., 2001), Retinitis pigmentosa (Rosenfeld et al., 1992), etc.

Beyond nonsense mutations, NMD has been shown to modulate around 10% of
the human transcriptome (Celik, He, and Jacobson, 2017). This includes mRNAs
with upstream open reading frames (uORF), with introns downstream the normal
termination codon (Mendell et al., 2004) and mRNAs with defective alternative
splicing (Lewis, Green, and Brenner, 2003). Intriguingly, NMD also targets many
apparently normal wild-type mRNAs (Lelivelt and Culbertson, 1999; He, Li, et al.,
2003; Rehwinkel et al., 2005). While these transcripts have lower codon optimality
and a higher rate of out-of-frame translation in average, the exact mechanism and
how this process is controlled is yet a mystery of the field (Celik, Baker, et al., 2017).
This regulatory function underscores the importance of NMD in the cell, not only
as a mechanism against errors, but also as a wide-ranging gene expression control

pathway of a significant portion of the genome.



5

The selection criteria for NMD substrates are based on the effects of a premature
termination codon. The position of the start and the stop codons define three
fragments in every mRNA: a coding sequence, and a 5’ and 3’ Untranslated Region
(UTR). A nonsense mutation results in the lengthening of the 3’UTR at the expense
of the coding sequence. This has two important implications: 1) The proteins
that interact with the 3°’UTR become further from the stop codon. Some of those
proteins, such as the Poly(A)-binding protein (PABP), are known to interact with the
translation machinery and promote efficient termination (Amrani et al., 2004; Behm-
Ansmant et al., 2007). This function is compromised as the distance to the stop
codon increases, reducing termination efficiency. ii) proteins that exclusively bind
the coding sequence would find themselves bound to the new lengthened 3’UTR.
It is believed that a combination of these two factors, as sensed by the ribosome
during translation termination, is the molecular cue that triggers degradation of the
mRNA by NMD (Maquat, Kinniburgh, et al., 1981).

1.3 EJC-dependent Nonsense-mediated mRNA decay

Eron J{ Eeon [} Exon

l Splicing

( Exon @ Exon @ Exon J
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)

Figure 1.1: EJC-dependent Nonsense-mediated mRNA decay. A nonsense mutation can lead to
the deposition of an Exon Junction Complex (EJC) downstream of the premature termination codon.
The factors UPF1, UPF2 and UPF3 can bridge the EJC to the terminating ribosome and trigger
degradation by NMD.
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The most widely studied branch of NMD is the one dependent on the splicing of
pre-mRNAs (Shoemaker and Green, 2012). Most mammalian genes contain introns,
which are removed by the spliceosome co-transcriptionally (Hoskins and Moore,
2012). In this process, the spliceosome deposits a protein complex called the Exon
Junction Complex (EJC) 24 nucleotides upstream of each exon-exon junction. This
complex transfers the positional information of the splicing events from the nucleus
to the cytoplasm (Woodward et al., 2017). Importantly, the stop codon of the vast
majority of mammalian genes is located in the last exon. Therefore, the EJCs
of a normal mRNA are always located in the coding sequence (Brogna and Wen,
2009). A PTC in other than the last exon would lead to the appearance of an EJC
in the 3’UTR. An EJC located more than 20-24 nucleotides downstream from the
termination codon flags the presence of a PTC and triggers mRNA degradation by
NMD.

Although the precise molecular mechanisms are not entirely clear, there is a widely
recognized model on how NMD occurs. The central NMD factor is UPFI1, an
RNA-dependent helicase and ATPase that mediates NMD in all tested eukaryotes
(Kurosaki, Popp, and Maquat, 2019). UPF2 and UPF3B are also central to NMD.
UPF3B associates with the EJC, and is considered one of its peripheral components
(Singh et al., 2012). UPF2 associates with UPF3B at the EJCs. In the presence
of a PTC, the UPF3B-UPF2 complex recruits UPF1 and stimulate its ATPase and
helicase activities (Chamieh et al., 2008). This occurs through a change in UPF1’s
conformation. Free UPF1 exhibits a closed conformation, driven by the interaction
of its terminal domains (Fiorini, Boudvillain, and Le Hir, 2013). UPF2 interacts with
one of such terminal domains: the cysteine- and histidine-rich zinc finger domain
(CH domain) at UPF1’s N-terminus. This induces a relaxed open conformation that
activates UPF1 (Kadlec et al., 2006).

The ATPase-dependent helicase activity of UPF1 promotes mRNA degradation by
translocating along the substrate and recruiting decay factors. The exact role of
UPF1’s translocation is unclear. Different studies support that the role of UPFI
helicase activity is to disassemble and displace mRNA-bound proteins that would
otherwise hinder RNA degradation (Fiorini, Bagchi, et al., 2015). However, a
subsequent study concluded that UPF1 ATPase activity is involved in promoting
efficient translation termination and ribosome release (Serdar, Whiteside, and Baker,
2016). This study argues that it is the terminating ribosome that hinders mRNA

degradation, and not downstream mRNA-binding proteins as previously thought.



Which of the two models is correct (if any) has not yet been elucidated.

Another key event necessary for mRNA degradation is the recruitment of the kinase
SMGT1 in the context of translation termination (Yamashita et al., 2001). In a
canonical termination event, the release factors eRF1 and eRF3 are recruited to the
stop codon to release the nascent peptide from the ribosome. When a ribosome
terminates in a PTC, the release factors interact with both UPF1 and SMG1 to form
the so-called SMGI1-UPFI1-eRFs (SURF) complex (Kashima et al., 2006). The
interaction of the SURF complex with the downstream EJC activates SMG1, which
phosphorylates Upf1 on both its N- and C-terminus. This phosphorylation event is
essential for NMD activation and is thought to serve as a commitment step towards
mRNA degradation (Kurosaki, Li, et al., 2014).

Upf1l phosphorylation triggers NMD through the recruitment of a number of fac-
tors. These include the endonuclease SMG6, as well as the adaptors proteins
SMG5-SMG7 and PNRC2, which connect UPF1 to the mRNA degradation ma-
chinery (Durand, Franks, and Lykke-Andersen, 2016). PNRC2 interacts with the
DCP2 decapping complex, which elicits 5’-to-3> mRNA degradation (Cho, Kim,
and Kim, 2009; Lai et al., 2012). SMG®6 targets the mRNA via an endonucle-
olytic cleavage near the PTC (Eberle et al., 2009). The cleavage generates a 5’
product that is degraded 3’-to-5’ by both the exosome (Schmid and Jensen, 2008)
and the exoribonuclease DIS3L2 (Malecki et al., 2013), and a 3’ product that is
degraded by the exoribonuclease XNR1 after being stripped off its bound factors
by UPF1’s helicase activity (Franks, Singh, and Lykke-Andersen, 2010)). Finally,
the heterodimer SMGS5-SMGT7 acts as an adaptor for the CCR4-NOT deadenylation
complex, which promotes 3’-to-5" exonucleolytic degradation of the target (Loh,
Jonas, and Izaurralde, 2013).

The interplay between the SMG5-SMG7 and the SMG6 degradation branches has
been the subject of intense study. These branches are considered to be independent
from each other, as knock-down of a single one only partially inhibit NMD (Metze
et al., 2013). Because the downregulation of SMG6 impairs NMD to a larger ex-
tent than the knock-down of SMG7, it is thought that endonucleolytic cleavage is
the predominant strategy for mRNA degradation by NMD (Colombo et al., 2017).
Nevertheless, the two branches are considered to be redundant, since the knock-
down of one appears to be partially compensated by the other (Metze et al., 2013).
Intriguingly, a recent paper challenged this notion and provided evidence for depen-
dency between the SMG5-SMG7 and SMG6 branches (Boehm et al., 2020). The
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papers shows that knocking-down SMG7 (as made in all previous studies) is insuf-
ficient to abolish its function, and that a complete depletion is required to observe
a significant effect in NMD. The authors show that complete inactivation of the
SMGS5-SMGT7 pathway also inhibits the SMG6 one, supporting a hierarchy between
the two branches. Under this new model, the SMG5-SMG7 heterodimer would first
be recruited to phosphorylated UPF1, which would then trigger SMG6 activity and
mRNA degradation.

1.4 Contributions of this thesis

While many studies have investigated the mechanisms of mRNA degradation, the
link between NMD and translation has been understudied. Since NMD is a co-
translational pathway, the degradation of the target mRINA is inextricably associated
with the production of a truncated protein. This contradicts the goal of NMD,
which is to prevent the production of such truncated products. In the first part of
my thesis, I outline our efforts to investigate this conundrum. In Chapter 2, we
designed and built a set of NMD fluorescent reporters that deconvolute protein and
mRNA degradation, a long-standing challenge in the field. We used the reporter
system to discover a novel protein degradation pathway coupled to NMD, which
we demonstrated to be dependent on the ubiquitin-proteasome system. Finally, we
performed whole-genome CRISPR screens to uncover factors involved in this novel

pathway.
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Chapter 2

COUPLED PROTEIN QUALITY CONTROL DURING
NONSENSE-MEDIATED MRNA DECAY

Inglis, Alison J et al. (2023). “Coupled protein quality control during nonsense-
mediated mRNA decay”. In: Journal of Cell Science 136.10. por: 10.1242/
JCs.261216. urL: https://journals.biologists.com/jcs/article/
136/10/jcs261216/310674.

2.1 Introduction

Like other mRNA surveillance pathways, NMD substrates are recognized and tar-
geted for degradation co-translationally (Belgrader, Cheng, and Maquat, 1993;
Wang, Vock, et al., 2002; Zhang and Maquat, 1997), resulting in the synthesis
of a potentially aberrant nascent polypeptide chain. Pathways such as no-go and
non-stop mRNA decay rely on a coordinated protein quality control pathway, known
as ribosome associated quality control (RQC) to both rescue the ribosome and con-
comitantly target the nascent protein for degradation (Doma and Parker, 2006;
Frischmeyer et al., 2002; Juszkiewicz et al., 2018; Van Hoof et al., 2002). In both
cases, a terminally stalled ribosome or a collided di-ribosome triggers ribosome
splitting (Becker et al., 2011; Pisareva et al., 2011; Shao, Brown, et al., 2015; Shao,
Murray, et al., 2016; Shoemaker and Green, 2012) and nascent chain ubiquitination
by the E3 ligase LTN1 (facilitated by NEMF, TAE2, and P97) (Brandman, Stewart-
Ornstein, et al., 2012; Defenouillere et al., 2013; Lyumkis et al., 2014; Shao, Brown,
etal., 2015; Shao, Von der Malsburg, and Hegde, 2013; Verma, Oania, et al., 2013).
The ubiquitinated nascent chain is then released from the ribosome by the endonu-
clease ANKZF1 (Vmsl in yeast) for degradation by the proteasome (Zurita Rendén
et al., 2018; Verma, Reichermeier, et al., 2018).

Given the potential dominant negative and proteotoxic effects of even small amounts
of a truncated NMD substrate, it has been suggested that a similar protein quality
control pathway may exist to recognize and degrade nascent proteins that result
from translation of NMD mRNAs. Indeed, proteins produced from PTC-containing
mRNAs are less stable than those from normal transcripts (Kuroha, Tatematsu, and
Inada, 2009; Kuroha, Ando, et al., 2013; Pradhan et al., 2021; Udy and Bradley,
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2022). However, these observations are largely based on comparison of truncated
products with longer, potentially more stable polypeptides, making it difficult to
distinguish NMD-linked protein degradation from general cellular quality control
mechanisms. While recent work has directly tested this using a full-length protein
product, there remains no defined mechanism of targeting and degradation, nor
direct evidence for the involvement of the ubiquitin-proteasome pathway (Chu et
al., 2021; Udy and Bradley, 2022). Furthermore, though it has been postulated
that components of the RQC are involved in turnover of nascent NMD substrates
(Arribere and Fire, 2018; Chu et al., 2021), the factors required for this process have
not been systematically investigated. Because NMD is triggered at a stop codon
unlike no-go and non-stop decay, a putative NMD-coupled protein quality control
pathway may require a fundamentally different strategy to initiate nascent protein

degradation.

Here we describe a reporter system that we have used to identify and interro-
gate a coupled protein quality control branch of NMD. We demonstrated that in
addition to triggering mRNA degradation, NMD concomitantly coordinates degra-
dation of the nascent polypeptide via the ubiquitin-proteasome pathway. Using this
reporter system, we systematically identified factors required for NMD-coupled pro-
tein degradation, which are distinct from the canonical rescue factors of the RQC.
Characterization of a coupled protein-degradation branch of NMD represents a new
facet of our understanding of how the cell ensures the integrity and composition of
its proteome, and sheds further light on the interplay between mRNA and protein

quality control.

2.2 Results

A reporter strategy to decouple mRNA and protein quality control in NMD
To identify a putative NMD-linked protein quality control pathway, we developed a
reporter system that uncouples mRNA and protein quality control during NMD. The
reporter consists of a single open reading frame expressing GFP and RFP, separated
by a viral 2A sequence that causes peptide skipping (Wang, Wang, et al., 2015)
(Fig. 2.1A, Fig. S2.1A). A robust example of an endogenous NMD substrate is the
beta-globin gene with a nonsense mutation at codon 39, which results in a premature
stop codon followed by an intron (Zhang, Sun, et al., 1998). We therefore reasoned
that positioning the first intron of the human V-globin gene into the 3° UTR of our
reporter after the stop codon would also lead to its recognition as an NMD substrate,

as has been previously reported (Chu et al., 2021; Durand and Lykke-Andersen,



14

2013; Pereverzev et al., 2015). We confirmed that the exogenous V-globin intron is
efficiently spliced (Fig. S2.1B), and observed that the mRNA levels of the NMD
reporter were 5-fold lower than a matched non-NMD control (Fig. 2.1B). We
found that the GFP fluorescence of the NMD reporter and control correlated with
their respective mRNA levels, as directly measured by qPCR, suggesting that GFP
fluorescence can be used as a proxy for transcript levels (Fig. S2.1D). Further, we
saw that knockdown of the core NMD factor UPF1 specifically increased the GFP
fluorescence of the NMD reporter (Fig. S2.1E-H), but had no effect on the matched
control. We therefore concluded that our fluorescent reporter is recognized and
degraded in an NMD-dependent manner. Finally, to ensure that these effects did not
result solely from the increase in translation associated with the presence of an EJC
(Nott, Le Hir, and Moore, 2004), we also generated a reporter containing an EJC
immediately following the stop codon, which is not recognized as an NMD substrate
(inert EJC, Fig. 2.1A) (Nagy and Maquat, 1998). Indeed, the mRNA levels of this

inert EJC construct were similar to our unspliced control (Fig. S2.1C).

After establishing that our reporters are subject to NMD-dependent mRNA degra-
dation as expected, we sought to exploit them to determine whether there was an
additional pathway dedicated to nascent protein degradation. For this, our reporter
design has two important physical features. First, it can be used to deconvolute post-
transcriptional versus post-translational effects on reporter levels. Upon translation,
the GFP is released by the 2A sequence while the RFP remains tethered to the ribo-
some until the termination codon, where NMD is initiated by interaction between the
downstream EJC and the ribosome. We reasoned that if there is an NMD-coupled
pathway that triggers degradation of the nascent polypeptide, it would thus act only
on the RFP but not the released GFP, resulting in a reduction in the RFP:GFP ratio
in comparison to a matched control. In contrast, if NMD functions only in mRNA
degradation, we would expect a decrease in both the RFP and GFP levels but would
observe no change in the RFP:GFP ratio. Second, these reporters can specifically
distinguish nascent protein degradation by a coupled protein quality control path-
way from non-specific recognition by general cellular quality control machinery.
Canonical NMD substrates contain PTCs that result in translation of a truncated
protein, which may be misfolded and thus recognized and degraded by non-specific
cytosolic quality control pathways (Popp and Maquat, 2013). By instead using an
intact RFP moiety that is recognized as an NMD substrate only because of an intron
in its 3’ UTR, any destabilization of RFP must result from a coordinated event that

occurs prior to its release from the ribosome.
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Figure 2.1: Destabilization of nascent proteins from PTC-containing mRNAs. (A) Schematic
of the reporter strategy used to monitor protein and mRNA degradation in NMD. GFP and RFP are
encoded in a single open reading frame separated by a viral 2A sequence. Either one or two introns
derived from the V-globin gene are inserted after the stop codon (NMD1 and NMD2, respectively).
To control for the documented stimulation in translation that results from the presence of an EJC
(Nott, Le Hir, and Moore, 2004), we created a reporter in which the intron was positioned twelve
nucleotides after the stop codon, a distance insufficient for recognition as an NMD substrate (inert
EJC) (Nagy and Maquat, 1998). (B) T-Rex HEK293 cell lines stably expressing either the control
or the NMD?2 reporter were induced with doxycycline for 24 hours and the total mRNA was then
purified. Relative mRNA levels were determined by RT-qPCR using two sets of primers that anneal
to the very 5’ region of the GFP and 3’ region of the RFP open reading frames, respectively. The
results were normalized to the control and the standard deviation from three independent experiments
is displayed. (C) T-Rex HEK293 cell lines stably expressing the indicated reporters were analyzed by
flow cytometry. The ratio of RFP:GFP fluorescence, normalized to the control reporter, is depicted as
a histogram and quantified in Fig.S2E. (D) HEK293T cells were transiently transfected with versions
of the control and NMD?2 reporters in which the 2A sequence was scrambled, resulting in tethering
of both GFP and RFP to the ribosome at the stop codon. Cells were analyzed by flow cytometry
after 24 hours and quantified in Fig. S2.2E.

Indeed, using flow cytometry, we observed a decrease in RFP:GFP fluorescence
for an NMD substrate compared to a matched control, in two different cell lines
(Fig. 2.1C, Fig. S2.2A). Addition of a second V-globin intron to the 3> UTR (Hoek
et al., 2019) resulted in a larger decrease in both the mRNA levels and RFP:GFP
fluorescence, suggesting the two effects may be tightly coordinated (Hoek et al.,
2019). While this decrease in RFP:GFP levels was consistent with NMD-dependent

protein quality control, we sought to exclude several alternative models that could
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also account for this observation. First, we swapped the order of the RFP and GFP to
rule out that differential maturation and/or turnover rates of the fluorophores could
explain the decrease in RFP:GFP ratio (Fig. S2.2B, 2.2C) (Amrani et al., 2004;
Balleza, Kim, and Cluzel, 2018). A similar effect was observed for this 'reverse’
reporter, as previously reported (Chu et al., 2021). Second, we considered whether
the decrease in RFP:GFP ratio could be the result of NMD-dependent deadenylation
and 3’ to 5° exonuclease degradation of the reporter mRNA (Chen and Shyu, 2003;
Mitchell and Tollervey, 2003; Takahashi, Araki, Sakuno, et al., 2003). However,
we detected no difference in the relative mRNA levels of the RFP and GFP coding
regions of the NMD substrate (Fig. 2.1B), confirming that the effect must occur
post-transcriptionally. Finally, we addressed two related possibilities: whether slow
translational termination, which was shown to occur on NMD substrates in yeast,
though potentially not mammals (Amrani et al., 2004; Karousis et al., 2020), or
SMG6-dependent endonucleolytic cleavage of the mRNA at the stop codon could
explain the RFP:GFP ratio decrease (Eberle et al., 2009). The former could result
in increased dwell time of the ribosome at the stop codon when the 30 C-terminal
residues of RFP remain occluded in the ribosomal exit tunnel and could potentially
affect RFP folding and therefore fluorescence. The latter would lead to production of
full-length GFP but truncated RFP, and would be consistent with models proposed
for putative NMD-coupled protein quality control in C. elegans (Arribere and Fire,
2018). However, appending a flexible linker to the C-terminus of RFP to ensure it
is fully emerged from the ribosome at the stop codon did not affect the RFP:GFP
ratio (Fig. S2.2D). This is consistent with the very long maturation time of RFP
( mins-hours (Balleza, Kim, and Cluzel, 2018)), which is therefore unlikely to
be affected by any putative dwell time ( ms-s; (Amrani et al., 2004)) at the stop
codon. Conversely, scrambling the 2A sequence, such that both the GFP and RFP
are tethered to the ribosome at the stop codon, abolished the ratio difference (Fig.
2.1D, Fig. S2.2E). Together these data exclude that the NMD-dependent decrease
in RFP:GFP ratio is due to changes in translation rate, processivity, peptide release,

endonucleolytic cleavage, or preferential 3°-5" degradation.

NMD-dependent protein degradation occurs via the ubiquitin proteasome
pathway

Having established that an NMD-dependent decrease in RFP fluorescence occurs
post-translationally, we tested whether inhibition of the ubiquitin-proteasome path-

way could rescue the observed phenotype. We found that both the proteasome
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inhibitor MG132 and the E1 ubiquitin-activating enzyme inhibitor MLLN7243 specif-
ically increased the RFP:GFP ratio of the NMD reporter (Fig. 2.2A; Fig. S2.3A,
C-D). Importantly, this increase was due to an effect on RFP and not GFP (Fig.
2.2B, Fig. S2.3B), consistent with the model that NMD-dependent protein degra-
dation acts post-translationally and selectively toward the polypeptide associated
with the ribosome at the PTC. To confirm that the observed changes in fluorescence
reflect changes at the protein level, we directly tested for stabilization of RFP upon
El enzyme inhibition by western blotting (Fig. S2.3D). The apparent absence of
truncated RFP would be consistent with a model in which NMD-dependent protein
quality control is initiated at the stop codon. Finally, we directly observed a marked
increase in ubiquitination of RFP, but not GFP, when expressed from our NMD
reporter compared with a matched control, excluding potential indirect effects of
ubiquitin-proteasome pathway inhibition (Fig. 2.2C). Therefore, we concluded that
in addition to its well-characterized role in mRNA degradation, NMD also triggers

degradation of nascent proteins via the ubiquitin proteasome pathway.

Identification of factors required for NMD-coupled protein quality control
Using our characterized NMD?2 reporter, we systematically identified factors re-
quired for the protein degradation arm of NMD using a fluorescence-activated cell
sorting (FACS)-based CRISPR interference (CRISPRi) (Horlbeck et al., 2016) and
CRISPR knockout (CRISPR-KO) screen (Fig. 2.3A). We reasoned that the knock-
down screen would enable study of essential proteins, including the core NMD
factors UPF1 and UPF2 (Hart et al., 2017). Conversely, the knockout screen would
identify factors that require near-complete depletion to induce a measurable phe-
notype, which can lead to false negatives in CRISPRi screens (Rosenbluh et al.,
2017). To do this, we engineered two K562 human cell lines that expressed an
inducible NMD?2 reporter either alone or with the CRISPRIi silencing machinery
(Gilbert et al., 2014). We transduced the CRISPRIi cell line with a single guide
RNA (sgRNA) library targeting all known protein-coding open reading frames as
previously described (hCRISPRi-v2) (Horlbeck et al., 2016). For the knockout
screen, we used a novel 100,000 element library that targets all protein encoding
genes (5 sgRNA/gene), which we used to simultaneously deliver both the genome
wide sgRNA library and Cas9.

We hypothesized that depletion of factors required for NMD-coupled protein quality
control would stabilize RFP, thereby increasing the RFP:GFP ratio. However,
depletion of factors that impede NMD-coupled protein quality control would further
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Figure 2.2: NMD-dependent protein degradation occurs via the ubiquitin proteasome pathway.
(A) Flow cytometry analysis of HEK293T cells transiently transfected with either the con- trol or
NMD?2 reporter (Fig. 2.1A) and treated with the proteasome inhibitor MG132 or DMSO for 6
hours. See quantification in Fig. S2.4A (B) K562 CRISPRI cells stably expressing an inducible
NMD?2 reporter were treated with either MG132 or DMSO after induction of the reporter and an-
alyzed by flow cytometry. Shown are the GFP (left) and RFP (right) channels for the indicated
conditions displayed as a histogram, with fold change quantified in Fig. S2.4B. (C) HEK293T
cells, stably expressing an HA-tagged ubiquitin (HA-Ub) were transiently transfected with either
the control or NMD?2 reporter (modified to incorporate a 3XFLAG tag at the N-terminus of RFP).
To stabilize ubiquitinated species, cells were treated with MG132 prior to lysis. RFP was im-
munoprecipitated with anti-FLAG resin and GFP was purified using a GFP nanobody coupled to
streptavidin resin (Pleiner et al., 2020). Ubiquitinated species were detected by western blotting

for HA-Ub. The quantification of three independent replicates is shown below, with the means and
standard deviations plotted.
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decrease the RFP:GFP ratio. For the CRISPRIi screen, after eight days of knockdown,
we sorted cells with high and low RFP:GFP ratios via FACS, and identified sgRNAs
enriched in those cells by deep sequencing. For the knockout screen we isolated cells
with perturbed RFP:GFP ratios on days eight, ten and twelve post infection of the
CRISPR-KO library. We postulated that essential genes would be better represented
at the earlier time points before their depletion becomes lethal, while factors that
require complete depletion and/or have longer half-lives would be detected at later

time points.

In both the knockdown and knockout screens, we find substantial differences between
the hits identified here and those from earlier screens designed to identify factors

primarily involved in NMD-dependent mRNA degradation (Alexandrov, Shu, and
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Steitz, 2017; Baird et al., 2018; Sun et al., 2011; Zinshteyn et al., 2021) suggesting
our reporter reflects a distinct aspect of the NMD pathway (Fig. 2.3B-D, Fig. S2.4A).
However, we also identified several splicing and core NMD factors as effectors of the
RFP:GFP ratio. For example, we found that the core component of the EJC, CASC3
(Gerbracht et al., 2020) is required for NMD-coupled protein degradation (Fig.
2.3B, 2.3D). Furthermore, depletion of several known NMD factors—UPF1, UPF2,
UPF3B, SMG6—increased the RFP:GFP ratio of our NMD-reporter. Additionally,
we also identified factors that appeared to enhance the degradation of RFP relative
to GFP. On day eight of the knockout screen, we found that several essential factors
required for 5° to 3> mRNA degradation were enriched in the population of cells with
lower RFP:RFP fluorescence (Fig. 2.3C). The phenotype scores for these essential
factors decreased from day 8 to day 12, likely due to guide drop out, thereby
validating the importance of examining the knock-out screen across multiple time
points (Fig. S2.4A). Together, these results suggest a single, shared recognition step
for both the mRNA and protein quality control branches of NMD, which requires
recognition of an intact EJC downstream of the stop codon via interactions between

the canonical NMD factors and the ribosome.

NMD-coupled protein quality control is not mediated by canonical RQC factors
Notably absent in both the knockdown and knockout screen were canonical com-
ponents of the RQC pathway, suggesting that NMD substrates may rely on an
alternative strategy for nascent protein degradation. Because the CRISPRi screen
was performed using the same platform and conditions as earlier reporter screens for
non-stop decay—including the same cell type, sgRNA library, and sampling time
point—the screens are directly comparable (Hickey et al., 2020). While depletion
of RQC factors including PELO and the E3 ubiquitin ligase LTN1 were identified in
the non-stop reporter screen, neither are significant hits for NMD-dependent protein
degradation in our system (Fig. 2.4A, 2.4B). We directly verified that LTN1 knock-
down has no effect on our NMD reporter, or the ‘reverse’ reporter, but did have a
marked effect on the fluorescence ratio of an established non-stop decay substrate
(Fig. 2.4C-D, Fig. S2.4B-C). We therefore concluded that NMD-coupled protein

degradation is mediated by a different set of factors.

Factors required for NMD-coupled protein quality control
Hits from the FACS based reporter screens were validated using an arrayed screen

with a matched control. These data confirmed that knockdown of CASC3 increased
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Figure 2.3: Systematic characterization of factors required for NMD-coupled protein quality
control. (A) Schematic of the workflow. (B) Volcano plot of the RFP:GFP stabilization phenotype
(log?2 for the three strongest sgRNAs per gene) and Mann—Whitney p values from the genome-wide
CRISPRIi screen, with each point representing one gene. Genes falling outside the dashed lines are
statistically significant. Notable hits causing an increase in the RFP to GFP ratio are shown in light
blue and include known NMD factors, the splicing factor CASC3, and the E3 ligase CNOT4. DDX6,
a known suppressor of NMD, which causes a lower RFP to GFP ratio, is shown in purple. (C)
Volcano plot as in (B) for the genome-wide CRISPR knock-out screen sorted at the day 8 timepoint.
Factors that cause a decrease in RFP relative to GFP include genes involved in mRNA de-capping,
DDX6, and the 5’-3 exonuclease XRN1. (D) As in (C) but for day 12. In blue are shown known
NMD factors and the E3 ligase CNOT4. Highlighted genes can be tracked across the three days of
screening in Fig. S2.4A.

both the GFP levels and the RFP:GFP ratio of our NMD reporter (Fig. 2.5, Fig.
S2.5A, C, E). The effect of CASC3 (also referred to as MLNS51) depletion on our
reporter is consistent with its established role as a splicing factor and a critical
core component of the EJC (Le Hir, Izaurralde, et al., 2000; Bono et al., 2006).
Knockdown of the 5° decapping enzyme DCP1A also increased GFP levels, but
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Figure 2.4: NMD-linked protein degradation is not mediated by the canonical RQC pathway.

(A) Volcano plot of the NMD2 reporter CRISPRI screen as in Fig 3A. Highlighted in black are
factors involved in the canonical RQ@®) For comparison, RQC factors are highlighted in black on

a volcano plot for an earlier CRISPRI screen using a non-stop reporter (consisting of a BFP, a viral
2A skipping sequence, and a GFP conjugated a triple helix moiety to stabilize the mRNA transcript,
which would usually be degraded due to the lack of a stop codon) conducted using identical conditions
asin (A) (Hickey et al., 2020)C) K562 CRISPRI cells stably expressing either an inducible NMD2
reporter or a constitutively expressed non-stop reporter with matched GFP and RFP uorophores (in
this case, a functionally equivalent non-stop reporter with two separate promoters, one driving GFP,
and the other RFP conjugated to the triple helix moiety; as in Hickey, 2020) were infected with a
SgRNA targeting the E3 ligase LTN1. The RFP to GFP ratios for NMD2, and the GFP to RFP ratio
for the non-stop reporter as determined by ow cytometry are displayed as a histogram and quanti ed
in Fig. S2.4B.(D) K562 CRISPRI cells expressing a reversed version of the NMD2 reporter (rev-
NMD2) were infected with an sgRNA against LTN1 and analyzed as in (C) and quanti ed in Fig.
S2.4C.

decreased the RFP:GFP ratio. We con rmed these phenotypes were generalizable
using our reverse GFP:RFP reporter (Fig. S2.5B, D, F).

Having observed that the nascent protein is directly ubiquitinated and degraded by
the proteasome (Fig. 2.2), we were particularly interested in identifying an E3 ubig-



