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ASOs antisense oligonucleotides

ATF4 activating transcription factor 4

cAMP cyclic adenosine monophosphate
CBC cap-binding complex

CCL-1/2 coiled-coil-like 1/2

CFTR cystic fibrosis transmembrane conductance regulator
CH cysteine- and histidine-rich
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EJC exon junction complex
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FATC FAT C-terminal
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KD knockdown
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KO knockout
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Abstract

2 Abstract

The cell undergoes various processes such as proliferation, differentiation, and intracellular
adjustments due to changes of external conditions. For the adaption to these states precise regulation
of gene expression is necessary. Nonsense-mediated mRNA decay (NMD) is a translation-dependent
quality control mechanism in eukaryotes. Although NMD is best known for degrading transcripts
harboring premature termination codons (PTC), NMD was additionally found to regulate gene
expression via targeting physiological transcripts.

Phosphorylation of the central NMD factors UPF1 via the SMG1:SMG8:SMG9 complex is a key step
during NMD initiation. The kinase SMG1, responsible for UPF1 phosphorylation, is proposed to be
negatively regulated by the SMG8 C-terminus and SMG9. Upon phosphorylation, the N- and C-terminal
tails of UPF1 function as binding platforms for the decay-inducing factors SMG5:SMG7 and SMG6.
Subsequently, the SMG7 C-terminus initiates deadenylation via the recruitment of the CCR4-NOT
complex, and the endonuclease SMG6 cleaves the transcript in the vicinity of the PTC.

While extensive studies were conducted over the last years, the exact biological mechanism remains
undisclosed. Therefore, the aim of this thesis was to examine the regulation of the SMG1:SMG8:SMG9
complex and to investigate the connection of the SMG5:SMG7 and SMG6 pathways in human cultured
cells. The regulatory function of SMG8 for SMG1 kinase activity was tested via the deletion of the SMG8
C-terminus. However, cells lacking the SMG8 C-terminus resulted in unchanged NMD activity.
Furthermore, the depletion of SMG8 and SMG9 led to minor NMD inhibition and unchanged UPF1
phosphorylation, questioning their regulatory role for SMG1. Nevertheless, treatment with the SMG1
inhibitor SMG1i revealed hypersensitivity of SMG8- or SMG9-deleted cells compared to WT cells:
Transcriptome-wide analysis showed an enrichment of NMD-annotated transcripts demonstrating
that SMG8 and SMG9 contribute to the robustness of the NMD machinery.

Degradation via the SMG5:SMG7 and SMG6 pathway was proposed to be redundant and independent.
However, the loss of the SMG5:SMG7 led to the inactivation of SMG6, revealing a functional
dependence between both pathways. Transcriptome-wide analysis of SMG5:SMG7-depleted cells
revealed severe NMD impairment. Interaction studies demonstrated the intact SMG6-UPF1 binding
under these conditions, showing that SMG5:SMG7 are crucial for SMG6 activation. Furthermore,
complete NMD abolishment resulted in an accumulation of stalled NMD complexes, suggesting that
endonucleolytic cleavage is required for the dissociation of the NMD machinery.

Taken together, these data provide comprehensive insights into the SMG1:SMG8:SMG9 complex and
the interplay between SMG5:SMG7 and SMG6. Furthermore, these data support an improved model,
which consists of two consecutive authentication steps to active SMG6 endonucleolytic activity

including UPF1 phosphorylation via SMG1:SMG8:SMG9 and recruitment of SMG5:SMG?7.
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3 Introduction

Eukaryotic cells must precisely regulate transcription, translation, and mRNA turnover to adjust to
cellular requirements upon external changes such as nutrient starvation, hypoxia or pathogen invasion
(Pakos-Zebrucka et al. 2016, Vadivel Gnanasundram et al. 2018, Ottens et al. 2023, Milano et al. 2024).
messenger RNA (mRNA) expression starts in the nucleus with the transcription of the precursor mRNA
(pre-mRNA) by the RNA polymerase Il (Girbig et al. 2022). The mRNA maturation consists of different
processes including capping at the 5’-end, splicing, as well as cleavage and polyadenylation of the
3’-end, which are all executed by specified molecular complexes (Ramanathan et al. 2016, Passmore
et al. 2022, Vorlander et al. 2022, Rogalska et al. 2023). The mature mRNA is then exported into the
cytoplasm. At this point, a multitude of RNA-binding proteins (RBPs) are already bound to the mRNA
to regulate a variety of processes, such as translation and stability (Dever et al. 2018, Brito Querido et
al. 2024). Translation initiation factors load the preinitiation complex, including the small ribosomal
subunit, onto the capped mRNA (Hinnebusch 2014, Merrick et al. 2018). The preinitiation complex
scans the transcript and start codon recognition leads to the complementation of the ribosome via
binding of the large subunit to the small subunit (Brito Querido et al. 2024). Protein synthesis is
initiated and a polypeptide chain is produced. After stop codon recognition, terminating factors
contribute to the release of the polypeptide chain and the ribosomal subunits (Jackson et al. 2012,
Hellen 2018). From transcription to translation, the mRNA undergoes multiple quality controls
ensuring the correct gene expression to maintain the physiological state of the cell (Filbeck et al. 2022,

Monaghan et al. 2023).

3.1 Co-translational quality control mechanisms maintain cellular homeostasis

During mRNA transcription and maturation, errors may occur, such as mutations that introduce
premature termination codons (PTCs). The translation of these aberrant mRNAs can result in the
production of non-functional and potentially toxic proteins, adversely affecting cellular fitness (Lee et
al. 2013). Therefore, multiple quality control mechanisms inspect the mRNA for errors and sense
ribosome stalling or aberrant translation termination (Filbeck et al. 2022, Monaghan et al. 2023).
Although translation can increase mRNA stability due to the displacement of decay-inducing factors,
many mRNA surveillance mechanisms act co- and post-translationally and rely on ribosomes for proper
degradation (Monaghan et al. 2023).

Three well-known mRNA surveillance mechanisms that ensure the quality of mRNA translation are
called no-go decay (NGD), non-stop decay (NSD) and nonsense-mediated mRNA decay (NMD). Since
the mRNA degradation is irreversible and could condemn the cell’s fate, the degradation machineries

have to be restricted to true targets.
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Disrupted ribosome progression can initiate the degradation of its transcript via NGD (Figure 1A-B)
(Simms et al. 2017). Stalled ribosomes can be caused by secondary or tertiary RNA structure formations
within the coding region, such as hairpins and pseudoknots, but also by chemical modifications
compromising the codon-anticodon interaction (Atkinson et al. 2008, Gandhi et al. 2008, Simms et al.
2014). Ribosome stalling can lead to ribosome collision and the formation of disomes, which can alter
the reading frame leading to the production of aberrant proteins (Simms et al. 2019, Filbeck et al.
2022). NGD targets these mRNAs with stalled ribosomes and initiates endonucleolytic cleavage
upstream of the ribosome (Doma et al. 2006).

NSD degrades mRNAs that lack a stop codon, mostly generated via point mutations in the stop codon
or via premature polyadenylation (Figure 1C) (Frischmeyer et al. 2002, Simms et al. 2017).
Furthermore, mechanical breakage or enzymatic cleavage in the open reading frame (ORF) can render
transcripts to NSD targets (Alagar Boopathy et al. 2023). The absence of a stop codon can cause the
ribosome to translate into the poly(A) tail. The ribosome stalls and remains bound to the mRNA, since
no release factors bind to the ribosomal A-site due to the missing stop codon (Alagar Boopathy et al.

2023). Subsequently, NSD recruits an exosome complex that promotes ribosome release and mRNA
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Figure 1: Overview of co-translational mRNA quality control mechanisms

(A) During the translation of canonical transcripts, the ribosome stalls at the stop codon and a full-length protein is produced.
(B) Transcripts containing no-go decay (NGD)-triggering structures, such as hairpins, cause the ribosome to stall early. NGD
degrades the transcript and the production of truncated proteins is prevented. (C) The lack of a stop codon on a transcript
causes the ribosome to translate into the poly(A) tail of the transcript. The production of prolonged and aberrant proteins is
suppressed via no-stop decay (NSD). (D) Transcripts containing premature termination codons (PTCs) cause the ribosome to
terminate early. Nonsense-mediated mRNA decay (NMD) degrades these transcripts and prevents the production of

truncated proteins.
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degradation (Powers et al. 2020).

During NGD and NSD, the newly synthesized polypeptide chain remains bound to the 60S ribosomal
subunit (Monaghan et al. 2023). The removal of the polypeptide chain is facilitated via proteasomal
degradation, and the stalled ribosomes are removed due to dissociation into the 40S and 60S subunits.
Both mechanisms are mediated by ribosome-associated protein quality control (RQC), which
underlines the important connection between NGD and NSD to ribosome recycling (Joazeiro 2019).
The third and most intensively studied co-translational mRNA quality control mechanism is NMD,
which was first found in yeast (Leeds et al. 1991). NMD is an evolutionary conserved mechanism in
eukaryotes that degrades mRNAs containing a PTC (Figure 1D) (Karousis et al. 2019). PTCs can not only
derive from point mutation in the coding sequence, but also from insertions, deletions or mutations in
splice sites that all can lead to frame shifts (Supek et al. 2021). The ribosome terminates early due to
the PTC, resulting in the production of truncated and possibly dominant negative proteins (Sun et al.
2023). However, the terminating ribosome triggers, together with other RBPs, the assembly of the
NMD machinery that consists of multiple decay-inducing factors (Kurosaki et al. 2019). Subsequently,
the mRNA is degraded via various decay routes comprising of endonucleolytic cleavage, deadenylation,

and decapping.

3.2 NMD in gene expression regulation

For a long time, NMD was only known to be a quality control mechanism. However, NMD turned out
to be more than just a surveillance mechanism that protects the cell from harmful transcripts. NMD
contributes to the gene regulation by targeting around 10% of physiological transcripts in eukaryotes
(Wang et al. 2011, Tani et al. 2012, Colombo et al. 2017).

One way to regulate gene expression is the use of alternative splicing. During or after transcription,
the cell splices the pre-mRNA to its final form via splicing factors and the spliceosome (Ule et al. 2019).
Alternative splicing allows the use of different combinations of splice sites leading to multiple mRNAs
from one pre-mRNA (Ule and Blencowe 2019). The alternatively spliced transcripts can lead to different
protein structures and characteristics, enabling different protein functions. However, alternative
splicing can lead to aberrant mRNA transcripts harboring a PTC, for example via altering the reading
frame or via the inclusion of an PTC-containing exon, which was observed in mammals, plants,
zebrafish and yeast (Lewis et al. 2003, Drechsel et al. 2013, Longman et al. 2013, Kawashima et al.
2014, Baralle et al. 2017). The PTC-containing mRNA isoforms are targeted for degradation by NMD,
preventing the production of aberrant proteins. Transcriptome-wide analyses showed that around one
third of mRNA alternative splicing events results in transcripts containing an NMD-activating PTC

(Lewis et al. 2003, Pan et al. 2006, Weischenfeldt et al. 2012). The combination of alternative splicing
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and NMD can quickly change the expression of specific transcripts, enabling rapid adjustment to
cellular stimuli.

NMD regulates the gene expression of different physiological processes including the integrated stress
response (Fernandes et al. 2019). The integrated stress response is an evolutionary conserved
mechanism that supports cell survival and homeostasis upon cellular stress such as amino acid
starvation and hypoxia (Mendell et al. 2004, Gardner 2008, Fernandes et al. 2019, Tian et al. 2021,
Neill et al. 2023). One central factor of the integrated stress response is the activating transcription
factor 4 (ATF4) (Neill and Masson 2023). ATF4 contains an actively translated upstream open reading
frame (UORF), which can be an NMD-triggering factor similar to PTCs (chapter 3.5). In unstressed cells,
active NMD degrades ATF4 and other stress-related transcripts, leading to a suppression of the
integrated stress response (Vattem et al. 2004, Chan et al. 2013). However, upon cellular stress, key
regulatory factor elF2a is phosphorylated, causing the downregulation of global protein synthesis and
the selective translation of proteins including stress-related factors (Pakos-Zebrucka et al. 2016).
Subsequently, translation re-initiation at the main ORF of ATF4 is induced, rendering the transcript
insensitive to NMD degradation and leading to ATF4 enrichment (Vattem and Wek 2004, Chan et al.
2013). Together with other stress-related genes, ATF4 supports the cellular recovery (Pakos-Zebrucka
et al. 2016, Neill and Masson 2023).

In addition to regulating transcripts of different pathways, NMD was found to regulate the expression
of its own factors via a regulatory feedback loop. The downregulation of NMD factors using siRNA-
mediated knockdowns (KDs) led to the upregulation of other NMD factors, indicating that NMD
autoregulates the expression of multiple of its own factors (Singh et al. 2008, Huang et al. 2011,
Yepiskoposyan et al. 2011). This feedback regulation of several NMD proteins increases the ability to
correct NMD defects, independent of which protein is limiting, and therefore provides multiple
possibilities to adjust NMD activity (Huang et al. 2011). The 3’ untranslated regions (UTRs) of the NMD
transcripts were identified as NMD-triggering feature, since mRNA reporters containing these 3’ UTRs
were sensitized towards NMD degradation (chapter 3.5) (Singh et al. 2008, Yepiskoposyan et al. 2011).
Since some NMD factors were also targeted by NMD in other organisms, such as Arabidopsis thaliana
and Drosophila melanogaster, this regulatory feedback loop seems to be evolutionary conserved

(Kerenyi et al. 2008, Saul et al. 2009).

3.3 NMD is linked to inefficient translation termination

The NMD mechanism is tightly connected to translation termination and determines if an mRNA
remains intact to serve as a template for further translation rounds. During canonical translation
termination, the ribosome stops a termination codon and instead of an aminoacyl-tRNA, the

eukaryotic release factor 1 (eRF1) binds together with GTP-bound eRF3 to the A-site of the ribosome
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(Hellen 2018). Upon GTP hydrolysis by eRF3, eRF1 hydrolyzes the peptidyl-tRNA bond, leading to
dissociation of the polypeptide chain (Hellen 2018). Furthermore, eRF1 dissociates from eRF3 and the
ABC-type ATPase ABCE1 interacts with eRF1, inducing the dissociation of the 40S and 60S ribosomal
subunits and promoting ribosome recycling (Pisarev et al. 2010, Becker et al. 2012).

It is unclear, if the translation termination of PTC-containing NMD substrates exhibits a different
mechanism compared to canonical translation termination. It was suggested that only transcripts
bound to the cap-binding complex (CBC) are targeted by NMD and that the exchange of CBC with the
translation initiation factor complex elF4F would render the transcript insensitive to NMD (Ishigaki et
al. 2001, Lejeune et al. 2002, Chiu et al. 2004, Matsuda et al. 2007, Sato et al. 2008). CBC is a mediator
of the 5’ cap placed on the mRNA in the nucleus and replaced by elF4F after export of the mature
MRNA (Gonatopoulos-Pournatzis et al. 2014). Both CBC and elF4F have analogous function during
translation, however, CBC was previously associated to the first round(s) of translation (Gonatopoulos-
Pournatzis and Cowling 2014). This led to the conclusion that NMD substrates are exclusively degraded
during the first round of translation. Nevertheless, this hypothesis was challenged since elF4F-bound
MRNAs were as efficiently degraded by NMD as CBC-bound mRNAs (Durand et al. 2013, Rufener et al.
2013, Hoek et al. 2019). More recently, it was found that each translation round has the same
probability to induce NMD and that rather the number and positions of introns influence NMD
efficiency (Hoek et al. 2019).

Another theory for NMD initiation was that ribosomes reside longer at stop codons of NMD targets
compared to non-NMD targets. The slower translation termination might be caused by missing
termination-promoting factors and increases the probability of NMD activation (Peixeiro et al. 2012).
Contrary to this theory is that similar ribosomal occupancy at stop codons of NMD and non-NMD
targets were seen in human cells, leading to the hypothesis that stalling ribosomes at stop codons are
not a criterion for NMD activation (Karousis et al. 2020).

An alternative hypothesis on how translation induces NMD is based on the key NMD factor upstream
frameshift 1 (UPF1), which binds to mRNAs and functions as a binding platform for the decay-inducing
factors (Okada-Katsuhata et al. 2012, Staszewski et al. 2023). Interaction studies in yeast and
mammalian cells found that UPF1 can bind to eRF1 and eRF3, leading to the idea that this interaction
during translation termination induces NMD (Czaplinski et al. 1998, Wang et al. 2001, Kashima et al.
2006, Ivanov et al. 2008, Singh et al. 2008). However, this theory is challenged since more recently no

interaction between UPF1 and both release factors was observed (Neu-Yilik et al. 2017).

10
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3.4 Two NMD pathways: The EJC-dependent and faux 3" UTR model

To date, the mechanism by which NMD distinguishes between premature and canonical stop codons
is still not fully understood. Nevertheless, two models are prevalent in the literature: (1) the exon
junction (EJC)-dependent model and (2) the faux 3’ UTR model. In the first model, the presence of the
multimeric EJC downstream of a terminating ribosome marks the transcript as NMD-target (Metze et
al. 2013, Lindeboom et al. 2016). EJCs consist of the three core components EIF4A3, MAGOH and
RBMS8A, which can form a complex with CASC3, and are deposited in a sequence-unspecific manner
20-24 nucleotides upstream of exon-exon junctions during splicing (Le Hir et al. 2000, Steckelberg et
al. 2012, Schlautmann et al. 2020). EJCs remain bound to the mRNA during export into the cytoplasm
and are removed during translation by the ribosome (Figure 2A) (Le Hir et al. 2000, Schlautmann and
Gehring 2020). However, if a ribosome terminates early due to a PTC, EJCs downstream of the
terminating ribosome remain bound to the mRNA (Dostie et al. 2002). The presence of the EJC recruits
NMD factors and initiates the degradation of the mRNA (Le Hir et al. 2001, Gehring et al. 2003, Gehring
et al. 2005, Kashima et al. 2010). Since the majority of genes are (alternatively) spliced, the EJC-
dependent NMD pathway regulates a large part of all NMD targets (Baralle and Giudice 2017, Yi et al.
2021).

An alternative pathway to induce NMD does not rely on an EJC, but the presence of a long 3’ UTR. This
EJC-independent NMD model, also called faux 3’ UTR model, is less well defined compared to the EJC-
dependent model (Munoz et al. 2023). It was shown that mRNA reporters with a long 3’ UTR are more
prone to NMD degradation, however, the underlying mechanism is unknown (Buhler et al. 2006, Eberle
et al. 2008). One possible explanation for this is the longer distance between the poly(A)-binding
protein cytoplasmic 1 (PABPC1) and the stop codon (Figure 2B). The longer distance leads to reduced
interaction of PABC1 and eRF3, which causes improper translation termination (Amrani et al. 2004,
Peixeiro et al. 2012). Contrary to this idea are studies showing that the disruption of the interaction
between Pab1 (the PABC1 homolog in yeast) and eRF3 did not lead to increased NMD activity (Meaux
et al. 2008, Roque et al. 2015).

Another hypothesis, why longer 3’ UTRs render a transcript sensitive to NMD is the higher abundance
of the key NMD factor UPF1 in the 3’ UTR, which are not displaced by ribosomes (Zund et al. 2013,
Kurosaki et al. 2014). Contrary to this hypothesis is that endogenous transcripts with very long 3’ UTRs
were reported to escape NMD, underlining that not every long 3° UTR triggers NMD (Toma et al. 2015).
In addition, recent nanopore sequencing revealed that the mean length of the 3’ UTR of NMD-sensitive
and -insensitive transcripts was similar, when no NMD-triggering exon-exon junctions in the 3’ UTR
were present (Karousis et al. 2021). Instead, the NMD-sensitive transcripts of this subset had more
UORF in the 5" UTR compared to NMD-insensitive transcripts, which could be the reason for the NMD

sensitivity (chapter 3.5).
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Figure 2: The EJC-dependent model and faux 3' UTR model

(A) During translation elongation, the ribosome displaces the mRNA-bound exon junction complexes (EJCs) upstream of exon-
exon junctions. However, transcripts containing a premature termination codon (PTC) can induce the EJC-dependent NMD
pathway. The ribosomes terminate earlier at the PTC and downstream EJCs remain bound to the mRNA. Subsequently, NMD
factors are recruited to the transcript. (B) Ribosomes terminating at canonical stop codons are in short distance to the poly(A)
binding protein cytoplasmic 1 (PABC1) located at the poly(A) tail. This allows the interaction of eRF3 and PABC1 and normal
translation termination. However, transcripts harboring long 3’ UTRs can induce the faux 3’ UTR model. Due to the long

3’ UTR, eRF3 cannot interact with the PABC1, which leads to improper translation termination and the recruitment of NMD

factors.

3.5 NMD targets and their characteristics

Although NMD is best known for its ability to degrade PTC-harboring transcripts via the EJC-dependent
pathway, the sole presence of a PTC is not sufficient to render the transcript to an NMD target. In
addition, the exact position of a PTC determines if the transcript is NMD-sensitive or NMD-insensitive.
PTCs have to be located at least 50-55 nucleotides upstream of the last exon-exon junction to trigger
NMD (Figure 3A-B) (Nagy et al. 1998). A terminating ribosome, which stops at a PTC less than 50-55
nucleotides upstream of the last exon-exon junction, will remove the last remaining EJC and therefore

prevent NMD activation (Le Hir et al. 2000, Dostie and Dreyfuss 2002).
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Besides this “50-55 nucleotide rule”, the PTC position independent of exon-exon junctions is an
additional factor that determines how efficiently the targeted mRNA is degraded (Romao et al. 2000,
Inacio et al. 2004, Lindeboom et al. 2016). For instance, cancer genome data revealed that PTCs located
in the vicinity of the start codon (200 nucleotides or less) showed decreased NMD activity (Lindeboom
et al. 2016). The reason for this failed NMD activation is not clear, however, one possible explanation

for this is the presence of PABPC1, which was stated to inhibit NMD upon interaction with eRF3
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Figure 3: Different types of NMD targets

(A) The translating ribosome removes bound exon junction complexes (EJCs) from canonical transcripts, rendering the
transcript resistant to NMD. (B) PTC-harboring transcripts cause the ribosome to terminate early, and downstream EJCs
remain bound to the transcript. The EJCs recruit NMD factors leading to the degradation of the transcript. (C) Selenocysteines
share their amino acid code with a stop codon (UGA). If a selenocysteine is not incorporated into the transcript, the ribosome
identifies a premature stop codon, rendering the transcript NMD-sensitive. (D) The presence of an upstream open reading
frame (UORF) can induce NMD, since downstream EJCs are not removed by the ribosome. (E) Splicing in the 3’ UTR leaves an
EJC downstream of the canonical stop codon, leading to the recruitment of NMD factors. (F) Long 3’ UTRs can induce mRNA
degradation via the faux 3" UTR model. The thick, light grey line depicts the 3' and 5' untranslated regions (UTRs), the thick,

dark gray line represents the open reading frame (ORF), and the thin black lines show introns. nts = nucleotides.
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(Amrani et al. 2004, Peixeiro et al. 2012). During cap-dependent translation and ribosome scanning,
PABPC1 could be in the vicinity of early PTCs due to the mRNA closed-loop formation leading to
suppressed NMD (Silva et al. 2008, Lindeboom et al. 2016). Alternatively, re-initiation of a translating
ribosome at an alternative downstream start codon could displace NMD-triggering EJCs (Pereira et al.
2015, Lindeboom et al. 2016). In addition to PTCs located in early exons, those located in long exons
(more than 400 nucleotides) showed a reduced NMD activity, presumably due to the impaired
interaction of the UPF1 located at the PTC and the downstream EJC (Lindeboom et al. 2016).

Besides PTCs, the selenocysteine codon can induce early translation termination and NMD initiation,
since it shares the amino acid code with a stop codon (UGA; Figure 3C) (Moriarty et al. 1998). During
inefficient incorporation of a selenocysteine at the UGA codon, the ribosome recognizes the
selenocysteine codon as a stop signal leading to a premature termination event. NMD is well-known
for its degradation of aberrant, PTC-containing transcripts. However, NMD also downregulates
numerous physiological transcripts lacking a PTC and coding for seemingly full-length proteins
(Mendell et al. 2004, Wittmann et al. 2006, Tani et al. 2012, Colombo et al. 2017). Actively translated
UORFs were identified as another NMD-inducing feature as found in the stress-associated transcript
ATF4 (Figure 3D) (Vattem and Wek 2004, Chan et al. 2013). After translation termination at the stop
codon of the uORF, multiple EJCs remain bound downstream of the uORF, leading to NMD activation
(Karousis and Muhlemann 2019). About half of the transcripts are estimated to harbor at least one
NMD-triggering uORF within the 5 UTR, underlining their significance for the regulation of gene
expression (Yamashita et al. 2003, Crowe et al. 2006, Calvo et al. 2009). However, recently it was
shown that uORFs within the first 50 nucleotides from the 5’ cap are located at a blind spot for
ribosomes, which is created via the footprint of the cap-binding complex elF4F that is a key factor
during translation initiation (Brito Querido et al. 2020).

Furthermore, the presence of 3" UTR introns also trigger NMD, since splicing results in the deposition
of an EJC downstream of the canonical stop codon, where it is not removed by the ribosome
(Figure 3E). Not only splicing of the 3’ UTR, but also the length of the 3’ UTR can induce NMD as
previously described by the faux 3’ UTR model (Figure 3F; chapter 3.4) (Buhler et al. 2006, Kebaara et
al. 2009, Hogg et al. 2010). The long physical distance between eRF3 at the termination codon and
PABPC1 bound to the poly(A)tail could cause the NMD sensitivity (Amrani et al. 2004, Peixeiro et al.
2012).
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3.6 Assembly of the NMD machinery and mRNA degradation

3.6.1 Assembly of the evolutionary conserved NMD factors UPF1, UPF2 and UPF3

To induce proper degradation via NMD, multiple factors have to assemble on the targeted mRNA.
Genetic screens in Saccharomyces cerevisiae (Leeds et al. 1991) and Caenorhabditis elegans (Pulak et
al. 1993) revealed the first NMD factors. Later, homology searches identified homologs in mammals
(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) and other species such as D. melanogaster and A. thaliana (Behm-
Ansmant et al. 2007, Lloyd 2018). Although the number of NMD factors varies between species, the
evolutionary conserved factors UPF1, UPF2 and UPF3 were found in all investigated organisms. UPF1,
a member of the superfamily 1 of RNA helicases, is considered the central NMD factor, since it
functions as a binding platform for decay-inducing factors (Okada-Katsuhata et al. 2012, Staszewski et
al. 2023). Upon NMD activation, UPF2 and UPF3 form a bridge between UPF1 and the EJC (Chamieh et
al. 2008). In higher eukaryotes, subsequent phosphorylation of UPF1 allows the binding of the decay-
inducing factors (Okada-Katsuhata et al. 2012, Staszewski et al. 2023).

Although previous studies suggested that UPF1 is only recruited to NMD targets, transcriptome-wide
analyses indicated that UPF1 associates with both NMD-sensitive and NMD-insensitive transcripts
(Zund et al. 2013, Kurosaki et al. 2014, Lee et al. 2015). UPF1 proteins can be displaced by translating
ribosomes, leading to an UPF1 enrichment in the 3’ UTR (Zund et al. 2013, Kurosaki et al. 2014).
However, due to the early translation termination, PTC-containing NMD substrates have longer 3° UTRs
and consequently more bound UPF1. In line with this, a recent study showed that UPF1 binds poorly
translated and untranslated ORFs, such as uORFs, ORF-like 3 UTRs and long ORFs, which are all
connected to reduced mRNA stability (Musaev et al. 2024). Consequently, these observations indicate
that an accumulation of UPF1 might increase the probability for the recruitment of NMD factors.
Besides is ability to bind RNA, UPF1 has an RNA-dependent ATPase and 5'-to-3’ helicase activity
(Bhattacharya et al. 2000). The helicase activity is regulated via the N-terminal cysteine- and histidine-
rich (CH) domain, the ATP-binding site (located between the ReclA and Rec2A domain), and the
C-terminal SQ-rich domain (Figure 4A) (Cheng et al. 2007, Chakrabarti et al. 2011). In the absence of
ATP, UPF1 binds tightly to the mRNA (Chapman et al. 2022). Upon ATP binding, UPF1 induces its
catalytically active conformation and reduces its binding to the mRNA due to a constriction of the RNA-
binding channel (Bhattacharya et al. 2000, Cheng et al. 2007). The ATPase activity of UPF1 seems to be
crucial for target discrimination, since ATPase-deficient mutants accumulated on both NMD and non-
NMD targets, presumably because the mutants were unable to dissociate from the non-NMD targets
(Lee et al. 2015). In contrast, wildtype UPF1 is moderately processive on NMD-insensitive targets and

dissociates from the RNA (Chapman et al. 2022).
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ATPase-deficient mutants are not able to execute their helicase activity, leading to hyper-
phosphorylation due to their increased time on mRNAs (Durand et al. 2016). Although
hyperphosphorylation increases the ability for decay-inducing factors to bind, UPF1 mutants with
impaired ATPase activity showed severe NMD abolishment (Franks et al. 2010). One possible
explanation for this is that the ATPase activity of UPF1 is necessary for the disruption of RNA-protein
interactions. UPF1 might displace RNA-stabilizing factors and mRNA-bound NMD factors to promote
full degradation such as the degradation of 3’ intermediates by the endonucleases XRN1 (Franks et al.
2010, Fiorini et al. 2015).

In mammals, alternative splicing of UPF1 mRNA adds 11 amino acids to a regulatory loop of the RNA-
binding channel in the helicase core of UPF1, resulting in two different isoforms called UPF1 short loop
(UPF1-SL) and UPF1 long loop (UPF1-LL) (Gowravaram et al. 2018). Around 80% of the UPF1 pool
consists of UPF1-SL, which executes the canonical NMD pathway (Fritz et al. 2022). UPF1-LL revealed
an increased RNA-binding affinity and helicase activity compared to UPF1-SL and induced NMD in
response to the integrated stress response and repression of translation (Gowravaram et al. 2018, Fritz
et al. 2022). This led to the downregulation of different NMD targets like transcripts with long 3" UTRs
and stress-related transcripts.

Upon target identification via UPF1, UPF2 contributes to the NMD factor assembly via bridging UPF1
to the EJC-bound UPF3 (Kadlec et al. 2004, Kadlec et al. 2006, Chamieh et al. 2008, Clerici et al. 2009,
Melero et al. 2012). UPF2 possesses three tandem middle portions of elF4G (MIF4G) domains, of which
the first two domains have an unknown function (Figure 4B) (Clerici et al. 2014). The third MIF4G
domain is the interaction site of both UPF3B and the kinase suppressor of morphogenesis in genitalia
1 (SMG1) and contributes to the activation of SMG1 (Clerici et al. 2014). In addition, UPF2 supports the
dissociation of SMG1 from UPF1 (Deniaud et al. 2015). The C-terminal UPF1-binding domain (U1BD)
undergoes a large conformational change upon binding of the UPF1 CH domain (Clerici et al. 2009).
This decreases the RNA-binding affinity of UPF1 and increases the ATPase and helicase activity, leading
to a change of the RNA-clamping mode to the RNA-unwinding mode (Chakrabarti et al. 2011).
Therefore, UPF2 acts as an activator by inducing the transition of UPF1 from the autoinhibited state to
the active state. UPF2 is also able to interact with eRF3 via its C-terminus, which partly overlaps with
the UPF3-binding site (Lopez-Perrote et al. 2016). Consequently, UPF2-UPF3 binding impairs UPF2-
eRF3 interaction, especially since UPF2 binds more strongly to UPF3 than eRF3 (Lopez-Perrote et al.
2016). However, the UPF2-eRF3 interaction did not influence translation termination indicating that
UPF2 does not contribute to aberrant translation termination on PTCs (Lopez-Perrote et al. 2016, Neu-
Yilik et al. 2017).

The UPF3 protein consists of an RNA recognition motif-like (RRM-L) domain at its N-terminus, a NONA/
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Figure 4: Domain structure of UPF proteins

(A) Schematic representation of the domain structure of the UPF1 short loop isoform (Uniprot ID Q92900-2). The helicase
domain consists of the Stalk, RecAl and RecA2 domains. The N- and C-terminal domains function as binding platforms for the
decay-inducing factors SMG5:SMG7 and SMG6. Phosphorylation motifs L(S/T) are indicated with black lines and black font.
L(S/T)Q motifs are indicated with black lines and yellow font. Dotted lines show the binding site of the indicated interaction
partner. (B) Domain structure of UPF2, consisting of the three MIFAG domains and the UPF1-binding domain (U1BD). (C)
Overview of the UPF3B domains consisting of the RNA recognition motif-like (RRM-L) domain, NOPS-L domain, two CCL

domains and the EJC-binding motif (EBM). (D) Schematic representation of the interaction of the UPF proteins with the EJC.

paraspeckle-like (NOPS-L) domain followed by two coiled-coil-like (CCL-1, CCL-2) domains and an EJC-
binding motif (EBM) domain at the C-terminus, which facilitates binding to the three EJC factors
EIF4AA3, MAGOH and RBMS8A (Figure 4C-D) (Chamieh et al. 2008, Sun et al. 2023). However, UPF3
mutants unable to bind to the EJC were able to induce NMD degradation, indicating that UPF3 has
another role besides just bridging UPF1 and the EJC (Wallmeroth et al. 2022, Yi et al. 2022).

In vertebrates, UPF3 has two evolutionary conserved paralogs, UPF3A and UPF3B. Although UPF3B has
stronger expression levels and seems to be the dominant paralog, UPF3A was shown to preserve NMD
activity during UPF3B-loss, indicating a compensatory role of UPF3A (Wallmeroth et al. 2022, Yi et al.
2022, Chen et al. 2023). UPF3B was suggested to connect the NMD machinery and the PTC-bound
ribosome, since UPF3B is able to interact with eRF1 as well as eRF3 and to delay translation termination
(Neu-Yilik et al. 2017). Furthermore, UPF3B contributes to ribosome recycling by promoting ribosome

release (Neu-Yilik et al. 2017).
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3.6.2 UPF1 phosphorylation via SMG1:SMG8:SMG9 complex

In metazoans, UPF1 phosphorylation is crucial for NMD execution and was stated to be the point of no
return for mRNA degradation via NMD (Yamashita et al. 2001, Okada-Katsuhata et al. 2012). UPF1
contains unstructured N- and C-terminal regions, which are phosphorylated by the SMG1:SMG8:SMG9
complex consisting of the kinase SMG1 and its regulators SMG8 and SMG9 (Denning et al. 2001,
Yamashita et al. 2001, Arias-Palomo et al. 2011, Fernandez et al. 2011). SMG1 belongs to the
phosphatidylinositol-3-related kinases (PIKK) and phosphorylates UPF1 at serine/threonine-glutamine
((S/T)Q) motifs (Keith et al. 1995, Yamashita et al. 2001). UPF1 harbors 28 (S/T)Q motifs, of which 19
are evolutionary conserved (Figure 4A) (Durand et al. 2016). No specific phosphorylation site is crucial
for NMD, but multiple sites contribute to the degradation process with differing degrees of importance
(Durand et al. 2016). Recently, it was found that SMG1 prefers a leucine residue at -1 position of the
UPF1 phosphorylation motifs (Yamashita et al. 2001, Langer et al. 2020). SQ motifs with rather
hydrophobic amino acids at the position -1 (including leucine) are only found at the C-terminus of UPF1
indicating that this UPF1 region is preferentially phosphorylated by SMG1 (Langer et al. 2020).

Upon depletion of the decay-inducing factors SMG5, SMG6 and SMG7, increased UPF1
phosphorylation was observed (Durand et al. 2016). This led to the suggestion that UPF1
hyperphosphorylation serves as a feedback mechanism to increase the probability of binding the decay
factors and the subsequent degradation (Durand et al. 2016).

The kinase SMG1 consists of an N-terminal arm forming an a-helical solenoid and a C-terminal
catalytically active head (Figure 5A) (Langer et al. 2020). The N-terminal arch domain harbors HEAT
repeats, which serve as binding sites for both SMG8 and SMG9 (Langer et al. 2020). However, it is
unclear if SMG8 or SMG9 dissociate from SMG1 at any point. The SMG1 head region contains the FAT
domain, the kinase domain (consisting of FRB-like and PIKK domain), the insertion domain and a FAT
C-terminal (FATC) domain (Arias-Palomo et al. 2011, Gat et al. 2019, Langer et al. 2020).

The binding of SMG8 to SMG1 occurs via its N-terminal G-like domain, which is similar to the G-like
domain found in dynamin-like GTPases (Zhu et al. 2019). Furthermore, SMG8 consists of a flexible
C-terminal kinase inhibitory domain (KID) (Figure 5B) (Li et al. 2017, Gat et al. 2019, Zhu et al. 2019,
Langer et al. 2021). SMG9 forms an unusual heterodimer with SMG8 via its C-terminal G-domain
mirroring that of dimeric GTPases (Figure 5C) (Li et al. 2017, Gat et al. 2019, Langer et al. 2020). SMG9
enables the incorporation of SMGS8 into the complex with SMG1 and is thereby able to control the
SMGS8 function (Arias-Palomo et al. 2011, Li et al. 2017, Langer et al. 2020). In contrast to SMG8, SMG9
contains a nucleotide binding-site in its G-domain, which can bind ATP resulting in a conformational
change influencing the SMG8 KID (Li et al. 2017, Gat et al. 2019, Zhu et al. 2019).

Different approaches showed that SMG8 negatively inhibits SMG1 kinase activity: siRNA-mediated

depletion of SMG8 or SMG9 in Hela Tet-Off cells, followed by an in vitro kinase assay led to increased
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UPF1 phosphorylation (Yamashita et al. 2009, Arias-Palomo et al. 2011). In addition, purified SMG1
complexes lacking SMG8 or SMG9 exhibited similar results (Arias-Palomo et al. 2011, Deniaud et al.
2015, Zhu et al. 2019). UPF1 hyperphosphorylation was also seen in in vitro kinase assays with SMG8
lacking its KID indicating that SMG1 regulation is facilitated via this domain (Zhu et al. 2019).
Recently, interaction between the SMG8 KID and the SMG1 insertion domain was observed (Langer et
al. 2021). The SMG1 insertion domain contains a PIKK-regulatory domain (PRD), which was proposed
to block the substrate binding path limiting the access to the SMG1 active site (Langer et al. 2021). Its
removal was shown to activate the SMG1 kinase activity indicating an autoinhibitory function (Deniaud
et al. 2015, Zhu et al. 2019, Langer et al. 2021). Although similar effects of PRDs were seen in other
PIKKs, no sequence similarity between the insertion domain of SMG1 and the PRDs of other PIKKs was
found (Langer et al. 2021).

Structural analysis demonstrated that the SMG1 autoinhibition state can be induced via the SMG1
inhibitor SMG1i (Gopalsamy et al. 2012, Langer et al. 2021). However, subsequent interaction assays
revealed that the SMG1-UPF1 binding was unaffected suggesting that SMG1 autoinhibition and UPF1
binding might occur simultaneously (Langer et al. 2021). This led to the hypothesis that SMG1 kinase
activity is regulated via at least two mechanisms: (1) The PRD located in the SMG1 insertion domain
restricts the access of substrates, such as UPF1. (2) SMG8 stabilizes the autoinhibitory state via its KID.

In addition, it was postulated that UPF1 might be able to counteract the autoinhibitory state induced

by SMGS.
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Figure 5: Domain structure and model of the SMG1:SMG8:SMG9 complex

(A) Overview of the SMG1 domain structure. SMG1 consists of an N-terminal arm responsible for SMG8 and SMG9 binding,
and the C-terminal head region, which harbors the active site. Dotted lines show the binding site of the indicated interaction
partner. (B) Schematic representation of the domain structure of SMG8. SMGS8 consists of a G-like domain and the kinase
inhibitory domain (KID). (C) Domain structure of SMG9. The G-domain has a nucleotide binding site, which induces a
conformational change upon ATP binding. (D) Model of human SMG1:SMG8:SMG9 complex with AlphaFold predicted SMGS8
C-terminus (PDB ID: 7PWS5; Langer et al. 2021).
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3.6.3 Deadenylation via SMG5:SMG7 and endonucleolytic cleavage via SMG6

Phosphorylation of the N- and C-terminal tails of UPF1 enables the recruitment of the decay-inducing
factors SMG5, SMG6 and SMG7 (Ohnishi et al. 2003, Chakrabarti et al. 2014, Nicholson et al. 2014,
Durand et al. 2016). All three factors are structurally related and contain a 14-3-3-like domain, which
enables the binding to phosphorylated serine/threonine residues of UPF1 (Jonas et al. 2013,
Chakrabarti et al. 2014). In addition, SMG5 and SMG7 use their 14-3-3-like domain to form a
heterodimer via an unusual perpendicular back-to-back orientation (Figure 6A and 6C) (Jonas et al.
2013). Although SMG7 is able to bind in the absence of SMG5 to UPF1, SMG?5 by itself is unable to form
a stable interaction with UPF1, but strengthens the SMG7-UPF1 interaction during heterodimerization
(Okada-Katsuhata et al. 2012, Jonas et al. 2013). The C-terminal proline-rich (PC) region of SMG7
interacted in tethering assays with CNOT8 (POP2), which is the catalytic subunit of the CCR4-NOT
deadenylase complex, indicating that SMG7 induces deadenylation (Loh et al. 2013). Furthermore,
other SMG7 tethering assays led to the decay of reporter transcript via the decapping factor DCP2 and
the exonuclease XRN1, which were both presumably recruited via the CCR4-NOT complex
(Unterholzner et al. 2004).

SMGS5 contains a PilT N-terminus (PIN) domain, which is catalytically inactive due to the missing triad
of catalytically active aspartate residues usually found in PIN domains (Unterholzner and lzaurralde
2004, Glavan et al. 2006). Although SMG5 was stated to interact with the decapping factor PNRC2 and
elicits SMG7-independent decapping, other studies challenged the PNRC2-dependent decay pathway
of SMG5 and found that PNRC2 and DCP2 interact with UPF1 instead (Cho et al. 2013, Loh et al. 2013,
Nicholson et al. 2018).

The SMG5:SMG7 heterodimer was found to contribute to UPF1 dephosphorylation via the recruitment
of the protein phosphatase 2A (PP2A), leading to UPF1 recycling via the dissociation of SMG5, SMG6,
and SMG7 (Chiu et al. 2003, Ohnishi et al. 2003). Mutations in the SMG5 PIN domain resulted in
increased UPF1 phosphorylation indicating that the domain is involved in the recruitment of PP2A
(Ohnishi et al. 2003). Furthermore, these mutants caused NMD inhibition, demonstrating that both
phosphorylation and dephosphorylation are necessary for remodeling of NMD complexes (Ohnishi et
al. 2003). In addition, binding of SMG6 to UPF1 induced dephosphorylation, showing that all three
SMG5, SMG6 and SMG7 contribute to UPF1 dephosphorylation, which is in line studies in C. elegans
(Page et al. 1999, Okada-Katsuhata et al. 2012).

The metazoan-specific SMG6 is an endonuclease consisting of two N-terminal EJC binding motifs
(EBM), a 14-3-3-like domain, a-helical domain and a C-terminal PIN domain harboring the
endonuclease activity (Figure 6B) (Glavan et al. 2006, Huntzinger et al. 2008, Kashima et al. 2010,
Chakrabarti et al. 2014). Although the two conserved EBMs allow SMG6 to interact directly with the

EJC, this interaction is not crucial for NMD activation (Kashima et al. 2010, Boehm et al. 2014). In
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Figure 6: Domain structure of SMG5, SMG6 and SMG7

(A) Schematic representation of the domain structure of SMGS5, consisting of a 14-3-3-like domain responsible for UPF1 and
SMG7 binding, an insertion domain and a PilT N-terminus (PIN) domain, which recruits the protein phosphatase PP2A. Dotted
lines show the binding site of the indicated interaction partner. (B) Overview of the SMG6 domain. SMG6 consists of two EJC
binding motifs (EJC), a 14-3-3-like domain for UPF1 binding, an a-helical domain, and a catalytically active PilT N-terminus
(PIN) domain. (C) Domain structure of SMG7, including the 14-3-3-like domain for UPF1 and SMG5 binding, an a-helical
domain and the proline-rich (PC) region that binds to CNOTS, the catalytic subunit of the CCR4-NOT deadenylase complex.
(D) Schematic representation of the interaction of UPF1 with SMG5, SMG6 and SMG7. SMG5:SMG7 facilitates deadenylation
and SMG6 cleaves the mRNA close to the PTC.

contrast to SMG5:SMG7, SMG6 is able to bind phosphorylated UPF1 via its 14-3-3-like domain and
unphosphorylated UPF1 via a low-complexity region close to the 14-3-3-like domain (Okada-Katsuhata
et al. 2012, Chakrabarti et al. 2014, Nicholson et al. 2014). In addition, SMG6 does not form
homodimers nor heterodimers with the 14-3-3-like domains of SMG5 or SMG7 (Chakrabarti et al.
2014). The catalytically active PIN domain harbors a functional triad of catalytically active aspartate
residues and cleaves the mRNA the vicinity of the PTC (Gatfield et al. 2004, Glavan et al. 2006, Eberle
et al. 2008, Huntzinger et al. 2008, Eberle et al. 2009, Boehm et al. 2014, Schmidt et al. 2015). The
aspartate residues coordinate the nucleophilic attack of H,O via divalent metal ions on the
phosphodiester bond of the RNA (Glavan et al. 2006, Schoenberg 2011). All three aspartate residues
are necessary for endonucleolytic activity, since mutation of any of the three aspartate residues
abolished the cleavage activity completely (Huntzinger et al. 2008, Eberle et al. 2009, Kashima et al.
2010, Boehm et al. 2014, Nicholson et al. 2014). In addition, tethering assays showed that SMG6 was
unable to cleave reporter transcripts in the absence of UPF1 and SMG1 indicating that SMG6 is only
active when bound to phosphorylated UPF1 (Nicholson et al. 2014). Upon cleavage of the mRNA, other
factors contribute to the complete degradation of the mRNA including exosomes, which degrade the
5’ mRNA fragment via 3’-5’ decay, and the exonuclease XRN1, which degrades the 3’ fragment via 5’-3’

decay (Gatfield et al. 2004, Eberle et al. 2009, Boehm et al. 2014, Schmidt et al. 2015).
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The SMG5:SMG7- and the SMG6-mediated pathway are stated to be redundant and independent
(Figure 6D) (Jonas et al. 2013, Loh et al. 2013, Metze et al. 2013, Colombo et al. 2017). Transcriptome
profiling showed that SMG6 and SMG7 target the same transcripts indicating that endonucleolytic
decay and deadenylation act redundantly, whereas the dominant decay factor seems to be SMG6
(Jonas et al. 2013, Metze et al. 2013, Lykke-Andersen et al. 2014, Colombo et al. 2017). However,
individual mRNAs seem to prefer either SMG6- or SMG7-mediated degradation, which dependents on

the mRNA architecture (Ottens et al. 2017).

3.6.4 Summary of the NMD mechanism

A comprehensive overview of the detailed NMD mechanism and its factors was provided above. A
concise summary of the most important steps is given here: Aberrant translation termination can
activate the NMD machinery. NMD-inducing factors such as UPF1 and the EJC are not displaced by the
terminating ribosome. Subsequently, UPF2 and UPF3 form a bridge between UPF1 and the EJC
(Figure 7A). The inactive SMG1:SMG8:SMG9 complex remains in its autoinhibited state stabilized by
the KID of SMGS8, which binds to the SMG1 insertion domain. Upon binding of ATP to SMG9, SMG8 and
SMG9 undergo a conformational change, leading to the dissociation of the SMG8 KID from SMGL1.
Active SMG1 phosphorylates the N- and C-terminal tails of UPF1 (Figure 7B), which function as binding
platforms for the heterodimer SMG5:SMG7 and the endonuclease SMG6 (Figure 7C). SMG7 induces
deadenylation via the recruitment of the CCR4-NOT complex and SMG6 cleaves the mRNA in close
proximity to the PTC. The 5’ fragment is targeted by decapping factors and exosomes and the 3’
fragment is degraded by the exonuclease XRN1. After degradation, SMG5, SMG6 and SMG7 recruit the

PP2A phosphatase, which dephosphorylates UPF1 and leads to the recycling of NMD complexes.

3.7 The ambivalent role of NMD in human disorders

Approximately 11% of human inherited diseases are caused by nonsense mutations in the coding
sequence (Mort et al. 2008). The elimination of the PTC-containing transcripts derived from these
genes can have protective effect as the production of possibly toxic or dominant negative proteins is
prevented. One example for this is B-thalassemia, a blood disorder with faulty hemoglobin production
(Jaing et al. 2021). Oxygen transport is facilitated via hemoglobin, a tetramer of two a-globin and two
B-globin subunits, which is bound to erythrocytes. In the common recessive form of B-thalassemia,
mutations in the B-globin gene can result in PTC-containing transcripts. These transcripts are degraded
by NMD and the expression of truncated, non-functional proteins is prevented (Thein et al. 1990, Hall
et al. 1994). Heterozygous patients with one healthy B-globin allele produce enough full-length

B-globin to compensate for the mutated allele. However, a rare, severe form of B-thalassemia harbors
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Figure 7: Summary of the NMD mechanism

(A) The translating ribosome terminates at the PTC and UPF1 forms a bridge with the EJC via UPF2 and UPF3. (B) The
SMG1:SMG8:SMG9 complex is recruited and phosphorylates the N- and C-terminal tails of UPF1. (C) The heterodimer
SMG5:SMG7 and the endonuclease SMG6 bind to UPF1 and induce deadenylation via the CCR4-NOT complex and

endonucleolytic cleavage.

mutations in the last exon of the B-globin gene resulting in transcripts with an NMD-insensitive PTC
(Thein et al. 1990, Hall and Thein 1994). The transcript escapes degradation by NMD and truncated
B-globin proteins, which are unable to transport oxygen, accumulate in the cell and cause toxic
precipitation of insoluble globin chains (Thein et al. 1990, Hall and Thein 1994). This example shows
how NMD protects heterozygote patients with the recessive form of B-thalassemia from clinical
diseases and leads to a healthy phenotype.

However, degradation of PTC-containing transcripts is not in all cases beneficial. Some PTC-containing
transcripts code for truncated, but partially functional proteins that can milden the symptoms of the
disease-causing mutation. One example for this is cystic fibrosis, which is an autosomal recessive

disorder caused by different types of mutations in the cystic fibrosis transmembrane conductance
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regulator (CFTR) gene (Rafeeq et al. 2017). The gene encodes for a transmembrane protein of epithelial
cells on mucosal surfaces, which functions as an anion channel regulated by cyclic adenosine
monophosphate (cAMP) (Elborn 2016, Nagel-Wolfrum et al. 2016). Non-functional CFTR protein
disturbs the water transport and causes viscous secretions in multiple organs, including the respiratory
tract, leading to infections. Around 10% of patients with cystic fibrosis harbor a nonsense mutation in
at least one CFTR allele, leading to NMD degradation and reduced CFTR expression (De Boeck et al.
2014). The decreased levels of CFTR protein cause severe phenotypes of cystic fibrosis (Noone et al.
2001).

One way to treat cystic fibrosis is the treatment with read-through drugs, which allow the expression
of full-length protein (Kim et al. 2022). One example for a read-through drug is PTC-124, also called
Ataluren, that was identified in high-throughput screens (Welch et al. 2007). PTC-124 was efficient to
milden symptoms in Duchenne muscular dystrophy, another disorder caused by nonsense mutations,
and promising results were obtained in phase 2 studies regarding cystic fibrosis (Kerem et al. 2008,
McDonald et al. 2022). However, clinical phase 3 studies revealed that PTC-124 did not meet the
efficiency needed for the treatment of cystic fibrosis patients (Konstan et al. 2020). Recently, another
study showed that synthetic antisense oligonucleotides (ASOs) can increase the expression of mutant
CFTR mRNA (Kim et al. 2022). ASOs prevented EJCs to bind CFTR mRNA downstream of a PTC leading
to gene-specific NMD inhibition (Kim et al. 2022). Consequently, mutant CFTR mRNA was upregulated
and functional protein was produced. One advantage of this approach is the transcript-specific

inhibition of NMD, preventing side effects from altering a large fraction of the transcriptome.

The role of NMD in cancer is complex, since NMD was found to conduct both tumor-suppressing and
tumor-enhancing functions. Many factors associated with tumor-promoting pathways, such as cell
growth, cell migration and apoptosis, are downregulated via NMD, demonstrating the protective effect
of NMD against tumorigenesis (Wang et al. 2011). Contrary, NMD can be hijacked by tumor cells to
benefit from changed gene expression. For example, cancer cells were found to induce mutations in
tumor suppressor genes leading to NMD activation (Lindeboom et al. 2016). Furthermore, mutations
in oncogenes were observed, which render the transcripts insensitive to NMD, leading to tumor
proliferation and survival (Lindeboom et al. 2016).

On the other hand, tumor cells frequently harbor mutations such as insertions, deletions and
translocations leading to new ORFs and aberrant proteins (Mort et al. 2008, Turajlic et al. 2017). These
alternative proteins are recognized by the cell as aberrant and activate the immune response (Turajlic
et al. 2017). However, a substantial part of these cancer-specific transcripts contains PTCs, leading to
NMD degradation and a suppressed immune response (Anczukow et al. 2008, Litchfield et al. 2020).
Thus, the inhibition of NMD in tumor cells can lead to the production of these cancer-specific proteins

(Pastor et al. 2010, Litchfield et al. 2020). The subsequent presentation on major histocompatibility
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complex (MHC) proteins can induce the natural immune response and was shown to suppress tumor
growth in vivo (Pastor et al. 2010).

Hijacking the NMD machinery is not the only connection between NMD and cancer. Analysis of
different cancer types revealed that NMD factors were not correctly expressed in cancer cells. In
comparison to healthy tissue, pancreatic adenosquamous carcinomas often harbored somatic
mutations in the UPF1 gene leading to mis-spliced UPF1 mRNA (Liu et al. 2014). The aberrant UPF1
proteins caused impaired NMD activity, leading to an accumulation of NMD targets (Liu et al. 2014).
Accordingly, somatic mutations in the UPF1 gene were also found in inflammatory myofibroblastic
tumors, which triggered alternative splicing of UPF1 and resulted in NMD impairment (Lu et al. 2016).
One of the enriched NMD targets was the NF-kB-inducing kinase that activates the NF-kB pathway (Lu
et al. 2016). This pathway is responsible for the immune infiltration via chemokines, which is typical

for these type of cancer cells (Lu et al. 2016).

3.8 NMD factors contribute to other cellular pathways

The function of NMD factors is not restricted to NMD execution. UPF1 is a multitasking protein
contributing to other RNA decay pathways including staufen-meditated decay (SMD) (Kim and Maquat
2019). In this pathway, stem-loops are bound by the RNA-binding proteins STAU1 and STAU2, which
recruit UPF1 to induce mRNA degradation (Kim et al. 2005). In addition, UPF1 was reported to play a
central role in replication-dependent histone mRNAs decay (HMD), where UPF1 induces degradation
of histone mRNAs after recruitment to the stem-loop binding protein (SLBP) (Kaygun et al. 2005, Kim
et al. 2019).

The protein UPF3, too, plays a role outside of NMD and exhibits a E3-ubiquitin ligase activity to repress
skeletal muscle differentiation in human cells (Takahashi et al. 2008, Feng et al. 2017). Furthermore,
almost all core NMD factors (UPF1, UPF2, SMG1, SMG5, SMG6, SMG7) are associated with telomeres
and contribute to chromosome stability (Reichenbach et al. 2003, Snow et al. 2003, Chawla et al. 2008,
Suzuki et al. 2022). In addition, SMG1 and SMG7 contribute to the genotoxic stress response
independently of NMD (Brumbaugh et al. 2004, Oliveira et al. 2008, Luo et al. 2016).

Due to this wide range of functions, defects in NMD factors can cause severe diseases in patients. For
instance, imbalanced expression of NMD factors seem to be the cause or act as predisposing factors
for neuro-developmental disorders (Nguyen et al. 2013). Moreover, patients with copy number
variations in UPF2 and UPF3B showed intellectual disabilities and/or neurodevelopmental disorders
such as schizophrenia and autism spectrum disorder (Tarpey et al. 2007). Heterozygous deletions UPF2
caused speech delay, hearing impairment, joint contractures and reduced deformity of legs (Nguyen

et al. 2013).
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Patients with likely deleterious homozygous variants in the SMG8 gene showed global developmental
delay and congenital heart and eye malformations (Alzahrani et al. 2020, Abdel-Salam et al. 2022).
Similar phenotypes were seen in patients harboring homozygous loss-of-function variants of the SMG9
gene, showing heart-, eye-, and brain-malformation syndrome, indicating an overlapping
developmental disorder (Shaheen et al. 2016, Abdel-Salam et al. 2022). The importance of the
SMG1:SMG8:SMG9 complex was demonstrated in SMG1- or SMG9-KO mice, which were
embryonically lethal (Mcllwain et al. 2010, Shaheen et al. 2016).

About 80% of mMRNAs associated to neurodevelopmental disorders are degraded via NMD (Domingo
et al. 2020). Although NMD was reported to be downregulated during neuronal differentiation via
degradation of UFP1 mRNA by microRNAs, functional NMD seems to be crucial for neuronal
differentiation (Bruno et al. 2011, Alrahbeni et al. 2015).

Taken together, NMD is a highly complex mechanism that affects innumerous cellular pathways. This
accentuates the importance to investigate NMD factors and their contributions to the NMD machinery

as well as their influence on the whole transcriptome.
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4 Aims of this thesis

The NMD mechanism has been extensively studied for decades, and innumerable insights have been

provided. However, due to the high complexity of the pathway, many aspects remain unclear. In this

thesis, phosphorylation of the central NMD factor UPF1 and the subsequent binding of the

decay-inducing factors are examined to further unravel the NMD mechanism and to expand the

current model:

1.

Although UPF1 phosphorylation initiates the degradation step, activation and regulation of the
SMG1 kinase via their interaction partners SMG8 and SMG9 remain elusive. Previous in vitro
studies suggested that the KID of SMGS8 has an inhibitory role towards SMG1. In this thesis, the
regulatory role of SMG8:SMG9 and its impact on steady-state UPF1 phosphorylation as well as
NMD activity are tested. Furthermore, the consequences of catalytically inactive SMG1 on the
transcriptome and UPF1 interactome were examined.

Upon UPF1 phosphorylation, mRNA degradation is executed via two main degradation
pathways: Deadenylation via the SMG5:SMG7 pathway and endonucleolytic cleavage
facilitated via SMGS6. In this thesis, the redundancy and independency of both pathways is
investigated. Furthermore, the recruitment of the deadenylation complex via SMG7 is
examined and the impact of SMG5 on NMD activity, since SMG5 was previously described as

a mere companion of SMG7 that enhances UPF1 binding.
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5 Publications

This thesis encompasses two pivotal studies: the first, published in Nature Communications (2021),
elucidates the role of the SMG5:SMG7 heterodimer in activating SMG6. The second, set for publication
in 2024, explores the regulation of the SMG1:SMG8:SMG9 complex in relation to UPF1

phosphorylation. Together, these studies form the foundation of the thesis.

The first study, by Boehm, Kueckelmann et al. (2021), features shared first authorship between V.B.
and myself, with both of us conducting an equal portion of the experimental work. V.B. carried out the
bioinformatic analyses, while the manuscript was primarily authored by V.B. and N.H.G., with editorial

contributions from me.

The second study, led by Kueckelmann et al. (2024), was co-designed by myself and N.H.G. and
experiments were conducted by me. | together with N.H.G. and V.B. analyzed and interpreted the
results. V.B. carried out the bioinformatic analyses. | took the lead on visualization and wrote the

manuscript in cooperation with N.H.G. and V.B.

Detailed author contributions for both studies are listed in Chapter 8 of this thesis.

e Boehm, V.*, S. Kueckelmann*, J. V. Gerbracht, S. Kallabis, T. Britto-Borges, J. Altmuller, M.
Kruger, C. Dieterich and N. H. Gehring (2021). "SMG5-SMG?7 authorize nonsense-mediated
mRNA decay by enabling SMG6 endonucleolytic activity." Nat Commun 12(1): 3965.

*these authors contributed equally
e Kueckelmann, S., S. Theunissen, J. W. Lackmann, M. Franitza, K. Becker, V. Boehm and N. H.

Gehring (2024). "SMG1:SMG8:SMG9-complex integrity maintains robustness of nonsense-
mediated mRNA decay." bioRxiv: 2024.2004.2015.589496.
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SMG5-SMG7 authorize nonsense-mediated mRNA
decay by enabling SMG6 endonucleolytic activity
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Eukaryotic gene expression is constantly controlled by the translation-coupled nonsense-
mediated mRNA decay (NMD) pathway. Aberrant translation termination leads to NMD
activation, resulting in phosphorylation of the central NMD factor UPF1 and robust clearance
of NMD targets via two seemingly independent and redundant mRNA degradation branches.
Here, we uncover that the loss of the first SMG5-SMG7-dependent pathway also inactivates
the second SMG6-dependent branch, indicating an unexpected functional connection
between the final NMD steps. Transcriptome-wide analyses of SMG5-SMG7-depleted cells
confirm exhaustive NMD inhibition resulting in massive transcriptomic alterations. Intrigu-
ingly, we find that the functionally underestimated SMG5 can substitute the role of SMG7
and individually activate NMD. Furthermore, the presence of either SMG5 or SMG7 is suf-
ficient to support SMG6-mediated endonucleolysis of NMD targets. Our data support an
improved model for NMD execution that features two-factor authentication involving UPF1
phosphorylation and SMG5-SMG7 recruitment to access SMG6 activity.
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ARTICLE

rror-free and precisely regulated gene expression is an

essential prerequisite for all living organisms. In eukaryotes,

transcription and translation are controlled and fine-tuned
by diverse mechanisms to ensure the generation of flawless RNAs
and proteins!. Mature mRNAs that have completed all co-
transcriptional and post-transcriptional processing steps and
passed the associated quality checks are translated into proteins as
the final step of gene expression in the cytoplasm. At this point,
translation-coupled mechanisms inspect the mRNA one last time
to perform final quality control. Specifically, it is assessed whether
the translated mRNAs are legitimate or contain features indicating
that these transcripts encode non-functional, incomplete, or
potentially harmful proteins and therefore have to be degraded??>.
The arguably most famous translation-coupled quality control
process is nonsense-mediated mRNA decay (NMD), which is best
known for its role to remove mutated transcripts containing a
premature termination codon (PTC)% However, the relevance
of NMD for cellular maintenance goes beyond the quality
control function and is not restricted to mutated transcripts’.
Previous studies found that about 5-10% of the expressed genes
are affected by NMD in different organisms®~1°, suggesting that
NMD serves as a regulatory mechanism, which fine-tunes general
gene expression and helps to minimize the production of aberrant
transcript isoforms. Furthermore, defects in the core NMD
machinery are not compatible with life in higher eukaryotes!0-22,
underlining the importance of NMD to function properly during
development and cellular maintenance.

In general, inefficient translation termination seems to be the
primary stimulus for NMD initiation*. Recent evidence suggests
that NMD can in principle be triggered by each translation ter-
mination event with a certain probability?3. In higher eukaryotes,
this probability can be modulated by different NMD-activating
features, such as a long 3’ untranslated region (UTR)?4-27. How-
ever, the exact length and composition of an NMD-activating 3’
UTR is not exactly defined and many mRNAs contain NMD-
suppressing sequences that allow them to escape this type of
NMD?28-30, Another potent activator of NMD is the presence of an
RNA-binding protein complex called the exon-junction complex
(EJC) downstream of a terminating ribosome?431-37, The EJC
serves as a mark for successful splicing and is deposited onto the
mRNA approximately 20-24 nucleotides upstream of spliced
junctions®3-41. Stop codons are typically located in the last exon
of regular protein-coding transcripts, thus ribosomes usually dis-
place all EJCs from a translated mRNA, effectively removing the
degradation-inducing feature. However, mutations or alternative
splicing may produce isoforms with stop codons situated upstream
of EJC deposition sites. Translation of these transcripts would
fail to remove all EJCs and subsequently triggers the decay of the
mRNA via efficiently activated NMD.

Intensive research over several decades uncovered the central
players of the complex NMD pathway and how they cooperate
to achieve highly specific and efficient mRNA degradation.
According to generally accepted models, NMD execution requires
a network of factors to identify a given translation termination
event as aberrant?2. The RNA helicase UPF1 holds a central
position in the NMD pathway, as it serves as a binding hub for
other NMD factors and is functionally involved in all stages from
the recognition of NMD substrates until the disassembly of the
NMD machinery*3. In translation-inhibited conditions, UPF1 has
the potential to bind non-specifically to all expressed transcripts.
However, in unperturbed cells, UPF1 is found preferentially in the
3’ UTR region of translated mRNA due to the displacement from
the 5 UTR and coding region by translating ribosomes*4-47.
Furthermore, the ATPase and helicase activity of UPF1 is required
to achieve target discrimination, resulting in increased binding of
NMD-targets and release of UPF1 from non-target mRNAs*®,

30

If the translated mRNA contains a premature or otherwise
aberrant termination codon, the downstream bound UPF1 pro-
motes the recruitment of NMD factors and their assembly into an
NMD-activating complex. Subsequently, protein-protein interac-
tions between UPF1, UPF2, UPF3B, and—if present—the EJC
stimulates the phosphorylation of (S/T)Q motifs in UPF1 by the
kinase SMG149-33, Importantly, the activity of the kinase SMGI is
regulated by multiple accessory NMD factors, presumably to pre-
vent unwanted UPF1 phosphorylation on non-NMD targets>*>8,
The continued presence of UPF1 on the target transcript in an
NMD-activating environment leads to gradually increasing hyper-
phosphorylation of UPFI at up to 19 potential phosphorylation
sites>. The progressively phosphorylated residues in the N-
terminal and C-terminal tails of UPF1 then act as binding sites
for the decay-inducing factors SMG5, SMG6, and SMG7. In this
basic model, hyper-phosphorylation of UPF1 represents a “point of
no return” for NMD activation, which effectively sentences the
mRNA for degradation®!.

The final execution of NMD is divided into two major branches.
The first branch relies on the interaction of phosphorylated UPF1
with the heterodimer SMG5-SMG7, which in turn recruits the
CCR4-NOT deadenylation complex®2-%4. Consequently, SMG5-
SMG7 promote target mRNA deadenylation, followed by decapping
and 5-3' or 3'-5 exonucleolytic degradation®>®, The second
branch is mediated by the endonuclease SMG6, which interacts with
UPF1I to cleave the NMD-targeted transcript in a region around the
NMD-activating stop codon3%7-71, This endonucleolytic cleavage
results in the generation of two decay intermediates, which are
rapidly removed by exonucleolytic decay. Both SMG5-SMG7 and
SMG6-mediated degradation pathways are considered to be
redundant, as they target the same transcripts!4. They are also
regarded as independent because downregulation of individual fac-
tors (SMG5, SMG6, or SMG7) only partially inhibits NMD3%62.72,
However, loss of SMG6 impaired NMD more severely than inacti-
vation of SMG7, suggesting that endonucleolytic cleavage is the
preferred decay pathway, whereas deadenylation has merely a
backup/supplementary function!43>627071,73 " Nonetheless, the
apparent redundancy hampered a detailed investigation of the final
steps of NMD so far, since the inactivation of one decay route
seemed to be partially compensated by the other.

Here, we addressed the central question if and how SMGS5-
SMG?7 and SMG6 functionally cooperate and influence each other.
We hypothesized that the inactivation of SMG5-SMG7 should
activate the SMG6-dependent NMD pathway and still permit
normal NMD if both pathways are independent. However, we
show here that the combined loss of SMG5-SMG?7 efficiently
inactivates NMD and that SMG6 was catalytically inactive in cells
depleted of SMG5-SMG?7. This demonstrates that SMG6 is not
independent of SMG5-SMG7 and could not compensate for their
loss. This was especially surprising given that SMG6 was pre-
viously considered to be the dominant NMD-executing factor.
Exploring the potential mechanism, we find that SMG7 requires
the interaction with SMG5 and phosphorylated UPF1 for full
NMD activity, whereas SMG5 supports NMD even in the absence
of SMG7. We propose a model, in which either individual or
combined SMG5 and SMG7 recruitment to hyper-phosphorylated
UPF1 acts as an additional licensing step required for SMG6-
mediated degradation of the target transcript. This model of two-
factor authentication explains the tight control of NMD on regular
transcripts, which prevents the untimely access of endonucleolytic
decay activities.

Results
NMD is impaired in SMG7 knockout cells. Phosphorylation of
UPFI represents a central checkpoint in NMD, which is followed
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by SMG6-mediated endonucleolytic cleavage and/or SMGS5-
SMG7-mediated deadenylation of the target transcript (Fig. la).
We hypothesized that after deactivating the deadenylation-
dependent NMD branch, the execution of NMD would rely
exclusively on the activity of SMG6. To achieve this goal, we
generated SMG7 knockout (KO) Flp-In-T-REx-293 cells and
identified three clones lacking the SMG7-specific band in western
blot analyses using three different antibodies (Fig. 1b and
Extended Data Fig. 1a, b). In all clones, the SMG7 genomic locus
contained different frame-shift-inducing insertions/deletions,
which also resulted in altered splicing of the CRISPR-targeted
SMG7 exon. (Extended Data Fig. 1lc-e). Phenotypically, the
SMG?7 KO clones proliferated slower compared to the wild-type
(WT) cells, with no apparent decrease in cell survival (Extended

delta isoform fraction (dIF)

delta isoform fraction (dIF)

Data Fig. 1f). These results indicate that the depletion of full-
length SMG7 protein impairs cellular fitness, presumably due to
reduced NMD capacity. To test if NMD is indeed impaired in
SMG7 KO cells, we quantified the levels of two exemplary
endogenous NMD targets. SRSF2 is a serine/arginine-rich (SR)
splicing factor, which auto-regulates its expression by generating
NMD-sensitive splice isoforms of its mRNA74 ZFAS1 is a
snoRNA host mRNA with a short PTC-containing ORF, which
was reported as an NMD target undergoing SMG6-dependent
endocleavage’’. In the tested SMG7 KO clones (2 and 34) the
levels of the NMD-sensitive SRSF2 isoforms and the ZFAS1
mRNA were markedly upregulated (Fig. 1c). Baseline levels of
these NMD substrates were restored by expressing the WT SMG7
protein from genomically integrated constructs. Importantly, the
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Fig. 1 SMG7 depletion impairs NMD activity. a Schematic representation of the final steps of nonsense-mediated mRNA decay (NMD). Phosphorylated
UPF1 (indicated by the blue sphere) recruits the SMG5-SMG7 heterodimer to the target mRNA (indicated in dark gray), thereby promoting deadenylation
via the CCR4-NOT complex. Recruitment of SMG6 to UPF1 results in endonucleolytic cleavage of the target transcript via the activity of the SMG6 PIN
domain. The SMG5 PIN domain is catalytically inactive. b Western blot analysis of SMG7 knockout (KO) cell lines (clones 2, 31, and 34) with the anti-
SMGY7 antibodies AK-133, AK-134, and AK-136 (n =1); Tubulin serves as control (see “Methods" section and Supplementary Data 6 for antibody details).
The region of SMG7 detected by the antibodies is schematically depicted and the crRNA targeting site indicated. Asterisks indicate non-specific bands.
¢ End-point RT-PCR detection of SRSF2 transcript isoforms (top) and quantitative RT-PCR-based detection (qPCR; bottom) of ZFAST in the indicated cell
lines with or without expression of FLAG-tagged SMG?7 as rescue construct. The detected SRSF2 isoforms are indicated on the right, the NMD-inducing
included exon is marked in red (e = exon). Relative mMRNA levels of SRSF2 isoforms were quantified from bands of agarose gels (n=3 biologically
independent samples). The ratio of ZFAS1 to the Clorf43 reference was calculated; data points and means from the gPCRs are plotted as log2 fold change
(log2FC) (n =3 biologically independent samples). The plotted points are color-coded based on cell line (gray = WT; blue = SMG7 KO-2; green = SMG7
KO-34). d Quantitative RT-PCR-based detection (qPCR) of SRSF2 isoforms and ZFAST1 in the indicated cell lines upon treatment with the indicated siRNA.
The ratio of NMD isoform to canonical isoform (SRSF2) and ZFAST1 to the Clorf43 reference was calculated; data points and means from the gPCRs are
plotted as log2 fold change (log2FC) (n = 3 biologically independent samples). e Read coverage of SRSF2 from SMG7 KO and published SMG7 KD (GEO:
GSE86148) RNA-Seq data is shown as Integrative Genomics Viewer (IGV) snapshots. The canonical and NMD-sensitive isoforms are schematically
indicated below. Percent spliced in (PSI; from LeafCutter analysis) and mean counts from 4 indicative splice junctions are shown. Differential gene
expression (from DESeq2) is depicted as log2 fold change (log2FC) in the last column. f Overlap of upregulated or downregulated premature termination
codon (PTC)-containing isoforms between the SMG7 KO or KD RNA-Seq data is shown as UpSet plot. g-i Volcano plots showing the differential transcript
usage (via IsoformSwitchAnalyzeR) in various SMG7 depletion RNA-Seq data. Isoforms containing GENCODE (release 33) annotated PTC (red, TRUE),
regular stop codons (blue, FALSE), or having no annotated open reading frame (gray, NA) are indicated. The change in isoform fraction (dIF) is plotted
against the —log10 adjusted p-value (adj.p-value). Density plots show the distribution of filtered isoforms in respect to the dIF, cutoffs were |dIF|> 0.1 and
adj.p-value < 0.05. P-values were calculated by IsoformSwitchAnalyzeR using a DEXSeq-based test and corrected for multiple testing using the Benjamini-

Hochberg method.

NMD defect was quantitatively more pronounced in the SMG7
KO cells compared to a siRNA-mediated knockdown (KD) of
SMG?7 in control cells (Fig. 1d).

To gain insights into the transcriptome-wide effects of the
SMG?7 depletion, we sequenced poly(A)+ enriched mRNA from
both SMG7 KO clones and identified differentially expressed
genes (Extended Data Fig. 2a and Supplementary Data 1).
Consistent with the mRNA-degrading function of SMG7 in
NMD, more than twice as many genes were upregulated than
downregulated in the SMG7 KO cells (Extended Data Fig. 2b).
Compared to a recently published study using SMG7 KD in HeLa
cells'4, this ratio of upregulated vs. downregulated genes was
higher (Extended Data Fig. 2b-e). We observed a substantial
overlap between upregulated genes in both SMG7 KO cell lines,
indicating that these genes are high-confidence SMG?7 targets. In
contrast, only a limited overlap between downregulated genes
could be detected, suggesting these are rather clone-specific
effects or off-targets (Extended Data Fig. 2b). From these
analyses, we conclude that the KO of SMG7 leads to stronger
NMD inhibition than the KD.

Next, we quantified alternative splicing events (Supplementary
Data 2), as well as differential transcript usage, and identified
significant isoform switches (Extended Data Fig. 2a and
Supplementary Data 3). Isoform switches are characterized by
significant changes in the relative contribution of isoforms to the
overall gene expression when comparing two conditions’”.
Because of the identification at the isoform level, this approach
allows the identification of PTC-containing transcripts that are
upregulated upon NMD inhibition. As a specific example of such
an isoform switch, we visualized the read coverage for the
previously used bona fide NMD target SRSF2. While the overall
SRSF2 expression remained nearly unchanged, we detected
prominent NMD-inducing exon inclusion and 3’ UTR splicing
events in the SMG7 KO but not in the SMG7 KD conditions
(Fig. le). We verified the SMG7-dependent upregulation of
additional examples by end-point PCR (Extended Data Fig. 2f-h).
On a transcriptome-wide scale, NMD-sensitive isoforms with
annotated PTC were almost exclusively detected to be upregu-
lated in the SMG7 KO cells, which was not the case in the SMG7
KD in HelLa cells!# (Fig. 1f-i). Collectively, the RNA-Seq data
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analysis supported the initial observation that NMD is markedly
impaired when SMG7 is knocked out. Due to the clear effect on
NMD upon complete loss of SMG7, the KO cells provide an ideal
background to examine further mechanistic details of NMD,
which could not be studied before.

SMGS5 is required to maintain residual NMD in SMG7-
depleted cells. We utilized the SMG7 KO cells to investigate
which domains and protein-protein interactions of SMG7 are
required to support NMD. Specifically, we aimed to confirm
whether the SMG5-SMG7 heterodimer initially binds phos-
phorylated UPF1 (p-UPF1) and subsequently triggers dead-
enylation of the target mRNA via the recruitment of the CCR4-
NOT complex (Fig. 1a). To this end, we generated stable SMG7
KO clone 2 cell lines that inducibly express SMG7 variants as
rescue proteins. The 14-3-3MUt wag expected to be inactive in
this assay due to the lack of interaction with UPFI and p-UPF1
(Fig. 2a—c)7°. However, the SMG7 14-3-3™Ut protein efficiently
restored NMD activity in the SMG7 KO cells (Fig. 2d). This
suggests that the p-UPF1 binding is not absolutely critical for
the function of SMG7 in NMD. Next, we investigated if SMG7
has to form a heterodimer with SMG5 for full NMD activity.
Surprisingly, the expression of a GI00E mutant of SMG7
(unable to interact with SMGS5; Fig. 2a-c)®2 failed to rescue the
NMD defect (Fig. 2d). This finding was unexpected in the light
of the currently advocated NMD model, in which SMG5 is
merely a companion for SMG7 with the role to potentially
strengthen the binding of the SMG5-SMG7 heterodimer to p-
UPF192. This finding prompted us to systematically address the
question, which combinations of the three decay-inducing
proteins SMG5, SMG6, and SMG7 are required for NMD
(Fig. 2e and Extended Data Fig. 3a, b). Single SMG5 or SMG7
KDs in WT 293 cells resulted in very mild or nearly undetect-
able inhibition of NMD, whereas depletion of SMG6 showed an
intermediate effect, reflected by the upregulation of the SRSF2
NMD isoform and ZFASI (Fig. 2e and Extended Data Fig. 3b).
Co-depletion of SMG6 and SMG5 via siRNAs showed a similar
inhibitory effect on NMD as the single SMG6 KD (Fig. 2e and
Extended Data Fig. 3b; lane 5 vs. lane 3). As expected, KD of
SMG6 in the SMG7 KO cells strongly abolished NMD activity,
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Fig. 2 SMG7 requires interaction with SMG5 to rescue the SMG7 knockout phenotype. a Schematic representation of the SMG7 domain structure on the
left. The proposed functions of the domains are indicated and mutated constructs and their expected effect are shown below. The illustration on the right
depicts which mutation is expected to impair which individual SMG7 function and/or protein-protein interaction. b Model of the SMG5-SMG7 heterodimer
structure. Human SMG7 (PDB ID: 1YAOQ) was modeled on the C. elegans SMG5-SMG?7 structure (PDB ID: 3ZHE). Critical SMG7 mutations are highlighted
in red and the indicated sulfate ion mimics a phosphorylated residue. ¢ Western blot after FLAG co-immunoprecipitation (IP) of FLAG-tagged GST
(control) or SMG7 constructs in SMG7 KO cells (n=1). Tubulin serves as a control. d Quantitative RT-PCR-based detection (qPCR) of SRSF2 isoforms and
ZFAS1 was carried out in the indicated cell lines upon expression of the indicated FLAG-tagged rescue constructs. The ratio of NMD isoform to canonical
isoform (SRSF2) and ZFAST to the Clorf43 reference was calculated; data points and means from the gPCRs are plotted as log2 fold change (log2FC)
(n =3 biologically independent samples). Rescue efficiency was calculated based on the mean log2FC in relation lane 1 (set to 1) and lane 2 (set to 0).
Western blot analyses are shown below (n=1). Tubulin serves as a control. @ Heatmap of quantitative RT-PCR-based detection (gPCR) of SRSF2 isoforms
and ZFAST in the indicated cell lines upon treatment with the indicated siRNA. The ratio of NMD isoform to canonical isoform (SRSF2) and ZFAST1 to the
Clorf43 reference was calculated; mean log2 fold change (log2FC) is shown (n = 3 biologically independent samples). The corresponding individual data
points are plotted in Extended Data Fig. 3b. f Heatmap of quantitative RT-PCR-based detection (qPCR) of SRSF2 isoforms in the indicated cell lines upon
treatment with the indicated siRNA and expression of the indicated FLAG-tagged rescue constructs. The ratio of NMD isoform to canonical isoform
(SRSF2) was calculated; mean log?2 fold change (log2FC) is shown (n =3 biologically independent samples). The corresponding individual data points are
plotted in Extended Data Fig. 3c. Clustering (k= 3) and functional summary of SMG7 mutations for NMD activity are depicted below.

since both endonucleolytic and exonucleolytic pathways of
NMD are inactivated (Fig. 2e and Extended Data Fig. 3b; lane 8).
Remarkably and contrary to current NMD models, an even
stronger NMD inhibition was observed when depleting SMG5 in
the SMG7 KO cells, which was not further enhanced by the
additional KD of SMG6 (Fig. 2e and Extended Data Fig. 3b; lane

9 vs. lane 7). This unanticipated result can explain our obser-
vation of why the SMG7 G100E mutant does not rescue the
SMG7 KO and indicates that the SMG5-SMG7 heterodimer is
critical for NMD, even when SMG6 is present. Moreover, these
results expose a previously underestimated critical role of SMG5
in human NMD when SMG?7 is impaired.
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To gain further mechanistic insight into the cooperation
between SMG5, SMG6, and SMG7, we performed complementa-
tion experiments in SMG7 KO cells with additional SMG?7 rescue
constructs and in combination with SMG5 or SMG6 KDs
(Extended Data Fig. 3c). Three main clusters of rescue conditions
were identified according to their NMD activity (Fig. 2f and
Extended Data Fig. 3d). Consistent with our earlier observations,
SMG7 WT rescued the SMG7 defect in all conditions and
restored high NMD activity. The SMG7 1-633 deletion mutant
(reported to be unable to recruit the CCR4-NOT complex;
Fig. 2a)%* also conferred high NMD activity in SMG7 KO cells,
even when SMG5 or SMG6 were depleted in addition (Fig. 2f and
Extended Data Fig. 3c, d). This result indicates that the
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accelerated deadenylation of NMD substrates by SMG7-
recruited CCR4-NOT is not required for their efficient degrada-
tion. In contrast to a previous report®, the C-terminus of SMG7
is not required for NMD even when SMG6 is downregulated.
However, by combining the C-terminal truncation with either 14-
3-3mut or G100E mutations, these SMG7 variants became less
NMD-competent, especially in the SMG5 KD condition (Fig. 2f
and Extended Data Fig. 3¢, d). This observation suggests that the
deadenylation-inducing activity might serve as an additive but
dispensable feature that helps to clear NMD targets, especially
when other features of SMG7 are inactivated. In the full-length
SMG7 context, the 14-3-3M4t or G100E mutations displayed
intermediate NMD rescue activity in the SMG5 and SMG6 KD
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Fig. 3 SMGS5 expression rescues the SMG7 KO phenotype. a Schematic representation of the SMG5 domain structure on the left. The proposed functions
of the domains are indicated and mutated constructs and their expected effect are shown below. The illustration on the right depicts which mutation is
expected to impair which individual SMG5 function and/or protein-protein interaction. b Heatmap of quantitative RT-PCR-based detection (qPCR) of
SRSF2 isoforms in the indicated cell lines upon treatment with the indicated siRNA and expression of the indicated FLAG-tagged rescue constructs. The
ratio of NMD isoform to canonical isoform (SRSF2) was calculated; mean log2 fold change (log2FC) is shown (n =3 biologically independent samples).
The corresponding individual data points are plotted in Extended Data Fig. 4a. Clustering (k= 3) and functional summary of SMG5 mutations for NMD
activity are depicted below. ¢ Quantitative RT-PCR-based detection (qPCR) of SRSF2 isoforms and ZFAST was carried out in the indicated cell lines upon
treatment with the indicated siRNA and expression of the indicated FLAG-tagged rescue constructs. The ratio of NMD isoform to canonical isoform
(SRSF2) and ZFAST to the Clorf43 reference was calculated; data points and means from the gPCRs are plotted as log2 fold change (log2FC) (n=3
biologically independent samples). Rescue efficiency was calculated based on the mean log2FC in relation lane 1 (set to 1) and lane 4 (set to 0). d Western
blot after FLAG co-immunoprecipitation (IP) of FLAG-tagged GST (control) or SMG5 constructs in WT cells (n=1). Tubulin serves as a control.

e-g Volcano plots of mass spectrometry-based analysis of the interaction partners of FLAG-tagged SMG5 WT or 1-853 constructs in WT cells (n=4
biologically independent samples). e SMG5 WT against FLAG control, (f) SMG5 1-853 against FLAG control, (g) SMG5 1-853 against SMG5 WT. The
yellow color labeling indicates targets that are significant in the respective comparisons after two-sided Welch's t-testing (log2 fold change (log2FC) >1 or
|log2FC| >1; and adj. p-value <0.05). Points labeled in blue indicate phosphatase subunits of interest; points labeled in red indicate NMD factors.
Highlighted proteins that were not significant in the respective comparisons are labeled with gray text. h Analysis of endogenous UPF1 serine 1127 (S1127)
phosphorylation status in the indicated cell lines and knockdown conditions. Quantification results of phosphorylated UPF1 (p-UPF1) vs. total UPF1 are
shown as data points and mean (n = 3 biologically independent samples). Knockdown of SMG5 protein as a western blot (n = 2 biologically independent
samples) and the functional impact on SRSF2 isoform distribution (End-point RT-PCR as in Fig. 1c; n =3 biologically independent samples) is shown.

conditions, whereas a 14-3-3M4/G100E double-mutation was
completely inactive in all conditions (Fig. 2f and Extended Data
Fig. 3d). All KD/rescue experiments were also performed in the
SMG7 KO clone 34 and showed similar functional outcomes
(Extended Data Fig. 3e). In summary, these results reveal the
synergistic effect of simultaneous binding of SMG7 to p-UPFI
and SMGS5, whereas the lack of both interactions incapacitates the
function of SMG7 in NMD.

Next, we performed co-immunoprecipitation (co-IP) experi-
ments with the functionally tested set of FLAG-tagged SMG7
constructs to analyze their steady-state interaction with UPFI
(Extended Data Fig. 3f). The full-length or truncated 14-3-3mut
SMG7 protein showed strongly impaired ability to co-
immunoprecipitate UPF1, consistent with the role of the 14-3-
3-like domain to mediate the stable interaction with phosphory-
lated UPF1 (Extended Data Fig. 3f; lane 10 vs. lanes 11 and
15)93:77 In turn, this result also indicates that SMG5 does not
bridge the 14-3-3M" SMG7 protein to UPF1. The G100E mutants
co-immunoprecipitated similar UPF1 levels than the respective
WT construct (Extended Data Fig. 3f; lanes 10,14 vs. lanes 12,16),
confirming that SMG7 does not require the heterodimerization
with SMG5 to interact with UPF1°2. In conjunction with the
impaired functional rescue of the G100E mutants (Fig. 2f and
Extended Data Fig. 3c-e), this result implies that disrupting the
interaction of SMG7 with SMG5 impairs NMD even when the
interaction between SMG7 and UPF1 is maintained. In conclu-
sion, our functional studies reveal the previously underestimated
requirement for SMG7 to interact with both p-UPF1 and SMG5
in order to support full NMD activity.

SMGS5 functionally complements the loss of SMG7. The unex-
pected relevance of SMG5 prompted us to investigate the mole-
cular properties of SMG5 in more detail. Similar to our analysis of
SMG7, we aimed to understand which functions of SMG5 are
required to maintain NMD competence in the presence or
absence of SMG7. The first striking result was the almost com-
plete rescue of the SMG7 depletion phenotype by the over-
expression (~50-fold) of SMG5 WT or G120E mutant (reduced
interaction with SMG7)%2 in control or SMG5 KD conditions
(Fig. 3a, b and Extended Data Fig. 4a—c). This finding was very
surprising since SMG5 is not expected to be able to directly carry
out RNA degradation. Although SMG5 harbors a PilT N-
terminus (PIN) domain that structurally resembles the functional
PIN domain of SMG6, two of the three required catalytic residues
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are missing in the inactive C-terminal SMG5 PIN domain
(Fig. 3a)78. SMG5 was found in one study to promote degradation
by interacting with the decapping factor PNRC2 (Fig. 3a), which
could explain the NMD activity we observe in the rescue assays’°.
However, we did not observe any effects of PNRC2 KDs on the
ability of SMGS5 to rescue the NMD defects (Fig. 3c), consistent
with other studies which failed to confirm this PNRC2-dependent
path of SMG5-dependent degradation®46°.

Collectively, the observation of SMG5 expression rescuing
SMG7 loss once again calls into question the relevance of the
SMG7 deadenylation-promoting function for NMD. We
hypothesized that in the absence of SMG7, SMG5 interacts with
p-UPF1 via its N-terminal 14-3-3-like domain to activate NMD.
In line with this hypothesis, mutating three residues in the
potential phosphopeptide binding pocket of SMGS5 severely
affected the ability of SMG5 to rescue the SMG7 KO phenotype
in control or SMG5 KD conditions (Fig. 3b and Extended Data
Fig. 4a, b). Of note, we could not detect any stable binding of
SMGS5 to UPF1 above background levels in SMG7 KO cells
(Extended Data Fig. 4d), confirming that strong SMG5-UPF1
interactions require SMG7. However, in WT cells the 14-3-3mut
SMGS5 protein showed reduced binding to p-UPF1 (Fig. 3d).

We hypothesized that besides the interaction with UPF1
another function of SMG5 may be required to maintain NMD
activity. To test this idea, we generated an SMG5 deletion mutant
(1-853) lacking the C-terminal PIN domain (Fig. 3a). This SMG5
mutant, albeit being able to interact with UPF1 (Fig. 3d), was
unable to restore NMD activity (Fig. 3b and Extended Data
Fig. 4a, b), suggesting that the catalytically inactive PIN domain
of SMGS5 carries out an essential function during NMD. In search
of an explanation, we considered earlier reports that the C-
terminus of SMGS5 is involved in the dephosphorylation of UPF1,
likely by direct recruitment of the protein phosphatase 2 (PP2A)
complex (Fig. 3a)>390. Appropriately, we observed that the
expression of the SMG5 1-853 construct leads to overall increased
UPF1 phosphorylation, and consequently the SMG5 1-853
protein co-immunoprecipitated more p-UPF1 (Fig. 3d), indicat-
ing that the C-terminal PIN domain could play a role in
the dephosphorylation of UPF1. To address whether the
SMG5 PIN domain indeed enables the dephosphorylation of
UPF1 via the direct recruitment of PP2A, we performed co-
immunoprecipitation of FLAG-tagged SMG5 WT or 1-853
constructs in WT 293 cells, followed by label-free mass spectro-
metry (Supplementary Data 4). Although both SMG5 constructs
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co-immunoprecipitated the direct binding partner SMG7 effi-
ciently, we did not detect a significant enrichment of neither
PP2A nor PP1 protein phosphatase complex components
(Fig. 3e-g). We detected increased levels of UPF1 and UPF2 in
the SMG5 1-853 co-immunoprecipitation compared to the SMG5
WT, whereas PNRC2 or other NMD components such as SMG6
were not enriched in any condition (Fig. 3e-g and Supplementary
Data 4). Collectively, these findings do not provide evidence for
but rather against the direct recruitment of PP2A via the SMG5
PIN domain, which questions the previously assumed role of
SMGS5 in UPF1 dephosphorylation. An alternative explanation
could be that the SMG5 PIN domain is critical to promote NMD
execution once SMG5 is bound to p-UPFI1. Accordingly, the
absence of the PIN domain would lead to the accumulation of
NMD-incompetent UPF1 complexes. Supporting evidence for
this hypothesis is the failed functional rescue of SMG5 1-853
(Fig. 3b and Extended Data Fig. 4a, b), the increased interaction
with UPF1 and UPF2 (Fig. 3e-g), and the apparent hyper-
phosphorylation of UPF1 (Fig. 3d).

The finding of SMG5-dependent alterations of UPF1 phos-
phorylation levels prompted us to test whether, in cells lacking
either SMG5, SMG7, or both, the general UPF1 phosphorylation
status is changed. These alterations could reflect stalled UPF1-
containing complexes in an arrested NMD processes. To this end,
we expressed FLAG-tagged UPF1 in WT or SMG7 KO cells and
detected its overall S/T phosphorylation level after immunopre-
cipitation (Extended Data Fig. 4e). The overexpressed
UPF1 showed elevated phosphorylation in the SMG7 KO cells,
which were not further increased when SMG5 was depleted
(Extended Data Fig. 4e). We also assessed the SMG5-SMG7
dependent phosphorylation status of endogenous UPF1 using the
phospho-S1127 specific antibody. Whereas the isolated KD of
SMG5 had no effect on the phosphorylation status, similarly
increased p-UPF1/UPF1 ratios were detected in SMG7 KO cells
with or without SMG5 KD (Fig. 3h). Together, this indicates that
the severe NMD defects observed in SMG5-SMG?7 depleted cells
compared to SMG7 KO cells do not coincide with further
increased accumulation of hyper-phosphorylated UPF1.

Searching for other possible molecular explanations, we considered
previous reports that SMG5 and SMG7 stabilize p-UPF1 binding to
target mRNAs®! and ATPase-deficient UPF1 mutants accumulate in
a hyper-phosphorylated, SMG5-SMG7 bound state*8. Inspired by
these results, we investigated whether the ability of UPF1 to bind to
and/or to recognize NMD targets is impaired in SMG5-SMG7
depleted cells. To this end, we employed UPF1 RNA immunopre-
cipitation (RIP) assays to study NMD target discrimination by
UPF1%8. Binding of UPF1 to two NMD targets, which displayed
increased mRNA levels upon NMD inhibition (Supplementary
Data 1), as well as to two non-NMD targets remained unchanged
in control, SMG5 KD, SMG7 KO, or SMG7 KO plus SMG5 KD
conditions (Extended Data Fig. 4f-i). These results suggest that UPF1
can identify and bind to NMD-targeted transcripts, although their
degradation cannot be executed anymore.

NMD is severely inhibited transcriptome-wide upon loss of
SMG5-SMG?. The strongly impaired NMD in cells depleted of
SMGS5 and SMG7 encouraged us to sequence mRNA from SMG7
KO cells (clones 2 and 34) with an additional SMG5 or SMG6 KD
(Extended Data Fig. 5a). As expected for severe NMD inhibition,
the combined depletion of SMG6 and SMG7 resulted in massive
changes of gene expression and isoform usage, which were qua-
litatively and quantitatively comparable to published SMG6-
SMG7 double KD in Hela cells!* (Fig. 4a-c and Extended Data
Fig. 5b-d). Whereas SMG5 KD in control cells had very mild
effects on the transcriptome, downregulation of SMG5 in SMG7
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KO cells exhibited equal or even more pronounced changes in
gene expression and isoform usage compared to the SMG6-
SMG?7-depleted condition (Fig. 4d-f and Extended Data Fig.
5e-g). As a representative example, the alternative splicing pat-
tern of SRSF2 displayed a complete switch from the normal to
NMD-sensitive isoforms when SMG5 or SMG6 were depleted in
SMG7 KO cells (Fig. 4g). Interestingly, the highest overlap of
upregulated NMD-sensitive isoforms was found between both
SMG7 KO cell lines with SMG5 or SMG6 KD, suggesting that
these four conditions predominantly target the same transcripts
(Extended Data Fig. 5h).

Intrigued by the remarkable changes in gene expression and
isoform usage when NMD was effectively inhibited, we wanted to
re-examine the statement that up to 10% of genes are affected by
NMD. To this end, we calculated how many genes showed single
or combined differential gene expression (DGE), differential
transcript usage (DTU), or alternative splicing (AS) events when
the SMG7 KO was combined with the KD of SMG5 or SMG6
(Fig. 4h). With this approach, we find that about 40% of the
expressed genome in the Flp-In-T-REx-293 cells is directly or
indirectly altered by strong NMD inhibition. With more stringent
cutoffs for the analyses, still, around 20% of all expressed genes
were affected (Extended Data Fig. 5i), mostly those with medium
to high expression levels (Extended Data Fig. 5j). Collectively, the
RNA-Seq analysis confirmed that SMG5 KD, as well as SMG6
KD, have similar effects on NMD in SMG7 KO cells. It also
provided global evidence that the loss of the SMG5-SMG7
heterodimer effectively inactivates NMD and leads to massive
changes in the expressed transcriptome. In combination with the
functional studies (Figs. 2-3), these transcriptome-wide observa-
tions profoundly question the independence of the SMG5-SMG7
and SMG6 decay pathways and suggest a functional connection
during NMD execution.

Loss of SMG5 and SMG?7 prohibits endonucleolytic cleavage of
NMD substrates. The observed NMD inhibition upon the co-
depletion of SMG5 and SMG7 suggests that SMG6 is equally
inactivated, although it is widely assumed that SMG6 acts
redundantly to and independently of SMG5-SMG7!464, This
unexpected result raised the question, whether SMG6 requires the
presence of SMG5-SMG7 for endonucleolytic cleavage of its
target mRNAs during NMD. We monitored the activity of SMG6
by northern blotting, which allows us to detect decay inter-
mediates resulting from endonucleolytic or 5'-3' exonucleolytic
degradation. To this end, stably integrated triosephosphate iso-
merase (TPI) mRNA reporters were expressed as WT or NMD-
inducing PTC160 variant in control or SMG7 KO cells with
different combinations of siRNA-mediated knockdowns (Fig. 5a).
The reporter mRNA also contained XRN1-resistant sequences
(xrRNAs) in the 3’ UTR that produce meta-stable intermediates
of 5'-3' decay (called xrFrag) and thereby provided information
about the extent and directionality of mRNA degradation”2:80,
Upon depletion of the major cytoplasmic 5-3’ exonuclease
XRN1, SMG6-generated endonucleolytic cleavage products
(designated 3’ fragments) of the PTC-containing reporter nRNA
are detected as an additional band (Extended Data Fig. 6a; lane 6).
Of note, the isolated SMG7 KO or SMG6 KD resulted in a slight
accumulation of the full-length reporter (Extended Data Fig. 6a;
lanes 8 and 10), indicating partial NMD inhibition consistent
with the literature and our earlier observations. However, we did
not observe increased 3’ fragment levels upon loss of SMG7,
which indicates that the SMG6 activity is not compensatory in the
absence of SMG7 (Fig. 5b and Extended Data Fig. 6a, b; lane 14).
While KD of SMGS5 in control cells had no inhibitory effect on
endonucleolytic cleavage, depletion of SMG5 in SMG7 KO cells
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completely abolished the generation of 3’ fragments (Fig. 5b and  was further confirmed by investigating the naturally occurring
Extended Data Fig. 6b; lanes 4 and 8 vs. 12 and 16). Furthermore, meta-stable cleavage product of NOP56 (Fig. 5¢)31. We used the
the accumulation of the PTC160 reporter mRNA to WT levels NOP56 cleavage product as an indicator for SMG6 activity since
and the decrease of the xrFrag band confirmed that NMD is the generation of this meta-stable RNA fragment was shown to
thoroughly inactivated in SMG5-SMG7-depleted conditions. be strongly SMG6-dependent8!. In control cells, the cleavage
The dramatic effect on the endonucleolytic cleavage activity product was predominantly present but became undetectable in

37

NATURE COMMUNICATIONS | (2021)12:3965 | https://doi.org/10.1038/s41467-021-24046-3 | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Fig. 4 Downregulation of SMG5 in SMG7 knockout cells efficiently inactivates NMD. a-f Volcano plots showing the differential transcript usage (via
IsoformSwitchAnalyzeR) in various RNA-Seq data. Isoforms containing GENCODE (release 33) annotated PTC (red, TRUE), regular stop codons (blue,
FALSE), or having no annotated open reading frame (gray, NA) are indicated. The change in isoform fraction (dIF) is plotted against the —log10 adjusted
p-value (adj.p-value). Density plots show the distribution of filtered isoforms in respect to the dIF, cutoffs were |dIF|> 0.1 and adj.p-value <0.05. P-values
were calculated by IsoformSwitchAnalyzeR using a DEXSeg-based test and corrected for multiple testing using the Benjamini-Hochberg method. g Read
coverage of SRSF2 from SMG7 KO and published SMG7 KD (GEO: GSE86148) RNA-Seq data is shown as Integrative Genomics Viewer (IGV) snapshots.
The canonical and NMD-sensitive isoforms are schematically indicated below. Percent spliced in (PSI; from LeafCutter analysis) and mean counts from 4
indicative splice junctions are shown. Differential gene expression (from DESeq2) is depicted as log2 fold change (Iog2FC) in the last column. h Fraction of
expressed genes (genes with non-zero counts in DESeq2) were calculated which exhibit individual or combinations of differential gene expression (DGE),
differential transcript usage (DTU), and/or alternative splicing (AS) events in the indicated conditions using the respective computational analysis (default
cutoffs are indicated). AS and DTU events were collapsed on the gene level. For DGE, p-values were calculated by DESeq?2 using a two-sided Wald test and
corrected for multiple testing using the Benjamini-Hochberg method. For DTU, p-values were calculated by IsoformSwitchAnalyzeR using a DEXSeq-based

test and corrected for multiple testing using the Benjamini-Hochberg method. For AS, p-values were calculated by LeafCutter using an asymptotic
Chi-squared distribution and corrected for multiple testing using the Benjamini-Hochberg method.

the SMG5-SMG7-depleted condition (Fig. 5d). Taken together,
these results underline the previous observation that the SMG5-
SMG?7 heterodimer is required for general NMD activity and,
surprisingly, also for SMG6 activity.

Finally, we were intrigued by the fact that both SMG5 and
SMG?7 wild-type proteins can individually rescue the SMG7 KO
phenotype. Specifically, we wondered if the main NMD-
supporting function of both factors could be to enable and/or
sustain SMG6-mediated endonucleolytic cleavage of the target
mRNA. All SMG5 and SMG7 rescue proteins that restored full
NMD activity also resulted in a normal NOP56 cleavage pattern,
indicating that SMG6 was reactivated in these cells (Fig. 5d).
Based on these results, we postulate that SMG5 and SMG7
maintain NMD activity by permitting the activation of SMG6.

SMG6 can interact with UPF1 in SMG5-SMG7-depleted cells.
Given the inability of SMG6 to cleave target mRNAs in SMG5-
SMG?7 depleted cells, we next investigated the interaction between
SMG6 and UPFI1, which we considered central in this context.
Due to the low abundance of SMG6 compared to UPF1 (more
than 100-fold lower; Extended Data Fig. 7a) and the presumably
transient mode of their interaction, the investigation of UPF1-
SMG6 binding in the cellular context has been notoriously dif-
ficult to detect by standard co-IP experiment2. To detect the
transient interaction between SMG6 and UPF1, we used the
TurboID-catalyzed proximity labeling technology3384 to bioti-
nylate UPF1 binding partners (Fig. 6a). We established stable cell
lines that inducibly expressed FLAG-TurboID (reference con-
struct) or FLAG-TurboID-UPF1 and confirmed the biotinylation
activity of these constructs (Extended Data Fig. 7b). We used
15 min biotin labeling for both TurboID constructs in WT and
SMG7 KO cells upon control or SMG5 KD (Fig. 6b). FLAG-
TurboID-UPF1 displayed prominent self-biotinylation but also
efficiently biotinylated the known binding partner UPF3B in
contrast to the TurboID control (Fig. 6b). Nevertheless, we were
not able to obtain quantitative data regarding the interaction of
SMG6 with UPF1 by western blotting. To overcome this problem,
we turned to the label-free mass spectrometric analysis of the
streptavidin-enriched proteins (Supplementary Data 5). We
detected known UPF1 interacting NMD factors (e.g., UPF3B), but
also other binding partners (e.g., Staufen proteins; STAU1 and
STAU2)3586, to be enriched in FLAG-TurboID-UPF1-expressing
WT cells, indicating that we indeed captured true UPF1 inter-
action partners (Extended Data Fig. 7d and Supplementary
Data 5). Interestingly, we found in SMG7 KO cells a higher
enrichment of almost all NMD factors, including the NMD
proteins SMG1, SMG6, SMGS8, and SMGY, which were not
enriched in WT cells. The enrichment was statistically even more
pronounced with an additional SMG5 KD (Fig. 6¢c-e and
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Extended Data Fig. 7c-f). These findings indicate that UPF1
accumulates together with NMD factors (including SMG6) in
functionally arrested complexes in the absence of SMG5 and
SMG7. Since SMG6 was apparently catalytically inactive in
SMG5-SMG?7 depleted cells (Fig. 5), this observed UPF1-SMG6
interaction is likely unproductive and does not represent a
functional NMD complex.

Discussion

The correct execution of NMD not only prevents the production
of aberrant gene products but also shapes the transcriptome on a
global scale*3, NMD is generally perceived as a robust, but highly
dynamic process that integrates different inputs, including mRNP
composition and translational status, in order to efficiently
identify and remove transcripts that appear to be faulty*2. The
common perception of NMD is that multiple RNA degradation
pathways can be employed after the identification of target
transcripts, which are all centered around the key factor UPF1
and provide reliable elimination of the mRNA. The previously
identified two major decay paths during NMD utilize the UPF1-
recruited SMG5-SMG7 and SMG6. Although evidence pointed to
the independence of these branches in the past, we show here that
SMG6 cannot endonucleolytically cleave NMD substrates in cells
lacking the SMG5-SMG7 heterodimer (Fig. 5 and Extended Data
Fig. 6), resulting in extensive NMD inactivation. Therefore, a
functional dependency between the two pathways exists.

The reason why this dependency has not been detected so far
has probably technical reasons. Virtually all previous experiments
that addressed the interplay between SMG5, SMG6 and SMG7
utilized individual or combined gene silencing of NMD factors
depending on siRNA-mediated or shRNA-mediated knockdown.
As reported before, the downregulation of SMG5 and/or SMG7
by knockdowns only slightly impairs NMD3>62, We show here
that complete and sustained depletion of SMG7 is needed to
detect a considerable NMD defect (Fig. 1 and Extended Data
Fig. 2). Furthermore, the downregulation of SMG5 substantially
affects NMD activity only in the SMG7 KO conditions (Figs. 2, 4
and Extended Data Fig. 5). Therefore, we propose that a con-
ventional downregulation of the SMG5-SMG?7 heterodimer is not
sufficient to abolish its function. It was reported before that
SMGS5 and SMG7 form stable and long-lived complexes®> and
residual heterodimers could potentially outlive the experimental
timeframe of knockdown experiments. Remarkably, strongly
reduced levels of the SMG5-SMG?7 heterodimer after a knock-
down are still able to support NMD, although both proteins are
about two orders of magnitude less abundant than UPF1
(Extended Data Fig. 7a)87-8%. This observation indicates that the
basal levels of SMG5 and SMG7 provide enough buffer capacity
to tolerate the partial loss of individual NMD factors or to cope
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Fig. 5 SMG6 endonucleolytic cleavage is inactivated in SMG5-SMG?7 depleted cells. a Schematic overview of the triosephosphate isomerase (TPI)

reporter constructs and their functional elements. The PTC160-containing reporter is subjected to SMG6-mediated endonucleolytic cleavage during NMD.
The resulting decay intermediate (3’ fragment) is rapidly degraded by XRNT, until the presence of an xrRNA blocks the processivity of XRN1, ultimately
resulting in the accumulation of meta-stable xrFrag molecules. b Northern blot analysis of TPI reporter, 3’ fragments (indicated with red triangles), xrFrag,
and 7SL endogenous control. Ethidium bromide-stained 28S and 18S rRNAs are shown as additional controls. Quantification results (normalized to 7SL
control) are shown as data points and mean (n = 3 biologically independent samples). ¢ Schematic depiction of NOP56 maturation and the consequences
of alternative splicing for inducing NMD. Upon inclusion of the snoRD86 sequence in the mature NOP56 mRNA by alternative splice site usage, a PTC is
introduced resulting in endonucleolytic cleavage by SMG6. XRN1-mediated degradation of the decay intermediate is hindered by snoRD86, resulting in the
accumulation of this meta-stable cleavage product. d Northern blot analysis of endogenous NOP56 (n = 3 biologically independent samples). Different

transcript isoforms and fragments are indicated.

with increasing amounts of NMD targets, e.g., resulting from
reduced transcriptomic fidelity. In line with this idea, previous
attempts to “overload” the NMD machinery by transiently
overexpressing large quantities of NMD substrates did not result
in reduced NMD activity®0.

The remarkable capacity of the NMD process is also
reflected in the amount of differentially regulated transcripts that

accumulate in cells with inactive NMD. Earlier studies estimated
that about 5-10% of all human genes are directly or indirectly
influenced by NMD?%12-15_ If we consider gene-specific and
isoform-specific effects (differential gene expression, isoform
switches, alternative splicing), we find that between 20 and 40%
of the expressed genes are affected by NMD. These values
are considerably higher than previous estimates, which can be
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Fig. 6 UPF1 accumulates with NMD factors in SMG5-SMG?7 depleted cells. a Overview of the TurbolD-mediated proximity labeling of UPF1 binding
partners. Transient UPF1 interactors are marked with biotin via TurbolD catalysis. Biotinylated proteins are subsequently enriched with streptavidin beads.
b Western blot and TCE (2,2,2-trichloroethanol)-mediated detection of input or streptavidin-enriched protein samples after proximity labeling in the
indicated conditions (n =3 biologically independent samples). ¢ Heatmap of mass spectrometry-based analysis of streptavidin-enriched biotinylated
NMD and selected other proteins in the respective comparison of conditions (n =3 biologically independent samples). Colored points indicate the log2
fold change (log2FC) and point size corresponds to the adjusted p-value (adj. p-value; from two-sided Welch's t-test). Multiple testing between FLAG-
TurbolD-UPF1 in WT, SMG7 KO, and SMG7 KO + SMG5 KD was performed by ANOVA. d, e Volcano plots of mass spectrometry-based analysis of
streptavidin-enriched biotinylated proteins in the respective comparison of conditions (n =3 biologically independent samples). d FLAG-TurbolD-UPF1
against FLAG-TurbolD control in SMG7 KO cells, (e) FLAG-TurbolD-UPF1 against FLAG-TurbolD control in SMG7 KO + SMG5 KD cells. The yellow color
labeling indicates targets that are significant in the respective comparisons after two-sided Welch's t-testing (log2 fold change (log2FC) >1 or [log2FC| >1;
and adj. p-value <0.05). Points labeled in blue indicate other proteins of interest; points labeled in red indicate NMD factors. Highlighted proteins that were
not significant in the respective comparisons are labeled with gray text.

and differentiation. It is difficult to imagine that important and
fundamental biological processes can function normally when
about one-third of all expressed genes are affected. Given this
large amount of potential cellular NMD substrates, it will be

partially explained by using state-of-the-art RNA-sequencing
methods and recent bioinformatic algorithms, allowing a more
thorough analysis of the transcriptomic alterations. Furthermore,
we believe that the SMG7 KO cells in combination with SMG5 or

SMG6 KD result in a more efficient NMD inhibition, which could
not be achieved with previous attempts based on RNA inter-
ference alone. Admittedly, not all of the detected changes in
NMD-incompetent cells are direct effects of NMD inhibition,
since the misregulation of targets such as the splicing factor
SRSF2 will undoubtedly cause secondary effects on the tran-
scriptome. However, the large number of NMD-regulated genes
can explain why NMD is essential for cell survival, proliferation

important in the future to identify and characterize which mRNA
isoforms are authentic NMD-regulated transcripts. This will also
help to better understand the process of NMD and establish
further rules for NMD activating features®!.

Our detailed characterization of SMG5 and SMG7 individual
functions revealed interesting and unexpected insights into the
function of these two proteins. Most impressively, the two pro-
teins seem to exhibit a certain redundancy, because SMG5 or
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Fig. 7 Two-factor authentication model of NMD. a Overview of postulated two-factor authentication model. To grant access to the degradative activities
of NMD, at least two consecutive security checks need to be passed. Aberrant translation termination in combination with an enhanced residence time of
UPF1 on the mRNA and NMD-activating features (e.g., the presence of a downstream EJC) lead to increasing UPF1 phosphorylation by SMG1 (1st
authentication step). Sufficiently phosphorylated UPF1 (p-UPF1) leads to the recruitment of SMG5-SMG7 and consequently enables the endonucleolytic
activity of SMG6 (2nd authentication step). Domains and functions of SMG5 and SMG7 required to support NMD are indicated (green = low importance,
orange = medium, red = high). b Hypothesis for the potential mechanism of the second authentication step. According to this hypothesis, SMG6 can be
bound to p-UPF1 before SMG5-SMG7. The role of SMG5-SMG7 in NMD would be the activation of p-UPF1-bound SMG6.

SMG7, respectively, rescue the combined SMG5-SMG?7 depletion.
The simplest explanation would be that both proteins could form
homodimers in the absence of the heterodimerization partner.
Although not excluded, this possibility does not seem very likely
based on our own preparatory data. Our functional character-
ization established that the main function of SMG5-SMG7 cannot
simply be the recruitment of deadenylation-promoting factors as
was previously proposed®. Also, we could not confirm the direct
recruitment of PP2A phosphatases via the C-terminal PIN
domain of SMGS5. Therefore, the overlapping role of SMG5 and
SMG?7 during NMD activation probably represents their most
important molecular function. While a single factor (e.g., SMG7)
would presumably be able to execute the same function when
expressed at higher levels, such a system could potentially also
lead to more unwanted NMD activation on barely phosphory-
lated UPF1. Accordingly, SMG5-SMG7 may balance robust
degradation of NMD substrates on the one hand with tight
control of NMD activity on the other.

On a conceptional level, NMD identifies and degrades tran-
scripts that fail to pass quality control standards. To this end, the
NMD pathway makes use of potent cytoplasmic RNA degrada-
tion tools, such as the endonuclease SMG6. However, the access
to and application of this tool must be very tightly controlled to
minimize spurious degradation of normal transcripts. This con-
trol is especially important since NMD probably monitors every
translation termination event and uncontrolled SMG6-mediated

mRNA cleavage would be catastrophic for the cell. Based on our
results, we propose an improved model for the activation of NMD
and attempt to integrate and reconcile earlier observations. In our
opinion, this can best be accomplished with a two-factor
authentication model (Fig. 7a), a security procedure in which
two distinct credentials are required for proper identification. By
analogy, UPF1 represents in our model a surveillance factor,
which has to successfully pass at least two different consecutive
authentication steps on true NMD targets to gain access to
SMG6-mediated activity.

We propose that UPF1 is routinely assigned to control the
quality of all translated mRNAs. It has become increasingly clear
that the mere binding of UPF1 to an mRNA does not trigger its
degradation. However, UPF1 must be removed from the tran-
script in a timely manner to prevent the formation of NMD-
activating complexes. Towards this goal, translating ribosomes
remove most of the RNA-bound UPF1, and only those in the 3’
UTR remain attached to the transcript*4-47. Furthermore, effi-
cient and proper translation termination results in the dissocia-
tion of UPF1 from the transcript?®,

When translation terminates inefficiently or at aberrant posi-
tions (e.g., upstream of an EJC), this NMD-promoting environ-
ment increases the residence time of UPF1 on the mRNA. At this
point, the first authentication step is installed, which is the pro-
gressive SMG1-mediated phosphorylation of UPF1 (Fig. 7a). It
has been shown that SMGI associates with and phosphorylates
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UPFI1 preferentially in the presence of UPF2, UPF3, and the
EJC305257,58.92 This ensures that UPFI is only phosphorylated
when bound to positions on the mRNA, where an NMD-
activating arrangement of mRNP features is present. Effectively,
UPF1 remains attached to the (so far only putative) NMD-
transcript and persisting NMD-activating features will cumula-
tively lead to hyper-phosphorylated UPF1 (Fig. 7a).

How is the increasing phosphorylation ultimately converted to
an appropriate mRNA degradation response? We propose, based
on the existing literature and our data, that a second authenti-
cation procedure must be passed to gain access to and/or activate
SMG6 (Fig. 7a). Accordingly, we envision an interaction of
SMG5-SMG?7 (individually or as a heterodimer) with phos-
phorylated UPFI1 as an essential step to permit efficient SMG6-
mediated endonucleolytic cleavage of the target mRNA. The
evidence supporting this general interpretation is foremost the
robust NMD inhibition in SMG5-SMG?7-depleted cells, with no
detectable SMG6-activity (Figs. 2, 4, 5). Furthermore, the tran-
scriptomic changes are highly similar between the loss of the
SMG5-SMG?7 heterodimer and the combined SMG7 KO with
SMG6 KD, indicating a similar functional outcome. Further
support for this model comes from the observation that hyper-
phosphorylation alone is not sufficient to induce NMD, as
ATPase-deficient UPF1 mutants are phosphorylated but do not
support NMD#2°059  Likewise, we also find that globally
increased UPF1 phosphorylation levels do not positively correlate
with NMD activity, as seen in SMG7 KO cells or upon expression
of the SMG5 1-853 mutant (Fig. 3 and Extended Data Fig. 4).

This raises the question about the molecular mechanism
behind the second authentication step and why it depends on
SMG5-SMG7. We initially proposed three hypothetical models
for this second authentication step that could explain the function
of SMG5-SMG7 in NMD. These three models differed foremost
in the way how the access of SMG6 to UPFI is controlled.
Although SMG6 contains a 14-3-3-like domain and was proposed
to interact directly with UPF1 via phosphorylation-dependent
binding®, a phosphorylation-independent interaction between
SMG6 and UPFl was reported afterwards®®77-93, If this
phosphorylation-independent SMG6-UPF1 interaction occurred
constantly and was sufficient to activate SMG6-mediated endo-
nucleolytic cleavage, uncontrolled NMD would be observed with
no target discrimination. Since this is not the case, we rather
envision that the binding of SMG5-SMG7 to p-UPF1 could be
required to establish the interaction of SMG6 with UPF1 on
NMD targets. This would fit with the assumption that UPFI
needs to be sufficiently phosphorylated and bound by SMGS5-
SMG?7 in order to allow SMG6 activity. However, strongly con-
tradicting this hypothesis, we do not observe less, but rather more
SMG6 interaction with UPF1 in SMG5-SMG7-depleted cells.

According to our second hypothesis, catalytically active SMG6
could directly interact with sufficiently phosphorylated UPF1
independently of SMG5-SMG7 and initiate the degradation of the
target mRNA via endonucleolysis. However, the interaction of
SMG5-SMG7 with p-UPF1 would be required to resolve this
NMD-complex and to liberate SMG6 from UPF1. The mechan-
ism could be the displacement of SMG6 from phosphorylated
UPF1 residues by SMG5-SMG7. The absence of SMG5-SMG?7 or
their inability to interact with p-UPF1 would lead to dead-end
UPF1-SMG6 complexes that are stuck on cleaved mRNA frag-
ments and cannot engage other NMD targets. Especially con-
sidering the low abundance of SMG6 (Extended Data Fig. 7a),
this would effectively trap SMG6, shut down NMD activity, and
lead to practically undetectable endonucleolytic cleavage, as
observed in our northern blot experiments (Fig. 5).

The last and in our opinion most favorable model is very
similar to the second, except that SMG6 is at first inactive when
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bound to p-UPF1 and the subsequent interaction of SMG5-SMG7
with p-UPF1 is required to activate SMG6 (Fig. 7b). According to
this hypothesis, increased interaction of SMG6 with p-UPF1
should occur in SMG5-SMG7-depleted cells, as we have observed
in the UPF1 proximity labeling experiments (Fig. 6). The way in
which SMG5-SMG7 could activate UPF1-bound SMG6 remains
to be investigated in more detail. Possible mechanisms include a
conformational change of UPF1 and/or a switch in the SMG6-
UPF1 binding mode upon binding of SMG5-SMG7. In any case,
according to this hypothesis, SMG6 would remain inactive until
SMG5-SMG7 sensed that UPF1 is sufficiently phosphorylated.
This NMD-routine would ensure that UPF1 remains locked on
transcripts that require further inspection until a decision has
been made to either release the surveillance factor UPF1 or to
degrade the mRNA. Therefore, in the absence of SMG5-SMG7,
UPF1 molecules that engaged NMD authentication would accu-
mulate in unproductive complexes, being unable to dissociate
from the mRNA or to initiate target degradation. Interestingly, we
observe this effect in our TurboID experiment (Fig. 6). When
SMG5 and SMG?7 are absent, several NMD factors involved in the
first authentication (e.g., SMG1, SMGS8, and SMG9) are biotiny-
lated more by TurboID-UPFI, indicating a stronger interaction
with UPF1 or a longer residence time in the proximity of UPFI.
Whether these enriched NMD factors represent one specific or
more diverse NMD complexes that accumulate on target sub-
strates cannot be conclusively resolved. Since SMG6 seems to also
interact more with UPF1, we speculate that the loss of SMGS5-
SMG?7 could allow more SMG6 to unproductively bind phos-
phorylated UPF1, which phospho-sites are no longer occupied by
SMG5-SMG7. Although further research would be needed to
formulate a definitive model, we believe that combined aspects
from the three above discussed models may come close to
explaining the essential function of SMG5-SMG7 during NMD.

In conclusion, we present here a revised model for the acti-
vation and execution of NMD. This model is centered around
UPF1 and involves progressive SMG1-mediated phosphorylation
as first, and SMG5-SMG7-mediated activation/recycling of SMG6
as the second authentication step to identify and degrade NMD
targets in a complex transcriptome. The proposed roles of NMD
factors in our model create ample opportunities to investigate
their function and interplay and allows the field to move away
from earlier models, which were based on parallel or redundant
degradation pathways during NMD.

Methods

Cell lines. Flp-In-T-REx-293 (human, female, embryonic kidney, epithelial;
Thermo Fisher Scientific, RRID:CVCL_U427) cells were cultured in high glucose,
GlutaMAX DMEM (Gibco) supplemented with 9% fetal bovine serum (Gibco) and
1 x Penicillin Streptomycin (Gibco). The cells were cultivated at 37 °C and 5% CO,
in a humidified incubator. The generation of knockout and stable cell lines is
described below and all cell lines are summarized in Supplementary Data 6.

Generation of knockout cells using CRISPR-Cas9. The knockouts were per-
formed using the Alt-R CRISPR-Cas9 system (Integrated DNA Technologies) and
reverse transfection of a Cas9:guideRNA ribonucleoprotein complex using Lipo-
fectamine RNAiMAX (Thermo Fisher Scientific) according to the manufacturer’s
protocol. The crRNA sequence (Design ID: Hs.Cas9.SMG7.1.AD; Integrated DNA
Technologies) to target SMG7 was /AITR1/rGrArArArArUrGrCrUrArGrUrUrAr
CrCrGrArUrUrGrUrUrUrUrArGrArGrCrUrArUrGrCrU/AITR2/. Reverse trans-
fection was performed on 1.5 x 10> cells per crRNA in 12-well plates. 48 h after
transfection the cells were trypsinized, counted, and seeded at a mean density of a
single cell per well in 96-well plates. Cell colonies originating from a single clone
were then screened via western blot and genome editing of SMG7 was analyzed on
the genomic level via DNA extraction and Sanger sequencing (Eurofins Genomics).
Alterations on the transcript level were analyzed via RNA extraction (see below)
followed by reverse transcription and Sanger sequencing.

DNA and RNA extraction. One day prior to DNA extraction, 2.5 x 10° cells were
seeded in a 6-well plate. To extract DNA, QuickExtract DNA Extraction Solution
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(Lucigen) was used following the manufacturer’s instructions. RNA was isolated
using peqGOLD TriFast (VWR Peglab) or RNA-Solv (Omega Bio-Tek) following
the manufacturer’s instructions. Following changes were made: Instead of 200 ul
chloroform, 150 pl 1-Bromo-3-chloropropane (Molecular Research Center, Inc.)
was used. RNA was resuspended in 20 pl RNase-free water.

Immunoblot analysis. SDS-polyacrylamide gel electrophoresis and immunoblot
analysis were performed using protein samples harvested with RIPA buffer (50 mM
Tris/HCI pH 8.0, 0.1% SDS, 150 mM NaCl, 1% IGEPAL CA 630, 0.5% deox-
ycholate) or samples eluted from Anti-FLAG M2 magnetic beads (Sigma-Aldrich).
For protein quantification, the Pierce Detergent Compatible Bradford Assay
Reagent (Thermo Fisher Scientific) was used. All antibodies were used at the
indicated dilutions in 50 mM Tris [pH 7.2], 150 mM NaCl with 0.2% Tween-20,
and 5% skim milk powder. Amersham ECL Prime or Select Western Blotting
Detection Reagent (GE Healthcare) in combination with the Fusion FX-6 Edge
system (Vilber Lourmat) was used for visualization. All antibodies used in this
study are listed in Supplementary Data 6. Protein bands detected with the Fusion
FX-6 Edge system (Vilber Lourmat) using the Evolution-Capt Edge software
(version 18.05) were quantified in a semi-automated manner using the Image-
Quant TL 1D software (version 8.1) with a rolling-ball background correction. The
control condition was set to unity, quantification results are shown as data points
and mean.

Growth assay. To measure the growth and mortality rate of cells, CytoTox-Glo
Cytotoxicity Assay (Promega) was performed. 10,000 cells/well were seeded in a
96-well plate and the assay was performed after 0-4 days using luminometer
Centro XS3 LB 960 (Berthold Technologies) and the MikroWin software (version
5.14) following the manufacturer’s instructions.

Stable cell lines and plasmids. The point and deletion mutants of SMG7 were
PCR amplified using Q5 polymerase (New England Biolabs) and inserted with an
N-terminal FLAG-tag via Nhel and NotI (both New England Biolabs) restriction
sites into PB-CuO-MCS-IRES-GFP-EF1a-CymR-Puro (System Biosciences).
Accordingly, N-terminally FLAG-tagged GST or UPFI, as well as FLAG-TurboID
or FLAG-TurboID-UPF1 (generated with Integrated DNA Technologies gBlocks
and/or PCR amplification) were cloned via Nhel and NotlI into PB-CuO-MCS-
BGH-EF1-CymR-Puro, which was modified from the original vector by replacing
the IRES-GFP cassette with a BGH polyA signal.

The point and deletion mutants of SMG5 were PCR amplified using Q5
polymerase and inserted with an N-terminal FLAG-tag via Nhel and NotI
restriction sites into the tetracycline-inducible pcDNA5/FRT/TO vector (Thermo
Fisher Scientific). The mRNA reporter constructs TPI-WT and TPI-PTC160 in the
PcDNAS5/FRT/TO vector are available on Addgene (IDs 108377-108378).

The cells were stably transfected using the PiggyBac Transposon system (SMG7,
UPF1, GST) or using the Flp-In T-REx system (SMG5, mRNA reporter). 2.5-3 x
10° cells were seeded 24 h before transfection in 6-wells. For PiggyBac stable cells,
2 g of PiggyBac construct was transfected together with 0.8 ug of the Super
PiggyBac Transposase expressing vector and for Flp-In T-REx stable cells, 1-2 pg of
PcDNAS construct was transfected together with 1 ug of the Flp recombinase
expressing plasmid pOG44, using the calcium phosphate method. Forty-eight
hours after transfection, the cells were transferred into 10 cm dishes and selected
with 2 pg ml~! puromycin (InvivoGen) for PiggyBac or 100 pg ml~! hygromycin
(InvivoGen) for Flp-In T-REx. After 7-10 days, the colonies were pooled.
Expression of the PiggyBac constructs was induced with 30 g ml~! cumate, Flp-In
T-REx constructs were induced with 1 pg ml~! doxycycline. All vectors used in this
study are listed in Supplementary Data 6.

Mycoplasma contamination was tested by PCR amplification of mycoplasma-
specific genomic DNA®* or by using the Mycoplasmacheck service (Eurofins
Genomics).

Reverse transcription, end-point, and quantitative RT-PCR. 1-4 g of total
RNA was reverse-transcribed in a 20 pl reaction volume with 10 uM VNN-(dT),
primer using the GoScript Reverse Transcriptase (Promega). 2% of cDNA was used
as template in end-point PCRs using the GoTaq Green Master Mix (Promega) or
MyTaq Red Mix (Bioline) and 0.2-0.6 uM final concentration of sense and anti-
sense primer (see Supplementary Data 6 for sequences). After 30 PCR cycles, the
samples were resolved by electrophoresis on ethidium bromide-stained, 1-2%
agarose TBE gels and visualized by trans-UV illumination using the Gel Doc XR+
(Bio-Rad) and Image Lab software (version 5.1).

Bands detected in agarose gels from the indicated biological replicates of end-
point PCRs were quantified using the Image Lab software (version 6.0.1). Results of
the indicated band % per lane are shown as data points and mean. Sanger
sequencing of individual bands was performed using the service of Eurofins
Genomics.

Quantitative RT-PCR was performed with the GoTaq qPCR Master Mix
(Promega) using 2% of cDNA in 10 ul reactions, 0.2-0.6 uM final concentration of
sense and antisense primer (see Supplementary Data 6 for sequences), and the
CFX96 Touch Real-Time PCR Detection System (Bio-Rad) with Bio-Rad CFX
Manager software (version 3.0). The reactions for each biological replicate were
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performed in duplicates or triplicates and the average Ct (threshold cycle) value
was measured. For alternative splicing events, values for canonical isoforms were
subtracted from values for NMD-sensitive isoforms to calculate the ACt. For
differentially expressed targets, the values for the housekeeping genes Clorf43 were
subtracted from values for the target to calculate the ACt. The mean log2 fold
changes were calculated from three biologically independent experiments. Log2
fold change results are shown as data points and mean.

siRNA-mediated knockdowns. Cells were seeded in 6-well plates at a density of
2-3x 10 cells per well and reverse transfected using 2.5 ul Lipofectamine RNAi-
MAX and 60 pmol of the respective siRNA(s) according to the manufacturer’s
instructions. In preparation for UPF1 phosphorylation and RNA immunopreci-
pitation (RIP) assays, 3 x 109 cells were reverse transfected in 10 cm dishes using
6.25 ul Lipofectamine RNAIMAX and 150-200 pmol siRNA. All siRNAs used in
this study are listed in Supplementary Data 6.

RNA-sequencing and computational analyses. RNA-Seq experiments were
carried out with Flp-In-T-REx-293 wild-type (WT) cells transfected with Luciferase
or SMG5 siRNA and the SMG7 KO clones 2 and 34 transfected with either
Luciferase, SMG5, or SMG6 siRNAs. Three biological replicates were analyzed for
each sample. Total RNA was extracted using peqGOLD TriFast (VWR Peqlab) as
described above.

The Lexogen SIRV Setl Spike-In Control Mix (SKU: 025.03) that provides a set
of external RNA controls was added to the total RNA to enable performance
assessment. Mix EO was added to samples with Luciferase siRNA, mix E1 was
added to samples with SMG5 siRNA, and mix E2 samples with SMG6 siRNA. The
Spike-Ins were used for quality control purposes, but not used for the final analysis
of DGE, DTU, or AS.

The library preparation was performed with the TruSeq mRNA Stranded kit
(Ilumina). After poly-A selection (using poly-T oligo-attached magnetic beads),
mRNA was purified and fragmented using divalent cations under elevated
temperatures. The RNA fragments underwent reverse transcription using random
primers. This is followed by second-strand cDNA synthesis with DNA Polymerase
I and RNase H. After end repair and A-tailing, indexing adapters were ligated. The
products were then purified and amplified to create the final cDNA libraries. After
library validation and quantification (Agilent tape station), equimolar amounts of
the library were pooled. The pool was quantified by using the Peqlab KAPA Library
Quantification Kit and the Applied Biosystems 7900HT Sequence Detection
System and sequenced on an Illumina NovaSeq6000 sequencing instrument and a
PE100 protocol.

Reads were aligned against the human genome (version 38, GENCODE release
33 transcript annotations®® supplemented with SIRVomeERCCome annotations
from Lexogen; obtained from https://www.lexogen.com/sirvs/download/) using the
STAR read aligner (version 2.7.3a)%. Transcript abundance estimates were
computed with Salmon (version 1.3.0)°7 with a decoy-aware transcriptome. After
the import of transcript abundances, differential gene expression analysis was
performed with the DESeq2°® R package (version 1.28.1) with the significance
thresholds |log2FoldChange|> 1 and adjusted p-value (padj) <0.05. Differential
splicing was detected with LeafCutter (version 0.2.9)°° with the significance
thresholds |deltapsi| >0.1 and adjusted p-value (p.adjust) <0.05. Differential
transcript usage was computed with IsoformSwitchAnalyzeR (version 1.10.0) and
the DEXSeq method”>100-104_ Sjgnificance thresholds were |dIF| >0.1 and adjusted
p-value (isoform_switch_g_value) <0.05.

PTC status of transcript isoforms with the annotated open reading frame was
determined by IsoformSwitchAnalyzeR using the 50 nucleotides (nt) rule of
NMD75105-107 Tsoforms with no annotated open reading frame in GENCODE
were designated “NA” in the PTC analysis.

The control, SMG7, and SMG6/7 knockdown datasets (Gene Expression
Omnibus, GEO: GSE86148)!4 were processed and analyzed with the same
programs, program versions, and scripts as the SMG7 KO dataset, with minor
changes due to the different sequencing method (paired-end vs. single-end). All
scripts and parameters for the RNA-Seq analysis are available at GitHub [https://
github.com/boehmv/SMG5-SMG7]. Overlaps of data sets were represented via
nVenn!% or the ComplexHeatmap package (version 2.6.2)!%°. Integrative
Genomics Viewer (IGV) (version 2.8.12)110 snapshots were generated from
mapped reads (BAM files) converted to binary tiled data (tdf), using Alfred!!! with
resolution set to 1 and IGVtools. Mean junction counts were obtained from
sashimi plots generated using ggsashimill2.

Protein structure modeling and visualization. The structure of human SMG7
(PDB: 1YAO) was superimposed onto the C. elegans SMG7 (PDB: 3ZHE) using the
MatchMaker command in Chimera version 1.13!13, to generate a hsSMG7-
ceSMG5 hybrid model. ChimeraX version 1.0114 was used to visualize the modeled
structure.

Northern blotting. The cells were harvested in peqGOLD TriFast reagent (VWR)
and total RNA extraction was performed as described above. 2-4 pg of total RNA
were resolved on a 1% agarose/0.4 M formaldehyde gel using the tricine/trietha-

nolamine buffer system!!> followed by a transfer on a nylon membrane (Roth) in
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10x SSC. The blots were incubated overnight at 65 °C in Church buffer containing
a-32P-GTP [800 Ci/mmol, 10 mCi/ml] body-labeled RNA probes for detection of
the reporter mRNA®0,

Endogenous 7SL RNA was detected by a 5’-32P-labeled oligonucleotide (5'-TG
CTCCGTTTCCGACCTGGGCCGGTTCACCCCTCCTT-3') for which y-32P-
ATP [800 Ci/mmol, 10 mCi/ml] was used for labeling. For NOP56 northern blots,
the ex8b riboprobe sequence (5-GAAACUUGGUCCCUUUGCUGGGCCCUGG
GAAUCACUCAGACACCAGGACUGGCCAUCACCCCCAUAGCAGAGGCC
UGUAUAGGUCAGGGAGCCCUGGUCAGCCAUCACCGUGAUCCCCCAAC
AAGCAGUGGGCACCAGAAGUGGCACCUGAUU-3")8! was cloned into the
pSP73 vector, linearized and in vitro transcribed using a-32P-GTP [3000 Ci/mmol,
10 mCi/ml]. Ethidium bromide-stained 28S and 18S rRNA served as loading
controls. RNA signal from at least three distinct samples was detected with the
Typhoon FLA 7000 (GE Healthcare) and was quantified in a semi-automated
manner using the ImageQuant TL 1D software (version 8.1) with a rolling-ball
background correction. EtBr-stained rRNA bands were quantified with the Image
Lab 6.0.1 software (Bio-Rad). Signal intensities were normalized to the internal
control (7SL or rRNA) before the calculation of mean values. The control condition
was set to unity (TPI WT for reporter assays), quantification results are shown as
data points and mean.

RNA immunoprecipitation (RIP). The RIP protocol was adapted from Lee et al.*5.
Two days after seeding and reverse transfecting cells with siRNA, the cells were
washed with 2 ml PBS, harvested in 1 ml PBS, collected for 10 min at 100 x g, and
resuspended in 300 pl RIP lysis buffer (10 mM Tris pH 7.5, 150 mM NaCl, 2 mM
EDTA, 0.1% Triton X-100) supplemented with 1 tablet of PhosSTOP (Roche),
100 pl EDTA-free HALT Protease and Phosphatase Inhibitor (ThermoFisher) and
20 pl RNasin (Promega) per 10 ml buffer. Protein concentration was measured,
adjusted to 1 mg total protein in 450 ul RIP buffer, 20 pl of the sample was added to
500 ul peqGOLD TriFast and saved as input sample. The remaining sample was
divided into 2x 200 pl and combined with 30 pl pre-washed Dynabeads Protein G
beads (ThermoFisher), which were pre-incubated with 5 ug of either purified goat
IgG (control; Bethyl, P50-100) or UPF1 antibody (Bethyl, A300-036A). The sam-
ples were incubated in an overhead rotator for 1 h at 4 °C, washed 5x with 1 ml RIP
Wash Buffer (5mM Tris pH 7.5, 150 mM NaCl, 0.1% Triton X-100), and co-
immunoprecipitated RNA was recovered by incubating the beads with 500 ul RNA-
solv. for 10 min at room temperature. Both input and IP samples were subjected to
RNA extraction with the addition of 1 ul Precipitation Carrier. Ten microliters of
resuspended RNA were used for reverse transcription and 2% of cDNA was used
for quantitative PCR.

Co-immunoprecipitation. FLAG-tagged proteins were expressed in stable cell lines
(2.5-3.0 x 10° cells per 10 cm dish) induced for 48-72 h. The samples were lysed in
600 pl buffer E (20 mM HEPES-KOH (pH 7.9), 100 mM KCl, 10% glycerol, 1 mM
DTT, Protease Inhibitor, 1 ug ml~! RNase A) and sonicated using the Bandelin
Sonopuls mini20 with 15 pulses (2.5 mm tip, 1 s pulse, 50% amplitude).
Concentration-adjusted lysates were subjected to immunoprecipitation for 2h at
4 °C with overhead shaking using Anti-FLAG M2 Magnetic Beads (Sigma-Aldrich),
the beads were washed three times for 5 min with buffer E, mild wash buffer
(20 mM HEPES-KOH (pH 7.9), 137 mM NaCl, 2 mM MgCl,, 0.2% Triton X-100,
0.1% NP-40) or medium wash buffer (20 mM HEPES-KOH (pH 7.9), 200 mM
NaCl, 2 mM MgCl,, 0.2% Triton X-100, 0.1% NP-40, 0.05% Na-deoxycholate). Co-
immunoprecipitated proteins were eluted with SDS-sample buffer, separated by
SDS-PAGE, and analyzed by immunoblotting.

Label-free quantitative mass spectrometry. FLAG-tagged SMG5 proteins or
FLAG control were expressed in stable cell lines (2.5-3.0 x 10° cells per 10 cm dish)
induced with 1 pg ml~! doxycycline for 72 h. Samples were lysed and immuno-
precipitated as described above, using mild wash buffer for washing steps and
eluted in 42.5 pl of a 200 mg ml~! dilution of FLAG peptides (Sigma) in 1x TBS. 1
volume of 10% SDS was added and the samples were reduced with DTT and
alkylated with CAA (final concentrations 5 mM and 55 mM, respectively). Tryptic
protein digestion was performed using a modified version of the single pot solid
phase-enhanced sample preparation (SP3)!16, In brief, reduced and alkylated
proteins were supplemented with paramagnetic Sera-Mag speed beads (Thermo
Fisher Scientific) and mixed in a 1:1-ratio with 100% acetonitrile (ACN). After

8 min incubation protein-beads-complexes were captured using an in-house build
magnetic rack and two times washed with 70% EtOH. Afterward, samples were
washed once with 100% ACN, air-dried and reconstituted in 5 ul 50 mM Trie-
thylammonium bicarbonate supplemented with 0.5 pg trypsin and 0.5 pg LysC and
incubated overnight at 37 °C. On the next day, the beads were resuspended and
mixed with 200 pl ACN, incubated for 8 min, and again placed on the magnetic
rack. Tryptic peptides were washed once with 100% ACN, airdried, dissolved in 4%
DMSO, and transferred into 96-well PCR tubes. After acidification with 1 pl of 10%
formic acid, the samples were ready for LC-MS/MS analysis.

Proteomics analysis was performed by data-dependent acquisition using an
Easy nLC1000 ultra-high-performance liquid chromatography (UHPLC) system
coupled via nanoelectrospray ionization to a Q Exactive Plus instrument (all
Thermo Scientific). Tryptic peptides were separated based on their hydrophobicity
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using a chromatographic gradient of 45 min (affinity enrichments samples) or
60 min (TurboID samples) with a binary system of buffer A (0.1% formic acid) and
buffer B (80% ACN, 0.1% formic acid). In-house-made analytical columns (length:
50 cm, inner diameter: 75 um) filled with 1.9 um C18-AQ Reprosil Pur beads (Dr.
Maisch) were used for separation. Using the 45 min chromatographic gradient,
buffer B was linearly increased from 9 to 30% over 30 min followed by a steeper
increase to 47% within 6 min. Finally, buffer B was increased to 95% within 4 min
and stayed at 95% for 5 min to wash the analytical column. For the 60 min
chromatographic gradient, buffer B was linearly increased from 3 to 30% over
40 min followed by an increase to 50% within 8 min. Finally, buffer B was increased
to 95% within 1 min and the column washed for 10 at 95%. Full MS spectra
(300-1750 m/z) were acquired with a resolution of 70,000, a maximum injection
time of 20 ms, and an AGC target of 3e6. The top 10 most abundant peptide ions of
each full MS spectrum were selected for HCD fragmentation (NCE: 26) with an
isolation width of 1.8 m/z and a dynamic exclusion of 20 s. MS/MS spectra were
measured with a resolution of 17,000, a maximum injection time of 60 ms and an
AGC target of 5e5 for the 45 min gradient, and a resolution of 35,000, a max.
injection time of 110 ms and an AGC target of 5e5 using the 60 min gradient.
MS RAW files were analyzed using the standard settings of the MaxQuant suite
(version 1.6.17.0)!17. Peptides were identified by matching against the human
UniProt database using the Andromeda scoring algorithm!18,
Carbamidomethylation of cysteine was set as a fixed modification, methionine
oxidation, and N-terminal acetylation as variable modification. Trypsin/P was
selected as the digestion protein. A false discovery rate (FDR) <0.01 was used for
the identification of peptide-spectrum matches and protein quantification.
Intensities were calculated using the LFQ algorithm implemented in MaxQuant
with the standard parameters. Data processing and statistical analysis were done in
the Perseus software (version 1.6.5.0)!!%. LFQ-normalized protein intensities were
Log2-transformed for normal distribution and filtered for at least three valid values
in at least one sample group. Missing values were imputed by drawing random
values from a 1.8 standard deviations downshifted, 0.3 standard deviations broad
normal distribution. Statistical testing was performed using a two-sided Welch’s ¢-
test with permutation-based FDR correction (FDR = 0.05, SO = 0.1). Significantly
different proteins were identified using the following cut-off: g-value <0.05,
absolute log2 fold change >1. Visualization was performed with InstantClue!20, the
R (version 4.0.4) package ggplot2 (version 3.3.3) or ComplexHeatmap (version
2.6.2)109,

TurbolD proximity labeling. Stable WT or SMG7 KO cell lines were seeded (5 x 10°
cells per 10 cm dish) and reverse transfected using 6.25 ul Lipofectamine RNAIMAX
and 200 pmol siRNA (control or SMG5). The expression of FLAG-TurbolD-tagged
UPF1 or control proteins was induced on the next day with 30 pg ml~! cumate. In
this step the medium was also changed to high-glucose, GlutaMAX DMEM (Gibco)
supplemented with 9% dialyzed fetal bovine serum (Gibco; A3382001; to suppress
background biotinylation)!2! and 1x Penicillin Streptomycin (Gibco). Proximity
labeling by biotinylation was performed on the next day by the addition of 50 pM
biotin for 15 min. Afterward, the cells were washed twice with PBS on ice, scraped in
1 ml ice-cold PBS, collected for 5 min at 100 x g and 4 °C, and finally resuspended in
200 pl phospho-RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% IGEPAL CA-
630, 0.5% deoxycholate, 0.1% SDS, 1 pg ml~! RNase A) supplemented with 1 tablet of
PhosSTOP (Roche), 100 pl EDTA-free HALT Protease and Phosphatase Inhibitor
(ThermoFisher) and per 10 ml buffer. Samples were sonicated using the Bandelin
Sonopuls mini20 with 10 pulses (2.5 mm tip, 1s pulse, 50% amplitude). Fifty
microliter input aliquots containing 100 pg of total protein were prepared and mixed
with SDS-sample buffer. Concentration-adjusted lysates containing 1 mg total protein
in 500 pl buffer were concentrated to approximately 100 ul in 0.5 ml Amicon Ultra
centrifugal filter devices (3K cutoff) for 45 min at 4 °C and 14.000 x g, to minimize
excess biotin in the sample. The concentrated sample was combined with 200 pl RIPA
buffer (wash of centrifugal filter), mixed with 25 pl pre-washed Pierce Streptavidin
Magnetic Beads (ThermoFisher), and incubated for 2 h at 4 °C with overhead shaking.
The beads were washed four times for 5 min with 800 pl RIPA buffer, followed by one
wash with 800 pl mild wash buffer (20 mM HEPES-KOH (pH 7.9), 137 mM NaCl,
2 mM MgCl,, 0.2% Triton X-100, 0.1% NP-40). Biotinylated proteins were eluted
with 50 ul 1x SDS-sample buffer, supplemented with 20 mM DTT and 3 mM biotin,
for 15 min at 96 °C, followed by another elution with 25 ul and both eluates were
combined. Aliquots (10 pl input, 12.5 ul eluate) of the samples were resolved on 10%
polyacrylamide gels containing 25 pul TCE (2,2,2-trichloroethanol) to allow fluorescent
visible detection of proteins!22 and subsequently used for western blotting. Tryptic
protein digestion and proteomics analysis were performed as described above. Of
note, no SMG5 Label-Free Quantification (LFQ) intensities were obtained, although
SMGS5 peptides were only detected in the WT samples and not in the SMG7 KO.

Data presentation. Quantifications and calculations for other experiments were
performed—if not indicated otherwise—with Microsoft Excel (version 1808) or R
(version 4.0.4) and all plots were generated using IGV (version 2.8.12), GraphPad
Prism 5, ggplot2 (version 3.3.3), or ComplexHeatmap (version 2.6.2). Boxplots
were generated using the geom_boxplot() function of ggplot2 with the centerline
representing the 50th percentile (median), whereas the lower and upper box limits
correspond to the 25th and 75th percentiles. The whiskers extend from the box
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limits to the smallest or largest value no further than 1.5 * inter-quartile range.
Data beyond the end of the whiskers are plotted individually.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

RNA-sequencing data generated for this manuscript have been deposited in the
ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/arrayexpress)!23 under accession
number E-MTAB-9330. Published datasets analyzed for this paper include Gene
Expression Omnibus (GEO) accession number GSE86148. Data of human proteome
abundances were retrieved from https://proteomesoflife.org/ with the human taxonomy
identifier (9606) on 2021-03-03 (03. March 2021)%°. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the PRIDE!?4 partner
repository with the dataset identifier PXD024747. Published protein structures were
human SMG7 (PDB: 1YAO [https://doi.org/10.2210/pdb1YA0/pdb) and C. elegans
SMG5-SMG?7 (PDB: 3ZHE [https://doi.org/10.2210/pdb3ZHE/pdb]). All relevant data
supporting the key findings of this study are available within the article and its
Supplementary Information files or from the corresponding author upon reasonable
request. Source data—where applicable—are provided for all figures, including raw
images of EtBr-stained agarose gels, western blots, and northern blots, as well as qPCR
raw values, quantification, and an overview file stating all further necessary information
(e.g., which antibody was used). All raw source data can also be accessed at Zenodo
[https://doi.org/10.5281/zenodo.4603278]. Source data are provided with this paper.
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Extended Data Fig. 1: Characterization of SMG7 knockout cells.

a, Uncropped western blot analysis of SMG7 knockout (KO) cell lines as shown in Fig. 1b (n=1). Asterisks indicate non-specific bands.

b, Western blot comparison between SMG7 knockout (KO) and siRNA-mediated knockdown (KD) conditions with AK-133 (n=1). Asterisks indicate non-specific bands.
c, Detection of SMG7 genomic alterations (bottom) and splicing variants (top) via PCR (n=1). Red arrows indicate identified bands.

d, Overview of CRISPR-Cas9 induced alterations on the genomic and transcriptomic level concerning the SMG?7 locus.

e, Sashimi plot (via IGV) of the SMG7 splicing pattern in WT, SMG7 KO-2 and KO-34 clones from RNA-Seq data.

f, Luminescence-based growth assay of the indicated cell lines with quantification of live and dead cells at the indicated time points. Individual data points and means are plotted as relative light
units [RLU] (n=3 biologically independent samples).
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Extended Data Fig. 2: RNA-Seq analyses of SMG7 KO cells.

a, Schematic overview of the samples (n=3 biologically independent samples) and RNA-Seq analysis pipeline. The codes used in this study are available at GitHub
[https://github.com/boehmv/SMG5-SMG7].

b, Overlap of upregulated and downregulated genes in the differential gene expression (DGE; via DESeq2) analysis. Total numbers and ratios are given below. Created with the nVenn
algorithm.

c-e, Volcano plots showing the differential gene expression analyses from the indicated RNA-Seq datasets. The log2 fold change is plotted against the -log10 adjusted p-value (adj.p-value). P-
values were calculated by DESeq2 using a two-sided Wald test and corrected for multiple testing using the Benjamini-Hochberg method.

f-h, End-point RT-PCR detection of ITGAE (f), RSRC2 (g) and TMEM222 (h) transcript isoforms was carried out in the indicated cell lines, with or without expression of FLAG-tagged SMG7
rescue constructs. Data points and means from the gel quantification are plotted (n=3 biologically independent samples).
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Extended Data Fig. 3: SMG7 supports NMD independently of the deadenylation-promoting function.
Figure legend on next page 5 1



Boehm, Kueckelmann et al. 2021: Extended Data Fig. 3; cont.

Extended Data Fig. 3: SMG7 supports NMD independently of the deadenylation-promoting function.
a, Western blot analysis of individual SMG5, SMG6 and SMG7 KDs in WT cells with a dilution series of control KD samples (n=1). Tubulin serves as control.

b, Quantitative RT-PCR-based detection (QPCR) of SRSF2 isoforms and ZFAS1 in the indicated cell lines upon treatment with the indicated siRNA. The ratio of NMD isoform to canonical
isoform (SRSF2) and ZFAS1 to the C10rf43 reference was calculated; mean log2 fold change (log2FC) is shown (n=3 biologically independent samples). The corresponding heatmap is plotted
in Fig. 2e.

¢, Quantitative RT-PCR-based detection (QPCR) of SRSF2 isoforms in the indicated cell lines upon treatment with the indicated siRNA and expression of the indicated FLAG-tagged rescue
constructs. The ratio of NMD isoform to canonical isoform (SRSF2) was calculated; mean log2 fold change (log2FC) is shown (n=3 biologically independent samples). Rescue efficiency was
calculated based on the mean log2FC in relation lane 1 (set to 1) and lane 2 (set to 0). The corresponding heatmap is plotted in Fig. 2f. Western blot analyses are shown below (n=1). Tubulin
serves as control.

d, Heatmap of quantitative RT-PCR-based detection (JPCR) of ZFAS1 in the indicated cell lines upon treatment with the indicated siRNA and expression of the indicated FLAG-tagged rescue
constructs. The ratio of ZFAS1 to the C10rf43 reference was calculated; mean log2 fold change (log2FC) is shown (n=3 biologically independent samples). Clustering (k=3) for NMD activity is
depicted below.

e, Quantitative RT-PCR-based detection (QPCR) of SRSF2 isoforms in the indicated cell lines upon treatment with the indicated siRNA and expression of the indicated FLAG-tagged rescue
constructs. The ratio of NMD isoform to canonical isoform (SRSF2) was calculated; mean log2 fold change (log2FC) is shown (n=3 biologically independent samples). Rescue efficiency was
calculated based on the mean log2FC in relation lane 1 (set to 1) and lane 2 (set to 0).

f, Western blot after FLAG co-immunoprecipitation (IP) of FLAG-tagged GST (control) or SMG7 constructs in SMG7 KO cells. Tubulin serves as control. Quantification results are shown as
data points and mean (n=3 biologically independent samples).
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Extended Data Fig. 4: Characterization of SMG5 function in NMD.

a, Quantitative RT-PCR-based detection (QPCR) of SRSF2 isoforms in the indicated cell lines upon treatment with the indicated siRNA and expression of the indicated FLAG-tagged rescue
constructs. The ratio of NMD isoform to canonical isoform (SRSF2) was calculated; mean log2 fold change (log2FC) is shown (n=3 biologically independent samples). Rescue efficiency was
calculated based on the mean log2FC in relation lane 1 (set to 1) and lane 2 (set to 0). The corresponding heatmap is plotted in Fig. 3b. Western blot analyses are shown below (n=1). Tubulin

serves as cont

rol.
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b, Heatmap of quantitative RT-PCR-based detection (QPCR) of ZFAS1 in the indicated cell lines upon treatment with the indicated siRNA and expression of the indicated FLAG-tagged rescue
constructs. The ratio of ZFAS1 to the C10orf43 reference was calculated; mean log2 fold change (log2FC) is shown (n=3 biologically independent samples). Clustering (k=3) for NMD activity is
depicted below.

¢, Western blot analysis of SMG5 expression levels in WT or SMG7 KO cells upon SMG5 overexpression (with dilution series) compared to the respective control cells (n=1). Tubulin serves as

control.

d, Western blot after FLAG co-immunoprecipitation (IP) of FLAG-tagged GST (control) or SMG5 constructs in SMG7 KO cells (n=3 biologically independent samples). Tubulin serves as control.
e, Analysis of UPF1 phosphorylation status after IP of expressed FLAG-tagged UPF1. Quantification results are shown as data points and mean (n=3 biologically independent samples).

f-i, gqPCR detection of ZFAS1 (f), GAS5 (g), RPLPO (h) and EEF1A1 (i) was carried out in UPF1-IP, control IgG-IP and Input samples after RNA immunoprecipitation (RIP) from the indicated
conditions. Data points and means from the gPCRs are plotted as log2 fold change (log2FC) (n=3 biologically independent samples). Raw Ct values are shown for comparison.
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Extended Data Fig. 5: Analyses of SMG7 KO plus knockdown RNA-seq data.
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a, Schematic overview of all samples (n=3 biologically independent samples) for the RNA-Seq analysis pipeline (top; same pipeline as depicted in Extended Data Fig. 2a). Differential gene
expression analysis (DGE) with DESeq2 of NMD factors is shown at the bottom as heatmap and plotted as log2 fold change (log2FC).

b-g, Volcano plots showing the differential gene expression analyses from the indicated RNA-Seq datasets. The log2 fold change is plotted against the -log10 adjusted p-value (adj.p-value).
P-values were calculated by DESeq2 using a two-sided Wald test and corrected for multiple testing using the Benjamini-Hochberg method.

h, Overlap of up- or downregulated premature termination codon (PTC)-containing isoforms in the different RNA-Seq data is shown as UpSet plot. Only the top 10 overlapping sets are shown.

i, Fraction of expressed genes (genes with non-zero counts in DESeq2) were calculated which exhibit individual or combinations of differential gene expression (DGE), differential transcript
usage (DTU) and/or alternative splicing (AS) events in the indicated conditions using the respective computational analysis (stringent cutoffs are indicated). AS and DTU events were collapsed
on the gene level. For DGE, p-values were calculated by DESeq2 using a two-sided Wald test and corrected for multiple testing using the Benjamini-Hochberg method. For DTU, p-values were
calculated by IsoformSwitchAnalyzeR using a DEXSeq-based test and corrected for multiple testing using the Benjamini-Hochberg method. For AS, p-values were calculated by LeafCutter
using an asymptotic Chi-squared distribution and corrected for multiple testing using the Benjamini-Hochberg method.

j, Boxplots showing the distribution of different combinations of transcriptomic alteration events in relation to the expression of the gene (indicated by the mean of the normalized counts), with
default (top) or stringent (bottom) cutoffs (n=3 biologically independent samples). The center Iisxpresents the 50th percentile (median), whereas the lower and upper box limits correspond to
|

the 25th and 75th percentiles. The whiskers extend from the box limits to the smallest or large:

individually. The total distribution of gene expression is shown on the right as violin plot. Colour coding as in Extended Data Fig. 5i.

ue no further than 1.5 * inter-quartile range. Data beyond the end of the whiskers are plotted
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Extended Data Fig. 6: Northern blot analysis of endonucleolytic cleavage.

a, Northern blot analysis of TPI reporter, 3' fragments (indicated with red triangles), xrFrag and 7SL endogenous control. Ethidium bromide stained 28S and 18S rRNAs are shown as additional
controls. Quantification results (normalized to 7SL control) are shown as data points and mean (n=3 biologically independent samples).

b, Quantification of Fig. 5b with 28S or 18S rRNA as reference. Quantification results are shown as data points and mean (n=3 biologically independent samples).
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Extended Data Fig. 7: Proximity labelling with FLAG-TurbolD-UPF1.

a, Protein abundance distribution of NMD factors in humans, showing the respective intensities (log10 transformed) and protein rank (DOI: 10.1038/s41586-020-2402-x). Data were retrieved
from https://proteomesoflife.org/ with the human taxonomy identifier (9606) on 2021-03-03 (03. March 2021).

b, Time-dependent activity test of FLAG-TurbolD constructs in WT cells with (+) or without (-) the pre-incubation in medium with dialyzed FBS, followed by western blotting (n=1).

¢, Heatmap of mass spectrometry-based analysis of streptavidin-enriched biotinylated NMD and selected other proteins in the respective comparison of conditions (n=3 biologically independent
samples). Coloured points indicate the log2 fold change (log2FC) and point size corresponds to the adjusted p-value (adj. p-value; from two-sided Welch's t-test).

d-g, Volcano plots of mass spectrometry-based analysis of streptavidin-enriched biotinylated proteins in the respective comparison of conditions (n=3 biologically independent samples). (d)
FLAG-TurbolD-UPF1 against FLAG-TurbolD control in WT cells, (e) FLAG-TurbolD-UPF1 in SMG7 KO cells against FLAG-TurbolD-UPF1 in WT cells, (f) FLAG-TurbolD-UPF1 in SMG7 KO +
SMG5 KD cells against FLAG-TurbolD-UPF1 in WT cells, (g) FLAG-TurbolD-UPF1 in SMG7 KO + SMG5 KD cells against FLAG-TurbolD-UPF1 in SMG7 KO cells. The yellow colour labelling
indicates targets that are significant in the respective comparisons after two-sided Welch's t-testing (log2 fold change (log2FC) >1 or |log2FC| >1; and adj. p-value < 0.05). Points labelled in
blue indicate other proteins of interest; points labelled in red indicate NMD factors. Highlighted proteins that were not significant in the respective comparisons are labelled with grey text.
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Nonsense-mediated mRNA decay (NMD) is a
translation-dependent mRNA turnover pathway,
which degrades transcripts containing premature
termination codons. SMG1-mediated phosphoryla-
tion of the key NMD factor UPF1 is essential for
NMD initiation and regulated by SMG9 and the C-
terminus of SMG8. However, their specific roles in
NMD regulation within intact cells remain partially
understood. Here, we deleted the C-terminus of en-
dogenous SMGS8 in human cultured cells, which re-
sulted in unchanged NMD activity. Cell lines lack-
ing SMG8 and SMG9 showed slight NMD inhibition
and unchanged UPF1 phosphorylation levels, but
were sensitized to treatment with a SMG1 inhibitor
(SMG1i). Transcriptome-wide analysis revealed the
upregulation of NMD-annotated transcripts, which
corresponded to synergistic effects of SMG1i con-
centration and SMG8 and SMG9 knock-out condi-
tions. Moreover, the UPF1 interactome showed
enrichment of various NMD factors in SMG8 or
SMG9 knock-out cells and following SMG1i treat-
ment, suggesting an accumulation of stalled NMD
complexes at various stages of the NMD process.
Together, our work uncovers important roles of
SMG8 and SMG9 in maintaining NMD robustness in
human cells.

Nonsense-mediated mRNA decay | NMD | SMG1 | SMG8 | SMG9 | SMG1i
| UPF1

Correspondence: Niels H. Gehring (ngehring@uni-koeln.de)

Introduction

Alongside other co-translational quality control mech-
anisms, nonsense-mediated mRNA decay (NMD) de-
tects and eliminates defective or undesired mRNAs 3.
The primary role of NMD is to identify mRNAs carry-
ing premature translation termination codons (PTCs)
caused by mutations, alternative splicing, and other
means*. The activity of NMD prevents the produc-
tion of C-terminally truncated and possibly toxic pro-
teins>6. Beyond its role in quality control, NMD also
plays a role in regulating gene expression, thereby di-
rectly or indirectly affecting approximately 20-40% of
genes’. In many cases, NMD is activated by the
exon junction complex (EJC). This multi-protein, RNA-
binding complex is deposited 20-24 nucleotides (nts)
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upstream of exon-exon junctions by the spliceosome
and remains bound to the mRNA during its export to
the cytoplasm®. Translation termination at a PTC dif-
fers from that at a normal termination codon due to
the presence of a downstream EJC, given that the
PTC is positioned at least 50-55 nts upstream of the
next exon-exon junction®''. The EJC is bridged by
UPF3A/B and UPF2 to UPF1, the central NMD factor '2.
Subsequently, the unstructured N- and C-terminal tails
of UPF1 are phosphorylated at [S/T]Q motifs by the
SMG1:SMG8:SMG9 complex, which consists of the ki-
nase SMG1 and its regulators SMG8 and SMG9'3-"7.
UPF1 harbours 28 [S/T]Q motifs, of which 19 are evo-
lutionarily conserved'®. While no single phosphoryla-
tion site appears to be indispensable for NMD, the syn-
ergistic effect of phosphorylation at multiple sites con-
tributes to the degradation process, with each site hav-
ing a varying degree of importance '®. The heterodimer
of SMG5:SMG7 selectively binds to phosphorylated
UPF1, whereas the endonuclease SMG6 interacts both
in a phosphorylation-dependent and -independent man-
ner with UPF11822 Nevertheless, SMG5:SMG7 are
crucial for the activation of SMG6, which results in
mRNA cleavage in the vicinity of the PTC 7202324,

In metazoans, the conserved SMG1:SMG8:SMG9
complex plays an important role in ensuring the pre-
cise execution of the NMD processes. SMG1 be-
longs to the phosphatidylinositol-3-kinase-related ki-
nase (PIKK) family, and phosphorylates serine or thre-
onine residues'’. It prefers a glutamine residue at
position +1 and leucine residue at -1 position for effi-
cient phosphorylation #1725 Structurally, SMG1 com-
prises of a catalytically active C-terminal head and an
N-terminal arm including the N-HEAT domain forming
an alpha-solenoid?®. The so-called insertion domain of
SMG1 functions as PIKK-regulatory domain (PRD) and
its removal leads to hyperactivation of the kinase?”:?8.
Functionally, the SMG1 insertion domain inhibits sub-
strate binding and blocks the access to the active site?°.

SMG8 is composed of an N-terminal G-like domain
followed by a C-terminal kinase inhibitory domain (KID),
while SMG9 features a C-terminal G-domain. SMG8
and SMG9 form an unusual heterodimer with SMG9’s
G-domain and SMG8’s G-like domain interaction mirror-
ing that of dimeric GTPases®°. On the side opposite to
SMG8, the G-domain of SMG9 interacts with SMG1 via
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the N-HEAT domain and the alpha-solenoid 3252630,
SMGS8 interacts with SMG1 only via the alpha-solenoid,
enabling SMG9 to control the activity of SMG1 indirectly
via integration of SMG8 into the complex '3:25:26:30 pre.-
vious studies have shown that the removal of SMG8 or
the deletion of its KID resulted in increased SMG1 ac-
tivity, suggesting a regulatory role of SMG8 in inhibit-
ing SMG1 via its KID1326-29.31 " Mechanistically, the
KID stabilizes SMG1 in its autoinhibited state, offering
insight into how SMG8 regulates SMG1 activity at a
molecular level?®.

The existing knowledge about SMG8 and SMG9 is
largely derived from analyzing recombinant proteins in
vitro, leaving a gap in understanding their contribu-
tions to NMD regulation within intact cells. In an en-
deavour to bridge this knowledge gap, our initial hy-
pothesis suggested that deleting the KID of endoge-
nous SMG8 would enhance SMG1 activity, resulting
in UPF1 hyperphosphorylation. However, we detected
no changes in steady-state phosphorylation, which
prompted us to generate SMG8 and SMG9 knock-out
(KO) cells via CRISPR-Cas9, resulting in mild NMD im-
pairment and no altered UPF1 phosphorylation. Treat-
ment of SMG8- and SMG9-KO cells with SMG1 in-
hibitor (SMG1i) resulted in severe NMD impairment, but
no altered UPF1 phosphorylation compared to equally
treated WT cell. We analyzed the transcriptome-wide
effects of SMG1i via RNA-Seq and detected concentra-
tion and KO-dependent upregulation of NMD-annotated
transcripts. Analysis of the interactome of immunopre-
cipitated endogenous UPF1 in the absence or pres-
ence of SMG1i suggests that SMG8- and SMG9-KOs
and SMG1i treatment stall inactive complexes at differ-
ent stages along the assembly of the NMD machinery.
Collectively, these results provide an extensive char-
acterization of the SMG1:SMG8:SMG9 complex, which
serves to maintain robustness during the first authenti-
cation step of human NMD.

Results

The KID of SMGS8 is dispensable for NMD

A pivotal step during the initiation of NMD is the
phosphorylation of PTC-proximal UPF1 molecules by
the SMG1:8:9 complex, marking aberrant transcripts
for degradation (Figure 1A). Subsequent binding of
SMG5:SMG7 to phosphorylated UPF1 enables the en-
donucleolytic decay of the target mMRNA by SMG6. The
exact modalities of the recruitment of the SMG1:8:9
complex to UPF1 and the activation of this complex
are still not fully understood. However, previous stud-
ies reported that SMG8 inhibits SMG1 in vitro through
its C-terminal kinase inhibitory domain (KID), suggest-
ing a potential regulatory role in UPF1 phosphoryla-
tion 13262931 Based on these previous findings, we
hypothesized that the deletion of the KID would lead
to increased UPF1 phosphorylation and altered NMD
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activity in cells. To test this hypothesis, we generated
HCT116 cells in which a cassette containing a Myc tag,
a Puromycin resistance marker, and poly(A) signal was
inserted into the second exon of the endogenous SMG8
locus using the CRISPaint method3? (Figure S1A, Ta-
ble S1). This genomic modification results in the dele-
tion of the SMG8 KID, which was confirmed by Western
blot analysis (Figure 1B). However, the UPF1 phospho-
rylation level as detected by a phospho-UPF1 specific
antibody (serine 1116; short loop isoform, Uniprot 1D
Q92900-2) was not or only slightly changed in these
cells (Figure 1C).

To assess the consequences of KID removal, we se-
quenced RNA isolated from these cells. RNA-Seq anal-
ysis verified the deletion of the KID at the mRNA level,
with no full-length SMG8 mRNA being detected (Fig-
ure S1B, Table S2). Differential expression analysis
of poly(A)+ enriched mRNA revealed that more than
twice as many coding genes were downregulated com-
pared to upregulated genes (Figure 1D). Gene ontol-
ogy analysis did not reveal any significant pathways as-
sociated with the observed differential expression pat-
terns (Figure 1E). Of note, previously identified NMD-
sensitive marker mRNAs, such as GADD45B, ZFAS1
or GABARAPL133-3 remained unchanged, indicating
that NMD activity is not globally altered. To test the
NMD-status of the delKID cells in more detail, we turned
to transcript isoform-specific analyses. Differential tran-
script expression analysis showed only minor changes
in NMD-annotated target mRNAs, further substantiating
that the KID deletion did not significantly impact NMD
efficiency (Figure 1F). Further analysis of differentially
expressed transcripts in the SMG8 delKID clone dis-
played that downregulated isoforms have longer tran-
script length including longer 5" UTR, CDS and 3° UTR
length (Figure S1C).

In conclusion, our findings demonstrate that the dele-
tion of the SMG8 KID does not result in significant
changes in UPF1 phosphorylation or NMD activity. This
implies that the inhibition of SMG1 by SMG8 does not
affect phosphorylation levels of UPF1 in cells, raising
questions about the relevance of this regulation in vivo.

Minor NMD inhibition in SMG8 or SMG9 knock-out
cell lines

Since no effect on NMD or UPF1 phosphorylation was
detected when deleting the SMG8 KID, we wanted to in-
vestigate how SMG8 and SMG9 regulate SMG1. Both,
SMG8 and SMG9 are considered to play a vital role
in SMG1 inhibition. Hence, we hypothesized that the
complete inactivation of SMG8 or SMG9 would lead
to hyperphosphorylation of UPF1, resulting in altered
NMD activity (Figure 2A). We generated SMG8- and
SMG9-KO HCT116 cells, respectively, and SMG8-KO
HEK293 cells via the CRISPaint system. KOs were ver-
ified by Western blotting and Sanger sequencing (Fig-
ure 2B, Figure S2A). SMG9 has been shown to inte-
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Figure 1. NMD activity is unaffected by the deletion the SMG8 KID.

(A) Schematic representation of the central steps of nonsense-mediated mRNA decay (NMD). The SMG1 kinase is regulated by SMG8 and SMG9. The

SMG1:SMG8:SMG9 complex is recruited to mRNA-bound UPF1 and phosphorylates the N- and C-terminal tails of UPF1 allowing the heterodimer SMG5:SMG7
and the endonuclease SMG6 to bind. SMG5:SMG7 activate SMG8, resulting in the endonucleolytic cleavage of the mRNA in the vicinity of the premature termination
codon (PTC) via SMG6. (B) Western blot analysis of cells with deleted SMG8 KID (delKID; M1-P597). Anti-Myc (AK-106) and anti-SMG8 (AK-159) antibodies were
used (n=1 biologically independent sample; see Table S1 for antibody details). The region of SMG8 detected by the SMG8 antibody is schematically depicted.
(C) Analysis of endogenous UPF1 serine 1116 (corresponding to the UPF1 short loop isoform; Uniprot ID Q92900-2) phosphorylation status in WT and SMG8 delKID
cells. TCE-staining serves as a control. Quantification of total UPF1 (anti-UPF1; AK-156) or phosphorylated UPF1 (anti-pUPF1; serine 1116; AK-146) is normalized
to one representative TCE-staining and is shown as data points and mean (n=3 biologically independent samples). (D) (top) Volcano plot showing the differential gene
expression in SMG8 delKID versus control RNA-Seq data. Genes with GENCODE-annotated gene biotypes protein-coding (purple), long non-coding (IncRNA; blue)
or other (green) are indicated. The log2 fold change in gene expression is plotted against the -log10 adjusted p-value (p.adjust). Individual known NMD-targeted genes
are highlighted. (bottom) Density plot showing the distribution of gene biotypes with significant changes, cutoffs were |log2FC|> 1 and p.adjust < 0.0001. Numbers of
significantly changed genes per biotype are indicated in the inset table. (E) Functional enrichments analysis via g:profiler of significantly up- or downregulated genes
in SMG8 delKID cells. The -log10(p-value) of each detected GO:BP term is plotted with a p-value threshold of 0.05. (F) Empirical cumulative distribution function
(ECDF) plot of differentially expressed transcripts in SMG8 delKID cells versus control. Expression changes for GENCODE-annotated transcript biotypes protein-
coding (purple), long non-coding (IncRNA; blue), NMD-annotated (red) and other (green) are indicated. EDCF plots shows the distribution in respect to the log2 fold
change (log2FC) and significantly regulated transcripts are summarized in the inset table with the cutoffs |log2FC| > 1 and p.adjust < 0.0001. Kolmogorov-Smirnov
test was performed for protein-coding versus NMD-annotated transcripts, showing the p-value and test statistic D.
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Figure 2. SMG8- and SMG9-KO cells show lower NMD activity.
(legend on next page)
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Figure 2. SMG8- and SMG9-KO cells show lower NMD activity.

(A) Schematic overview of the SMG1:SMG8:SMG9 complex without SMG8 or SMG9. The lack of SMG8 or SMG9 might influence UPF1 phosphorylation resulting
in altered NMD activity. (B) Western blot analysis of SMG8- or SMG9-KO cells using anti-SMG8 (AK-169) and anti-SMG9 (AK-170) antibodies. Tubulin (AK-084)
serves as control (n=1 biologically independent sample; see Table S1 for antibody details). Asterisk indicates non-specific bands. Domain structure of full-length
SMG8 and SMG9 protein and truncated proteins of SMG8- and SMG9-KO cells are shown. (C) End-point RT-PCR detection of SRSF2 transcript isoforms (top) and
quantitative probe-based RT-PCR (bottom) of ZFAS1 in WT, SMG8-KO or SMG9-KO cells with or without indicated knock-downs (KD). The detected SRSF2 isoforms
are indicated on the right (NMD = NMD-inducing isoform; canon. = canonical isoform). Relative mRNA levels of SRSF2 isoforms were quantified from bands of
agarose gels (n=3 biologically independent samples). The ratio of ZFAS1 to the TBP reference was calculated; data points and means from the gPCRs are plotted as
log2 fold change (log2FC) (n=3 biologically independent samples). Western blot analysis of SMG6 and SMG7 KD efficiency is shown with the anti-SMG6 (AK-135) and
anti-SMG7 antibody (AK-136). TCE-staining serves as a control (n=1 biologically independent sample). (D) Comparison of SMG8-KO, SMG9-KO and SMG8-delKID
RNA-Seq data with SMG7-KO + SMG6-KD (clone 34) or three UPF1 degron conditions * regarding the number of significantly regulated genes (p.adjust < 0.0001
& |log2FC| > 1) stratified by GENCODE biotype (left), the number and median log2FC of significantly regulated GENCODE NMD-annotated transcripts (middle), as
well as expression changes of individual NMD target genes and transcripts (right). (E) Read coverage of SRSF2 from SMG8-KO, SMG9-KO and SMG8-delKID and
published SMG7-KO + SMG6-KD (clone 34)” RNA-Seq data is shown as Integrative Genomics Viewer (IGV) snapshots. The canonical and NMD-sensitive isoforms
are schematically indicated below. (F,G) Overlaps between differentially regulated genes (F) or transcripts (G) of SMG8- and SMG9-KO cells. Scatter plots show the
change in gene (F) or transcript (G) expression of SMG8-KO cells against the change in SMG9-KO cells (p.adjust < 0.0001). Linear regression with p-value (P) and
adjusted coefficient of determination is shown.

grate SMG8 into the SMG1:SMG8:SMG9 complex, but servations that SMG9 functions as a bridge between
the precise role of SMG8 remained unclear. To testif ~ SMG1 and SMG8 3252630 enabling SMG8 to exe-
SMG8 is involved in the interaction of SMG1 and SMG9, cute its regulatory function towards SMG1. To test
immunoprecipitation of FLAG-tagged SMG9 was per- this explanation, we generated SMG8-KO cell lines
formed (Figure S2B). Decreased SMG1-SMG9 bind- expressing stably integrated SMG8 mutants with im-
ing in SMG8-KO cells compared to WT cells was ob- paired SMG9 binding (mut 9A, mut 9B and mut 9AB)28.
served indicating SMG8 contributes to the stability of Co-immunoprecipitation assays confirmed the impaired
the SMG1:SMG8:SMG9 complex. SMG1 and SMG9 interaction of the mutants (Figure
S2H). Additionally, rescue assays were performed to as-
sess the functional implications of this impaired interac-

fluences NMD activity, we analyzed the well-known 4, (gigure S21). Cells expressing the mutants showed
NMD target SRSF2 ang4 gf;e two NMD-sensitive INCR- ) \\D defect that was comparable to cells lacking
NAs GASS5 and ZFAS1*""". In HCT116 cells, all three SMG8. This suggests that the bridging function of

NMD targets exhibited low accumulation compared to SMG9, which facilitates the interaction between SMG1
co-depletion of the NMD factors SMG6 and SMG7 5,4 S\MGs, is essential for full NMD activity. Taken to-

that completely abolish NMD activity (Figure 2C, Fig- gether, loss of SMG8 or SMG9 resulted in mild NMD
2o, 520 13 ol coed oSG8 SN gt s ot aor -
- P sential role in regulating SMG1 activity.
showed stronger NMD inhibition similar to SMG7-KO
cells (Figure S2D). Hence, SMG8- and SMG9-KO cells
have a weak to moderate NMD inhibition. RNA-Seq
of the SMG8-depleted HCT116 cells verified the com-
plete loss of the SMG8 mRNA (Figure S2E, Table
S2). The SMG9-KO cells expressed almost normal
levels of the expected shortened transcript as well
as low levels of alternatively spliced SMG9 mRNA.
Almost all of these exon-skipping transcripts lead to
frame shifts resulting in truncated and presumable non-
functional transcripts (Figure S2F). Differential gene ex- 4 '
pression (DGE) and differential transcript expression ~ answer this question, we performed Western blot anal-
(DTE) analysis of NMD-annotated transcripts revealed ~ YSiS Of whole cell lysates of SMG8- or SMG9-deficient
weak transcriptome-wide effects in SMG8- or SMG9-KO f:ells. The resullt showed no clegr increase or decrease
cells compared to conditions with severe NMD inhibition 1N Phosphorylation of UPF1 serine 1116 (Figure 3A-B).

(SMG7-KO+SMG6 knock-down (KD)7 or AID/FKBP- To provide further insight into the global phosphoryla-
UPF139) (Figure 2D-E). Comparison of significant DGE tion status of UPF1, we established HCT116 cells with

and DTE events revealed 1043 altered genes and 1781 endogenously N-’Ferminallysl;LAGTtagged U,PF1 via the
altered transcripts in SMG8- and SMG9-depleted cells ~ T11Ch system (Figure 3C)"°. This allows immunopre-
(Figure 2F-G). However, comparison of DGE of SMG8- qpltatlon of gndogenoys UPF1 followed by the applica-
KO and SMG8 delKID cells resulted into no correlation, ~tion of an antibody, which detects phosphorylated SQ or
emphasizing that the KID is dispensable for NMD (Fig- | & Motifs with a preference for LSQ or LTQ. FLAG im-
ure S2G). munoprecipitation followed by detection with this phos-
phorylation antibody revealed no distinct upregulation

The majority of the differentially regulated genes of phosphorylation (Figure 3D-E). Therefore, these data

To test how the depletion of SMG8 and SMG9 in-

SMG8- and SMG9-KO cells show unchanged
steady-state UPF1 phosphorylation

Based on the mild NMD effects resulting from SMG8
or SMG9 depletion, we asked whether this effect is
caused by altered levels of UPF1 phosphorylation. To

and transcripts in both KOs were concordantly up- or indicate that SMG8 and SMG9 do not fundamentally in-
downregulated, which is in line with the previous ob- fluence UPF1 phosphorylation.
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Figure 3. UPF1 phosphorylation is not changed in SMG8- and SMG9-KO cells.

(A) Schematic representation of the UPF1 domain structure (short loop isoform; Uniprot ID Q92900-2). Positions of [S/T]Q motifs are indicated with black lines
and black font. L[S/T]Q motifs are shown with black lines and yellow font. The epitope recognized by the pUPF1 antibody (serine 1116; AK-146) is indicated.
(B) Analysis of endogenous UPF1 serine 1116 (corresponding to the UPF1 short loop isoform; Uniprot ID Q92900 2) phosphorylation status of whole cell lysate of WT,
SMG8-KO and SMG9-KO cells. Tubulin (AK-084) serves as a loading control. Quantification of total UPF1 (anti-UPF1; AK-156) or phosphorylated UPF1 (anti-pUPF1;
serine 1116; AK-146) is normalized to one representative Tubulin blot and is shown as data points and mean (n=4 biologically independent samples; see Table S1 for
antibody details). (C) Schematic overview of the phosphorylation assay via endogenously FLAG-tagged cells generated with the CRIS-PITCh system . After FLAG
co-IP, western blot analysis was performed with an serine/threonine phosphorylation-specific antibody (anti-phospho; AK-126), which preferentially binds L[S/T]Q
motifs. (D) Western blot after FLAG co-immunoprecipitation (IP) of untagged (control) or endogenously FLAG-tagged UPF1 in WT, SMG8-KO or SMG9-KO cells.
Anti-FLAG (AK-115) and anti-phospho (AK-126) antibodies were used. TCE-staining serves as a control (n=3 biologically independent samples). (E) Quantification
of (D). Total UPF1 (anti-UPF1; AK-156) or phosphorylated UPF1 (anti-phospho; AK-126) normalized to one representative TCE-staining and is shown as data points
and mean (n=3 biologically independent samples).

Hypersensitivity to SMG1 inhibition of SMG8- or the SMGH1 protein itself or by the lack of its kinase func-
SMG9-deficient cells tion, the small molecule SMG1 inhibitor (called SMG1i)
The previously reported regulatory role of SMGS8 and was used®®. SMG1i functions as an ATP-competitive in-
SMG9 suggests that in their absence SMG1 becomes hibitor and binds to the active site of SMG1, which stabi-
more active (Figure 4A). Although we could not clearly lizes the autoinhibitory conformation of SMG12%. Treat-
detect increased UPF1 phosphorylation upon loss of ~ ment of WT cells with 0.5 yM SMG1i caused severe
SMG8 or SMG9, we explored approaches to counteract ~ NMD inhibition in combination with UPF1 hypophospho-
this potentially increased activity. To this end, we first ~ rylation (Figure 4C, Figure S3B-C). SMG8- and SMG9-
downregulated SMG1 expression via siRNA-mediated KO cells, however, showed severe NMD inhibition al-
KD. Contrary to expectation we observed a strong accu-  ready upon treatment with low concentrations (0.1 pM)
mulation of the NMD target SRSF2 and moderate accu- ~ ©f SMG1i, indicating an increased sensitivity to SMG1
mulation of ZFAS1 and GAS5 in SMG8- and SMG9-KO inhibition in the absence of SMG8 or SMG9 (Figure 4D,
cells compared to WT cells (Figure 4B, Figure S3A). To  Figure S3D). UFP1 phosphorylation levels were simi-
determine if this effect was caused by the absence of ~ lar in WT and KO cells upon 0.1 uM SMGHi indicat-
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Figure 4. SMG8- and SMG9-KO cells are hypersensitive to SMG1i treatment.
(legend on next page)
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Figure 4. SMG8- and SMG9-KO cells are hypersensitive to SMG1i treatment.

(A) Schematic representation of SMG1 inactivation via siRNA-mediated knock-down (KD) or treatment with the SMG1 inhibitor SMG1i and subsequent expected
changes in UPF1 phosphorylation and NMD activity. (B) End-point RT-PCR detection of SRSF2 transcript isoforms (top) and quantitative probe-based RT-PCR
(bottom) of ZFAS1 in WT, SMG8-KO or SMG9-KO cells with Luc or SMG1 KD. The detected SRSF2 isoforms are indicated on the right (NMD = NMD-inducing isoform;
canon. = canonical isoform). Relative mRNA levels of SRSF2 isoforms were quantified from bands of agarose gels (n=3 biologically independent samples). The
ratio of ZFAS1 to the B2M reference was calculated; data points and means from the qPCRs are plotted as log2 fold change (log2FC) (n=3 biologically independent
samples). Western blot analysis of SMG1 KD efficiency is determined with the anti-SMG1 antibody (AK-088) and TCE-staining serves as a control (n=1 biologically
independent sample; see Table S1 for antibody details). (C, D) End-point RT-PCR detection of SRSF2 transcript isoforms (top) and quantitative probe-based RT-PCR
(bottom) of ZFAS1 in WT cells (C), SMG8-KO and SMG9-KO cells (D) with treatment of different SMG1i concentrations for 24 h. The detected SRSF2 isoforms
are indicated on the right (NMD = NMD-inducing isoform; canon. = canonical isoform). Relative mRNA levels of SRSF2 isoforms were quantified from bands of
agarose gels (n=3 biologically independent samples). The ratio of ZFAS1 to the B2M reference was calculated; data points and means from the gPCRs are plotted
as log2 fold change (log2FC) (n=3 biologically independent samples). Analysis of endogenous UPF1 serine 1116 (corresponding to the UPF1 short loop isoform;
Uniprot ID Q92900-2) phosphorylation status was determined with anti-UPF1 (AK-128) and anti-pUPF1 (serine 1116; AK-146). TCE-staining serves as a control (n=1
biologically independent sample). (E) Western blot after FLAG co-immunoprecipitation (IP) of untagged (control) or endogenously FLAG-tagged UPF1 in WT, SMG8-
KO or SMG9-KO cells treated with SMG1i for 24 h. Anti-FLAG (AK-103), anti-pUPF1 (serine 1116; AK-146) and anti-phospho (binds phosphorylated serine/threonine;
AK-126) were used. TCE-staining serves as a control (n=3 biologically independent samples).

ing that the severe NMD impairment cannot be merely to identify genes that are differentially regulated in
explained by altered global UPF1 phosphorylation sta- HCT116 WT, SMG8- and SMG9-KO cells after treat-

tus (Figure 4E; compare lane 13,16,19). In contrast, ment with 1 uyM SMG1i. The genes were clustered
higher concentration of SMG1i (1 pM) led to reduced into different sets including core (regulated in all three
phosphorylation of serine 1116 in SMG8- and SMG9- conditions), shell (regulated in two conditions) or cloud

KO cells compared to WT cells, indicating (1) that SMG8 (regulated in only one condition) (Figure 5C). The core
and SMG9 do influence UPF1 phosphorylation under set comprised of 2016 upregulated and 1003 downreg-
challenging conditions and (2) that not all UPF1 phos- ulated genes. When analyzing the overlap of identi-
phorylation sites have the same phosphorylation sta- fied genes between different RNA-Seq data sets with
tus. Taken together, these experiments demonstrate deficient NMD activity (SMG5677, UPF34% and UPF1
that SMG8 and SMG9 contribute to the robustness of core®6), we found that 323 genes were upregulated in

NMD execution and that the mere UPF1 phosphoryla- all conditions, classifying these genes as high confi-
tion status does not positively correlate with NMD activ- dence NMD targets (Figure 5D, Table S3). Next, we
ity. analyzed the distribution of upregulated genes and tran-

scripts of the SMG1i core set and found similar distribu-
SMG1i treatment results in concentration depen- tign shifts in response t(,) NMD impairment (Figure SE,
dent NMD inhibition Figure S4C)..I.n.conclu3|on, these results demonstrate
that the sensitivity of SMG8- and SMG9-depleted cells
upon SMG1i treatment has transcriptome-wide effects.
Furthermore, we defined high-confidence NMD-targets
using the SMG1i core set.

Given the strong accumulation of NMD-sensitive tran-
scripts of SRSF2, ZFAS1 and GAS5 upon SMG1 in-
activation via SMG1i, we next sought to investigate
the transcriptome-wide effects caused by this treat-
ment.  Principal component analysis of RNA-Seg-

derived global gene-level counts exhibited an almost lin- Catalytically inactive SMG1:SMG8:SMG9 com-
ear trend with increasing concentrations of SMG1i (Fig- plexes accumulate in association with UPF1

ure 5A, Table S2). The delKID cells showed a simi- 4 i ation of SMGT led to UPF1 hypophospho-

lar distribution compared to WT cells, however, were . . .

shifted along principal component 2. In addition. uo- rylation, which is expected to affect the interactome of
9p P P )  Up UPF1. This prompted us to conduct immunoprecipita-

and doyvnregulated genes of.cells Igckmg the SMG8 tion of endogenously FLAG-tagged UPF1, followed by
KID (Figure 1D) were not differentially regulated by label-free mass spectrometry analysis. In untreated

SMG1i treatment (Figure S4A), suggesting that these (o SMG1i) HCT116 WT cells almost all NMD and

were clone-specific effects. EJC factors as well as both Staufen proteins (STAU1,

DGE analysis of significantly regulated genes con- STAU2) were enriched (Figure 6A-B, Figure S5A, Table
firmed the hypersensitivity of the SMG8- and SMG9- S4). However, other previously identified UPF1 interac-
KO cells compared to WT cells when exposed to low  tion partners (like PNRC2) were not detected*! (Figure
concentrations of SMG1i (Figure 5B). Furthermore, high ~ S5B). Treatment with SMGTi resulted in an increased
concentrations of SMG1i (1 uM) resulted in strong NMD ~ Presence of SMG1, SMG8 and SMG in the UPF1 inter-
suppression, similar to the effects observed with SMG6 ~ actome, suggesting that UPF1 has to undergo phospho-
and SMG7 co-depletion or UPF1 depletion via degron rylation by SMG1 to facilitate the efficient recycling of

tag. Despite nearly completely shutting down NMD, the ~ the SMG1:SMG8:SMG9 complex (Figure 6B). Further-
inactivation of SMG1 did not affect the gene expression more, decreased levels of SMGS and SMG7 were de-

of NMD core and EJC factors (Figure S4B). tected at high concentrations of SMG1i, which is well in
line with their phosphorylation-dependent mode of inter-

To identify the core set of genes regulated by action. Although NMD was completely abolished under
the SMG1:SMG8:SMG9 complex, we applied criteria this condition, the endonuclease SMG6 was enriched,
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Figure 5. NMD is strongly inhibited transcriptome-wide after SMG1 inactivation.

(A) Principal component analysis of gene-level counts from RNA-Seq data of WT, SMG8-KO, SMG9-KO and SMG8 delKID cells treated with different SMG1i
concentrations for 24 h. Lines were added to visualize the samples from the same cell line. (B) RNA-Seq data of WT, SMG8-KO, SMG9-KO and SMG8 delKID
cells treated with SMG1i for 24 h were compared with SMG7-KO + SMG6 knock-down (KD; clone 34)” or three UPF1 degron conditions *® regarding the number
of significantly regulated genes (p.adjust < 0.0001 & [log2FC| > 1) stratified by GENCODE biotype (left), the number and median log2FC of significantly regulated
GENCODE NMD-annotated transcripts (middle), as well as expression changes of individual NMD target genes and transcripts (right). (C) Differentially expressed
genes of WT, SMG8-KO and SMG9-KO cells treated with 1 uM SMG1i (significance cutoffs p.adjust < 0.0001 & |log2FC| > 1) were clustered into different sets (depicted
on the left) including core (regulated in all three conditions), shell (regulated in two conditions) or cloud (regulated in only one condition). Absolute numbers of genes
per set are shown on the right. (D) UpSet plots of the overlap of significantly up- or downregulated transcripts (p.adjust < 0.0001 & |log2FC| > 1) between SMG1i
core, SMG567 core’, UPF3 core *° and UPF1 core . (E) Distribution of expression changes of the upregulated SMG1i core genes in RNA-Seq data obtained in this
study and compared to SMG7-KO + SMG6-KD (clone 34)7, UPF3A/B-KO*° and three UPF1 degron conditions . Previously used reporter genes GAS5 (orange)
and ZFAS1 (green) are indicated as circles.
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Figure 6. SMG1i-treated cells show an increased association of UPF1 with the SMG1:SMG8:SMG9 complex.

(A) Schematic overview of UPF1 binding partners after SMG1i treatment. (B) Heatmap of mass spectrometry-based analysis of FLAG co-immunoprecipitated
(IP), untagged (control) or endogenously FLAG-tagged UPF1 in WT cells. Cells were treated with indicated concentrations of SMG1i for 24 h. Colored points indicate
the log2 fold change (log2FC) and point size corresponds to the adjusted p-value (adj. p-value; from Students t test; n = 4 biologically independent samples).
(C) Schematic overview of the NMD inhibition of WT, SMG8-KO or SMG9-KO cells upon SMG1i treatment. (D) Heatmap of mass spectrometry-based analysis of
FLAG co-immunoprecipitated (IP), untagged (control) or endogenously FLAG-tagged UPF1 in SMG8-KO and SMG9-KO cells. Cells were treated with the indicated
concentrations of SMG1i for 24 h. Colored points indicate the log2 fold change (log2FC) and point size corresponds to the adjusted p-value (adj. p-value; from
Students t test; n = 4 biologically independent samples). (E) End-point RT-PCR detection of SRSF2 transcript isoforms (top) and quantitative probe-based RT-PCR
(bottom) of ZFAS1 in WT, SMG8-KO and SMG9-KO cells with Luc knock-down (KD; control) or SMG6-KD. WT cells were treated in addition with SMG1i for 24 h.
The detected SRSF2 isoforms are indicated on the right (NMD = NMD-inducing isoform; canon. = canonical isoform). Relative mRNA levels of SRSF2 isoforms
were quantified from bands of agarose gels (n=3 biologically independent samples). The ratio of ZFAS1 to the B2M reference was calculated; data points and means
from the gPCRs are plotted as log2 fold change (log2FC) (n=3 biologically independent samples). Western blot analysis of SMG6-KD efficiency is shown with the
anti-SMG6 antibody (AK-135). TCE-staining serves as a control (n=1 biologically independent sample; see Table S1 for antibody details).

underlining (1) the ability of SMG6 to bind to UPF1 inde- cells. One possible explanation for this could be that in

pendently of its phosphorylation and (2) the requirement
of SMG5:SMG7 to activate SMG6. In addition, all core
EJC factors were enriched following SMG1i treatment,
indicating that the NMD machinery dissociates slower
from its target mMRNA.

SMG8- and SMG9-KOs resulted in an increased
binding of SMG1 to UPF1, indicating that both fac-
tors negatively influence SMG1-UPF1 binding (Figure
6C-D). However, binding of UPF1 to SMG1 was more
pronounced in SMG9-KO cells compared to SMG8-KO
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SMG9-KO cells also SMG8 is unable to bind to SMG1
due to the absence of SMG9’s bridging function. In ad-
dition to increased SMG1 binding, depletion of SMG8
and SMG9 resulted into accumulation of UPF2, UPF3B
and EJC factors to UPF1, suggesting that both SMG8
and SMG9 contribute directly or indirectly to the dis-
sociation of the NMD machinery (Figure 6D). Notably,
only minor changes were detected in the UPF1 inter-
actome of SMG1i-treated SMG8- and SMG9-KO cells
compared to WT cells. These included reduced inter-
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actions of UPF1 with SMG5 and SMG7 (Figure S5A)
despite no changes in UPF1 phosphorylation status
(Figure 4E). Taken together, the catalytically inhibited
SMG1:SMG8:SMG9 complex exhibits increased bind-
ing affinity to UPF1 suggesting that its phosphorylation
is needed for the dissociation of the complex. In ad-
dition, reduced NMD leads to the stalling of the NMD
complex.

Our previous results indicate that SMG8 and SMG9
function as modulators of SMG1 activity. While they
are not strictly essential for NMD, their absence in-
creases the sensitivity of NMD to further perturbations.
We aimed to determine whether this effect is specific
to the SMG1:SMG8:SMG9 complex or if it also influ-
ences later stages of NMD. In this case, cells with a
perturbed SMG1:SMG8:SMG9 complex should exhibit
sensitivity to the depletion of the NMD-executing factor
SMG6. We explored this hypothesis through two dif-
ferent approaches, either with SMG1i treatment or us-
ing SMG8- or SMG9-KO cells. In WT cells combining
0.1 uM SMGHi treatment with siRNA-mediated KD of
SMG6 resulted in substantial NMD inhibition (Figure 6E,
Figure S5C). Similarly, SMG6-KD in SMG8- and SMG9-
KO cells resulted in full NMD inhibition when analysed
using SRSF2 as NMD substrate. However, only partial
NMD inhibition was observed for ZFAS1 and GAS5 (Fig-
ure 6E, Figure S5C, lower part), underlining the different
sensitivities of NMD targets. These results demonstrate
that perturbations of the NMD machinery at early steps
also affect the robustness of later stages. Thereby, they
support the two-factor authentication model, which sug-
gests that at least two authentication steps are required
to license the execution of NMD.

Discussion

Before an NMD substrate undergoes degradation by
the NMD machinery, several conditions must be met.
Of these requirements, the phosphorylation of UPF1 is
considered a key step, previously regarded as the point
of no return for mRNA degradation”4>~*4. However, the
process of UPF1 phosphorylation via SMG1 and its reg-
ulators SMG8 and SMG9 remains incompletely under-
stood. In this work, we systematically investigated this
knowledge gap using KO cell lines of SMG8 and SMG9
as well as pharmacological inhibition of SMG1.

Previous studies on the SMG1:SMG8:SMG9 com-
plex demonstrated that a SMG1 complex lacking SMG8
exhibits increased phosphorylation activity. This sug-
gested that SMG8 plays an inhibitory role, which is
mediated via its C-terminal KID1327-29.31  We initially
examined this inhibitory role using a cell line where
the KID of the endogenous SMG8 was deleted (Fig-
ure 1). Since this cell line showed no change in UPF1
phosphorylation, we additionally generated SMG8- and
SMG9-KO cells (Figure 2). However, even within these
cells, we failed to observe the anticipated and previ-
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ously reported increase in UPF1 phosphorylation (Fig-
ure 1, Figure 3). One potential reason for this dis-
crepancy could be that the previous studies primarily
relied on purified SMG1:SMG8:SMG9 complexes in in
vitro assays. Although these assays have many ad-
vantages, they fail to capture the inherent complexity
and dynamics of a living organism. The regulation of
NMD involves diverse proteins, including phosphatases,
which contribute to the physiological phosphorylation
state of UPF1, but are absent in in vitro assays. It
is conceivable that the depletion of SMG8 and SMG9
is accompanied by a transient increase in UPF1 phos-
phorylation. However, if this is counterbalanced by in-
creased dephosphorylation, the effect of SMG8 and
SMG9 depletion on UPF1 phosphorylation will be un-
detectable in cells. In addition to phosphatases, other
factors such as UPF2 contribute to NMD regulation.
UPF2 interacts with SMG1 and UPF1, but its exact
role during SMG1 regulation is not clear*>#%. It was
shown that UPF2 contributes to SMG1 activation, but
also destabilizes the SMG1:SMG8:SMG9:UPF1 com-
plex, adding another level of regulation to UPF1 phos-
phorylation 162746 UPF2 is absent from purified SMG1,
which could result in increased UPF1 phosphorylation
in the absence of SMG8 in vitro. However, in in vivo
assays the presence of UPF2 could buffer the effect of
SMG8 depletion by destabilizing the binding of more ac-
tive SMG1 to UPF1. One way to investigate these pos-
sibilities would be to purify the SMG1 complex from dif-
ferent cells (WT, SMG8-KO, SMG9-KO) and measure its
kinase activity in vitro.

In contrast to SMG8 and SMG9, SMG1 is an essen-
tial gene in cultivated human cells. Instead of a SMG1-
KO, we used the pharmacological inhibitor SMGHi,
which leads to SMG1 inhibition, UPF1 hypophosphory-
lation and NMD inhibition. SMG1i was originally devel-
oped to enable the expression of truncated, but partially
active proteins from nonsense-mutated mRNAs, which
can prevent or milden symptoms of patients as shown
for CFTR mRNA in cystic fibrosis*’. SMG1i and other
NMD-inhibiting drugs have also promising applications
in oncology, where NMD eliminates cancer-specific,
PTC-containing transcripts and thereby prevents the
production of aberrant tumour-specific neoantigens*®.
Consequently, the inhibition of NMD factors can sup-
press tumour growth in vivo*®%0. Similarly, the impair-
ment of SMG1 via the inhibitor KVS0001 increased the
expression of cancer neoantigens, which can induce a
T cell-dependent immune response®'. The physiologi-
cal significance of the SMG1:SMG8:SMG9 complex ex-
tends beyond these instances. Knock-out of SMG1 or
SMG9 in mice results in embryonic lethality, highlight-
ing their crucial roles in development®253, Additionally,
homozygous loss-of-function mutations of the SMG8 or
SMG9 gene in patients are associated with various dis-
orders, including severe developmental delay and mal-
formations in the heart and eyes®35*. These examples
emphasize not only the importance to understand NMD
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Figure 7. Impact of SMG1:SMG8:SMG9 complex impairment on NMD parameters.

For NMD activation UPF1 has to undergo two authentication steps. (top) In wildtype cells (WT), an active SMG1:SMG8:SMG9 complex phosphorylates UPF1,
which allows the SMG5:SMG?7 to bind and activate SMG6. SMG6 cleaves the mRNA and the NMD complexes unbind. (middle) During the depletion of SMG8 or SMG9,
SMG1 phosphorylates UPF1 and enables SMG5:SMG7 to bind and SMG6 to degrade the mRNA. However, the NMD machinery shows lower robustness against
further disruptions of the NMD machinery and an accumulation of NMD factors on the mRNA. (bottom) The inactivation of SMG1 abolishes UPF1 phosphorylation.

This disables SMG5:SMG7 to bind to UPF1.
dissociate from the mRNA.

in general to treat patients with NMD-related diseases,
but also to understand the impact and consequences of
NMD-specific drugs in living organisms. When apply-
ing low amounts of SMG1i to SMG8- or SMG9-deficient
cells, we found that they were hypersensitive to SMG1
inhibition. The identical concentration of SMG1i had
minimal impact on WT cells. We suggest that during
minor disturbances of NMD (e.g. SMG8-KO, SMG9-KO
or small amounts of SMG1i), NMD has compensatory
mechanism to preserve the physiological state of the
cell. However, further disruptions of the NMD machin-
ery exceed the limits of these mechanisms leading to
synergistic NMD inhibition, as seen as hypersensitiv-
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SMG6 can bind to UPF1 phosphorylation-independent, but remains inactive. The NMD complexes are unable to

ity of SMG8- and SMG9-KO cells upon SMGHi treat-
ment. This suggests that patients harbouring muta-
tions in NMD factor-encoding genes, such as SMG8 and
SMG9, may experience significant NMD dysfunction,
potentially leading to severe side effects upon SMGH1i
treatment.

Our transcriptome-wide analysis demonstrates that
neither SMG8 nor SMG9 are absolutely essential for
NMD (Figure 5). However, SMG8-KO cells exhibited
stronger NMD inhibition than SMG8 delKID cells indi-
cating that the KID is not the only SMG8 domain con-
tributing to NMD regulation. Although mass spectrom-
etry analysis showed that neither SMG8 nor SMG9 are
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necessary to recruit SMG1 to UPF1 (Figure 6), both fac-
tors seem to serve an auxiliary function in contributing
to the robustness of NMD and in their absence some
NMD substrates are not efficiently degraded. The ques-
tion arises as to how to explain this observation. Could
this be the consequence of an exceptionally high NMD
efficiency in vertebrates, which is based on a particu-
larly intricate NMD machinery? As component of this
machinery SMG8 binds via its KID to the C-terminal in-
sertion domain of SMG1, thereby supporting the autoin-
hibitory state of SMG12°. SMG9, on the other hand, is
required for SMG8 binding to SMG1. This hypothesis
finds support from C. elegans, where the insertion do-
main of SMG1 is not present and depletion of SMG8
does not influence NMD?®%%¢. This could suggest that
NMD in C. elegans generally operates with lower effi-
ciency. Furthermore, this indicates that SMG8 and the
SMGH1 insertion domain contribute to a more complex
regulation of UPF1 phosphorylation in vertebrates. In
addition, the phosphorylation of UPF1 may be essen-
tial for the intricate regulation of the NMD machinery
(including compensatory mechanisms), since several
lower eukaryotes are lacking SMG1 completely such as
yeast, ciliates and fungi®”-%8,

Another potential function of SMG8 and SMG9 could
also be associated with the high efficiency of NMD in
vertebrates. To restrict NMD activity to authentic NMD
substrates, SMG8 and SMG9 assist SMG1 in identi-
fying the correct UPF1 proteins and phosphorylating
only those bound to transcripts containing PTCs, while
avoiding phosphorylation of UPF1 proteins bound to
normal transcripts. During SMG8 or SMG9 depletion,
SMG1 could promiscuously phosphorylate all UPF1
proteins rather than just those associated with NMD-
targets. Since our phosphorylation assay cannot differ-
entiate between these UPF1 proteins, this could explain
why the overall UPF1 phosphorylation status remains
unchanged in SMG8- or SMG9-depleted cells. How-
ever, we currently lack evidence for this theory because
the mRNAs which are downregulated in the delKID
clone (Figure 1D) are not rescued by treatment with low
concentrations of SMG1i (Figure S4B).

Yet another potential function of SMG8 and SMG9
may occur after successful phosphorylation, where they
contribute to the dissociation of the SMG1:SMG8:SMG9
complex from UPF1. Consistent with this, we ob-
served an increased interaction of UPF1 with SMG1
in SMG9-KO cells (Figure 6B). After phosphorylation,
SMG8 and SMG9 could support the autoinhibitory state
of SMG1 allowing SMG1 to move away from the tar-
get mRNA and to search for the next unphosphorylated
UPF1 associated with an NMD target. The dissocia-
tion of SMG1 might also be needed for the disassem-
bly of other NMD factors, such as UPF2, UPF3 and
the EJC, since UPF1 showed an increased interaction
with these factors in our SMG8- and SMG9-KO cells
(Figure 6B). One possible explanation for this could be
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that UPF1 transitions into removing and recycling RNA-
bound NMD factors via its helicase activity after dissoci-
ation of SMG1 and execution of endocleavage. How-
ever, during depletion of SMG8 or SMG9, the UPF1
transition might not be properly initiated. In addition, the
process of UPF1 phosphorylation seems to be crucial
for SMG1:SMG8:SMG9 to dissociate from UPF1, since
an increased interaction of UPF1 with SMG1, SMG8
and SMG9 was observed when SMG1 activity was abol-
ished via SMG1i (Figure 6A). Furthermore, this shows
that catalytically inactive SMG1 is able to interact with
UPF1, which is in line with previous finding?°.

While UPF1 phosphorylation is an essential step dur-
ing NMD execution, we found here that the level of phos-
phorylation does not clearly correlate with NMD activ-
ity. WT, SMG8-KO and SMG9-KO cells treated with 0.1
UM SMG1i showed similar UPF1 phosphorylation, but
severe differences in NMD activity (Figure 4D-E). The
importance of UPF1 phosphorylation is based on its es-
sential role for the binding of the heterodimer SMG5 and
SMG7 182122 This is also confirmed in our mass spec-
trometry analysis since both factors were lost from the
UPF1 interactome when cells were treated with SMG1i
resulting in hypophosphorylated UPF1. In contrast,
SMG6 showed increased binding to UPF1 in SMGH1i
conditions, which is in line with a phospho-independent
binding of SMG6 to UPF1 1920, The increased binding
of SMG6 could be the result of the complete NMD in-
hibition. During this NMD inactivation, UPF2, UPF3B
and all EJC factors (EIF4A3, MAGOH, RBM8A, CASC3)
were enriched indicating a stalled NMD machinery that
is incapable of recycling its factors. Interestingly, the
same effect was seen in SMG5- and SMG7-depleted
cells, where proximity labelling of UPF1 revealed an en-
richment of UPF2, UPF3B, SMG1, SMG6, SMG8 and
SMG9”. Notably, a shared characteristic between this
condition and the NMD inhibition via SMG1i is the lack
of binding of the heterodimer SMG5:SMG7 to UPF1, ei-
ther due to its depletion or the absence of UPF1 phos-
phorylation. As previously demonstrated, SMG5 and
SMG? are required for the activation of SMG6” and suc-
cessful cleavage of SMG6 might be necessary for dis-
sociation from UPF1. Alternatively, SMG5:SMG7 are
not only responsible for SMG6 activation but also for
the dissociation of SMG6 from UPF1. Both scenarios
would result in trapped SMG6, which, due to its low
abundance, becomes unavailable to the cell, resulting
in NMD inactivation.

Upon integrating all available data, a comprehensive
insight into the function of SMG8 and SMG9 within
NMD emerges (Figure 7). In the context of the pre-
viously proposed two-step authentication model, the
phosphorylation of UPF1 by the SMG1:SMG8:SMG9
complex serves as the first authentication step. Subse-
quently, phosphorylated UPF1 recruits SMG5:SMG?7 to
activate endocleavage by SMG6, constituting the sec-
ond authentication step. When SMG8 or SMG9 are
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absent, UPF1 phosphorylation initially appears unaf-
fected. However, the first authentication step is less ro-
bust compared to WT cells, leading to increased sen-
sitivity against further disruptions and resulting in an
accumulation of NMD factors on the mRNA. Further-
more, complete deactivation of SMG1 disrupts UPF1
phosphorylation, preventing SMG5:SMG7 from binding
to UPF1. Although SMG6 can still bind to UPF1 inde-
pendently of phosphorylation, it loses its endonuclease
activity. As a consequence, NMD complexes persis-
tently associate with the substrate mRNA, impeding its
degradation and clearance from the cell.

Taken together, our work reveals a previously unrec-
ognized level of complexity in the regulation of NMD as
we identify contributions of SMG8 and SMG9 to main-
taining the robustness of NMD in human cells. NMD
is a process with multiple layers of protection, exhibit-
ing robust functionality even in the presence of minor
disruptions.  Contributing to this robustness are not
only SMG8 and SMG9, but also redundant factors po-
sitioned elsewhere along the pathway, such as the par-
alogs UPF3A and UPF3B, or the duplicated EJC fac-
tor genes MAGOH and MAGOHB. Decreased robust-
ness does not immediately result in dramatic conse-
quences for NMD. Instead, it merely reduces its capac-
ity and error tolerance, which, in turn, only manifests
as phenotypically observable effects under particularly
challenging conditions. This may also account for the
disease symptoms associated with mutations in SMG8
and SMG9, which do not correlate with strong NMD in-
hibition. It is plausible that only certain tissues at certain
times of development require a particularly robust NMD
to develop normally, highlighting the contextual impor-
tance of NMD robustness. Hence, our findings provide
not only insights into the molecular mechanisms that
govern NMD regulation, but also offer potential avenues
for therapeutic intervention in diseases linked to NMD
dysregulation.
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Methods

RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents should
be directed to and will be fulfilled by the Lead Contact,
Niels H. Gehring (ngehring@uni-koeln.de).

Materials availability
All cell lines and plasmids generated in this study are
listed in Table S1 and are available upon request to the
lead contact.

Data and code availability
* This study analyzes publicly available data, which are
listed below and in the Table S1.
* RNA-Seq data generated in this study have been
deposited at BioStudies/ArrayExpress and are publicly
available as of the date of publication. Accession num-
bers are listed in Table S1.
« All original code has been deposited at GitHub
(https://github.com/boehmv/2024_SMG189) and is pub-
licly available as of the date of publication.
» The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the
PRIDE®® partner repository with the dataset identifier
PXD051058.
» Any additional information required to reanalyze the
data reported in this study is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

HCT-116 (human, male, colorectal carcinoma, epithe-
lial; ATCC, cat. no. CCL-247; RRID:CVCL_0291) and
Flp-In-T-REx-293 (human, female, embryonic kidney,
epithelial; Thermo Fisher Scientific, cat. no. R78007;
RRID:CVCL_U427) were cultivated in high glucose,
GlutaMAX DMEM (Gibco) supplemented with 9% fe-
tal bovine serum (Gibco) and 1x Penicillin-Streptomycin
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(Gibco). The cells were cultured at 37 °C and 5% CO3
in a humidified incubator. The generation of knock-
in/knock-out and stable cell lines is described below. All
cell lines are summarized in Table S1.

METHOD DETAILS

Generation of knock-out and knock-in cells using
CRISPaint or CRIS-PITCh system

The SMG8 and SMG9 knock-outs/knock-ins cells
were generated via the CRISPaint system32
The sgRNA sequence for SMG8 delKID was 5-
CTATTGTGATATAGCACAGG-3, for SMG8-KO 5-
AGCTTGCGAGACCTTCTAAT-3* and for SMG9-KO
5-TGCGCCACCCAAGGGGGAGA-3". 2.5 x 10° cells
per sgRNA were seeded in 6-well plate. One day
after seeding 2000 ng universal donor (pCRISPaint-
myc-PuroR, Addgene plasmid # 80961; pCRISPaint-
TagGFP2-PuroR, Addgene plasmid # 80970; both
vectors were a gift from Veit Hornung), 1000 ng frame
selector (pCAS9-mCherry-Frame +0/+1/+2, Addgene
plasmid #66939/#66940/#66941; all three plasmids
were a gift from Veit Hornung) and 1000 ng target
selector (px330-SMG8 delKID-R57; px330-SMG8-
IDT-AA; px330-SMG9-chop94) were transfected using
Lipofectamine 2000 (Thermo Fisher Scientific) ac-
cording to the manufacturer's protocol. 2 days after
transfection the cells were transferred to 10 cm dishes
and 4-5 days after transfection cells were selected with
0.75-1.0 pg/ml Puromycin (InvivoGen). All CRISPaint
plasmids are summarized in Table S1.

UPF1 was endogenously FLAG-tagged via the
CRIS-PITCh v2 system®.  The plasmid px330-
Bbsl-PITCh UPF1 N is based on pX330-BbsI-PITCh
(Addgene plasmid #127875; was a gift from Pe-
ter Kaiser) and encodes the UPF1 specific sgRNA
(5-CCCGTACGCCTCCACGCTCA-3)). The donor
plasmid pCRIS-PITChv2-PurR-FLAG is based on
pCRIS-PITChv2-dTAG-Puro (BRD4) (Addgene plasmid
#91796; was a gift from James Bradner & Behnam
Nabet) and contains two 40 bp-long N-terminal UPF1
microhomologies (5-GCAGCGCGGAACCGGCCCGA
GGGCCCTACCCGGAGGCACC-3 and 5-GAGCGT
GGAGGCGTACGGGCCCAGCTCGCAGACTCTCAC
TT-3) flanking a Hygromycin resistance gene, a T2A
signal, the FLAG-tag, and a linker region. For transfec-
tion, 2.5 x 10° cells were in seeded in 6-well plate and
after 24 h 1000 ng px330-BbsI-PITCh-UPF1-N and 500
ng donor plasmid pCRIS-PITChv2-PurR-FLAG were
transfected using Lipofectamine 2000 (Thermo Fisher
Scientific) according to the manufacturer's protocol.
2 days after transfection the cells were transferred to
10 cm dish and 4-5 days after transfection cells were
selected with 100 pg/ml Hygromycin (InvivoGen). All
CRIS-PITCh plasmids are summarized in Table S1.

For both CRISPaint and CRIS-PITCh system cells
were selected for 2-3 weeks with 750 ng/ml Puromycin
or 100 pg/ml Hygromycin. Cell colonies originating
from a single clone were isolated in 12-well plates
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and genomic DNA was extracted using QuickExtract
DNA Extraction Solution (Lucigen) according to man-
ufacturer’s instruction. Correct insertion of the gene
cassette was screened via genomic PCR and verified
via Sanger sequencing (Eurofins Genomics). The
primers for genomic PCR are listed in Table S1.

DNA and RNA extraction
One day prior to DNA extraction, cells were seeded in a
48-well plate. To extract DNA, 50 pl QuickExtract DNA
Extraction Solution (Lucigen) was used following the
manufacturer’s instructions. For RNA extraction, cells
were dissolved in 1 mlin-house prepared TRI reagent®®
per 6-well and RNA was extracted following instructions
of peqGOLD TriFast (VWR Peglab; v0815_e). Follow-
ing changes were made: Instead of 200 pl chloroform,
150 pl 1-Bromo-3-chloropropane (Sigma Aldrich) was
used. RNA was resuspended in 20 ul RNase-free water.

Immunoblot analysis

For SDS-polyacrylamide gel electrophoresis and im-
munoblot analysis protein samples were harvested with
RIPA buffer (50 mM Tris/HCI pH 8.0, 0.1% SDS, 150
mM NaCl, 1% IGEPAL CA-630, 0.5% deoxycholate)
or samples were eluted from Anti-FLAG M2 magnetic
beads (Sigma-Aldrich).  For analyzation of UPF1
phosphorylation status RIPA buffer was supplemented
with 1x PhosSTOP (Roche), 1x Halt Protease and
Phosphatase Inhibitor Cocktail (Thermo Scientific) and
10 pg/ul RNase (Panreac AppliChem). Pierce Deter-
gent Compatible Bradford Assay Reagent (Thermo
Fisher Scientific) was used for protein quantification.
All antibodies are listed in Table S1 and were used at
the indicated dilutions in 50 mM Tris [pH 7.2], 150 mM
NaCl with 0.2% Tween-20, and 5% skim milk powder.
Amersham ECL Prime or Select Western Blotting
Detection Reagent (GE Healthcare) in combination with
the Fusion FX-6 Edge system (Vilber Lourmat) and
Evolution-Capt Edge software (version 18.05) was used
for visualization. Quantification of detected protein
bands was performed in a semi-automated manner
using the Image-Quant TL 1D software (version 8.1)
with a rolling-ball background correction. The control
condition was set to unity, quantification results are
shown as data points and mean.

Stable cell lines and plasmids
The point and deletion mutants of SMG8 were PCR
amplified using Q5 polymerase (NEB) and inserted with
an N-terminal FLAG-tag via Nhel and Notl restriction
sites into the tetracycline-inducible pcDNA5/FRT/TO
vector (Thermo Fisher Scientific). For stable integra-
tion, the Flp-In T-REx system was used: 2.5-3.0 x 10°
cells were seeded in 6-well plates and after 24 h 2000
ng pcDNAS5 construct and 1500 ng Flp recombinase
expressing plasmid pOG44 were transfected using the
calcium phosphate method. 48 h after transfection,
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cells were transferred into 10 cm dishes and selected
with 100 pg/ml Hygromycin (InvivoGen).  Colonies
were pooled after 15-20 days. Protein expression was
induced with 1 pg/ml doxycycline. All plasmids used in
this study are listed in Table S1.

Reverse transcription, end-point RT-PCR

1-4 ug of total RNA was used for reverse transcription in
a 20 pl reaction volume with 10 uM VNN-(dT)20 primer
using the GoScript Reverse Transcriptase (Promega)
following the manufacturer’s instructions. For end-point
PCRs, 2% of cDNA (template), 0.2 uM final concentra-
tion of sense and antisense primer (see Table S1 for
sequences) and MyTaq Red Mix (Bioline) was used.
After 30 PCR cycles, the PCR products were resolved
by electrophoresis on ethidium bromide-stained, 1%
agarose TBE gels and detected by trans-UV illumina-
tion using the Gel Doc XR+ (Bio-Rad) and Image Lab
software (version 5.1). Detected bands were quantified
using the Image Lab software (version 6.0.1). Results
of the indicated band % per lane are shown as data
points and mean.

Quantitative RT-PCR, Probe-based multiplex
RT-PCR
Quantitative RT-PCR was performed with the GoTaq
gqPCR Master Mix (Promega) using 2% of cDNA in
10 ul reactions, 0.2 puM final concentration of sense
and antisense primer (see Table S1 for sequences),
and the CFX96 Touch Real-Time PCR Detection
System (Bio-Rad) with Bio-Rad CFX Manager soft-
ware (version 3.0). The reactions for each biological
replicate were performed in triplicates and the Ct
(threshold cycle) value was measured and average
Ct values were calculated. For alternative splicing
events, values for canonical isoforms were subtracted
from values for NMD-sensitive isoforms to calculate
the ACt. The mean log2 fold changes were calculated
from three biologically independent experiments. Log2
fold change results are shown as data points and
mean. Probe-based multiplex quantitative RT-PCRs
were performed using the PrimeTime Gene Expres-
sion Master Mix (IDT) and the PrimeTime gPCR
Assays containing primers and probes (IDT; ZFAS1 =
Hs.PT.58.25163607, GAS5 = Hs.PT.58.24767969, B2M
= Hs.PT.58v.18759587, TBP = Hs.PT.58v.39858774)
following the manufacturer’s instructions. 2% of cDNA
was used as a template in 10 pl reactions and samples
were measured using CFX96 Touch Real-Time PCR
Detection System (Bio Rad). The reactions for each
biological replicate were performed in triplicates and
the Ct (threshold cycle) value was measured and
average Ct values were calculated. The Ct values of
the housekeeping gene B2M or TBP (FAM-labelled)
were subtracted from the target (ZFAS1, Cy5-labelled
or GAS5, SUN-labelled) values to calculate the ACt.
Three biologically independent experiments were used
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to calculate the mean log2 fold changes. The log2 fold
changes are visualized as single data points and mean.
All primers used in this study are listed in Table S1.

siRNA-mediated knock-downs

2.5-3.0 x 10° cells were seeded in 6-well dish and
reverse transfected using Lipofectamine RNAIMAX
(Invitrogen) and 60 pmol siRNA following the manu-
facturer’s instructions. 48 after transfection cells were
harvested in 1 ml in-house prepared TRI reagent®°
for RNA extraction or RIPA buffer (50 mM Tris/HCI
pH 8.0, 0.1% SDS, 150 mM NaCl, 1% IGEPAL, 0.5%
deoxycholate) for protein extraction. All siRNAs used in
this study are listed in Table S1.

High-throughput-sequencing

The RNA was extracted and purified using the Direct-
zol RNA MiniPrep kit including the recommended
DNase | treatment (Zymo Research; Cat# R2052)
according to manufacturer’s instructions.  Libraries
were prepared from 500 ng total RNA with the lllumina
Stranded mRNA Preparation kit. ERCC RNA Spike-In
Mix (Thermo Fisher) was added to the samples be-
fore library preparation. After poly-A selection (using
Oligo(dT) magnetic beads), mRNA was purified, frag-
mented and reverse transcribed with random hexamer
primers. Second strand synthesis with dUTPs was
followed by A-tailing, adapter ligation and library ampli-
fication (12 cycles) to create the final cDNA libraries.
After library validation and quantification (Agilent Tape
Station), equimolar amounts of library were pooled. The
pool was quantified by using the Peglab KAPA Library
Quantification Kit and the Applied Biosystems 7900HT
Sequence Detection System. The pool was sequenced
on an lllumina NovaSeg6000 sequencing instrument
with a PE100 protocol aiming for 50 million clusters per
sample. Following RNA-Seq datasets were obtained
and analyzed: SMG5, SMG6, SMG7 knock-out/knock-
down in HEK293 cells (BioStudies®'®? accession
E-MTAB-9330)’, UPF1 degron (AID and dTAG/FKBP)
in HEK293 or HCT116 cells (BioStudies accession
E MTAB-13788, E-MTAB-13829)%6, UPF3A/B double
knock-out in HEK293 cells (BioStudies accession
E-MTAB-10716)4°.

Computational analyses of RNA-Seq data
For standard RNA-Seq analyses, reads were aligned
against the human genome (GRCh38, GENCODE
release 42 transcript annotations®® supplemented with
SIRVomeERCCome annotations from Lexogen; ob-
tained from https://www.lexogen.com/sirvs/download/)
using the STAR read aligner (version 2.7.10b)%*.
Transcript abundance estimates were computed with
Salmon (version 1.9.0)%° in mapping-based mode using
a decoy-aware transcriptome (GENCODE release 42)
with the options —numGibbsSamples 30 —useVBOpt
—gcBias —seqBias. After the import of transcript abun-
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dances in R (version 4.3.0)%8 using tximport (version
1.28.0)%7, differential gene expression (DGE) analysis
was performed with the DESeg2 R package (version
1.40.1)88. Genes with less than 10 counts in half the
analyzed samples were pre-filtered and discarded. The
DESeq2 log2FoldChange estimates were shrunk using
the apeglm R package (version 1.22.1)%%. Differential
transcript expression (DTE) analysis was performed
using the Swish method from the fishpond R package
(version 2.6.2)70 based on 30 inferential replicate
datasets drawn by Salmon using Gibbs sampling and
imported via tximeta (version 1.18.1)7". Transcripts
were pre-filtered using 10 counts per transcript in at
least one condition as cut-off. General significance
cut-offs, as long as not indicated otherwise, were
log2FoldChange > 1 & p.adjust < 0.0001 for DESeqg2
DGE and log2FC > 1 & qvalue < 0.0001 for Swish
DTE. Gene ontology functional enrichments analysis of
gene lists, ordered by adjusted p-value, was performed
using an ordered query by g:profiler via the R pack-
age gprofiler2 (version 0.2.2)72, using gene ontology
biological process (GO:BP) as data source, a list of
all expressed/detected genes as custom background,
domain scope set to ‘custom_annotated’ and with “fdr”
multiple testing correction method applying significance
threshold of 0.05. Most mRNA isoform properties were
extracted from the GENCODE annotation and refer-
ence genome using R packages. Structure prediction
was performed using RNAfold (version 2.6.4) 73,

Co-immunoprecipitation

Stable cell lines expressing FLAG-tagged SMG8 or en-
dogenously tagged UPF1 were seeded in 10 cm dishes
(2.5-3.0 x 108 cells) and SMG8 expression was induced
via Doxycycline. 2-3 days after seeding cells were har-
vested in 200 pl buffer E phos (20 mM HEPES-KOH (pH
7.9), 100 mM KCI, 10% glycerol, 1 mM DTT, Protease
Inhibitor, 1x PhosSTOP (Roche), 1x Halt Protease and
Phosphatase Inhibitor Cocktail (Thermo Scientific), 10
pg/ul RNase (Panreac AppliChem)). Cells were lysed
using Bandelin Sonopuls mini20 with 15 pulses (2.5mm
tip, 1 s pulse, 50% amplitude). Samples were adjusted
to the same concentration and incubated for 2 h
overhead shaking with Anti-FLAG M2 Magnetic Beads
(Sigma-Aldrich). Beads were washed three times for
5 min with mild wash buffer (20 mM HEPES-KOH
(pH 7.9), 137 mM NaCl, 2 mM MgCI2, 0.2% Triton
X-100, 0.1% NP-40). Co-immunoprecipitated proteins
were eluted with SDS-sample buffer, separated by
SDS-PAGE, and analyzed by immunoblotting.

Label-free quantitative mass spectrometry
Cells expressing endogenously FLAG-tagged UPF1
were seeded in 10 cm dishes (2.5-3.0 x 108 cells). After
24 h, cells were treated with SMG1i®° for 24 h and
harvested in 200 pl buffer E phos (20 mM HEPES-KOH
(pH 7.9), 100 mM KCI, 10% glycerol, 1 mM DTT,
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Protease Inhibitor, 1x PhosSTOP (Roche), 1x Halt
Protease and Phosphatase Inhibitor Cocktail (Thermo
Scientific), 10 pg/ul RNase (Panreac AppliChem))
and immunoprecipitation was performed as described
above using mild wash buffer. Proteins were eluted
using 44 ul FLAG-peptides (200 pg/ml; Merck/Sigma
Aldrich) in 1x TBS. 44 pul of 10% SDS in 1x PBS
was added and samples were incubated at 95 °C for
5 min. Samples were reduced with DTT at 55 °C
for 30 min and alkylated with CAA at RT for 30 min
(final concentrations 5 mM and 55 mM, respectively).
Tryptic protein digestion was achieved by following a
modified version of the single pot solid phase-enhanced
sample preparation (SP3)74. In brief, paramagnetic
Sera-Mag speed beads (Thermo Fisher Scientific)
were added to the reduced and alkylated protein
samples and then mixed 1:1 with 100% acetonitrile
(ACN). Protein-beads-complexes form during the 8-min
incubation step, followed by capture using an in-house
build magnetic rack. After two washing steps with
70% EtOH, the samples were washed once with 100%
ACN. Then they were air-dried, resuspended in 5 pl
50 mM Triethylamonium bicarbonate supplemented
with trypsin in an enzyme:substrate ratio of 1:50 and
incubated for 16 h at 37°C. Afterwards, samples were
acidified to 5% FA, and cleaned-up using SDB-RPS
StageTips. Samples were loaded onto the tips, washed
with 0.1% FA followed by washing with 80% AcN +
0.1% FA. Finally, samples were eluted with 40% NHs,
dried down and resuspended in 4% AcN + 0.1% FA,
ready for mass spectrometric analysis.

Data Acquisition
Samples were analyzed by the CECAD Proteomics
Facility on an Orbitrap Exploris 480 (Thermo Scientific,
granted by the German Research Foundation under
INST 216/1163-1 FUGG) mass spectrometer equipped
with a FAIMSpro differential ion mobility device that
was coupled to an Vanquish neo in trap-and-elute
setup (Thermo Scientific). Samples were loaded onto
a precolumn (Acclaim 5um PepMap 300 p Cartridge)
with a flow of 60 pl/min before reverse-flushed onto an
in-house packed analytical column (30 cm length, 75
pum inner diameter, filled with 2.7 ym Poroshell EC120
C18, Agilent). Peptides were chromatographically
separated with an initial flow rate of 400 nl/min and
the following gradient: initial 2% B (0.1% formic acid in
80% acetonitrile), up to 6% in 3 min. Then, flow was
reduced to 300 nl/min and B increased to 20% B in 26
min, up to 35% B within 15 min and up to 98% solvent
B within 1.0 min while again increasing the flow to
400 nl/min, followed by column wash with 95% solvent
B and reequilibration to initial condition. The FAIMS
pro was operated at -40 V compensation voltage and
electrode temperatures of 99.5 °C for the inner and 85
°C for the outer electrode. The mass spectrometer was
operated in data-dependent acquisition top 24 mode
with MS1 scans acquired from 350 m/z to 1400 m/z
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at 60k resolution and an AGC target of 300%. MS2
scans were acquired at 15k resolution with a maximum
injection time of 22 ms and an AGC target of 300% in
a 1.4 Th window and a fixed first mass of 110 m/z. All
MS1 scans were stored as profile, all MS2 scans as
centroid.

Sample Processing in MaxQuant

All mass spectrometric raw data were processed
with MaxQuant (version 2.4)”5 using default parame-
ters against the Uniprot Human canonical reference
proteome database (UP5640) with the match-between-
runs option enabled between replicates. Label-free
quantification was performed separately for replicate
group to better cope with strong differences in protein
abundances in IP situations. Follow-up analysis was
done in Perseus 1.6.1576. Protein groups were filtered
for potential contaminants and insecure identifications.
Remaining IDs were filtered for data completeness in at
least one group and missing values imputed by sigma
downshift (0.3 ¢ width, 1.8 o downshift). Afterwards,
FDR-controlled two-sided t-tests were performed.
Finally, majority protein IDs were used for protein
annotations and further analysis.

Data presentation

Schematic representations and figures were pre-
pared/assembled using CorelDraw 2017. Quantifi-
cations and calculations for other experiments were
performed - if not indicated otherwise - with Microsoft
Excel (version 1808 or 2311) or R (version 4.3.0)
and all plots were generated using IGV (version
2.14.1)"7, GraphPad Prism 5, ggplot2 (version 3.4.2) /8,
ggsashimi (version 1.1.5)7°, nVennR (version 0.2.3)8°
or ComplexHeatmap (version 2.18.0)8. If not indicated
otherwise, the box of boxplots extends to the 25th and
75th percentile with the median in bold line, outliers are
not shown.

Quantification and statistical analysis

Most performed statistical tests are already imple-
mented in the used bioinformatic tools. For differential
gene expression (DGE) analysis, p-values were cal-
culated by DESeq2 using a two-sided Wald test and
corrected for multiple testing using the Benjamini-
Hochberg method. For differential transcript expression
(DTE) analysis, p-values were calculated by Swish
using a Mann-Whitney Wilcoxon test on inferential
replicate count matrices and corrected for multiple
testing using g-value approaches. For ECDF plots,
two-sided Kolmogorov-Smirnov tests were performed
using the stats R package. Linear regression of scatter
plots was performed using the stat_poly_eq function
of the ggpmisc R package, displaying the adjusted
coefficient of determination.
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Figure S1. Overview of the CRISPaint system and further analyses of SMG8 delKID RNA-Seq data.

(A) Schematic overview of the generation of SMG8 delKID clone via the CRISPaint system>2. The universal donor encodes
for a Myc tag, the Puromycin resistance gene (PuroR) and contains a poly(A) signal. The frame selector encodes for Cas9
and a gRNA targeting the universal donor. The target selector encodes for Cas9 and a gRNA targeting the SMG8 gene. The
linearized universal donor is inserted into the SMG8 gene resulting in the expression of truncated SMG8 and Puromycin N-
acetyltransferase. (B) Read coverage of SMG8 gene from WT and SMG8 delKID RNA-Seq data is shown as Integrative Genomics
Viewer (IGV) snapshots. Y-axis (reads) was scaled equally for both conditions and SMG8 WT transcript and the modified SMG8
delKID transcript is shown below. (C) Boxplot of annotation-derived transcript properties or 3’ UTR length-normalized minimum
thermodynamic free energy (—AG/nt) of significantly regulated transcripts (down: blue, up: red) or not significantly changed
transcripts (ns) in SMG8 delKID cells.
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Figure S2
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Figure S2. Characterization of SMG8- and SMG9-KO cells

(A) Western blot analysis of different HEK293 SMG8-KO cell lines (clone A, B, C, D) using anti-SMG8 antibody (AK-159;
n=1 biologically independent sample; see Table S1 for antibody details). (B) Western blot after FLAG co-immunoprecipitation
(IP) of FLAG-tagged GST (control) or SMG9 constructs in WT or SMG8-KO (clone D) cells. Anti-FLAG (AK-115), anti-SMG1
(AK-088) and anti-SMG9 (AK-170) antibodies were used and TCE-staining serves as a control (n=3 biologically independent
samples). (C) Quantitative probe-based RT-PCR of GAS5 in WT, SMG8-KO or SMG9-KO cells with or without indicated knock-
down (KD). The ratio of GAS5 to the TBP reference was calculated; data points and means from the gPCRs are plotted as log2
fold change (log2FC) (n=3 biologically independent samples). (D) End-point RT-PCR detection of SRSF2 transcript isoforms (top)
and quantitative probe-based RT-PCR (bottom) of ZFAS1 and GAS5 in WT or SMG8-KO cells with or without indicated KD. The
detected SRSF2 isoforms are indicated on the right (NMD = NMD-inducing isoform; canon. = canonical isoform). Relative mRNA
levels of SRSF2 isoforms were quantified from bands of agarose gels (n=3 biologically independent samples). The ratio of ZFAS1
or GASS to the TBP reference was calculated; data points and means from the qPCRs are plotted as log2 fold change (log2FC)
(n=3 biologically independent samples). (E) Read coverage of SMG8/SMG9 gene from SMG8/SMG9 WT and SMG8/SMG9-KO
RNA-Seq data is shown as Integrative Genomics Viewer (IGV) snapshots. Y-axis (reads) was scaled equally for both conditions
and SMG8/SMG9 WT transcript and the modified SMG8/SMG9-KO transcript is shown below. (F) Sashimi plot of SMG9 read
coverage and junction-spanning read counts from SMG9 WT and SMG9-KO RNA-Seq data. Y-axis (reads) was scaled equally
for both conditions and SMG9 transcript (exon 2-7) is depicted below. Cutoff for junction reads was set to >5 and splicing events
leading to in-frame (green tick) or out-of-frame (red cross) open reading frames are indicated. (G) Scatter plot of differentially
regulated genes in SMG8 delKID against SMG8-KO cells. Changes in gene expression are shown as log2FC (p.adjust < 0.0001).
Linear regression with p-value (P) and adjusted coefficient of determination is shown. (H) Schematic representation of the SMG8
domain structure. The mutated constructs with impaired SMG9 interaction are shown (mut 9A, 9B, 9AB). Western blot after FLAG
co-immunoprecipitation (IP) of FLAG-tagged GST (control) or SMG8 constructs in WT or SMG8-KO cells is shown. Anti-FLAG
(AK-115), anti-SMG1 (AK-088) and anti-SMG9 (AK-170) antibodies were used. TCE-staining serves as a control (n=3 biologically
independent samples). (I) End-point RT-PCR detection of SRSF2 transcript isoforms (top) and quantitative probe-based RT-PCR
(bottom) of ZFAS1 and GAS5 in WT or SMG8-KO cells upon expression of the indicated FLAG-tagged rescue constructs. The
detected SRSF2 isoforms are indicated on the right (NMD = NMD-inducing isoform; canon. = canonical isoform). Relative mRNA
levels of SRSF2 isoforms were quantified from bands of agarose gels (n=3 biologically independent samples). The ratio of ZFAS1
or GAS5 to the B2M reference was calculated; data points and means from the gPCRs are plotted as log2 fold change (log2FC)
(n=3 biologically independent samples).
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Figure S3

A Probe-based RT-qPCR
HCT116 HCT116
cell line °O.3 ‘OF ao] g
= =
2 535|255
KD Luc SMG1
Iane: 1 2 3 4 5 6
5
4 : -
Q 3l . -
L(S’ 2 Eaad L S
i o oF
0 === o ! zEc
GAS5
B Probe-based RT-qPCR
cell line HCT116 WT
SMG1i[uM] | 0 0.05 0.1 02 05 1
lane 1 2 3 4 5 6
oo L4
O 4 S e T
I & e
) sye O 5
o 2 =
[a]ye)
=c
0leee Ze
GAS5

cell line

treatm.

lane

anti-FLAG
anti-UPF1
anti-pUPF1
anti-phospho

TCE-staining

D

cell line

SMG1i [uM]
lane

log2FC

FLAG co-IP
Input IP
o HeTwewr o HeTmewr
endogenous FLAG-UPF1 (clone 6) | endogenous FLAG-UPF1 (clone 6)
(o = = E o = = %
= 0 0 24 = 0 o 2ig
0 = =2 §H 0 0= =2 50
O o0is 9 O Ssis|O0 Ois 2 O <:is
2 25 3 3 3|12 23533 3 3¢
8 8 < o o Y 3 8 B < ®» o Y 3
1 2 3 4 5 6 7 8 9 10 11 12 13 14
kDa
— 130
— 130
— 130
— 130
Probe-based RT-PCR
HCT116
@ < @ ¢« @ €« @ < @ g
O O O O o O o O o O
= L L - -
2 5 5.2 % 5 2 5 5.2 % 5 2 5 >
0 | o1 [ o33 1 \ 3
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
6 = v ees e 'v*
I R U L T
4 : R At : :
e o d .
2 e s
OHees :
GAS5

Figure S3. SMG1i treatment of WT, SMG8-KO and SMG9-KO cells.

(A) Quantitative probe-based RT-PCR of GAS5 in WT, SMG8-KO or SMG9-KO cells with Luc or SMG1 knock-down (KD). The
ratio of GAS5 to the B2M reference was calculated; data points and means from the qPCRs are plotted as log2 fold change
(log2FC) (n=3 biologically independent samples). (B, D) Quantitative probe-based RT-PCR of GAS5 in WT cells (B), SMG8-KO
and SMG9-KO cells (D) with treatment of different SMG1i concentrations for 24 h. The ratio of GAS5 to the B2M reference
was calculated; data points and means from the gPCRs are plotted as log2 fold change (log2FC) (n=3 biologically independent
samples). (C) Western blot after FLAG co-immunoprecipitation (IP) of untagged (control) or endogenously FLAG-tagged UPF1
in WT cells treated with indicated concentrations of SMG1i for 24 h or Okadaic acid for 2 h. Anti-FLAG (AK-115), anti-UPF1
(AK-156), anti-pUPF1 (serine 1116; AK-146) and anti-phospho (binds phosphorylated serine/threonine; AK-126) antibodies were
used. TCE-staining serves as a control (n=2 biologically independent samples; see Table S1 for antibody details).
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Figure S4
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Figure S4. RNA-Seq analysis of SMG1i-treated WT, SMG8-KO and SMG9-KO cells.

(A) Differentially up- or downregulated genes (p.adjust < 0.0001 & |log2FC| > 1) in SMG8 delKID cells with 0 uM SMG1i are
compared to SMG8 delKID cells with different concentrations of SMG1i. (B) RNA-Seq data of WT, SMG8-KO, SMG9-KO and
SMG8 delKID cells treated with different concentrations of SMG1i for 24 h were compared with SMG7-KO + SMG6 knock-down
(KD; clone 34)7 or three UPF1 degron conditions 36 regarding the expression changes of NMD and EJC factors. (C) Distribution of
expression changes of the upregulated SMG1i core transcripts in RNA-Seq data obtained in this study and compared to SMG7-
KO + SMG6-KD (clone 34)7, UPF3A/B-KO*? and three UPF1 degron conditions®®. Canonical (green) and NMD-annotated

isoforms (yellow, orange) of SRSF2 are indicated as circles.
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Figure S5
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Figure S5. Proteomic analysis of UPF1 interactome in WT, SMG8-KO and SMG9-KO cells upon SMG1i treatment.

(A, B) Heatmap of mass spectrometry-based analysis of FLAG co-immunoprecipitated (IP), untagged (control) or endoge-
nously FLAG-tagged UPF1 in WT, SMG8-KO and SMG9-KO cells. Cells were treated with indicated concentrations of SMG1i for
24 h. Colored points indicate the log2 fold change (log2FC) and point size corresponds to the adjusted p-value (adj. p-value; from
Students t test; n = 4 biologically independent samples). (C) Quantitative probe-based RT-PCR of GAS5 in WT, SMG8-KO and
SMG9-KO cells with Luc knock-down (KD; control) or SMG6-KD. WT cells were treated in addition with SMG1i for 24 h. The ratio
of GAS5 to the B2M reference was calculated; data points and means from the qPCRs are plotted as log2 fold change (log2FC)

(n=3 biologically independent samples).
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Supplemental Tables

Table S1. Resource and material lists

Table S2. Differential gene and transcript expression analysis
Table S3. Core target definitions

Table S4. Proteomic analyses of UPF1 interactome
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6 Discussion

The transcriptome is dynamically shaped by mechanisms that maintain cellular stability via
degradation of both faulty and physiological transcripts. NMD plays a critical role and contributes to
this regulation using its numerous factors that form a regulatory network to facilitate mRNA
degradation in a precise manner.

This thesis unveils new insights into the regulation of UPF1 phosphorylation via the SMG1 kinase and
its regulatory partners SMG8 and SMG9 (Kueckelmann et al. 2024). Furthermore, the final degradation
steps via the heterodimer SMG5:SMG7 and the endonuclease SMG6 were shown to be interdependent
(Boehm, Kueckelmann et al. 2021). These findings underscore the complexity and robustness of the
NMD machinery, significantly advancing our understanding and contributing to the deciphering of the

NMD mechanism.

6.1 Regulation of UPF1 via SMG1:SMG8:SMG9 complex

Effective NMD requires stringent regulation to ensure that only appropriate targets are degraded. This
precision is achieved through the concerted action of multiple, independently regulated factors. A
pivotal player and key NMD factor, UPF1, serves as a phosphorylation-dependent binding platform for
the decay-inducing factors SMG5:SMG7 and SMG6 (Okada-Katsuhata et al. 2012). Given its abundant
presence in the cell, and associations with both NMD specific and non-specific targets, precise control
over UPF1 phosphorylation is crucial to prevent uncontrolled NMD activation (Kurosaki et al. 2014,
Wang et al. 2019).

The kinase SMGL1 is responsible for the phosphorylation of UPF1 and is regulated by SMG8 and SMG9
(Yamashita et al. 2001, Arias-Palomo et al. 2011). SMG9, notably acts as a bridge to facilitate
interaction between SMG1 and SMG8 (Arias-Palomo et al. 2011, Li et al. 2017). SMGS8 exerts an
inhibitory influence on SMG1, with several studies demonstrating that the removal of SMG8 or
mutations in the SMG8 KID leads to increased UPF1 phosphorylation, thereby impacting NMD
efficiency (Yamashita et al. 2009, Arias-Palomo et al. 2011, Deniaud et al. 2015, Zhu et al. 2019, Langer
et al. 2021). Furthermore, recent findings highlight that SMGS8 binds via its KID to the SMG1 insertion
domain and thereby stabilizes the autoinhibitory state of SMG1 and ensuring controlled NMD

activation (Langer et al. 2021).

6.1.1 UPF1 phosphorylation is a dynamic process
This thesis explores the regulatory mechanism of UPF1 phosphorylation, via examining the roles of
SMGS8 and SMG9. The endogenous deletion of SMG8 KID via CRISPR/Cas9 had no effect on the

steady-state UPF1 phosphorylation levels or NMD activity, indicating that the KID plays a minor role
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during NMD regulation (Kueckelmann et al. 2024). Furthermore, the generation of SMG8- or SMG9-KO
cell lines resulted in unchanged UPF1 phosphorylation and only slight NMD inhibition, indicating
limited impact of these factors in SMG1 regulation. Notably, SMG8-KO cells exhibited stronger NMD
inhibition compared to SMG8 delKID cells, implicating the N-terminal G-domain of SMG8 in NMD
regulation.

These observations contradict the existing literature and raise questions about the discrepancies. A
plausible explanation is that a majority of previous experiments are based on in vitro assays with
purified SMG1:SMG8:SMG9 complexes (Yamashita et al. 2009, Arias-Palomo et al. 2011, Deniaud et al.
2015, Zhu et al. 2019). While in vitro assays offer precise control over experimental conditions, they
cannot fully replicate the complexity of cellular environments, which include numerous interacting
factors and feedback loops (Figure 8A). Furthermore, effects that are usually buffered by interacting
factors or pathways can be excluded. For instance, the earlier suggested key role of SMG7 in recruiting
the CCR4-NOT deadenylase complex (Loh et al. 2013) was not supported by our findings (Boehm,
Kueckelmann et al. 2021). Depletion of the SMG7 C-terminus did not affect the NMD activity, thereby
indicating that deadenylation plays a subordinate role. This underpins the limitations of in vitro assays
in recapitulating the inherent complexity of a living cell including innumerous feedback loops.

Additionally, phosphatases such as protein phosphatase 2A (PP2A) are absent in the in vitro setting,
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Figure 8: Model of UPF1 phosphorylation of purified SMG1:SMG8:SMG9 complexes and complexes in living cells

(A) The SMG1:SMG8:SMG9 complex is activated by regulatory factors and phosphorylates UPF1. Dephosphorylation via
phosphatases is downregulated via regulatory factors. (B) During in vitro assays with purified proteins, no regulatory factors
and phosphatases are present. The depletion of SMG8 increases SMG1 activity, which undergoes no feedback regulation via
regulatory factors or phosphatases. This leads to hyperphosphorylated UPF1. (C) In assays conducted in living cells, regulatory
factors and phosphatases are present. Although SMG1 activity is increased due to the absence of SMGS8, regulatory factors
and phosphatases buffer UPF1 phosphorylation to prevent hyperphosphorylation. Black arrow indicates

(de-)phosphorylation, red arrow indicates activating function, and blue arrow indicates inhibiting function.
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although they are essential for the phosphorylation and dephosphorylation cycle of UPF1, preparing
UPF1 for targeting the next mRNA (Chiu et al. 2003, Ohnishi et al. 2003). This absence can lead to
atypical accumulation of phosphorylations leading to hyperphosphorylated UPF1 (Figure 8B).
Additionally, UPF2 contributes to the regulation of UPF1 phosphorylation via SMG1 activation and
destabilization of the SMG1:SMG8:SMG9:UPF1 complex (Kashima et al. 2006, Ivanov et al. 2008,
Deniaud et al. 2015). This UPF2-regulation is absent in assays with purified SMG1:SMG8:SMG9
complexes and could result in different outcomes compared to in vivo assays. Taken together, it is
conceivable that while the depletion of SMG8 and SMG9 impacts UPF1 phosphorylation, this effect is
likely compensated in living cells by various layers of regulatory mechanisms involving UPF1 and SMG1

(Figure 8C).

6.1.2 SMG8 and SMG9 contribute to the robustness and complexity of NMD

Although SMG8 or SMG9 seem to be dispensable due to the minor NMD impairment upon depletion,
knockout studies in mice have demonstrated embryonic lethality, highlighting their critical role
(Mcllwain et al. 2010, Shaheen et al. 2016, Kueckelmann et al. 2024). Additionally, patients harboring
homozygous loss-of-function mutations of the SMG8 or SMG9 gene show developmental delay and
other disorders such as malformations in the heart and eye (Shaheen et al. 2016, Alzahrani et al. 2020),
underscoring their importance in complex organisms. Taken together, these observations underline
the importance of the complex for higher organisms such as humans or mice and question their
function. Treatment of SMGS8- and SMG9-KO cells with an SMG1 inhibitor (SMG1i) revealed
hypersensitivity to further disturbances of the NMD machinery in both cell lines, in contrast to WT cells
(Kueckelmann et al. 2024). This indicates that both factors carry out an auxiliary function that
contributes to the robustness of the NMD machinery. Decreased robustness does not have necessarily
severe consequences for NMD execution. Instead, it reduces tolerance for additional disturbances that
can no longer be compensated.

The essential role of these factors (SMG8 and SMG9) raises questions about their function across
different tissues or during specific cellular processes like differentiation. Moreover, the importance of
SMG8 and SMG9 and their significance may not extend to all organisms. For example, in humans,
SMGS stabilizes the SMG1 autoinhibitory state via binding with its KID to the insertion domain of SMG1
(Langer et al. 2021). Interestingly, the SMG1 kinase was lost in many lower eukaryotes during evolution
including yeast, ciliates, plants and fungi, indicating that these organisms can compensate for the
SMG1 loss (Causier et al. 2017, Tian et al. 2017, Lloyd 2018). In addition, C. elegans lacks the insertion
domain of SMG1 and depletion of SMG8 does not influence NMD activity (Grimson et al. 2004, Rosains
et al. 2012). This raises the question, how UPF1 is regulated to activate NMD in these organisms and

indicates that an alternative activation mechanism exists, e.g. an unknown kinase that phosphorylates
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UPF1 (Lloyd 2018). However, this does not explain how organisms lacking the UPF1 (S/T)Q motifs (such
as yeast) recruit the decay-inducing factors (Causier et al. 2017). This adaptation could explain the
reduced need for regulatory elements in simpler organisms, where a less stringent control of the
transcriptome may be tolerable due to their lower lifespan and higher reproductive capacity. In
conclusion, the function of SMGS, along with the insertion domain of SMG1, appears to be part of a
sophisticated and fail-safe regulation system for UPF1 phosphorylation and NMD execution, primarily

evident in more complex eukaryotes (Kueckelmann et al. 2024).

6.1.3 Potential functions of SMG8 and SMG9

Although SMG8 and SMG9 are shown to stabilize the autoinhibited state of SMG1 and contribute to
the robustness of NMD, the precise role of both factors remains unclear (Langer et al. 2021,
Kueckelmann et al. 2024). One potential role of SMG8 and SMG9 is the restriction of UPF1
phosphorylation to UPF1 proteins bound to authentic NMD substrates (Figure 9A) (Kueckelmann et al.
2024). The identification of correct UPF1 proteins prevents the degradation of false-positive transcripts
and protects the cell against unwanted changes in the transcriptome. Therefore, during the depletion
of SMG8 or SMG9, SMG1 might not be able to differentiate between NMD-target-bound and non-
NMD-target-bound UPF1 proteins (Figure 9B).

Interestingly, the changes expected from this lack of discrimination were not observed in the
phosphorylation assays conducted in this thesis. This suggests that overall UPF1 phosphorylation levels
might remain unchanged or only slightly changed, even in the absence of SMG8 or SMG9. Contrary to
the hypothesis that these proteins aid in substrate discrimination by SMG1, downregulated mRNAs in
the SMG8 delKID condition could not be rescued by the SMG1i, challenging the presumed role of SMG8
and SMG9 in enhancing the specificity of the NMD pathway (Kueckelmann et al. 2024).
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Figure 9: Hypothesis - SMG8 and SMG9 contribute to SMG1 target discrimination

(A) SMG8 and SMG9 restrict the SMG1 activity to NMD targets. Consequently, UPF1 bound to non-NMD targets is not
phosphorylated, and UPF1 bound to NMD targets is phosphorylated, which allows decay-inducing factors to bind. (B) In the
absence of SMG8 or SMG9, SMG1 cannot distinguish between UPF1 proteins bound to NMD or non-NMD targets and

phosphorylates all UPF1 proteins.
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Another proposed role of SMG8 and SMG9 is the contribution to the dissociation of SMG1 from UPF1.
In accordance with this, mass spectrometry data revealed increased interaction of SMG1 and UPF1 in
SMG9-KO cells. Furthermore, an enriched UPF1 interaction with UPF2, UPF3B and the EJC (EIF4A3,
MAGOH, RBMS8A, and CASC3) was found, indicating that the dissociation of SMG1 could be necessary
for the removal of other NMD factors (Figure 10A). During SMG1-UPF1 interaction, helicase activity is
inhibited. Upon SMG1 dissociation and SMG6 cleavage, ATPase and helicase activity are activated,
leading to the displacement of mMRNA-bound NMD complexes. However, during the depletion of SMG8
or SMGS9, dissociation of SMG1 from UPF1 is disturbed, resulting in delayed induction of UPF1 helicase
activity and NMD complex recycling (Figure 10B). This observation appears to conflict with studies
suggesting that UPF1 primarily uses its ATPase activity for autoregulation of RNA binding rather than
for remodeling mRNA-protein complexes, which points to a more complex regulation mechanism than

previously understood (Chapman et al. 2022, Chapman et al. 2024).

UPF3
CJ”\C} MAGOH
a RBM8A
Activation of
UPF1 helicase function
—>
)Q 4

)

Dissociation of \ o
SMG1:SMG8:SMG9 @
%) UPF1 —> @
AAAAAAAAAA cap * _ _ WD AAAAAAAAAA,

PTC PTC

A SMG1:SMG8:SMG9

B SMG8- or SMG9-KO

Impaired activation

SMG1 remains '1{" UPF1 helicase function

bound to UPF1 i uPF3 >

cap _ AAAAAAAAAA cap * AAAAAAAAAA,

Figure 10: Hypothesis - Dissociation of SMG1:SMG8:SMG9 activates UPF1 helicase activity

(A) Following phosphorylation, SMG1:SMG8:SMG9 dissociates from UPF1. After SMG6 cleavage, the UPF1 helicase activity is
activated, and NMD factors are removed from the mRNA. (B) Upon SMG8 or SMG9 depletion, dissociation of SMG1 from
UPF1 is impaired. After SMG6 cleavage, the initiation of the UPF1 helicase activity is disturbed and NMD complexes

accumulate on the mRNA.

Although SMG1 is best known for the phosphorylation of UPF1, in vitro assays revealed other SMG1
substrates such as the MIF4G-3 domain of UPF2. This domain was phosphorylated by SMG1 on a

flexible loop, which is in close proximity to the UPF1 phosphorylation sites during assembly of the UPF
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proteins and could influence NMD execution (Clerici et al. 2014). However, mutations in the UPF2
phosphorylation site did not alter NMD activity in vivo, raising questions about the importance of
phosphorylation for NMD execution. (Clerici et al. 2014). Nevertheless, since UPF2 enhances SMG1
activity, UPF2 phosphorylation might still contribute to SMG1 regulation (Clerici et al. 2014).

One possible explanation for the unchanged NMD activity in vivo could be downstream effectors that
buffer the UPF1 phosphorylation state, as described before (chapter 6.1.1). In addition to UPF2
phosphorylation, SMG1 was also reported to autophosphorylate itself in vitro (Yamashita et al. 2009).
It is unclear if both SMG1 autophosphorylation and UPF2 phosphorylation alter SMG1 activity,
however, SMG8 and SMG9 could contribute to SMG1 target differentiation and help SMG1 to regulate
its function via phosphorylating other substrates than UPF1 (Figure 11). The depletion of SMG8 or
SMG9 may thus lead to altered SMG1 self-phosphorylation or UPF2 phosphorylation, resulting in
modified SMG1 activity.
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Figure 11: Hypothesis - UPF2 phosphorylation and SMG1 autophosphorylation regulate SMG1 activity
SMG8 and SMG9 contribute to the substrate binding of SMG1 to either UPF1, UPF2 or SMG1 itself. Phosphorylation of UPF2

or SMG1 influences SMG1 regulation, leading to increased or decreased levels of UPF1 phosphorylation.

6.1.4 UPF1 phosphorylation status and NMD activity do not correlate

Although UPF1 phosphorylation was proposed to be the point of no return for NMD execution, the
level of phosphorylation does not correlate with NMD activity (Boehm, Kueckelmann et al. 2021,
Kueckelmann et al. 2024). The treatment with low concentrations of SMG1i led to similar UPF1
hypophosphorylation in WT, SMG8- and SMG9-KO cells (Kueckelmann et al. 2024). However, in
contrast to WT cells, both KO cell lines showed severe NMD impairment comparable to SMG6 and
SMG7 co-depletion (Boehm, Kueckelmann et al. 2021, Kueckelmann et al. 2024). ATPase-deficient
UPF1 mutants also displayed hyperphosphorylation, probably due to longer residence time on the
MRNA, but showed impaired NMD execution (Durand et al. 2016). Similar effects were seen in
SMG7-KO cells that exhibited UPF1 hyperphosphorylation and NMD impairment (Boehm,

Kueckelmann et al. 2021). These examples demonstrate that NMD execution does not exclusively rely
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on UPF1 phosphorylation. Multiple conditions, such as the presence and activity of downstream

effectors, have to be met to unlock NMD activity.

6.2 SMG5:SMG7- and SMG6-pathway are not independent from each other

The executing decay factors are the heterodimer SMG5:SMG7 and the endonuclease SMG6.
SMG5:SMG7 facilitate mRNA degradation via recruitment of the CCR4-NOT deadenylase complex and
decapping (Loh et al. 2013). SMG6 cleaves the mRNA in the vicinity of the PTC via its C-terminal PIN
domain (Gatfield and Izaurralde 2004, Glavan et al. 2006, Eberle et al. 2008, Huntzinger et al. 2008). It
was proposed that both pathways act redundantly and independently of each other, since depletion
of SMG6 or SMG7 affected the same transcripts (Jonas et al. 2013, Loh et al. 2013, Metze et al. 2013,
Colombo et al. 2017).

In this thesis, the SMG7 gene was depleted via CRISPR/Cas9 to test this hypothesis (Boehm,
Kueckelmann et al. 2021). SMG7-KO cells showed only minor NMD impairment, which is in line with
the current model since the SMG6-pathway can compensate for SMG7 loss. However, this minor NMD
impairment could be rescued by SMG7 mutants lacking the C-terminal PC region, which is responsible
for the recruitment of the deadenylation complex. This raises questions about the importance of the
deadenylation function of SMG7 for NMD execution. In contrast, SMG7 mutants unable to bind to
SMGS5 did not maintain NMD activity in cells depleted of SMG7. Furthermore, the siRNA-mediated
depletion of SMG5 in SMG7-KO cells resulted in transcriptome-wide NMD abolishment due to UPF1-
bound but inactive SMG6. This demonstrated that SMG5:SMG7 are necessary for SMG6 activity and

that both pathways are not redundant and independent.

6.2.1 Complete depletion of SMG7 protein reveals function of SMG5:SMG7

The question arises as to why co-depletion of SMG5 and SMG7 in previous studies only led to minor
NMD inhibition (Jonas et al. 2013, Metze et al. 2013). The primary reason for this is that these studies
were mainly based on siRNA-mediated or shRNA-mediated KDs. The presence of residual proteins,
whether from inefficient KDs or the proteins' long half-lives, likely provided sufficient buffering
capacity to sustain NMD (Boehm, Kueckelmann et al. 2021). In contrast, this study reveals the
synergistic effect of the SMG5:SMG7 co-depletion by using of SMG7-KO cell lines that completely lack
the SMG7 protein. Despite the absence of SMG7 in these KO cells, compensatory mechanisms still
maintained NMD. However, the additional siRNA-mediated SMG5 KD overwhelmed these
compensatory mechanisms, highlighting the critical roles of these proteins in NMD regulation despite
the presence of residual SMG5.

SMG6 was stated to be the dominant degradation pathway, since SMG6 KD led to a higher
accumulation of NMD targets compared to SMG5 or SMG7 KD (Jonas et al. 2013, Nicholson et al. 2018).
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Furthermore, this led to the conclusion that SMG5 is merely a companion of SMG7 with lower
importance. One possible explanation for the low NMD inhibition upon SMG5 KD in contrast to SMG6
KD, is the difference in KD efficiency, which may be due to the target gene's binding sequence,
transfection efficiency, mRNA abundance, or protein half-life.

This study, however, showed that SMG5 is far more important than previously anticipated. It was
observed that SMG5 can compensate for the loss of SMG7, raising the question of whether SMG7 can,
in return, compensate for the complete loss of SMGS5. If not, this would suggest that SMG5 and SMG7
have different roles during SMG6 activation. In addition, future experiments have to elucidate to which
extent the complete loss of SMG5 influences NMD activity.

Although SMG5-KO cells are beneficial for the investigation compared to using KDs, the full gene
inactivation might result in unforeseeable adjustments of the cell. The attempted KO of a gene (such
as SMG9) can prompt the cell to use alternative splicing to overcome the inserted stop codon and to
express truncated and potentially functional protein (Tuladhar et al. 2019, Kueckelmann et al. 2024).
Furthermore, the depletion of important genes can activate compensatory mechanisms as seen for
UPF3A, which is upregulated during the loss of UPF3B (Wallmeroth et al. 2022). These compensatory
mechanisms can result in secondary effects, leading to transcriptomic and proteomic changes,
impeding the investigation of the precise function of the gene of interest.

One possibility to overcome these issues is the use of a conditional degron system (Bondeson et al.
2022). Degron tags can be introduced endogenously at the N- or C-terminus of the gene via
CRISPR/Cas9 paired with homology-directed repair. Addition of a degrader drug induces the
ubiquitination of the protein of interest, leading to rapid degradation via the proteasome. This allows
the investigation of dynamic processes in the cell and minimizes secondary effects due to the fast

degradation as shown for UPF1 (Boehm et al. 2024).

6.2.2 SMG5:SMG7 are crucial for endonucleolytic cleavage by SMG6

Multiple control mechanisms that restrict SMG6 activity are necessary, since endonucleolytic cleavage
by the low-abundant SMG6 is highly efficient, as observed in the unsuccessful attempt to overload the
NMD machinery (Ottens et al. 2017). Besides UPF1 phosphorylation, SMG5:SMG?7 are an additional
control instance that restricts SMG6 activity, as shown by catalytically inactive SMG6 upon
SMG5:SMG7 co-depletion (Boehm, Kueckelmann et al. 2021). This finding also explains the abolished
NMD activity during the treatment with high concentrations of SMG1i (Kueckelmann et al. 2024).
SMG1i rendered SMG1 catalytically inactive, which resulted in UPF1 hypophosphorylation and
prevented the phosphorylation-dependent binding of SMG5:SMG7. Although SMG6 was able to bind
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phosphorylation-independent to UPF1, the absence of SMG5:SMG7 rendered SMG6 inactive, similar
to the co-deletion of SMG5 and SMG?7.

Nevertheless, it is unclear how SMG5:SMG7 regulate SMG6 activity. One possible explanation is that
SMG5:SMG7 recruit SMG6 to UPF1. Contradictory to this theory is that SMG6 is still bound to UPF1
during the co-depletion of the heterodimer (Boehm, Kueckelmann et al. 2021). The unproductive NMD
complexes found on SMG5:SMG7-depleted cells suggest that SMG5:SMG7 could also contribute to the
dissociation of SMG6 from UPF1 (Figure 12A) (Boehm, Kueckelmann et al. 2021). Active SMG6 might
bind to UPF1 molecules, however, the absence of SMG5:SMG7 would lead to trapped SMG6 proteins,
which cannot degrade other mRNAs (Figure 12B). The low abundance of SMG6 in the cell would result
in efficiently trapped SMG6 leading to a full NMD abolishment (Flury et al. 2014). The phosphorylation-
dependent and -independent binding of SMG6 allows the protein to theoretically bind to every UPF1
molecule (Chakrabarti et al. 2014). Consequently, SMG6 could also bind to UPF1 proteins that are not
removed by the ribosome and remain bound to the 3" UTR of non-NMD targets. If no other mechanism
restricts SMG6 activity, every UPF1-bound transcript might be a target for SMG6 cleavage. This
scenario would be especially unfavorable for low-abundant transcripts, even if SMG6 cannot dissociate

from its target in the absence of SMG5:SMG7.
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Figure 12: Hypothesis - SMG5:SMG?7 are responsible for SMG6 dissociation

(A) SMG6 cleaves the mRNA in the vicinity of the mRNA, and SMG5:SMG?7 contribute to the dissociation of SMG6 from UPF1.
The free SMG6 binds other UPF1 molecules and induces degradation. (B) In the absence of SMG5:SMG7, SMG6 cleaves the
targeted mRNA but remains bound to UPF1. Therefore, SMG6 is unable to bind new UPF1 proteins leading to inactive SMG6

proteins.
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Another possible role of SMG5:SMG7 is the activation of UPF1-bound SMG6. SMG6 binds to UPF1
independently of SMG5:SMG7 and SMG1-mediated UPF1 phosphorylation allows SMG5:SMG7
binding. Subsequently, SMG5:SMG7 activate SMG6 resulting in the degradation of the transcript
(Figure 13A). In the absence of SMG5:SMG7, SMG6 can still bind to UPF1, but does not execute

endonucleolytic cleavage (Figure 13B).
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Figure 13: Hypothesis - SMG5:SMG7 active SMG6
(A) SMG6 binds to UPF1 in a phosphorylation dependent- or independent manner. Upon UPF1 phosphorylation, SMG5:SMG7
bind to UPF1 and activate SMG6 leading to endonucleolytic cleavage of the mRNA. (B) SMG6 binds to UPF1, but remains

inactive due to the absence of SMG5:SMG7.

Despite their function in SMG6 activation, SMG5 and SMG7 execute other roles during NMD
degradation. Rescue assays indicated that SMG7 has a bridging function that contributes to SMG5-
UPF1 interaction (Boehm, Kueckelmann et al. 2021). This is in line with studies showing that SMG5 is
unable to bind phosphorylated UPF1 in the presence of a SMG7 mutant with deficient UPF1-binding,
although the heterodimer was still able to form (Jonas et al. 2013). This suggests that SMG7 carries out
a bridging function (like SMG9) and facilitates the interaction between UPF1 and SMG5. This adds
another layer of SMG6 regulation to the NMD mechanism allowing the more precise regulation of
SMG6 endonucleolytic cleavage.

The deletion of the catalytically inactive SMG5 PIN-domain led to impaired NMD activity indicating that
this domain plays an essential role for SMG6 activation (Boehm, Kueckelmann et al. 2021). The SMG5

PIN domain was attributed the recruitment of the PP2A phosphatase, which performs UPF1
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dephosphorylation and promotes NMD complex recycling (Anders et al. 2003, Ohnishi et al. 2003,
Okada-Katsuhata et al. 2012). However, mass spectrometry analysis of SMG5 overexpression could not
confirm the interaction of SMG5 with PP2A, leaving the question unanswered, which role the SMG5

PIN domain plays for NMD activity (Boehm, Kueckelmann et al. 2021).

6.2.3 Incomplete NMD execution results in stalled NMD complexes

Inactivation of SMG1 via SMGL1i and the co-depletion of SMG5 and SMG7 resulted in complete NMD
impairment (Boehm, Kueckelmann et al. 2021, Kueckelmann et al. 2024). Mass spectrometry analysis
revealed that in both conditions the UPF1-SMG5:SMG?7 interaction was abolished, either due to UPF1
hypophosphorylation upon SMG1i treatment or co-depletion of the heterodimer. In addition,
increased interaction of UPF1 with SMG6 was observed, although endonucleolytic cleavage was
disrupted. A possible explanation for the SMG6 enrichment might be that endonucleolytic cleavage is
necessary for SMG6 to dissociate from UPF1. Alternatively, as previously mentioned, SMG5:SMG7 are
responsible for the dissociation of SMG6 from UPF1. Both scenarios would result in trapped SMGS6,
which is unavailable for the degradation of other transcripts.

Besides the accumulation of SMG6, mass spectrometry analysis of immunoprecipitated, endogenous
UPF1 revealed an enrichment of UPF2, UPF3B, SMG1, SMG8, SMG9 and EJC factors (EIF4A3, MAGOH,
RBMS8A, CASC3) upon NMD impairment (Boehm, Kueckelmann et al. 2021, Kueckelmann et al. 2024).
This indicates that the degradation of the transcript via endonucleolytic cleavage might be necessary
for the disassembly and recycling of the NMD machinery. One potential mechanism for the recycling
of NMD factors involves UPF1 helicase activity. It was proposed that the helicase domain
intramolecularly interacts with the C-terminal SQ domain, leading to downregulated ATP hydrolysis
and RNA unwinding (Fiorini et al. 2013). Additionally, deletion of the UPF1 C-terminus decreased RNA-
binding, demonstrating the regulatory role of this domain (Chakrabarti et al. 2014). During binding of
SMG5:SMG7 and SMGS6, the intramolecular interaction between the helicase and SQ domain may be
stabilized, resulting in inactive UPF1 molecules that remain bound to the target mRNA. Upon
endonucleolytic cleavage, SMG5:SMG7 and SMG6 are released from UPF1, and the interaction
between the helicase and SQ domain is destabilized (Figure 14A). This, in turn, induces UPF1 helicase
activity, leading to the recycling of the NMD complex. Since the SQ domain is conserved in higher
eukaryotes, this mechanism could contribute to the regulation of more complex NMD execution
(Gupta et al. 2018). However, in the absence of SMG5:SMG7, SMG6 remains catalytically inactive and
bound to UPF1, stabilizing the interaction between the helicase and SQ domain. Consequently, UPF1

helicase activity remains inactive, leading to the accumulation of NMD complexes (Figure 14B).

94



Discussion

Contrary to this hypothesis and as mentioned before, ATPase activity is suggested to autoregulate RNA

binding rather than processively remodel mRNPs (Chapman et al. 2022, Chapman et al. 2024).
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Figure 14: Hypothesis - NMD inhibition causes stalled NMD complexes

(A) SMG5:SMG7 and SMG6 bind to UPF1 and stabilizes its autoinhibitory state. SMG5:SMG7 activates SMG6, which cleaves
the mRNA close to the premature termination codon (PTC). This mRNA degradation leads to the dissociation of SMG5:SMG7
and SMG6. Consequently, UPF1 helicase activity is no longer inhibited, allowing it to remove the mRNA-bound NMD
complexes. (B) SMG6 binds to UPF1 in the absence of SMG5:SMG7, stabilizing the autoinhibitory state of UPF1. However,
without SMG5:SMG7, SMG6 remains inactive and continues to bind to UPF1, inhibiting UPF1's helicase activity. As a result,

NMD complexes accumulate in the cell.

6.3 NMD in therapies

Many disorders arise from NMD-targeted transcripts or deficient NMD factors (chapter 3.7). Therefore,
understanding the NMD mechanism is fundamental to develop therapeutic approaches to treat such
NMD-related disorders. For instance, many cancer types produce cancer-specific, PTC-containing
transcripts that are degraded by NMD and therefore do not activate the immune response (Lindeboom
et al. 2016). Hence, downregulation of NMD can prevent the degradation of these transcripts, leading
to the production of aberrant tumor-specific neoantigens that activate the immune response
(Litchfield et al. 2020). Previously, in vivo studies showed that NMD inhibition can suppress tumor
growth (Pastor et al. 2010, Meraviglia-Crivelli et al. 2022). In addition, a high throughput screen

confirmed SMG1 as a potent disruptor of NMD (Cook et al. 2023). SMG1 inactivation via the inhibitor
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KVS0001 led to increased presentation of cancer neoantigens on the surface of cancer cells that may
activate the immune response (Cook et al. 2023). This underlines that SMG1 is an effective target for
the NMD downregulation in cancer cells. The high specificity of SMG1i for the SMG1 active site might
make it attractive for the therapeutic use in the future. In this thesis, changes in the transcriptome and
UPF1 interactome upon SMG1i treatment were analyzed, allowing the characterization of effects
caused by SMG1iin living cells. These insights are substantial, since SMG1i could affect other pathways
that depend on the UPF1 protein (Staszewski et al. 2023).

In this study, low amounts of SMG1i resulted in only minor NMD inhibition, but treatment of SMG8-
or SMG9-depleted cells with the same concentration resulted in severe NMD abolishment
(Kueckelmann et al. 2024). This indicates that cells with disturbances in the NMD machinery (such as
depletions or mutations in SMG5, SMG7, SMG8, SMG9, or treatment with small amounts of SMG1i)
might be compensated by the NMD machinery to maintain cellular health (Kueckelmann et al. 2024).
However, additional disturbances could exceed the compensatory abilities of the cell and lead to
synergistic NMD inhibition. This was observed in SMG7-KO cells treated with SMG5 or SMG6 KD or
SMG8- and SMG9-KO cells with SMG1i treatment (Boehm, Kueckelmann et al. 2021, Kueckelmann et
al. 2024). Therefore, patients harboring mutation in NMD-related genes that show a minor or no
phenotype, could have severe side effects upon treatment with NMD-inhibiting drugs such as SMG1i
(Kueckelmann et al. 2024).

This underscores the critical need for a thorough understanding of the NMD mechanism to develop
and apply NMD-targeting drugs effectively. A deep comprehension of these processes could lead to
the creation of highly specific treatments for disorders associated with NMD, offering alternatives to
broader-acting treatments like read-through drugs (Benslimane et al. 2024). For instance, synthetic
antisense oligonucleotides (ASOs) can be designed to selectively inhibit EJC binding and prevent the
NMD degradation of specific transcripts, as demonstrated with CFTR transcripts associated with cystic
fibrosis (Kim et al. 2022). This precision approach has the potential to improve treatment strategies for

genetic diseases linked to NMD dysregulation.

6.4 The two-factor authentication NMD model and remaining questions

Although the assembly of NMD factors is often depicted as a rigidly structured process, NMD is likely
a highly dynamic mechanism influenced by various auxiliary factors, such as SMG5:SMG7 or
SMG8:SMG9, within a branched network. The interaction among NMD factors is not static; they do not
simply bind to their partners and remain attached until the arrival of downstream effectors. Instead

NMD factors could be in a constant cycle of binding and dissociating. For effective NMD activation,
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multiple NMD factors must converge at specific locations synchronously, thus enhancing the likelihood
of transcript decay.

This thesis presents an updated model of NMD, underscoring its role as a precise and efficient
regulatory mechanism that balances degradation efficiency with specificity. Critical to ensuring that
only legitimate targets are degraded, NMD requires a tightly controlled system. Central to this control
is the key NMD factor, UPF1, which undergoes a stringent "two-factor authentication" process. This
ensures that its irreversible degradation activity is restricted exclusively to authentic NMD targets.
Upon translation elongation, the ribosome displaces different factors from the mRNA including UPF1
and the EJC (Zund et al. 2013, Kurosaki et al. 2014). However, aberrant translation termination, for
example due to a PTC, causes both UPF1 and the EJC to not be displaced, but to remain on the mRNA
for a prolonged time. Subsequently, UPF2 and UPF3 form a bridge between UPF1 and the EJC, and
UPF2 contributes to the activation of the SMG1:SMG8:SMG9 complex (Figure 15A) (Chamieh et al.
2008, Clerici et al. 2014). Upon ATP binding of SMG9, it undergoes a conformational change, prompting
SMGS8 to remove its KID from the SMG1 insertion domain (Li et al. 2017, Gat et al. 2019, Zhu et al.
2019). Consequently, the autoinhibitory state of SMG1 is not stabilized anymore, and active SMG1
phosphorylates the N- and C-terminal unstructured regions of UPF1, which is the first authentication
step (Figure 15B) (Yamashita et al. 2001, Langer et al. 2021, Kueckelmann et al. 2024). The
phosphorylation allows the SMG1 complex to dissolve from the mRNA and the dissociation of ATP from
SMG9 prompts the SMG8 KID to reintroduce the autoinhibitory state of SMG1 (Kueckelmann et al.
2024). The phosphorylation of UPF1 allows the heterodimer SMG5:SMG7 to bind via their 14-3-3-like
domains to the unstructured regions of UPF1 (Jonas et al. 2013, Chakrabarti et al. 2014). SMG6 can
bind to UPF1 both phosphorylation-dependent via its 14-3-3-like domain or phosphorylation-
independent via a region close to the 14-3-3-like domain (Chakrabarti et al. 2014). SMG5:SMG7
activate the C-terminal PIN domain of SMG6, which is the second authentication step (Figure 15C)
(Boehm, Kueckelmann et al. 2021). Subsequently, endonucleolytic cleavage of the mRNA is executed
in the vicinity of the PTC (Gatfield and Izaurralde 2004, Glavan et al. 2006, Eberle et al. 2008, Huntzinger
et al. 2008). The cleaved mRNA allows the NMD complex to disassembly (Boehm, Kueckelmann et al.
2021, Kueckelmann et al. 2024). Activation of the UPF1 helicase activity might contribute to the
disassembly and removes the NMD and RNA-stabilizing factors. Finally, the 5’-mRNA fragment is
targeted by exosomes and the exonuclease XRN1 degrades the 3’-fragment (Gatfield et al. 2004, Eberle
et al. 2009, Boehm et al. 2014, Schmidt et al. 2015).

In the updated NMD model, failure at any authentication step abolishes NMD activity and preserves
the mRNA transcript. Failure of the first authentication step, UPF1 phosphorylation, allows SMG6 to
bind UPF1 in a phosphorylation-independent manner. However, SMG5:SMG7 are unable to interact

with UPF1, preventing the activation of SMG6. Similarly, failure at the second authentication step,
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SMG5:SMG7 binding, also allows UPF1-SMG6 interaction, but SMG6 remains inactive without the

assistance of SMG5:SMG7.

A
cap —
PTC
B 1st authentication step: UPF1 phosphorylation by SMG1:SMG8:SMG9

UPF1

phosphory- (
lation

cap _
PTC

C 2nd authentication step: SMG5:SMG?7 activate SMG6

activation
SMG7

endo-
nucleolytic
cleavage

cap* G
PTC

Figure 15: Activation of NMD via two-factor authentication

(A) Upon target identification, UPF2 and UPF3 form a bridge between UPF1 and the exon junction complex (EJC; consisting
of EIF4A3, MAGOH, and RBMB8A). (B) Next, phosphorylation of the N- and C-terminal tails of UPF1 via the SMG1:SMG8:SMG9
complex is initiated (first authentication step) (C) SMG5:SMG7 bind to phosphorylated UPF1 and activate SMG6 (second
authentication step). SMG6 induces the degradation of the transcript via endonucleolytic cleavage in the vicinity of the

premature termination codon (PTC).
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Discussion

Despite extensive knowledge of the NMD machinery, fully understanding its intricate mechanism
remains a challenge due to the complexity and interplay of its core and auxiliary factors. Therefore,

key questions yet to be resolved include:

What processes guide the recruitment of SMG1 to NMD targets?

How do SMG8 and SMG9 contribute to NMD robustness?

Through what mechanism do SMG5:SMG7 activate SMG6?

What function does the catalytically inactive PIN domain of SMG5 serve?

Why does NMD inhibition cause stalled NMD complexes?

A T o

How is the recycling of NMD factors regulated?

Taken together, this thesis advances our understanding of the NMD mechanism, demonstrating the
pivotal role of UPF1 phosphorylation by SMG1 in NMD execution. It also highlights how SMG8 and
SMG9 contribute to NMD robustness and how the coordinated action of SMG5:SMG7 with SMG6 is
crucial for endonucleolytic cleavage, revealing that these pathways are neither redundant nor

independent.
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