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4. Summary

Nonsense-mediated decay (NMD) factors play important roles in detection and degradation of
abnormal RNAs. In humans, 10% of normal physiological messenger RNAs (mMRNAs) are
targets of NMD for degradation, and 30% of known disease-associated mutations are
associated with premature termination codon (PTC)-containing mRNAs. Generally, PTC is a
well-characterized and studied signal to induce NMD. However, there are exceptions to the
rule that NMD can degrade even mRNAs without PTCs, including long non-coding RNAs
(IncRNAs). The NMD pathway is comprised of a series of NMD proteins. Among which,
suppressor with morphogenetic effect on genitalia 7 (SMG7) is a famous NMD factor and plays
a key role in the regulation of tumor necrosis factor-alpha (TNFa)-induced extrinsic apoptosis;

however, this novel mechanism behind it has not been thoroughly investigated.

In this study, | showed that there are similarities and differences among the NMD regulators.
Knockout (KO) of Smg7 by CRISPR Cas9 in mouse fibroblast (MF) cells inhibited TNFa-
induced extrinsic apoptosis and allowed unrestricted expression of INncRNAs in addition to
NMD targets. Similar to Smg7 -/- MF cells, transcriptome analysis revealed that knockout of
NMD factor Smg6 by gene targeting in mouse embryonic stem cell showed an increase in
long intergenic non-coding RNAs (lincRNAs) while Upfl KD by siRNA in mouse myoblast cell
C2C12 showed a predominant upregulation in microRNAs (miRNASs). Interestingly,
Smg7 -/- MF cells shared 9 genes in common with Smg6 KO and Upfl KD cells, and 6 of

which were IncRNAs suggesting the vital role of the NMD system in controlling INncCRNAs.

Smg7 -/- cells showed several salient features. Biochemical analysis of the apoptotic pathway
in Smg7 -/- MF cells indicated that the tumor suppressor cylindromatosis (CYLD) was
downregulated and caspase activity was reduced compared to parental MF cells, thereby,
Smg7 -/- MF cells were switched to nuclear factor-kB (NF-kB)-mediated survival. A positive
correlation between SMG7 and CYLD expression levels was detected in both mouse and
human cells, and this wide conservation was further confirmed in human cancer cells and the
kidney cancer samples acquired from The Cancer Genome Atlas (TCGA). Apart from CYLD
suppression in Smg7 -/- cells, overexpression of IncRNAs Pvtl and Adapt33 by CRISPRa in
MF cells increased the resistance to TNFa-induced apoptosis. In contrast, the application of
pharmacologic IKK inhibitors in Pvtl-overexpressing TNFa-resistant cells and Smg7 -/-
spheroid models restored TNFa-induced cell death. Unlike Smg7 KD by CRISPRiI in NIH 3T3
cells, SMG7 KD by CRISPRi in HCT-116 and MCF-7 cells resulted in cell death and growth
arrest. Moreover, Adapt33 mRNA cross-linking precipitation showed that many enriched

genes are involved in cell death and survival regulation network as well as the NMD pathway.
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Furthermore, Smg7 -/- cells showed the TNFa-resistant performance when cultured in

Matrigel matrix.

To summarize, these findings indicate a novel role of SMG7 in protecting TNFa-induced
apoptosis through the regulation of tumor suppressor CYLD, onco-IncRNA Pvtl and IncRNA

Adapt33, and implicate a comprehensive role of NMD factor in the regulation of NF-kB.
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5. Zusammenfassung

Nonsense-mediated decay (NMD) Proteine sind fur die Kontrolle und den Abbau von
aberranten RNAs verantwortlich. In Menschen sind 10% der normalen physiologischen
messenger-RNAs  (mRNAs) NMD-Targets, wahrend 30% der bekannten
krankheitsassoziierten Mutationen mit vorzeitigen Stopcodons (PTCs) assoziiert sind. Diese
PTCs sind charakteristische Merkmale zur Induktion von NMD. Abgesehen davon sind auch
Ausnahmen bekannt, die zeigen das NMD sowohl mRNAs ohne PTCs als auchlanger nicht-
kodierender RNAs (IncRNAs) abbauen kann. Der NMD-Signalweg besteht aus einer Vielzahl
von NMD-Proteinen. Darunter ist der Suppressor mit morphogenetischer Wirkung auf die
Genitalien 7 (SMG7) ein bekannter NMD-Faktor, der eine Schllsselrolle bei der Regulierung
der durch Tumornekrosefaktor-alpha (TNFa)-induzierten extrinsischen Apoptose spielt. Der
neuartige Mechanismus, der dahinter steckt, ist jedoch noch nicht griindlich untersucht

worden.

In dieser Studie habe ich gezeigt, dass es Gemeinsamkeiten und Differenzen zwischen den
NMD-Regulatoren gibt. Das Knockout (KO) von Smg7 durch CRISPR Cas9 in
Mausfibroblastenzellen (MF) hemmt die TNFa-induzierte extrinsische Apoptose und
erm@glicht die uneingeschrénkte Expression von INCRNAs zusatzlich zu den NMD-Targets.
Ahnlich wie bei Smg7 KO MF-Zellen, zeigte die Transkriptomanalyse des Knockouts vom
NMD-Faktor Smg6 in embryonalen Stammzellen der Maus einen erhéhten Anteil an langen,
intergenen nicht-kodierenden RNAs (lincRNAs) aufweist, wahrend Upfl Knockdown (KD) in
Maus- C2C12 Myoblastenzellen eine Uberwiegende Hochregulierung von microRNAs
(miRNAS) zeigt. Interessanterweise haben Smg7 -/- MF-Zellen 9 Gene mit Smg6 KO- und
Upfl KD-Zellen gemeinsam, von denen 6 InNcRNAs sind, was auf die wichtige Rolle des NMD-

Systems bei der Kontrolle von INcCRNAs hinweist.

Smg7 KO Zellen zeigten mehrere auffalige Merkmale. Die biochemische Analyse des
apoptotischen Signalwegs in Smg7 KO MF-Zellen zeigte, dass der Tumorsuppressor
Cylindromatose (CYLD) herunterreguliert und die Caspase-Aktivitdt im Vergleich zu
unmodifizierten MF-Zellen reduziert war, wodurch Smg7 -/- MF-Zellen auf ein durch den
nuklearen Faktor-kB (NF-kB) gesteuertes Uberleben umgestellt wurden. Des Weiteren wurde
ein positiver Zusammenhang zwischen SMG7 und CYLD in humanen Zellen und Mauszellen
entdeckt und in menschlichen Krebszelllinien sowie Nierenkarzinom-Proben von The Cancer
Genome Atlas (TCGA) bestatigt. Zuséatzlich zur Suppression von CYLD in Smg7 -/- Zellen,
erhohte die Uberexpression von IncRNAs Pvtl und Adapt33 die Resistenz gegen TNFa
induzierte Apoptose. Im Gegensatz dazu fihrte die Anwendung pharmakologischer IKK-

Inhibitoren bei Pvtl Uberexprimierenden TNFa-resistenten Zellen und Smg7 defizienten
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Spharoiden zur Wiederherstellung des TNFa-induzierten Zelltods. Auch KD von SMG7 durch
CRISPRI in humanen Krebszellen fihrte zum Zelltod und Wachstumsstillstand, einelndikation
von einem weiteren Zusammenhang zwischen NMD und Zelltod. Dartiber hinaus zeigte eine
Adapt33 mRNA-Prazipitation eine erhdhte Anzahl von Genen in Uberlebensregulierungs- und
Zelltodnetzwerke, als auch im NMD Signalweg. Auf3erdem zeigten Smg7 -/- Zellen die TNFa-

resistente Leistung, wenn sie in Matrigel-Matrix kultiviert wurden.

Zusammengefasst unterstiitzen diese Ergebnisse eine neuartige Funktion von SMG?7 in der
TNFa-induzierten extrinsischen Apoptose durch die Regulierung von onco-IncRNA Pvtl,
INcRNA Adapt33, und Tumorsuppressor CYLD und legen eine umfangreiche Rolle als

Regulator von NF-kB durch einen NMD Faktor nahe.
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6. Introduction

6.1. NMD
6.1.1. The origin and function of NMD

Nonsense-mediated mMRNA decay (NMD), a conservative quality-control system to reduce
gene expression errors by eliminating transcripts that contain premature stop codons (PTC),
has been extensively investigated in eukaryotic cells. The phenomenon of NMD was first
described in human cells and yeast almost simultaneously 40 years ago [1, 2]. In 1993, the
term “nonsense-mediated mRNA decay” was introduced to describe this phenomenon [3]. In
plants, NMD degrades transcripts derived from not only protein-coding transcripts but also
transposons, pseudogenes, natural antisense RNAs and mRNA-like non-coding RNAs [4]. In
prokaryotes, mRNA cannot be degraded by NMD due to the lack of PTCs [5].

There are two NMD functions accepted widely in cellular processes: A), quality control of
abnormal transcripts, for example, degrading mRNAs harboring PTCs to prevent the
potentially deleterious truncated proteins; B), regulating the stability of many functional and
full-length mMRNAs in response to cellular needs [6, 7]. In humans, 10% of normal physiological
MRNAs are targets of NMD for degradation, while the mechanism under this phenomenon
remains incompletely clear [7-9]. Nevertheless, studies from many laboratories provided
supportive evidence that NMD is closely associated with the translation termination process.
At the end of the translation, cells need to make the final decision whether to continue using
this MRNA as a template for the next round of translation or to degrade it by NMD [10].

6.1.2. NMD factors and their molecular mechanisms

The NMD pathway is constructed by a series of NMD factors, including, for example, up-
frameshift protein 1 (UPF1) and SMG family proteins. The human UPF is known by its
homologue in S. cerevisiae, which is the first identified NMD factor [11]. UPF1, UPF2 and
UPF3 (UPF3A and UPF3B in mammals) are conserved from yeast to humans while SMG1,
SMG5, SMG6 and SMG7 seem to be only found in the metazoans [12, 13]. SMG8 and SMG9
are two novel subunits of SMG family proteins in the SMG1 complex identified in 2009 [14].

The NMD process starts with PTC recognition by the so-called SURF (SMG-1-Upfl-eRF1—
eRF3) surveillance complex, which contains SMG1, UFP1, eRF1 and eRF3 [15]. During RNA
splicing, a protein complex, exon junction complex (EJC) is attached 20-24 nucleotides (nt)

upstream of a pre-messenger RNA exon-exon junction (EEJ) [16]. EJCs are mainly composed
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of four key elements including the eukaryotic translation initiation factor 4A3 (elF4A3), the
cancer susceptibility candidate 3 (CASC3), the RNA-binding motif protein 8A (RBM8A or Y14)
and either the mago-nashi homolog (MAGOH) or the mago homolog B (MAGOHB) [17].
According to the established rule, NMD will be elicited if PTCs are presented more than 50—
55 nt upstream of the last EEJ (Figure 6-1) [18]. Extreme evidence showed the distance
between PTCs and nearest EEJ that NMD could identify can be up to 4.5 kb [19].
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Figure 6-1. NMD depends on the position of PTC relative to the 3’ most EEJ.

Exon junction complex (EJC) locates 20-24 nt upstream of the exon-exon junction (EEJ). During
translation, the ribosome will remove all of the EJCs and their associated proteins. Generally, mMRNAs
with PTCs located 50-55 nt upstream of the 3° most EEJ is the signal for NMD degradation.

As shown in Figure 6-2, in the starting round of translation, the ribosome removes the EJC
and other mRNP (messenger ribonucleoprotein) complexes from the entire coding region to
maintain the standard translation process. When a translation is terminated at a PTC, the
SURF surveillance complex is constructed. Subsequently, UPF1 and SMGL1 are recruited to
EJC complex through UPF2, forming the SURF-EJC complex, which is also known as decay-
inducing complex (DECID), then resulting in the UPF1 phosphorylation by SMG1 [15]. The
hyperphosphorylated UPF1 provides the binding platform for the NMD complex, including
SMG5, SMG6 and SMG7, leading to the degradation of NMD targeted mRNAs by SMGS6,
SMG5-SMG7 or PNRC2 decapping route. SMG6 cleaves mRNA endonucleolytically near
PTCs, the 3’ and 5’ fragment RNAs are rapidly degraded by XRN1 and exosome, respectively.
In contrast, SMG5-SMG7 can recruit the deadenylation CCR4-NOT complex to the NMD-
targeted RNAs, which are subsequently degraded by XRN1 [6].
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Figure 6-2. The activation of NMD and degradation of targeting mRNA.

The figure was modified from Karousis et al. and Kashima et al. [6, 15]. In the first round of translation,
the EJCs and their associated proteins are dislocated by the ribosome. When the translating process
terminates at the PTC, UPF1 and SMG8/9 are recruited to the translation termination complex which
consists eRF1-eRF3 forming the “SURF” surveillance complex. Following the release of SMG8/9,
UPF1 is phosphorylated by SMG1 and joins the downstream EJC to promote the formation of the decay-
inducing (DECID) complex. In this situation, UPF1 can recruit SMG6 or SMG5/7 heterodimer, which
results in the dephosphorylation of UPF1 and triggers the corresponding mRNA decay via an
endonucleolytic or exonucleolytic method. SMG6 as an endonuclease can cleave mRNA near the PTC,
and the 5’ and 3’ fragment RNAs are rapidly degraded by XRN1 and exosome, respectively. SMG5-
SMGY7 recruits the deadenylation CCR4-NOT complex via CNOT8 (POP2) to NMD targets, which are
subsequently degraded by XRN1. The decapping complex (DCPC) is recruited directly by UPF1 or via
PNRC2, leading to the degradation of target mRNA.
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6.1.3. General NMD targeting features

Generally, PTC is the well-characterized and studied signal to induce NMD. However, there
are exceptions to this model that NMD can degrade even PTC-free mRNAs. Normal
termination codons can also trigger NMD when it is too far away from the poly(A)-binding
protein PABPCL1. On the contrary, NMD can be inhibited by folding the poly(A) tail near the
PTC or by tethering PABPC1 in the vicinity of the PTC [20]. Upstream open reading frames
(UORFs) are another feature that can trigger the NMD pathway. The termination codon of a
UORF can be recognized as a PTC that leads to mMRNA degradation when the mRNA lacks a
stabilizer element (STE), such as CPAL [21, 22]. mRNAs with spliceable intron-containing 3’
UTRs are also the targets of NMD. [23]. Apart from NMD, RNAs also can be degraded by
other mechanisms. One well-known example would be microRNA (miRNA) which is involved
in nearly all biological processes. miRNA (19-25 nt) can bind to Argonaute and other proteins
to promote the formation of miRNA-induced silencing complex (miRISC) and guide this
complex to its target RNAs to mediate the repression of protein production or the degradation
of mMRNAs by recruitment of CCR4-NOT deadenylase complex [24]. Dicer is a multi-domain
RNase lll-related endonuclease responsible for generating mature miRNA and small
interfering RNA (siRNA) using the pre-microRNA and double-strand RNA (dsRNA),
respectively. In contrast to miRNA that one miRNA can target many mRNAs, siRNA is a 21—
22 nt dsRNA which can specifically cleave one mRNA with minor off-target exceptions [25,
26].

6.1.4. NMD related disease

It is reported that 30% of known disease-associated mutations are associated with PTC-
containing mMRNAs [27]. Among these diseases, B-thalassemia is the earliest and most
prototypical example. The disorder of hemoglobin production causes this disease.
Hemoglobin is a tetramer composed of 2 a-globin and 2 3-globin chains. 8-globin mRNA has
typically three exons, and non-sense mutations that happen within the first two exons generally
trigger NMD and protect heterozygotes from [-thalassemia. On the contrary, mRNAs
harboring PTCs within the third exon are generally not targeted for NMD, and therefore,
truncated B-globin leads to symptomatic, dominantly inherited p-thalassemia [28]. Several
diseases like myotonia congenital [29], retinal degeneration [30, 31], robinow syndrome [32]

and brachydactyly-type B [33] are all related to NMD. Moreover, coronaviruses (CoVs)

19



infection is under control by the NMD system. Many features in Cov, including long 3’ UTR,
make it appears to be targeted for NMD. Conversely, CoV replication also inhibits the function

of NMD by one structural N protein of the virus [34].

Undoubtedly, NMD is involved in tumor development, though the mechanism is still quite
poorly understood. Under certain circumstances, tumors use the NMD system to degrade the
essential tumor suppressor. Under other circumstances, tumors adjust the activity of NMD to
provide a microenvironment adapted to tumor growth [35]. Many kinds of cancer types exhibit
mutated UPF1 protein, which is the core factor in the NMD system, especially in endometrial
and ovarian cancers [36]. As a tumor suppressor, E-cadherin (CDH1) can suppress the
invasion and metastasis of hereditary diffuse gastric cancer (HDGC) cells. The data showed
that PTC-containing CDHL1 transcripts were strongly downregulated in healthy gastric tissue,
while HDGC patients with PTC-containing CDH1 alleles showed a relationship of their
predicted NMD capacity and an earlier age of gastric cancer [37]. In microsatellite instable
colorectal cancers (MSI), inhibition of NMD activity resulted in the re-expression of several of
PTC mutant proteins, which possess potentially deleterious activity on MSI tumorigenesis and
reduced tumor growth [38]. A genome-wide pan-cancer analysis across 24 cancers from
TCGA revealed that NMD plays an essential role in promoting loss-of-function (LoF) of the
affected genes, i.e., through loss of expression. Half of the highly mutated gastric
adenocarcinomas were associated with NMD-inducible mutations in the translation promoters
LARP4B and EIF5B [39]. Altogether, NMD is involved in different kinds of cancers and may

be an effective strategy for cancer treatment.

6.2. SMG7

SMG7 (suppressor with morphological defects on genitalia 7), was first cloned in
Caenorhabditis elegans and characterized as an NMD associated gene [40]. The structure
revealed that SMG7 has a 14-3-3-like domain [41] and there are 2 tetratricopeptide (TPR)
repeats at the N-terminal end, which is generally thought to mediate protein-protein
interactions [42]. SMG7 can heterodimerize with SMG5 in an unusual perpendicular back-to-
back orientation via their 14-3-3-like phosphopeptide recognition domains, thereby increasing
the affinity between SMG5-SMG7 and UPF1 [43]. SMG7 localizes in cytoplasmic mRNA
decay bodies and can degrade a reporter transcript tethered to it by the C-terminal domain in
the absence of a PTC, UPF1, SMG5 or SMG6 [44]. The functions of SMG5-SMG7 complex
and SMG6 have redundant parts in NMD via endo- and exonucleolytic mMRNA degradation

pathways [43, 45, 46]. Metze et al. showed that different NMD factors might have their specific
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target transcripts, for example, SMG6 preferentially cleaved PTC-containing immunoglobulin
M reporter transcripts while SMG5/SMG7 predominantly degraded (-globin transcripts [45].
Furthermore, SMG7 recruits deadenylase complex CCR4—-NOT via a catalytic subunit POP2
(also known as CNOT8), and thereby promotes deadenylation and subsequent decapping of
NMD targets [46]. As reported recently, SMG7 is important to UPF1-dependent miRNA-
mediated 3° UTR-length-dependent mRNA decay [47]. Moreover, two recent studies showed
SMG?7 interacts with p53 and influences cellular survival [48, 49]. The SMG7 gene was also
found to be associated with prostate cancer in a genome-wide scan [50]. We previously
identified a role for Smg7 in protecting cells from TNFa-induced apoptosis in a genome-wide
mutation screen [51]. However, the downstream targets of SMG7 are not well understood in

terms of their functional roles on TNFa and tumor biology.

6.3. Apoptosis

6.3.1. Apoptosis and its molecular mechanism

Apoptosis is a kind of programmed cell death which occurs in multicellular organisms. The
German scientist Carl Vogt firstly described the apoptosis principle in 1842 [52]. In contrast to
necrosis, which is an acute cell injury and always causes inflammation, apoptosis is a highly
regulated and controlled process to eliminate the “unwanted” or damaged cells from
multicellular organisms to prevent the release of intracellular components which can induce
inflammation [53]. These apoptotic cells are shrunken, with condensed cytoplasm and

pyknotic and fragmented nuclei, which are subsequently phagocytosed by other cells [54].

Like many other complex cellular processes, apoptosis is triggered by both exogenous and
endogenous stimulus, including physical, chemical and biological factors [55]. Therefore,
apoptotic pathways can be divided into extrinsic pathway and intrinsic pathway. In the extrinsic
pathway of apoptosis, ligands bind to death receptors outside of the cell membrane, leading
to trimerization of TNF receptors, which can recruit the receptor-specific adapter protein Fas-
associated death domain (FADD). When the receptor is engaged, procaspase-8 will be
recruited and cleaved into activated format to form the death-inducing signaling complex
(DISC), which then initiates apoptosis by directly activating the executioner caspase-3 or
switches to intrinsic apoptosis by cleaving Bid [56, 57]. In the extrinsic pathway of TNFa-
induced apoptosis, the binding of TNFa to TNF-R1 recruits a few adaptors (for example
TRADD, RIP1 and TRAF2) to form the membrane proximal complex I. Followed by this, the
K-63-linked polyubiquitin chains on RIP1 and TRAF2 are cleaved by CYLD to promote the

formation of complex Il, also known as DISC, thus inducing apoptosis [58]. The intrinsic
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(mitochondrial) pathway is activated by the potential alteration on mitochondrial membrane,
resulting in the efflux of pro-apoptotic proteins into the cytoplasm. After the assembling of
apoptosome by cytochrome ¢ and Apaf-1, caspase-9 is activated and thus activates
executioner caspase-3. The members of the Bcl-2 protein family are implicated in the intrinsic

apoptosis pathway, playing either pro-apoptotic or anti-apoptotic roles [59].

6.3.2. NMD interacts with apoptosis

NMD can be shut down during apoptosis via caspase activity. The core NMD factors UPF1/2
are cleaved by caspases during apoptosis while, in turn, caspase-cleaved UPF fragments can
promote apoptosis [60]. On the contrary, NMD also affects apoptosis. It has been reported
that NMD might regulate Bax, Bcl-2, caspases-3 and PDE, and suppress N-methyl-N-
nitrosourea (MNU)-induced apoptosis in rat photoreceptor cells [61]. Another study indicated
that NMD could promote the timely termination of the unfolded protein response (UPR) to
avoid apoptosis in response to ER stress, and that NMD also could buffer cells from an
overactive UPR to avoid the unnecessary apoptosis [62]. Furthermore, Upfl -/- blastocysts
cells at 3.5 days post-fertilization underwent apoptosis after a short cell expansion in culture
[63]. Interestingly, in human U20S osteosarcoma cells, the depletion of another NMD factor,
hSMG1, by small interfering RNA significantly increased the magnitude and rate of TNFa-
induced apoptosis. However, this was not mediated by suppressing NMD, rather than by the
decay of the long FLICE-inhibitory protein (FLIPL) [64].

6.4. LncRNA

6.4.1. The definition and classification of IncRNA

Long non-coding RNA is defined as a subtype of RNA where the length of the transcript is
longer than 200 nt and cannot be translated into protein. The IncRNAs may have a total length
of more than 100 KB and are typically expressed in a very low amount [65]. In total, protein-
coding genes make up about 2% of the human genome, while about 98% of the genome is
the birthplace of IncRNAs (perhaps 15,000 IncRNASs) [66, 67]. Similar to messenger RNA
(mRNA), the IncRNA is transcribed by RNA polymerase Il and undergoes capping, splicing

and polyadenylation, leading to different isoforms from the same locus [68, 69].

Based on their genomic structure and origin, INcRNAs are divided into many different types.

Many IncRNAs are overlapped with protein-coding genes. According to whether IncRNAs
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overlap with protein-coding genes, INcRNAs consist of two major categories: non-overlapping
and overlapping INcRNAs (Figure 6-3). The first group is non-overlapping IncRNAs, which are
located and transcribed between two protein-coding genes using independent promoters;
therefore, they are termed as intergenic IncRNAs (lincRNAs). Those IncRNAs that are located
on the opposite strands of protein-coding genes, within 1 kB in distance, and share the same
promoter with protein-coding genes are termed as bi-directional IncRNAs. The second group
is overlapping IncRNAs, which are also made up of two subsets. The sense or anti-sense
IncRNAs are overlapped with at least one exon of another gene and can be transcribed in any
directions from the protein-coding gene. Similar to sense and anti-sense IncRNAs, the whole
transcripts located between intronic regions with no overlap of the exonic sequences are

classified as intronic INcRNASs.
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Figure 6-3. Classification of IncRNA due to the genomic location.

Based on the genomic locations and orientations, INCRNAs are divided into six categories. Intergenic
IncRNAs are transcribed between two genes and do not overlap with protein-coding or any other
lincRNA gene exons. Bi-directional IncRNAs are IncRNA sequences located on the opposite strand
from protein-coding genes and head to head in a surrounding less than 1 kB in the distance. Sense and
anti-sense IncRNAs overlap with the introns and/or exons of protein-coding genes, and the transcripts
can initiate in the same or opposite direction from the protein-coding gene. Sense and anti-sense
intronic INCRNAs are located between two introns of protein-coding genes in either sense or antisense

orientation.

6.4.2. The function of IncRNA

In cells, IncRNAs show multiple functions in regulating gene expression as cis- or trans-
regulators [70]. In Malatl knockout (KO) mice, many Malatl-adjacent genes were
dysregulated, suggesting a prospective cis-regulatory function of Malatl [71]. The IncRNA
DLEU1 and DLEU2 are found on chromosome band 13gq14.3. DNA-demethylation of these
two genes at transcriptional start sites that coincides with transcriptional dysregulations of their
neighboring tumor suppressor genes in chronic lymphocytic leukemia (CLL) cells, suggesting
a cis-regulatory role in this gene cluster [72]. In contrast, IncCRNAs also regulate gene
expressions at a distance from their transcription sites as trans-regulators. One RNA antisense
purification and mass spectrometry (RAP-MS) experiment showed that IncRNA AFAP1-AS1
is associated with more than 20 candidate proteins in vivo [73]. In IncRNA Pnky-deficient mice,
overexpressed Pnky from a bacterial artificial chromosome (BAC) construct rescued the
developmental phenotypes, indicating the INncRNA Pnky is a trans-regulatory progenitor that

regulates development in mice. [74].

As reviewed in several papers, itis clear that IncRNAs are important in gene regulation (Figure
6-4), although their functions are still not fully understood. LncRNA transcripts transcribed
upstream of a gene can influence their downstream genes in positive or negative ways, which
is obtained by inhibiting the recruitment of RNA polymerase Il or remodeling chromatin,
respectively. Antisense-transcribed IncRNA can hybridize with the overlapping sense gene
and inhibit the splice-site recognition, producing the alternatively spliced transcripts. The
sense and antisense binding RNA complex is a resource for Dicer to generate endogenous
SiRNAs. It is also reported that INcRNA can act as a miRNA sponge to silence a miRNA.

Additionally, INncRNA can be processed into small ncRNAs (sncRNAs). LncRNAs not only
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interact with RNAs but also regulate gene expression in protein levels by modulating the
activities of the partner proteins, serving as a structural component, enabling the formation of
more abundant RNA-protein complexes, changing the localization of a protein within the cell

and affecting epigenetic processes [75-77].
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Figure 6-4. Summary of IncRNA functions.

The figure was modified from Wilusz et al. and Sana et al. [75, 76]. LncRNA upstream of a gene can
either promote (1) or inhibit (2) the gene expression by inhibiting the recruitment of RNA polymerase Il
or remodeling chromatin, respectively. (3) The antisense IncRNA can form a dimer with the overlapping
sense mMRNA transcript and inhibit the splice-site recognition, producing the alternatively spliced mRNA.
(4) In addition, the sense and antisense binding RNA complex is a resource for Dicer to generate
endogenous siRNAs. (5) The hybridization of IncRNA and miRNA can lead to the silencing of miRNA.
(6) LncRNAs are also able to bind to their partner proteins and participate in (7) cellular structural and/or
organization, (8) altering the cellular localization of a protein and (9) affecting epigenetic processes. (10)

Moreover, IncRNAs can be degraded into sncRNAs.

6.4.3. Dual functions of IncRNA in apoptosis

LncRNAs have dual functions (either promotion or inhibition) in response to apoptosis. One
main function of INncRNAs is to induce apoptosis. For example, knockdown of IncRNA growth
arrest-specific 5 (GAS5) diminished apoptosis in THP-1 cells under OxLDL treatment [78].

LncRNA TUGL is a tumor suppressor that can promote apoptosis in human glioma cells [79].
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Additionally, IncRNAs are also able to inhibit apoptosis. For example, IncRNA SNHG12 inhibits
apoptosis in colorectal cancer cells [80], and INcRNA CASC9 suppresses apoptosis in oral
squamous cell carcinoma [81]. Furthermore, the same IncRNA can display different roles in
different cells. For example, IncRNA HOTAIR can induce apoptosis in chondrocytes [82] and

MCF-7 [83] cells, while inhibiting apoptosis in PANC-1 [84], nucleus pulposus [85] cells.

6.4.4. LncRNA in human diseases

As a result of this versatility, IncRNAs perform a widespread effect in human diseases, in
particular, human cancer [86, 87]. A database for IncRNA-associated disease
(LncRNADisease, version 1.0) showed around 480 experimentally supported INncCRNAs
contribute to 166 diseases, including 39.8% cancer, 10.8% cardiovascular disease and 8.4%
neurodegeneration disease [88]. In 2019, LncRNADisease 2.0 was published where 19166
IncRNAs, 823 circRNAs and 529 diseases were included. Cancer still ranked the top
associated disease (44.2%) followed by cardiovascular disease (11.6%) and
neurodegeneration disease (7.3%) [89]. Dysregulation of IncRNAs was found in a lot of
cancers, such as breast cancer [90-92], leukemia [93, 94], colorectal cancer [95, 96], liver
cancer [97-99]. Lots of oncogenic-IncRNAs (onco-IncRNAs), such as ANRIL, MALAT1 and
GASS5, are increasingly being characterized as cancer-associated genes [100, 101], while
others, e.g., HOTAIR and H19 are used as biomarkers [102-104]. Moreover, many reports
showed that INcCRNAs exert impacts on cellular activities including proliferation, migration,

invasion, apoptosis and cell cycle [105, 106].

6.4.5. LncRNA Pvtl

Plasmacytoma variant translocation 1 (Pvtl) was firstly reported in 1984 in mouse [107]. Soon
afterwards, the human PVT1 (homologous to Pvtl) was also observed in human Burkitt's
lymphomas serving as a variant translocation site and in T lymphoma possessing a retroviral
integration site, suggesting its involvement in carcinogenesis. Later, PVT1 was found to be
frequently upregulated and amplified in a variety of cancers [108]. Pvtl is a large lincRNA and
spans more than 200 kb in the genome. PVT1 is located downstream of c-myc, within the well-
known cancer-related 8924.21 chromosomal region, where is considered to be a “gene desert”
as approximately two megabases of nucleotides contain only four genes [109]. PVT1 is a well-
characterized oncogene and involved in many cancers, for example, gastric cancer [110], lung

cancer [111], pancreatic cancer [112], liver cancer [113], ovarian and breast cancer [114].
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PVTL1 is a biomarker for non-small cell lung cancer (NSCLC) diagnosis and prognosis, patients
with higher PVT1 expression experienced shorter disease-free survival (DFS) and overall
survival (OS) times [115]. A similar phenomenon was also found in osteosarcoma patients,
where the overexpression of PVT1 decreased the survival time [116]. Moreover, PVT1 serves
as a sponge for many miRNAs such as miR-195 [116], miR-448 [117], miR-152 [118], miR-
488-3p [119], miR-203 [120] and miR-149 [121] and involves in cancer dynamic gene
regulation. Interestingly, several publications mentioned PVT1-targeted miRNAs promote
apoptosis in cancer cells [116, 122-126]. In contrast, PVT1 encodes a group of six miRNAS,
including miR-1204, miR-1205, miR-1206, miR-1207-3p, miR-1207-5p and miR-1208 in
human [127]. Colombo et al. also showed PVT1 preferred to bind the mir-200 family, which
under normal conditions antagonistically regulates hundreds of genes; moreover, PVT1

showed increased expression in tumors and a high Pearson correlation with MYC [108].

6.5. NF-kB
6.5.1. Components and activation of NF-kB

NF-kB family proteins are inducible transcription factors that regulate an extensive array of
genes involved in inflammation, immunity, cell proliferation, differentiation and survival [128].
These factors include five genes NF-kB71 (p50/p105), NF-kB2 (p52/p100), RelA (p65), c-Rel
and RelB. They contain a Rel homology domain (RHD) and thus can mediate dimerization,
interaction with their specific repressors and binding DNA. NF-kB proteins can be synthesized
in a mature or precursor form. Thus they are divided into two groups: RelA, c-Rel, and RelB
can directly interact with the transcription elements while NF-kB1 and NF-kB2 need to be
proteolyzed by the proteasome and converted into an active format from p100 and p105 to
p50 and p52 [129]. Within a cell, NF-kB forms either homo- or hetero-dimers. Rel-A, c-Rel and
RelB have a trans-activation domain by which they can recruit co-activator and initiate
transcription. On the contrary, p50 and p52 don'’t carry the trans-activation domains, so they
need to form heterodimerization either with p65, cRel or RelB or with non-Rel transcription
factors, including specific inhibitors of NF-kB (IkBs) proteins [130]. In quiescent cells, NF-kB
stays in an inactive status due to the binding of IkBs. IkBs consist of four members, including
IkBa, IkBB, IkBe and Bcl-3, which bind to the RHD domains of NF-kB through their ankyrin
repeats, resulting in NF-kB transcriptional inactivation. Interestingly, p105 and p100 also have
ankyrin repeats through which they maintain their inactivity [131]. Since p105 and pl100

possess the inhibition activities like IkB, they are also treated as IkB proteins [132].
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6.5.2. Therole of CYLD in the NF-kB pathway

As a tumor suppressor, the deubiquitinase CYLD plays an essential function in the activation
of the NF-kB signaling. In complex |, polyubiquitinated RIP1 and TRAF2 recruit and activate
IkB kinase (IKK) and transforming growth factor-B-activated kinase 1 (Takl), which in turn
activate NF-kB. The absence or downregulation of CYLD results in the increase of TRAF2 and
RIP1 K-63 polyubiquitination, therefore, pronouncing the activation of the IKK complex [58].
IKK complex consists of NF-kB essential modulator (NEMO or IKKy), IkB kinase a, (IKKa or
IKK1) and IkB kinase 3 (IKKB or IKK2) [131]. CYLD can also inhibit IKK by the removement of
K-63 polyubiquitin chains from IKKy. As a result of reduced CYLD expression, IKK activation
accelerates the phosphorylation and K-48 polyubiquitination of IkB and subsequent
degradation of the proteasome. Eventually, NF-kB is activated and transferred into the nucleus

facilitating NF-kB-targeted genes transcription [58].

6.5.3. NF-kB regulates apoptosis by promoting anti-apoptotic genes

expression

TNFa is a proinflammatory cytokine that has diverse roles in cellular events, including NF-kB
activation and apoptosis. In 1996, Van et al. showed that the inhibition of NF-kB activity by
blocking IkB degradation promoted TNFa-induced apoptosis in several cell lines [133].
Following this, in 1998, Van et al. showed a set of genes induced by NF-kB activation
downregulated the apoptosis signal upon TNFa treatment [134], suggesting that NF-kB
mediated survival. Now NF-kB is commonly accepted to be involved in apoptosis by
upregulating anti-apoptotic genes. One of these genes is FLIP, which is highly homologous to
caspase-8 but does not have the function of degrading proteins, therefore, it inhibits apoptosis
by competing with caspase-8 for binding to DISC. The inhibitors of apoptosis (IAPs) and
several Bcl-2 family proteins are also the NF-kB-targeted genes. In addition, NF-kB may
disrupt p53 by upregulating anti-apoptotic genes, which results in the inhibition of p53-induced
apoptosis [129].
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7. The goal of this study

SMG7 is a well-known NMD factor that functions together with UPF1 to deadenylate and
degrade target RNAs [43, 46]. Recently, SMG7 was also reported to interact with p53 in HCT-
116 cells [48, 49] and found to be associated with prostate cancer [50]. We previously
identified that knockout of Smg7 can protect MF cells from TNFa-induced apoptosis in a
genome-wide mutation screen [51]. TNFa has been shown to cause tumor cytotoxicity [135],
but it also has a key function in the activation of NF-kB and inflammation. However, the
mechanism of SMG7 involved in TNFa-induced extrinsic apoptosis and its tumor biology, as

well as its downstream targets, are still poorly understood.

The following questions will be addressed in this dissertation:

1. Does SMG7 influence the global NMD system, and what kind of RNAs does SMG7 prefer

to target?

2. What are the genes that are differentially expressed in Smg7 -/- MF cells? Especially in

the TNFa pathway.

3. Can other NMD factor deficiency protect cells against TNFa-induced apoptosis, and what

are the expression profiles of other NMD factors in Smg7 -/- cells?

4. Do SMG6 and UPF1 target the same cluster of RNAs and which genes do they share with

Smg7 -/- cells?

5. What is the functional role that SMG7 plays in TNFa-induced apoptosis and its potential

target genes?

6. What is the role of SMG7 in human cancer and cancer cell lines?
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8. Results

8.1. Smg?7 -/- cells are resistant to TNFa-induced apoptosis

Data in this section have been published in Molecular Oncology [136].

When stimulated by TNFa, the cells can decide either to initiate cell death by triggering
apoptosis pathway or remain alive by activating the NF-kB pathway. In our previous work, we
showed that Smg7 knockout immortalized mouse fibroblasts (MF) only exhibit the protection
against TNFa-induced apoptosis but not any other cell death inducers [51]. Here | re-
conducted the TNFa sensitivity experiment with parental MF cells in the presence of a caspase
inhibitor Z-VAD-FMK (zVAD) and observed a rescue, suggesting caspase involvement in
TNFa-induced extrinsic apoptosis (Figure 8-1A). | also conducted an Smg7 knockdown by
CRISPR interference (CRISPRI) [137] in NIH 3T3 cells (Smg7 KD) and achieved a similar
result as in Smg7 -/- MF cells (Figure 8-1B). In both CRISPR KO and CRISPRI cases, a
consistent pattern was found that cells were not sensitive to TNFa-induced apoptosis any

more, possibly due to blocked signaling in TNFa-insensitive cells.
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Figure 8-1. Effects of Smg7 ablation on cell death inducers.

(A) TNFa dose-response curves in Smg7 -/- cells compared to parental MF cells (parental) with caspase
inhibitor Z-VAD-FMK 10 pM (zVAD) and validation of ~127 kD protein absence by Western blot. Viability
is represented as mean = SEM of n=4 technical replicates. The experiment was repeated

independently N = 3 times with similar results and a representative example is shown. (B) TNFa dose-
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response curves of Smg7 CRISPRi knockdown (Smg7 KD) compared to empty KD vector control NIH
3T3 cells (control KD). Viability data represent mean + SEM of n =4 technical replicates of two
independent experiments. Western blot showed the Smg7 KD efficiency. (C) Viability of
Smg7 -/- compared to parental MF cells (parental) against apoptosis inducers: 10 ng/mL tumor necrosis
factor (TNFa), 100 ng/mL TNF-related apoptosis-inducing ligand (TRAIL), 12.5 ng/mL TNF-like weak
inducer of apoptosis (TWEAK), 10 upg/mL lipopolysaccharide (LPS), co-treatment with 20 pg/mL
cycloheximide (CHX) or 20 ng/mL interferon-gamma (IFNy). (D) Viability of Smg7 -/- compared to
parental MF cells (parental) against chemotherapeutic drugs: 20 uM Doxorubicin, 2 uM Staurosporine,
0.05 puM Vinblastine, 0.4 uM Paclitaxel, 250 mM Dichloroacetic acid, 50 pM 5-Fluorouracil. Viability data
(C, D) are plotted as mean + SEM of n = 3 or 4 technical replicates. Data were analyzed by Vanessa

Kraft and me. Data and figure legend were published in Molecular Oncology [136].

Next, | investigated whether SMG7 deficiency exclusively affects TNFa signaling engaged by
other ligands or leads to other cell death forms. To this end, Smg7 -/- and parental MF cells
were treated with TNF-related apoptosis-inducing ligand (TRAIL), TNF-related weak inducer
of apoptosis (TWEAK) and lipopolysaccharide (LPS) separately. However, none of them can
induce cell death, regardless of extra sensitization of cycloheximide (CHX) or IFNy (Figure
8-1C). There was marginal defense against doxorubicin and staurosporine, and partial zZVAD-
independent cell death to paclitaxel in Smg7 -/- cells when treated with a group of
chemotherapeutic agents (Figure 8-1D) [51]. In short, this sensitivity to TNFa-induced
apoptosis in Smg7 -/- MF cells is inducer-dependent and functions primarily through the TNF

signaling pathway.

8.2. Apoptosis-resistant Smg7 -/- cells upregulate non-coding RNAs

Data in this section have been published in Molecular Oncology [136].

PTC-containing transcripts and IncRNAs are the well-known targets of NMD. In order to
determine the downstream effects on SMG7 ablation, four hallmark IncRNAs were picked for
guantitative PCR (qPCR). In Smg7 -/- cells, three of the four transcripts, Gas5, Anril and Hotair,
were up-regulated roughly ~2 to 6-fold, whereas Malatl was reduced (Figure 8-2A). A
hypothesis is that these transcriptional modifications were caused by the functional
redundancy in the NMD complex or as compensation for SMG7. The qPCR study of a group
of core NMD factors, on the other hand, showed only slight increases in transcripts Smg5 and
Upf3b, indicating mild compensation (Figure 8-2B). Next, | investigated if the ablation of the
same NMD factors in Figure 8-2B could also protect cells against TNFa-induced apoptosis by

reanalyzing data from a TNFa pan-genomic mutagenesis screen in the same cells [51]. The
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result showed only a small fraction of guides against Smg7 and Upf2 were observed to be
enhanced, suggesting the insensitivity to the TNFa-induced apoptosis is achieved by a
dedicated SMG7 mechanism instead of by global destruction of NMD (Figure 8-2C). | did not
investigate UPF2 further in this study.

Cc CRISPR NMD
A B
IncRNAs 3 NMD 8 #: not detected
c6 5 5 —untreated
_% 2, I parental %6 == TNFa
B4 o mm Smgi-/- n
s = S 4
S =
b g 3
<, =1 g 2
4 x 5
£ E 2
0 0 —_—H _# - —# =t
Malat1 Gas5 Anril Hotair Smg1 Smg5 Smg6 Upfl Upf2 Up3b Smg1 Smg5 Smg6é Smg7 Upf1 Upf2 Upf3b

Figure 8-2. SMG7 can protect cells against TNFa.

(A, B) Gene expression analysis by qPCR of hallmark long non-coding RNA (IncRNA) targets and a
panel of NMD regulators in Smg7 -/- relative to parental MF cells. Expression data are shown as
mean + SD of n = 3 technical replicates. Experiments were conducted by Susanne Pfeiffer and me. (C)
Normalized read counts of NMD regulators from a pan-genomic CRISPR mutagenesis screen in MF
cells after TNFa selection. Data represent mean + SEM of n = 2-5 guides per gene according to [51]. #,
not detected. Data were analyzed by Joel Schick and me. Data and figure legend were published in

Molecular Oncology [136].

Next, | tested if specific groups of transcripts are impacted in Smg7 -/- cells using RNA
sequencing. The top 100 upregulated and downregulated transcripts were collected for
analyzing. The transcripts were grouped by biotype and, as expected, canonical NMD targets
were the most prominent cluster (33%) among the top 100 upregulated transcripts. In specific,
protein-coding genes comprised 29%, while IncRNAs and ncRNAs made up 35% of the
highest upregulated transcripts (Figure 8-3A, Table 13-1). In comparison, the bulk (78%) of

the top 100 downregulated transcripts were almost entirely protein-coding genes.

Remarkably, general biotype differential expression analysis indicated that the most
substantially upregulated biotypes were long intergenic non-coding RNAs (lincRNA, Figure
8-3B, p(adj) =0.0000) and antisense transcripts (p(adj) = 1.84E-67), while protein-coding
genes displayed just a minimal reduction (Figure 8-3B). Separate subclasses of INCRNAs,
which include sense intronic, macro INcRNA and 3’ overlapping ncRNA, were similarly slightly
elevated. Pseudogenes are similar to functional genes and usually contain frameshifts and

PTCs. In this study, pseudogenes showed a mild decrease, whereas global NMD targets only
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showed a small increase (log2(FC) =0.26) in comparison. The miRNA transcripts were
reduced (log2(FC) = -0.62, p(adj) = 5.65E-22, Table 13-1), as forecast, in line with the position
of the IncRNA as the miRNA sponges [13].

'Iogm p(adﬂ
A UF“ B1 5- q\{{ﬁ Transcriptome
) ¢.®b 60

@ 1.0
=
n=100 £ g5, 40
DOWN =
‘ g
g 20
05
n=100 —1_[}.......‘.‘.......
2 @ .3 & : @
nonsense mediated decay GPQ.;P&D E‘%@ﬁo@&@\@ }\@Q\@#@
protein coding AN S QP\?@ 2" &° R é\\ﬁ‘&é@@c’
processed transcript Mol o@ & POINJAS
m lincRNA Q & & (\0 éQ\EP
= | mm retained intron 2 rsﬁ‘faao
¥ | mm antisense ,_g? &
2| mm bidirectional promoter IncRNA & &
s MIRNA &
ws other w0

Figure 8-3. Smg7 -/- cells upregulate non-coding RNAs.

(A, B) Differential gene expression of Smg7 -/- compared to parental MF cells. RNA of n = 3 technical
replicates were deep sequenced as 100 bp paired-end runs on an lllumina HiSeg4000 platform and
gencode transcripts and significance were evaluated using DESeq2. (A) Biotype classification of the
top 100 up- and downregulated genes. (B) Global analysis of differentially expressed biotypes of
Smg7 -/- transcripts compared to parental, evaluated by log. fold change and significance. ncRNAS,
non-coding RNAs, p(adj), p-value adjusted for multiple hypothesis testing. See text for additional
abbreviations. Data and figure legend were published in Molecular Oncology [136]

Gene set enrichment study was conducted in Smg7 -/- cells by using top 100 up- and down-
regulated genes showing the characteristics of cancer pathway and reduction of apoptotic
genes (Figure 8-4). | have also conducted a proteomic study in Smg7 -/- cells and found
elevated expression of cytokine response factors (such as Mgst3) as well as caspase-1
(Figure 8-5). In Smqg7 -/- cells, proteins that negatively control viruses have also been identified,

potentially as a result of unorthodox transcription.
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Gene Set Name

Description

p-value

FDR

MLL-AF4 fusion targets

Specific signature shared by cells expressing AF4-MLL
alone and those expressing both AF4-MLL and MLL-
AF4 fusion proteins.

2.61E-09

5.90E-05

Matrisome

Ensemble of genes encoding extracellular matnx and
extracellular matrix-associated proteins

8.65E-08

9.77E-04

Upregulated

Prostate cancer

Genes up-regulated in prostate cancer samples from
African-American patients compared to those from the
European-American patients.

6.12E-07

4 61E-03

Apoptosis by serum deprivation

Genes up-regulated in ME-A cells (breast cancer)
undergoing apoptosis upon serum starvation

947E-11

1.16E-06

Stem cell

Genes up-regulated in freshly isolated CD31- (stromal
stem cells from adipose tissue) versus the CD31+ (non-
stem) counterparts.

5.18E-10

3.19E-06

Downregulated

Stem cell cultured vs fresh

Genes up-regulated in cultured stromal stem cells from
adipose tissue, compared to the freshly isolated cells.

2.14E-09

8.01E-06

Figure 8-4. Gene Set Enrichment Analysis in Smg7 -/- cells.

Top identified clusters identified using top 100 up-/down-regulated genes in Smg7 -/- cells relative to

parental cells detected in triplicate RNAseq samples. Gene set enrichment analysis was performed by

Joel Schick and me. Data and figure legend were published in Molecular Oncology [136].

Pseudogenes are mRNAs containing PTCs that target them for NMD degradation; thus, they

are predicted to be increased [138]. Conversely, in Smg7 -/- cells, the global analysis result

showed that pseudogene transcripts were decreased (log2(FC) = -0.33, Figure 8-3B). Taken

together, the findings indicate that SMG7 prefers to degrade processed transcripts including

the IncRNAs than PTC-containing RNAs. Moreover, as seen in section 8.7, SMG7 selectively

targets individual IncRNAs for degradation.
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Figure 8-5. Quantitative mass spectrometry analysis of Smg7 -/- cells.

(A) The log:z of the normalized protein abundance ratios between Smg7 -/- and parental cells and the -

logio of corresponding p-values were plotted in a volcano plot. Proteins quantified by at least two unique

peptides from three replicate samples were used in this analysis. Proteins being significantly (p < 0.05)

more abundant in Smg7 -/- are given in yellow and less abundant in Smg7 -/- are given in blue (with a

fold-change cut-off of 2-fold). Data and figure legend were published in Molecular Oncology [136]. (B)

Proteins quantified by at least 2 unique peptides and showing a significant (p < 0.05) and at least 2-fold

difference in their abundance between Smg7 -/- and parental were used for network generation using

Genomatix GePX (evidence filter “function word level”). Unconnected proteins were deleted. Yellow,
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more abundant in Smg7 -/-; blue, less abundant in Smg7 -/-. Experiments were conducted by Juliane

Merl-Pham and me.

8.3. Smg6 KO and Upfl KD upregulate lincRNA and miRNA, respectively

To better understand which transcripts NMD targets, | performed the same global biotype
analysis using Smg6 KO and Upfl KD transcriptome data. RNAseq data for Upfl KD and
Smg6 KO were download from Sequence Read Archive (SRA, accession number:
PRJINA548061, mouse C2C12 cells, PRINA215086, mouse ES cells [139]). The results in
Table 8-1 showed that protein-coding transcripts made 60% or 29% of the top 100 upregulated
transcripts in Smg6 KO or Upfl KD samples. 16% and 8% of transcripts were subject to NMD
(Figure 8-6A, B and Table 8-1). Moreover, 24% and 47% were non-coding transcripts in Smg6
KO or Upfl KD samples, respectively (Figure 8-6A, B, Table 8-1). In the top 100
downregulated transcripts, most of them were protein-coding transcripts (82% in Smg6é KO
and 58% in Upfl KD samples, Figure 8-6C, D, Table 8-2). 3% and 8% of transcripts belong to
nonsense-mediated decay (Table 8-2). Furthermore, ncRNAs were much less in the Smg6
KO group compared to the Upfl KD group within the top 100 downregulated genes (10% vs.
33%).

Table 8-1. Top 100 up-regulated transcripts in Smg6, Upfl and Smg7-deficient cells.

Biotypes Smg6 Upfl (%) Smg7 (%)
protein_coding 60 29 29
nonsense_mediated_decay 16 8 33
retained_intron 11 21 3
processed_transcript 10 12 15
lincRNA 1 5 14
antisense 1 1 1
sense_intronic 0 1 0
mMiRNA 0 4 1
misc_RNA 0 1 0
ribozyme 0 2 0
pseudogene 0 2 2
bidirectional promoter INcCRNA 0 0 1
SnRNA 1 0 0
TEC 0 14 1
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Table 8-2. Top 100 down-regulated transcripts in Smg6, Upfl and Smg7-deficient

cells.
Biotypes Smg6 (%) Upfl (%) Smg7 (%)
protein_coding 82 58 78
processed_transcript 3 13 9
lincRNA 1 0 1
retained_intron 4 17 8
antisense 2 3 1
nonsense_mediated_decay 3 8 0
mMiRNA 0 0 1
IG gene 0 0 1
pseudogene 5 1 1
Smg6 KO siUpf1
A B
== nonsense mediated decay
protein coding ]
up = IFi)rZ?:CI:QeNS.ied transcript
< | mm retained intron
Z | mm antisense
%| wm bidirectional promoter IncRNA
S| mm miRNA
mm sense intronic
mm other
Cc D
n=100
DOWN

Figure 8-6. Top 100 up- and downregulated transcripts in Smg6é KO and Upfl KD cells.

Mouse Smg6 KO and Upfl KD RNAseq data were downloaded from SRA (accession number:
PRJNA215086, PRINA548061). RNA of n = 2 and 3 technical replicates were deeply sequenced and
transcripts of gencode and significance were analyzed by DESeq2. Differential gene expression of
Smg6 KO and Upfl KD cells were compared to control cells. (A-D) Classification of the top 100 up- and
downregulated genes by biotype.
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Figure 8-7. Smg6 KO and Upfl KD upregulate [incRNA and miRNA, respectively.

Mouse Smg6 KO and Upfl KD RNAseq data were downloaded from SRA (accession number:
PRJINA215086, PRINA548061). RNA of n = 2 and 3 technical replicates were deeply sequenced and
transcripts of gencode and significance were analyzed by DESeq2. Global analysis of differentially
expressed biotypes of Smg6 KO (A) and Upfl KD (B) transcripts compared to control were analyzed

by logz fold change and significance.
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Interestingly, global differential expression analysis revealed lincRNAs were significantly
upregulated in the Smg6 KO group (p(adj) = 0.0025, Figure 8-7A, Table 13-2), which is similar
to Smg7 -/- where the significantly upregulated biotype was lincRNA. Nonsense-mediated
decay transcripts also increased slightly (log2(FC) = 0.25), while protein-coding genes almost
remained unchanged (log2(FC) = 0.010, Figure 8-7A). Strikingly, microRNAs (miRNAs) were
highly upregulated (log2(FC) = 3.87, p(adj) = 0.0000, Figure 8-7B) in Upfl KD samples.
However, lincRNA which was significantly upregulated in Smg7 -/- and Smg6 KO samples,
slightly downregulated in Upfl KD samples by 0.91-fold. Protein-coding transcripts showed a
slight decrease with 0.89-fold in Upfl KD cells (Figure 8-7B, Table 13-3).

8.4. Smg7 -/- cells share upregulated ncRNAs with Smg6 KO and Upfl KD

cells

SMG7, SMG6, and UPF1 are three well-known factors involved in the NMD system. SMG7
and SMG6 are responsible for RNA degrading through different mechanisms, while UPF1 is
the core factor for NMD-targeted RNAs recognition. Therefore, it will be interesting to identify
the genes which are targeted by these three proteins. | analyzed RNAseq data of these three
genes in wt and KO or KD mouse cell lines. Smg7 -/- and Smg6 KO cells had more identified
genes with p(adj) < 0.05 compared to Upfl KD cell lines, which may be due to the inefficient
gene silencing by siRNA in Upfl KD samples (Table 8-3). Additionally, Smg6 KO samples
showed more upregulated genes compared to downregulated genes by 1.58-fold (Table 8-3).
The DEseg2 analysis showed that they shared only 9 common genes in the top 1000
upregulated gene list (Figure 8-8A). Among these 9 genes, 6 of them were IncCRNAs
(processed transcript Zfasl, 2410006H16Rik and Snhgl6 are also predicted as INcCRNAs,
Figure 8-8B). Surprisingly, most of these frequently up-regulated genes have been implicated
in cancer and apoptosis. The small nucleolar RNA host gene 12 (SNHG12) inhibited cell
apoptosis in colorectal cancer cells and promoted tumorigenesis and metastasis in
hepatocellular carcinoma [80, 140]. SNHG6, as a biomarker for hepatocellular carcinoma
(HCC), was overexpressed in HCC tissues and hepatoma cell lines and promoted HCC
progression [141, 142]. LncRNA SNHG16 was identified as an oncogene and served as a
sponge for mir-4518 [143]. LncRNA ZFAS1 was found to be increased in multiple cancers and
contributed to cancer development and progression [144]. LncRNA241 (2410006H16Rik) was
reported to inhibit 1,2-Dichloroethane-induced hepatic apoptosis [145]. DDIT3 was important
within lung cancer cells for endoplasmic reticulum stress-induced apoptosis [146]. Moreover,

PVTL1 is a well-characterized oncogene involved in many cancers [110-114].
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Table 8-3. Quantified significant genes calculated by DESeq2.

condition p-adj<0.05 up down ratio
Smg7 11950 5801 6149 0.94
Smg6 6846 4196 2650 1.58
Upfl 5725 2762 2963 0.93
A B
Gene name Biotype
Snhg12 lincRNA
Ddit3 protein coding
Zfas1 INcRNA
Rasgrf2 protein coding
Pvt1 lincRNA
Gm42546 TEC
2410006H16Rik INcRNA
Snhg6 lincRNA
Snhg16 IncRNA
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Figure 8-8. NMD factor-deficient cells share upregulated IncRNAs.

(A) Top 1000 upregulated genes in three NMD factor-deficient cell lines were selected to generate the

Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/). 9 common genes intersected into a

subcluster. (B) Biotypes of 9 common genes. 6 out of 9 turned out to be INcRNAs. Processed transcript
Zfasl, 2410006H16Rik and Snhgl6 are also predicted as INncCRNAs. Biotypes were annotated at
bioDBnet using db2db function (https://biodbnet-abcc.ncifcrf.gov/db/db2db.php#biodb). (C) Relative
MRNA expression levels of 9 common genes. Data are shown as mean * SD. (D) Relative expression
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levels of individual spliced variants in 9 common genes. The red arrow indicates Zfas1-201 and the blue
arrow indicates Pvt1-202.

Next, | analyzed the expression levels of the 9 common genes and their spliced variant
transcripts under three conditions (Smg7 KO, Smg6 KO and Upfl KD, Figure 8-8C, D). Gene
expressions in Smg7 KO cell lines had a dominant upregulation profile. Especially for Pvt1,
which had the highest expression (log2(FC) = 3.60, p(adj) =0, Figure 8-8C, Table 13-4)
among all of these 9 genes. Except for Gm42546, all of the expression showed high
upregulation levels higher than 4-fold in Smg7 -/- cells (Figure 8-8C, Table 13-4). In Smg6 KO
cells, Zfasl showed the highest expression level with a log2(FC) = 2.97, and all expression
levels were higher than 2-fold. Interestingly, gene expression levels in Upfl KD cells did not
show an evident upregulation, in contrast, all of the upregulation levels were less than 1.52-
fold (log2(FC) = 0.60, Figure 8-8C, Table 13-4). This may occur due to the inefficient KD by
siRNA or UPF1 regulates different genes via a specific mechanism. Moreover, | tested if all of
the spliced transcripts of these 9 genes were equally affected by NMD factors KO or KD
(Figure 8-8D, Table 13-5). Therefore, | analyzed all of the spliced transcripts whose expression
levels were significant with p(adj) <0.05 (Table 13-5). As shown in Figure 8-8D, the
expressions of spliced transcripts were varied compared to gene expression, indicating NMD
factors modulate specific transcripts other than the whole gene. Even though gene expression
levels were upregulated, the specific transcript expression levels can be downregulated
(Snhg12-207 and Snhg6-205 in Smg7 KO cells, Figure 8-8D, Table 13-5). NMD can target
alternative spliced RNAs. Hansen et al. showed that NMD has a distinct impact on various
alternative isoforms and preferentially degrades alternative spliced transcripts with longer 3’
UTRs in Drosophila [147]. In our case, for example, Pvt1-202 and Zfas1-201 showed lower
upregulation levels, which may be due to specific alternative spliced RNAs losing their NMD-
targeting features. Thus, these isoforms (transcripts) escaped the degradation by NMD
(Figure 8-9).
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Figure 8-9. Transcript structures overview of IncRNA Pvtl and Zfasl.

Different transcript structures of INcRNA Pvtl (A) and Zfasl (B) were downloaded from the Ensembl

Genome Browser. Pvt1-202 and Zfas1-201 had relatively lower upregulation levels. Red boxes labeled

the unique parts which may be the potential targeting sites by NMD factors. * indicates undetected

transcripts in this analysis.

8.5. Smg7 -/- cells show decreased caspase activity and CYLD levels

Data in this section have been published in Molecular Oncology [136].

When the death-inducing ligands bind to the death receptors, the DISC is built at the

membrane, which executes extrinsic apoptosis by activating caspases. | first tested the

caspase-8 and 3 activities utilizing a luminescence assay to evaluate where the SMG7 works

in TNFa signaling pathway. The results showed that caspase-8, and more notably, caspase-

3 activity was sharply decreased in Smg7 -/- cells treated with 20 ng/mL TNFa (Figure 8-10A).
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A similar result was observed by Western blot in a TNFa timecourse condition. Pro-caspase-
8 was largely degraded into the active form and cleaved caspase-3 was also increased in
parental cells. In contrast, Smg7 -/- cells showed significantly less cleaved caspase-8 and -3
(Figure 8-10B).

A 3 Caspase-8 61 Caspase-3 B Smg7-/- parental
0.0041 <0.0001 1 <00001  <0.0001 Timeth) 0 4 8 16 0 4 8 16
%2_ 1 4 T 3 SMG7 | ———— ]
2 B Smg7+/- PrO-Caspase-8 [l S W S ——— —
g =1 parental
E 1 24 cleaved Caspase-8 | —_—— ]
- cleaved Caspase-3 [ e — --|
0- n- Actin I-—-_-_-—-|
untr TNFa untr TNFa

Figure 8-10. Smg7 -/- blocks caspases-8 and -3 activities.

(A) Caspase-8 and caspase-3 activity in Smg7 -/- cells compared to parental MF cells in untreated (untr)
conditions and after 20 ng/mL TNFa treatment for 8 h. Luminescence intensity in arbitrary units is shown
as mean = SD of n =3 or 4 technical replicates. The experiment was repeated independently N =2
times with similar outcomes. (B) pro- and cleaved caspase-8 and caspase-3 proteins Western blot in
Smg7 -/- and parental MF cells after 20 ng/mL TNFa treatment at indicated time points. ACTIN was

served as the loading control. Data and figure legend were published in Molecular Oncology [136].

In the view of decreased caspase activity, | suspected that SMG7 had to function on- or
upstream of caspase-8 and 3. | next checked TNFa signaling receptors TNFR1 and -2,
however the protein expression levels did not explain the inhibition of apoptosis (Figure 8-11A).
The receptor-interacting serine/threonine-protein kinase 1 (RIPK1) and TNF receptor-
associated factor 2 (TRAF2) also remained the same. CYLD deubiquitinase, however,

demonstrated a marked decline in basal levels in Smg7 -/- cells (Figure 8-11A).

CYLD serves as an intermediate for cell death and survival pathways. Less CYLD expression
accelerates IkB phosphorylation and promotes NF-kB transfer into the nucleus. Therefore, IkB
was phosphorylated as p-IkB in Smg7 -/- cells, indicating NF-kB pathway activation (Figure
8-11A).
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Figure 8-11. Smg7 -/- induces p-IkB and blocks p-JNK.

TNFa pathway-related expression levels determined by Western blot in Smg7 -/- and parental MF cells
after 20 ng/mL TNFa treatment at indicated time points. Western blots were divided into 3 groups: (A),
TNF-receptor and NF-kB related proteins, (B), mitochondrial apoptosis-associated proteins. (C), short
interval TNFa treatment of NF-kB proteins. ACTIN was served as the loading control. Data and figure

legend were published in Molecular Oncology [136].

In parental cells, the active format of Jun-kinase (phospho-JNK) was increased [148], while
other mitochondrial apoptotic effectors like p53 and BID stayed unchanged in Smg7 -/- cells
(Figure 8-11B). In conclusion, these results showed that SMG7 involves the sensitization of
cells to TNFa-induced apoptosis in the upstream of JNK/caspases but downstream of the TNF

receptors.

CYLD is a well-known tumor suppressor which can directly deubiquitinate K63 chains
downstream of TNF receptors. Downregulation of CYLD results in the activation of the NF-kB
survival pathway [149]. Therefore, | detected the NF-kB signal by checking IkB under TNFa
condition. The result showed that the classical activation-feedback and inhibition-activation
responses were unaffected in Smg7 -/- cells treated with TNFa (Figure 8-11C), suggesting the
receptor protein can still transmit the signal frequently. Moreover, NF-kB inducible effector A20

was sharply increased in Smg7 -/- cells.
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Figure 8-12. IKKB inhibitors SC-514 and MLN120B sensitize cells to apoptosis.

(A) Dose-response curves of IKK inhibitors SC-514 or MLN120B in Smg7 -/- compared to parental MF
cells. Cells were pre-treated with IKK inhibitors for 2 h followed by 20 ng/mL TNFa addition for 36 h.
Viability is represented as mean = SEM of n = 3 technical replicates. The experiment was conducted
by Vanessa Kraft and me. Data and figure legend were published in Molecular Oncology [136]. (B)
Corresponding Western blots to examine the IKK inhibitors' efficiency. Smg7 -/- and parental MF cells
were pre-treated with IKK inhibitors (MLN120B, 30 pM, SC-514, 60 uM) for 2 h accompanied by 30 min

TNFa treatment. ACTIN was served as the loading control.

As TNFa can induce NF-kB activation in both Smg7 -/- and parental cells, however it remains
unclear whether NF-kB can rescue Smqg7 -/- cells. Therefore, pharmacological IKK inhibitors
SC-514 and MLN120B were used to block NF-kB, and then the cell viabilities were checked
under TNFa treatment (Figure 8-12A). As shown in Figure 8-12B, TNFa could induce the
phosphorylation of IkB in both Smg7 -/- and parental cells and IKKp inhibitors (SC-514 and
MLN120B) could block the phosphorylation of IkB (Figure 8-12B). Cell viability was sharply
decreased when treated with TNFa in the condition of IKK@ inhibitors. Interestingly, in order
to reach similar degrees of cell death, Smg7 -/- cells often needs higher concentrations of both
inhibitors compared to parental cells (Figure 8-12A). Thus, | conclude that CYLD/NF-kB

mediates the resistance of TNFa-induced apoptosis in Smg7 -/- cells.

8.6. CYLD and SMGY coordinate apoptosis sensitivity

Data in this section have been published in Molecular Oncology [136].
As shown in Figure 8-11A, CYLD expression was decreased in Smg7 -/- cells. | want to know
if this is a universal phenomenon that also exists in other cell lines. Therefore, | tested this

relationship in other cell types. One mouse cell line NIH 3T3 and one human breast cancer
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cell line MCF-7 were chosen for further analysis. SMG7 knockdown by siRNA (siSmg7) in
these two cell lines restored viability upon TNFa treatment (Figure 8-13). Strikingly, CYLD
proteins also significantly decreased correspondingly to SMG7 KD. These data suggest a
conservational relationship between SMG7 and CYLD (Figure 8-13).
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Figure 8-13. SMG7 KD rescues cells from apoptosis and reduces CYLD.

Viability of siRNA-mediated Smg7 knockdown (siSmg7) compared to control siRNA (siCtrl) in NIH 3T3
(A) and human MCF-7 cells (B) exposed to 10 ng/mL TNFa with 10 pM Z-VAD-FMK (zVVAD) control.
Western blots of SMG7 knockdown efficiency and CYLD expression. Viability data are represented as
mean + SD of n = 8 technical replicates of at least N = 2 independent repetitions with similar outcomes.
untr, untreated. Data and figure legend were published in Molecular Oncology [136].

CYLD showed a diminished expression level in both Smg7 KO and KD cells. | supposed that
ectopic overexpression of Cyld (Cyld OE) might restore TNFa-sensitivity in Smg7 -/- cells. As
shown in Figure 8-14A, Cyld overexpressing Smg7 -/- cells were partially re-sensitized
compared to control empty vector Smg7 -/- cells, while Cyld siRNA knockdown (siCyld)
showed partially increasing cell viability in response to TNFa-induced apoptosis (Figure

8-14B). The above data suggest that CYLD expression levels are qualified by SMG7 and
CYLD expression directly influences apoptosis sensitivity.
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Figure 8-14. CYLD controls apoptosis in MF cells.

(A) Viability of Cyld overexpression (Cyld OE) compared to empty vector control (control OE) in
Smg7 -/- MF cells or parental MF cells treated with 5 ng/mL TNFa. (B) Viability of siRNA Cyld
knockdown (siCyld) compared to control (siCtrl) in parental MF cells exposed to 10 ng/mL TNFa with
10 uM zVAD control. Western blots of CYLD overexpression and knockdown efficiency. Viability data
are represented as mean + SD of n = 3 technical replicates. untr, untreated. Data and figure legend

were published in Molecular Oncology [136].

In order to investigate whether the relationship is universal, we evaluated the expression levels
of CYLD and SMGY7 in 1164 human cancer cell lines [150] acquired from The Cancer Genome
Atlas. Strikingly, CYLD expression showed a comprehensive positive correlation with SMG?7.
The strongest Pearson correlations were detected in soft tissue (R = 0.65, Figure 8-15),
multiple myeloma (R =0.58), rhabdoid (R = 0.605), upper aerodigestive (R =0.397) and
gastric cancers (R = 0.407).

all soft tissue
=
6 .
= 4 <
g >
Q 2 ..
= -
5 21 Pearson
R=065
0 1 0 T
0 2 4 i} 2] 0 2 4 6
multiple myeloma 67 rhabdoid
. 4 4 Pearson
g R =0.605
g 4 2
5 Pearson
R=058
0 T T T 0 T T .
0 2 4 6 0 2 4 6
6 . . 84 .
_ upper aerodigestive gastric
= .
E " 6
g A !
3 2 L 2
S Pearson 21 Pearson .+
R =0397 0 R =0.407
0 2 4 6 0 2 4 6 8
SMGT (log, TPM) SMGT (log, TPM)

Figure 8-15. SMG7 shows a positive relationship with CYLD in cancer lines.

The relationship between CYLD and SMG7 expression levels in 1164 human cancer cell lines in the
CCLE database determines by linear regression. Data were acquired from The Cancer Genome Atlas

(TCGA). Selected cell lines with indicated tissue of origin and a high degree of association by Pearson’s
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R-value are shown. TPM, transcripts per million. Data were analyzed by Joel Schick and me. Data and
figure legend were published in Molecular Oncology [136].

A moderate association (R = 0.41) was found between CYLD and SMG?7 in primary renal cell
carcinoma samples (Figure 8-16A) [151]. RCC cells are susceptible to TNF-family induced
apoptosis [152, 153], and TNF alpha levels are considered a prognostic marker for RCC
progression. Therefore, refractory, or NF-kB activating tumors may be indicated by higher
TNFa levels. This result was consistent with a Kaplan-Meier plot study between the expression
level of SMG7 and survival in 516 KIRC-TCGA (The Cancer Genome Atlas Kidney Renal
Clear Cell Carcinoma) patients. The elevated SMG7 expression has a strong correlation with
survival rate (p(HR) =0.00022, Figure 8-16B), indicating cancers with higher SMG7
expression may undergo apoptosis and thus, increase the patients' survival rates.

>
oy)

RCC expression RCC survival

- 1.0 4 Logrank p = 0.00018
: 301 08 4 HR(high) = 0.55
g p(HR) = 0.00022
o 27 -
£ - S 06 I n(high) = 258
g 241 5 041 n(low) = 258
[a]
s 2 0.2 { high SMG7 TPM
181s _R=04088 0.0 | low SMG7TPM |
30 35 40 45 0 50 100 150
SMGT log, (FPKM+1) Months

Figure 8-16. Correlation of SMG7 between CYLD expression and survival in RCC.

Data were analyzed by Xuanwen Bao. Correlation of CYLD and SMG7 expression in renal cell
carcinoma (RCC, A) and Kaplan-Meier plot of SMG7 expression and survival in RCC patients (B).
FPKM, fragments per kilobase of transcript per million. HR, hazard ratio. Data and figure legend were
published in Molecular Oncology [136].

8.7. SMGY7 regulates anti-apoptotic IncRNAs Pvtl and Adapt33

Data in this section have been published in Molecular Oncology [136].

Cyld overexpression could only incompletely restore TNFa sensitivity in Smg7 -/- cells (Figure
8-14A). To investigate whether RNAs are also involved in the regulation of apoptosis, we
conducted RNA differential expression analysis in Smg7 -/- and parental MF cells without
ribosomal RNA. As shown in Figure 8-2B, rest of NMD elements generally remained
unchanged in Smg7 -/- cells. Therefore, | suspected that SMG7-degraded RNAs should
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increase in Smg7 -/- cells. Surprisingly, relative to control, only 38 out of the top 332 known
significant genes were upregulated (Figure 8-17A). These upregulated genes include
apoptosis resistance genes (Nuprl, Sulfl, Tnfrsfllb), known oncogenes (Pvtl, Klf4), and
small nucleolar RNA host genes (IncRNAs Snhg1l, -5, -6, -12, -15). In Smg7 -/- cells, 13.5%

reads were mapped to IncRNA transcripts (gencode vM12) compared to parental cells (7.3%,
Figure 8-17B).
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Figure 8-17. Transcriptional changes in Smg7 -/- cells.

Data analysis was conducted by Joel Schick and me. (A) Sunburst chart with indicated gene fold
changes in Smg7 -/- cells. LncRNAs were exploded from the pie chart. (B) Quantification of mapped

non-coding reads in parental and Smg7 -/- cells. Data and figure legend were published in Molecular
Oncology [136].
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Many IncRNAs have not been functionally characterized yet. | wondered whether the
overexpression of these top enriched IncRNAs as well as protein-coding genes in parental
cells could functionally recapitulate the resistance of Smg7 -/- cells to TNFa. To this end, |
applied a CRISPR activation [154] library in parental cells targeting the top upregulated genes
(Figure 8-17A and Figure 8-18A, B). As shown in Figure 8-18C, guides from 29 out of 31
genes presented in the library and distributed quite evenly. After multiple hypothesis correction,
there were three genes, of which only the overexpression of two INncRNAs showed significant
protective effect against TNFa-induced apoptosis: the oncogene Plasmacytoma variant
translocation 1 (Pvtl; p=0.000865, FDR =0.0031) and 5430416N02Rik (Adapt33,
p <0.0001, FDR < 0.0001, Figure 8-18B). Another one, the decoy TNF receptor Tnfrsfllb, as
well displayed defense, which may be mediated by interaction with TNF receptors.
Considering the activation of downstream NF-kB in Smg7 -/- cells (Figure 8-11A, C), the TNF
signaling is not substantially impeded. Therefore, | chose these two INCRNAs as my primary

research subjects.
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Figure 8-18. The mini gain of function screen by CRISPRa.

(A) CRISPR activation screen workflow. A mini-library was designed for upregulated genes from
Smg7 -/- MF cells. Parental cells expressing CRISPRa components were infected with the pooled guide
library followed by 20 ng/mL TNFa treatment for 5 days. Genomic DNA was extracted from surviving
cells and guide sequences were amplified for sequencing and deconvolution. Data and figure legend
were published in Molecular Oncology [136]. (B) Identification of anti-apoptotic genes from
Smg7 -/- cells. Guides from positively scoring genes are displayed in the upper right corner. Data and
figure legend were published in Molecular Oncology [136]. (C) Guide sequences distribution in the

lentiviral library. Pvtl, empty vector and Adapt33 were shown from the pie chart.

It has been reported that INcRNA Adapt33 expression level can be induced by hydrogen
peroxide or staurosporine in response to apoptotic stimuli [155]. Thus, | tested the levels of
IncRNA expression in Smg7 -/- cells with or without the presence of 20 ng/mL TNFa for 8 h.
Pvtl and Adapt33 transcripts increased 7- and 10-fold in Smg7 -/- cells, respectively (Figure
8-19). Notably, Adapt33 mRNA increased 26-fold upon TNFa treatment (Figure 8-19).
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Figure 8-19. Pvtl and Adapt33 mRNA are upregulated in Smg7 -/- cells.

gPCR analysis of Pvtl (A) and Adapt33 (B) expression in parental and Smg7 -/- MF cells stimulated
with 20 ng/mL TNFa for 8 h or untreated (untr). Data and figure legend were published in Molecular

Oncology [136]. Expression data are shown as mean = SD of n = 3 technical replicates. untr, untreated.

| generated Pvtl and Adapt33 overexpressing cell lines with three guides by CRISPRa (OE,
Figure 8-20A, B and C) and checked cell viability by TNFa challenge. Pvtl OE cells showed
significantly more viability treated with 5 ng/mL TNFa compared to control cells (p = 0.0001;
Figure 8-20A). Adapt33 OE also showed protection against TNFa, but at lower levels
(p = 0.0013). However, overexpressing these two INcCRNAs cannot restore resistance to TNFa
completely. This incomplete protection may be due to the overexpressed transcripts being
surveilled by SMG7 persistently. Forced siRNA knockdown of Smg7 (siSmg7, Figure 8-20D)
increased the resistance of Pvtl and Adapt33 OE cells to TNFa (Figure 8-20A). Pvtl OE and
Adapt33 OE, however, did not detectably decrease CYLD levels (Figure 8-20B), suggesting
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the decreased CYLD expression may be due to other effectors other than Adapt33 and Pvtl
or they derived miRNA. The cleavage of caspase-8 and -3 was similarly unchanged in both
cell lines (Figure 8-20E).
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Figure 8-20. Overexpression of Pvtl and Adapt33 decrease sensitivity to apoptosis.

(A) Viability of Pvtl or Adapt33 overexpression cells (Pvtl OE, Adapt33 OE) compared to negative OE
vector control (control OE) cells upon 5 ng/mL TNFa treatment for 36 h. Additional siRNA Smg7
knockdown (siSmg7) compared to control siRNA (siCtrl). Viability is shown as mean + SD of n=3
technical replicates. A typical result of N = 2 independent repetitions is shown. (B) Western blot of Pvtl
OE, Adapt33 OE, and control OE cells with siSmg7 knockdown and corresponding CYLD protein levels.
(C) gPCR validation of Pvtl and Adapt33 overexpression. (D) gPCR validation of Smg7 KD efficiency
in Pvtl OE, Adapt33 OE, and control OE cells. (E) Western blot corresponding to (A) showing caspase-
8 and cleaved caspase-3 protein levels following 20 ng/mL TNFa stimulation at respective time points
in Pvtl OE, Adapt33 OE, and control OE cells. Data and figure legend were published in Molecular
Oncology [136].

Interestingly, a synergistic sensitization effect on TNFa was detected in Cyld overexpressing
cells upon Pvtl knockdown (Figure 8-21A). Thus, to some degree, the protection acquired
from these IncRNAs may be mechanistically complementary to the SMG7-CYLD relationship

to some extent. Nonetheless, the IKK inhibitor SC-514 re-established sensitization of Pvtl OE
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cells to TNFa (Figure 8-21B), implying that NF-kB plays an important role in Pvtl OE mediated

resistance to TNFa.
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Figure 8-21. Overexpressing cells can be re-sensitized by Pvtl KD and SC-514.

(A) Viability of siRNA knockdown of Pvtl (siPvtl) compared to control (siCtrl) in Cyld OE and empty
OE vector control (control OE) cells treated with 10 ng/mL TNFa. Viability is shown as mean + SD of
n = 3 technical replicates. A representative result of N = 2 independent repetitions is shown. (B) Viability
of Pvtl OE compared to empty OE vector control cells (control OE) treated with 10 uM SC-514 in the
presence or absence of TNFa for 48h. Viability data represent mean = SD of n = 4 technical replicates.
untr, untreated. The experiment was conducted by Vanessa Kraft and me. Data and figure legend were

published in Molecular Oncology [136].

8.8. Sensitization of Smg7 -/- cells to TNFa in the 3D spheroid model

Data in this section have been published in Molecular Oncology [136].

In the tumor microenvironment, TNFa has pluripotent impact on cancer growth and autocrine
function. In this study, to simulate in vivo tissue and cellular connectivity, | checked the impact
of Smg7 deletion against TNFa in a 3D spheroid model [156] (Figure 8-22A). Compared to
parental cells, Smg7 -/- cells showed a growth disadvantage (Figure 8-22B). Thereby, |
seeded 1000 Smg7 -/- and 500 parental cells to compensate for this disparity to yield
comparable spheroids. TNFa-triggered apoptosis was stained by propidium iodide (PI). TNFa-
induced apoptosis was still obviously observed in parental cells with a 3D spheroid model and
synthetic lethality with a 10 uM SC-514 IKK inhibitor also promoted cell death in both cells
(Figure 8-22A). Moreover, compacted, sharply defined spheroids were observed in

Smg7 -/- cells upon TNFa treatment.
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Figure 8-22. Pharmacological sensitization of Smg7 -/- cells to TNFa in the 3D

spheroid model.

(A) Three-dimensional spheroids of Smg7 -/- and parental MF cells were grown for 4 days and treated
with 20 ng/mL TNFa and addition of 10 uM SC-514 for 48 h. Propidium iodide (PI) staining indicates
dead cells next to corresponding bright-field images (BF). Scale bar = 100 uM. untr, untreated. The

experiment was conducted by Vanessa Kraft and me. (B) Growth characteristics of Smg7 -/- compared

to parental MF cells in culture. Cells were counted in n = 3 technical replicates and a typical result of

N = 3 independent repetitions is shown. Data and figure legend were published in Molecular Oncology

[136].
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8.9. TNFa sensitive cell lines
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Figure 8-23. Variation of apoptotic sensitivities in different cell lines.

(A) L929, HT-22, Hela and HCT-116 cells were incubated with 20 ng/mL mouse tumor necrosis factor
(mTNFa) in the presence or absence of CHX (100 ng/mL) overnight. Viability is represented as
mean + SD of n = 6 technical replicates. (B) 4 human cancer cell lines, MCF-7, A549, Hela and HCT-
116 were treated with 20 ng/mL human tumor necrosis factor (nTNFa). Cell viabilities were measured
at 12 h, 36 h, and 60 h post hTNFa exposure. Data are shown as mean + SD of n =3 technical

replicates.
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TNFa can cause tumor cytotoxicity [135], but it also plays a crucial role in triggering NF-kB
and inflammation. The sensitivity of various cell types to TNFa-induced apoptosis can differ
significantly, but most of the cells become very responsive when treated simultaneously with
protein synthesis inhibitors [134]. Cycloheximide, an inhibitor of protein biosynthesis in
eukaryotic cells, was applied in my study to inhibit protein synthesis. Here, | treated L929, HT-
22, Hela, HCT-116 and A549 cells with either mouse TNFa (mTNFa) or human TNFa (hTNFa,
20 ng/mL), as indicated in Figure 8-23 in the absence or present of CHX (100 ng/mL) overnight.
The results showed that L929, HCT-116 and MCF-7 cells could be sensitized to TNFa-induced
apoptosis (Figure 8-23). However, only in HCT-116 and Hela cells, CHX promoted cells
undergoing apoptosis induced by TNFa (Figure 8-23 A). Moreover, Hela cells could only be
sensitized in the condition of CHX. Interestingly, both human and mouse TNFa could
contribute to apoptosis in human HCT-116 colon cancer cell lines, which may be due to human

and mouse TNFa are homologous genes and have a similar function.

8.10. SMG7 KD in HCT-116 and MCF7 cells results in lethal and growth defect

To confirm the SMG7 KD phenotype in human cells, | generated SMG7 KD in HCT-116 and
MCF-7 cells using the CRISPRi method. SMG7 KD in HCT-116 cells caused cell disruption
and cell death (Figure 8-24). Moreover, SMG7 protein levels showed a negative correlation to
cell death (Figure 8-24A, B), which means less SMG7 protein leads to more cell death.
However, why less SMG7 resulted in cell death and which kind of cell death remains unclear.
In MCF-7 cells, SMG7 KD by CRISPRI (Figure 8-24C) caused a growth defect. SMG7 KD
MCF-7 cells grew much slower compared to control cells (Figure 8-24C, upper panel). In
addition to growth defects, many SMG7 KD MCF-7 cells also showed a star-like cell structure
with a plurality of tentacle-like branched structure (Figure 8-24C, D). Similarly, the mechanism
behind the phenotype also needs to be further investigated. One suspicion may be that
insufficient NMD resulted in the accumulation of truncated proteins, which may be toxic to
cells. Nevertheless, loss of SMG7 in two human cancer cell lines resulted in cell death or

growth arrest, indicating SMG7 or NMD plays an essential role in cancer cells.
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Figure 8-24. SMG7 silencing leads to lethal and growth defects in HCT-116 and MCF-7
cells.

(A) The phenotype of HCT-116 SMG7 KD and control cells. Scale bar = 400 uM. (B) SMG7 protein
levels detected by Western blot corresponding to (A). (C) The phenotype of MCF-7 SMG7 KD and
control cells. Scale bar = 1000 pM in the upper panel, and scale bar = 400 pM in the lower panel. (D)
SMG?7 KD efficiency in MCF-7 cells. ACTIN served as a loading control.

8.11. Global NMD examination in MF cells

To investigate whether SMG7 affects and how much it affects the global NMD, | performed a
test using doxycycline (Doxi) inducible B-globin construct (pTRE-Tight-BI-GI NORM-LacZA-
TER-LacZB, Addgene_86194, Figure 8-25A) [157]. This vector contains one wt B-globin
transcript (NORM) and one mutated one at site 39 with a PTC (TER). B-globin expressing
vector was co-transfected with a pLenti_CMV_rtTA3_Hygro vector (Addgene_26730) which
can start the transcription of both S-globin transcripts in the presence of Doxi (Tet-on system).
The transfected Smg7 -/-, Upfl -/- (Figure 8-25B) and parental cell were induced byl pug/mL
Doxi for 36 h, and then cells were harvested for a qPCR analysis. Without the Doxi induction,
almost no B-globin RNAs were detected. The same level of 8-globin RNAs was detected using
vector DNA as a template, suggesting the same amplification efficiency of both B-globin

primers. Unexpectedly, | found mutated B-globin can be degraded in parental cells and also
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in the Smg7 -/- and Upfl -/- cells. Similar results were also found in Upfl shRNA KD MF cells
(Figure 8-25C, D), where mutated -globin RNAs were also degraded compared to wt 8-globin
RNAs. Surprisingly, Smg7 -/- and Upfl -/- cells showed a lower mutated B-globin expression,

which may be due to the compensatory effect of other NMD factors.
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Figure 8-25. Global NMD examination in MF cells.

(A) Smg7 -/-, Upfl -/- and parental cells were co-transfected with Tet-on system which can express wt
B-globin (NORM) and mutated B-globin at site 39 with a PTC (TER). 8-globin RNAs were induced with
the presence of 1 pg/mL Doxi or not. (B) Efficiency analysis of UPF1 CRISPR knockdown by Western
blot. ACTIN served as a loading control. (C) 8-globin expression levels in Upfl shRNA KD MF cells. (D)
Upfl shRNA KD efficiency test. Data are shown as mean + SD of n = 3 technical replicates. NORM, wt
B-globin. TER, mutated B-globin. Doxi, doxycycline.
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8.12. Adapt33 RNA targets in Smg7 -/- cells

Adapt33, as a stress-induced transcript, was reported to be upregulated to respond to
apoptosis and promote ES cells proliferation [155, 158, 159]. Its role, however, has not yet
been proven. Here, | have stated that the Adapt33 RNA increased in Smg7 -/- MF cells and
especially when treated with TNFa. The over-expression of Adapt33 by CRISPRa could shield

MF cells from apoptosis triggered by TNFa. However, the fundamental anti-apoptotic function
of Adapt33 remains unelucidated.
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Figure 8-26. UV and glutaraldehyde cross-linking precipitation of Adapt33 RNA.

(A) Adaapt33 (5430416N02Rik) RNA has 5 exons. For each exon, | designed one biotinylated oligo

(ssDNA, upper panel). The numbers on the left side indicate the oligos’ positions. In total, 5 oligos were
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aligned using the blat tool at UCSC (https://genome.ucsc.edu/). The lower panel shows the schematic
diagram of RNA cross-linking precipitation. The interactive RNAs and proteins were cross-linked to
Adapt33 RNA using UV light or glutaraldehyde and the complex was pulled down with biotin-labeled
oligos using avidin agarose beads. (B) Adapt33 cross-linking precipitation efficiency was examined by
gPCR and the data were presented with Cp values and amplification curves. The difference in Cp values
is much more significant in cross-linking groups than Smg7 -/- cells. The blank Cp values mean

undetectable.
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Figure 8-27. Upregulated genes and pathway enrichment analysis.

(A) The top 200 upregulated genes (p-value < 0.05) in UV and glutaraldehyde cross-linking conditions
were selected to generate the heat map. Gene names were sorted by mean log2(FC) of relative
expression level. Glu, glutaraldehyde cross-linking. UV, UV cross-linking. Upper gene symbols are
corresponding to the upper two rows of the heat map. Lower gene symbols are corresponding to the
lower two rows of the heat map. (B) Gene set enrichment analysis of the top 200 upregulated genes
(167 were annotated) in Adapt33 RNA precipitation using Metascape [160]. The results showed the top

20 clusters.

To better understand how Adapt33 is involved in apoptosis response and regulating RNAs, |
conducted the cross-linking pulldown experiment in Smg7 -/- cells (Figure 8-26A). 5 biotin-
labeled antisense oligos were designed against each exon of Adapt33 RNA (Table 11-4). UV-
crosslinking and glutaraldehyde were used to cross-link Adapt33 RNA to interactive RNAs and
proteins. The enriched Adapt33 RNAs were verified by gPCR (Figure 8-26B). As shown in
Figure 8-26B, compared to the reference gene Gapdh, the Cp (crossing point) values between
Adapt33 and Gapdh were much more abundant in UV cross-linked and glutaraldehyde cross-
linked groups than Smg7 -/- cells, implicating a high enrichment of the Adapt33 RNAs. Then
the precipitated RNAs from the UV and glutaraldehyde cross-linking groups were sent to
RNAseq. The RNAseq data were analyzed using the DESeq2 program on the Galaxy platform
by comparison with Smg7 -/- cells. The result showed that 3199 and 640 genes were
significantly enriched in UV and glutaraldehyde cross-linked samples, respectively (p < 0.05).
Then the top 200 upregulated significant (p <0.05) genes presented in both UV and
glutaraldehyde cross-linking conditions were chosen for subsequent analysis. As expected,
Adapt33 (5430416N02Rik) was highly upregulated (mean log2(FC) = 8.56, Figure 8-27A) in

both conditions compared to Smg7 -/- cells.

To investigate the pathways and biological functions, 200 genes (167 were annotated) were
uploaded into Metascape bioinformatics resources [160]. As the results showed in Figure
8-27B, the corresponding genes were mainly enriched in TNF signaling pathway (mmu04668),
Apoptosis (mmu04210) and NF-kappa B signaling pathway (mmu04064) and GO biological
processes, for example, I-kappaB kinase/NF-kappaB signaling (GO:0007249), interspecies
interaction between organisms (G0:0044419), response to interferon-beta (GO:0035456),
reactive oxygen species metabolic process (G0O:0072593), as well as reactome gene sets
Nonsense-Mediated Decay (NMD, R-MMU-927802). Unsurprisingly, the top-ranked pathways
and biological processes were involved in cell death and survival regulation network,

implicating the novel role of Adapt33 in cell fate decisions. Interestingly, the target genes of
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Adapt33 were also associated with the nonsense-mediated decay process (Figure 8-27 and

Table 8-4).

Table 8-4. Enriched gene sets of Adapt33 pulldown in different pathways and

biological processes.

Pathways and biological processes

Genes

TNF signaling pathway

Fas, Cxcll, Nfkbia, Ccl2, Ccl5, Cx3cl1,
TNFaip3, Traf1, Vcam1, Gbp2, Nos2, Ccl7,
Gbp3, Stx11, Parpl4, Noct, Ncl, Nrlh2,
Hmgb2, Abr, Hdac5h, Nfkb2, Relb, Saa3, Tnip1,
Stabl, Mucl9, Pecaml, Sgsml, Rgs8,
Sh3bp4, Tbcldl1l4, Dock10, Hiplr, Ndufal3,
Itpr2, Trim30a, Polr3d, Dtx3l, Csf2rb2, Prkn,
Osrl, Tacr2, Npffrl, Ank3, Comt, Mafg,
Atp6vlgl, Carl2, Ank2, Pde6a, Map2k2

I-kappaB kinase/NF-kappaB signaling

Nfkb2, Nfkbia, Relb, Saa3, Cx3cll, TNFaip3,
Trafl, Prkn, Tnipl, Ccl5, Fas, Ndufal3,
Hmgb2, Pak2, Cxcll, Nos2, Trim30a, Oasl2,
Dtx3l, Hiplr, Comt, Pdela, Tenm4, Ncl, Ccl2,
Polr3d, Trim16, Tacr2, Abr

Apoptosis

Csf2rb2, Gadd45a, Fas, Itpr2, Nfkbia, Trafl,
Map2k2, TNFaip3, Abr, Lamb3, Nos2, Pik3r5,
Prkn

response to interferon-beta

Gbp2, Gbp3, Ndufal3, Xafl, 9930111J21Rik1

NF-kappa B signaling pathway

Nfkb2, Nfkbia, Relb, TNFaip3, Trafl, Vcaml,
Hdac5, Nfkbie, Polr3d, Psmb10, Pak2,
Gadd45a, Fas, Map2k2, Cxcll

Nonsense-Mediated Decay (NMD)

Rpl19, Rps27, Rplp2, Rpl34, Rpl1l0, Smgl,
Ncl, Psmb10, Snrpf

Next, | checked apoptosis and NF-kB related mRNA expression levels in Smg7 -/- cells.

LncRNAs can hybridize with RNAs and allow Dicer to generate endogenous siRNAs, thereby

suppressing the expression of target RNAs [75, 76]. Therefore, | only focused on

downregulated RNAs in Smg7 -/- cells. Surprisingly, NF-Kappa-B Inhibitor Alpha (Nfkbia) was
significantly decreased (Log2(FC) = -0.54, Table 8-5). TNF Alpha Induced Protein 3 (TNFaip3,
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A20), whose expression can inhibit NF-kB activation and TNF-mediated apoptosis, was also
downregulated in Smg7 -/- cells. Polr3d, also named as RNA polymerase Ill subunit C4, can
transcribe miRNA [161], snRNA, tRNA and rRNA [162], showed a decrease in Smg7 -/- cells.

Table 8-5. Apoptosis and NF-kB related mRNA expression levels in Smg7 -/- cells.

apoptosis NF-kB
Gene Log2(FC) Gene Log2(FC)
Trafl 1.77 Polr3d -0.08
Nfkbia -0.54 Trafl 1.77
Csf2rb2  1.86 Nfkbia -0.54
Gadd45a 1.66 Psmbl0 -0.56
Itpr2 1.57 Gadd45a 1.66
Fas N/A Fas N/A
Abr 0.57 Cxcll -1.83
Pik3r5 -0.93 Relb -0.26
Lamb3 0.16 Pak2 -0.14
Map2k2 -0.32 Hdac5 -0.81
Prkn 0.17 Vcaml -2.02
TNFaip3 -0.73 Nfkb2 N/A
Nos2 -2.26 Map2k2 -0.32
Nfkbie N/A

TNFaip3 -0.73

8.13. Sensitization of Smg7 -/- cells to TNFa in Matrigel basement

| also tested cell viability in a 3D cell culture condition conducted using Matrigel (Figure 8-28).
TNFa could still sensitize parental MF cells in the Matrigel condition. As time went on, the
viability dropped from 64.49% (12 h) to 35.77% (96 h) compared to Smg7 -/- cells, suggesting
MF cells can grow in the Matrigel matrix and still maintain resistance to TNFa induced-

apoptosis.
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Figure 8-28. Cell viability analysis in Matrigel.

Cell viability assay was performed in a Matrigel-based 3D cell culture system. Smg7 -/- and parental
MF cells were treated with 20 ng/mL TNFa and cell viabilities were measured 12, 48, and 96 h post-

treatment. Data are shown as mean + SD of n = 3 technical replicates

9. Discussion

SMG?7 specifically protects TNFa-induced apoptosis by targeting INncCRNAs

TNFa is a proinflammatory cytokine that has diverse roles in cellular events, including NF-kB
activation and apoptosis. In human malignancies, TNFa plays a variable and contradictory
role [163]. Lower levels of TNFa can stimulate the inflammatory and pro-survival pathways
through NF-kB, while higher local levels of TNFaq, i.e. monocyte presentation or natural killer-
induced cytotoxicity, can trigger apoptosis in tumors [164, 165]. A high concentration of TNFa,
as well as other physical, chemical and biological stimuli, is necessary to induce apoptosis. In
contrast, the biological characteristics of cells also determine their fates towards TNFa. In this
study, | observed Smg7 -/- MF cells and Smg7 knockdown NIH 3T3 cells showed resistance
to TNFa-induced apoptosis. In MF cells, this apoptosis was rescued by a caspase inhibitor
zVAD, implicating the involvement of caspase (Figure 8-1A, B). CHX, a protein synthesis
inhibitor, can markedly sensitize HT-29 human colon epithelial cells to apoptosis by TRAIL
[166]. IFNy, a proinflammatory cytokine, is able to induce apoptosis by upregulation of Fas
and FasL in many cell lines [167, 168]. TNFa and IFNy costimulation synergistically reduced
cell viability via apoptosis in mouse osteoblasts [169]. Surprisingly, in my case, only TNFa
induced cell death in MF cells independent of other apoptotic inducers. Neither CHX nor IFNy
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was able to reduce cell viabilities when combined with TNFa (Figure 8-1C), suggesting MF
cells are insensitive to these other challenges. Re-analysis of other cell death inducers did not
show exceptional protection in Smg7 -/- MF cells (Figure 8-1D). These data showed this
resistance to TNFa-induced apoptosis in Smg7 -/- MF cells was convincingly stimulus-

dependent and mediated by TNFa signaling.

It remains unclear whether SMG7 can directly modulate specific RNAs in addition to NMD.
The present result showed that Smg7 modulated a subset of IncRNAs specifically. Whether
this is occurred in addition to NMD or instead of NMD is still unproven. However, whether
SMG?7 can directly target specific RNAs by itself or collaborate with other NMD members
remains to be further investigated. The other NMD factors would have to be individually
knocked out in order to specifically test whether they can control the same transcripts involved
in apoptosis. The pan-genomic mutagenesis analysis showed that SMG7 KO protected so
well against TNFa-induced apoptosis (Figure 8-2C) than other factors. Since other factors did
not protect, the subset of transcripts they regulate is probably quite different, suggesting SMG7
may have the capacity to degrade transcripts by itself. Indeed, SMG7 could degrade RNA
transcripts alone through CNOTS8 interaction [46] and could also degrade 3’ UTR-length based
transcripts via a miRNA mediated mRNA degradation mechanism [47]. Interestingly, SMG7
can degrade the reporter mRNA independently of PTC, SMG5, UPF1 and SMG6 when
tethered to a reporter transcript [44]. In this study, a transcriptome analysis of differentially
expressed biotypes in Smg7 -/- cells revealed IncRNA (lincRNA and antisense,
log2(FC) = 1.15 and 0.61, Figure 8-3B and Table 13-1) rather than nonsense-mediated decay
transcripts (log2(FC) = 0.26) were highly increased. Moreover, knockout of NMD effectors in
the CRISPR screening, excluding Smg7 and Upf2, did not show any defense against TNFa
(Figure 8-2C). These data support a model that over a generalized NMD substrate, Smg7
contributes to specialized transcript degradation, where IncRNAs upregulation in response to

Smg7-deletion increases cells viability against TNFa challenge.

Smg7 -/- causes NMD factors compensatory regulation

When the balance of NMD factor levels is disturbed, cells can upregulate unaffected NMD
factors to compensate and maintain NMD activity [170]. For example, SMG7 was upregulated
in response to UPF3B depletion in HeLa cells, which maintained the NMD function by
repression of known NMD-targeted RNAs. However, this compensation also showed a tissue-
specific pattern in various Upf3b-null tissues. In extreme cases, no changes were detected
among these NMD factors in some tissues [170]. Similarly, in the present study, gPCR
analysis of a group of crucial NMD factors showed upregulation in Upf3b and Smg5 (Figure

8-2B), indicating a functional compensation in response to the loss of Smg7. Interestingly,
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SMG7 was upregulated in UPF3B knockout Hela cells [170]; similarly, | observed that Upf3b
increased in Smg7 -/- cells (Figure 8-2B), implying a delicate connection between these two
factors. SMG5 can heterodimerize with SMG7 via their 14-3-3-like phosphopeptide recognition
domains to increase the affinity to UPF1 [43]. In the present study, the expression of Smg5
also upregulated in Smg7 -/- cells, which may result in the compensation regulation due to the
loss of SMG7. However, NMD is not systematically affected because NMD factors were not
dramatically changed. The pan-genomic mutagenesis analysis revealed that the basal guides
directed against Smg7 were highly enriched and Upf2 guides also showed a slight enrichment
(Figure 8-2C). In Drosophila, Upf2 mutant cell clones were unable to grow and underwent
apoptosis [171]. Weischenfeldt et al. showed that UPF2 depletion in thymocytes resulted in
apoptosis [172]. In contrast, my data showed that Upf2 KO protected MF cells against TNFa-
induced apoptosis (Figure 8-2C), however, only one out of 5 guides against Upf2 was
protective in the TNFa screening assay. Nevertheless, these data suggested that loss of
SMG7 caused the compensatory regulation of other NMD factors and the protection against
TNFa was mediated by a specialized function of SMG7 rather than by the general damage of
NMD. Indeed, as shown in Figure 8-25, NMD is not that affected in Smg7 -/- cells.

Specific RNA targets of NMD factors

Strikingly, several independent experiments indicated that SMG7 and SMG6 played partially
redundant roles to promote the NMD targets degradation in the endo- and exonucleolytic
decay routes, respectively [43, 45, 46, 173]. However, these two NMD factors have different
capacities in the degradation of specific RNAs. SMG6 preferentially degrades NMD substrates
over SMG5/7-dependent deadenylation and decapping, and PTC-containing transcripts are
constitutively involved in SMG6-dependent exonucleolytic decay [174]. A transcriptome-wide
analysis of human NMD targets showed NMD also modulates IncRNAs, miRNA and snoRNA
host genes [173], which is consistent with my results that lincRNAs were dramatically elevated
in Smg7 -/- and Smg6 KO cells while miRNAs were intensively enriched in Upfl KD cells
(Figure 8-3B and Figure 8-7). Moreover, almost exclusively INcCRNAs (except sense intronic
and macro IncRNA) were decreased in Upfl KD mouse C2C12 cells regardless of the
remarkable upregulation of miRNAs (Figure 8-7B). This is consistent with a model showed
that IncRNAs as primary microRNAs (pri-miRNAS) which can be degraded into miRNAs [175-
177].

UPF1, SMG7 and SMG6 are three core effectors involved in NMD-mediated RNA regulation.

The first step of NMD is the recognition of PTC by the SURF surveillance complex composed
of UPF1, while SMG7 and SMG6 are responsible for the RNA degradation via endo- and
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exonucleolytic decay routes. Surprisingly, | observed that loss of these well-known NMD
factors indeed affected typical NMD substrates, while the most obvious alteration was found
not to be these NMD-targeted transcripts in the global differential expression analysis. Instead,
NcRNAs, including lincRNA and miRNA, were dramatically upregulated (Figure 8-6 and Figure
8-7). Even within one gene, NMD was found to target specific transcripts rather than the entire
gene (Figure 8-8D). So, | hypothesized that different NMD factors might have their specific
target transcripts, target a subcluster of RNAs possessing particular features, or have novel
uncharacterized RNA-degrading mechanisms other than the unique roles in NMD surveillance
system. For example, SMG6-mediated endonucleolytic route preferentially cleaved PTC-
containing immunoglobulin p reporter transcripts, whereas SMG5/SMG7 -dependent pathway
predominantly degraded B-globin transcripts [45]. Recently, Park et al. demonstrated that

mMiRNAs, not nonsense mMRNAS, are responsible for 3'UTR-length-dependent mRNA decay

via Ago-associated UPF1/SMG7 [47], suggesting novel roles of NMD factors in mediating RNA
degradation rather than the basic functions in NMD. This information opens the door to a more
profound realm for reconsidering the redundant functions of NMD factors in response to RNA

degradation, as previously thought.

In Hela cells, UPF1, SMG6 and SMG7-deficient cells have extensive overlapping genes within
the top 1000 targets [173]. In contrast, | found that, over the top 1000 upregulated genes,
these NMD factor-deficient cells barely shared nine genes (Figure 8-8A). Environmental and
technological variables can have a substantial impact on the results when comparing RNAseq
data sets from different publications. Notably, in my case, these mouse RNA-seq data sets
come from different cell lines, which caused the massive variation in NMD factor-targeted
transcripts. Interestingly, in the commonly targeted genes, 6 out of 9 genes were INCRNAs
(Figure 8-8B). NMD starts with PTC recognition and is a translation-dependent process.
LncRNAs cannot be translated into protein; thus, they do not have PTCs. However, recent
studies have shown that a significant fraction of INCRNAs expressed in cells are also
associated with ribosomes [178-181], indicating cells want to translate these IncRNAs. Indeed,
a considerable number of reports have revealed that IncRNAs are able to encode short
polypeptides [181, 182]. These putative small ORFs (mMORFs) of IncRNAs often correspond
to regulatory ORFs (uORFs) in the 5" UTR region [181], which may end the translation in an
MRNP complex and activate NMD to degrade the corresponding IncRNAs. Colombo et al.
found the number of predicted ORFs on an ncRNA and the likelihood of it being identified as
an NMD target were highly correlated [173]. At this point, the enriched IncRNAs in Smg7 -/-

and Smg6 KO cells, as well as overlapping transcripts in three NMD factor-deficient cell lines,
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should also be involved in NMD regulation through these mORFs, though different effectors

may have their favorite targets and cleave a specific transcript to varying degrees.

More remarkably, SMG7 KD in Hela cells only weakly impaired NMD compared to SMG6 and
UPF1 [173]. However, | found that Smg7 -/- and Smg6 KO cells had more significant effect on
NMD targets in the nine common genes (Figure 8-8C). The inefficient sSiRNA KD may cause
this in Upfl group. For some genes, such as Zfasl, Gm42546, 2410006H16Rik and Snhg6,
expression levels were comparable in Smg7 and Smg6-deficient cells, while others, especially
Pvtl, had a dramatical higher expression level in Smg7 -/- cells (Figure 8-8C). This suggests
different RNAs cleaving routes in NMD preferentially target specific genes or have different
mechanisms to degrade genes over typical NMD. Indeed, previous data showed that SMG6
and SMG?7 could preferentially target specific transcripts [45]. However, how they may choose
their targets and whether they can independently affect the same classes of RNAs still need

to be further confirmed.

NMD has differential effects on distinct alternative RNAs of the same gene [147]. In my
analysis, though the whole gene was upregulated, the different transcripts encoded by this
gene could vary considerably (Figure 8-8, Table 13-5). Two examples are given here, almost
all of the Pvtl transcripts were highly upregulated while transcript Pvt1-202 remained nearly
unchanged (log2(FC) = 0.49, other transcripts were higher than log2(FC) = 2.59 in Smg7 -/-
cells). According to the Pvt1-202 transcript structure, Pvt1-202 loses one exon that encodes
one misc RNA Gm27957-201 and has three more exons in the 3° UTR (Figure 8-9A). When it
comes to Zfasl, the alternative spliced isoform Zfas1l-201 showed a relatively lower
expression in both Smg7 and Smg6-deficient cells (log2(FC) = 0.58 and 0.89, other transcripts
were higher than log2(FC) = 3.11 in Smg7 -/- and Smg6 KO cells). As shown in Figure 8-9B,
compared to Zfas1-206, the only difference is that the third intron in Zfas1-206 is transcribed
in Zfas1-201. These changes between different transcripts caused by alternative splicing may
result in loss of NMD-targeted features, consequently, leading them to escape NMD
degradation. Several interesting experiments, including accurately expressing exogenetic
NMD-targeted transcripts, for example, overexpressing Zfasl-201 and Zfasl1-206
independently by cDNA in Zfas1l KO cells, could be conducted to identify which exons and
introns contain NMD signatures. The exons that determine degradation could be further mind
by bioinformatics, perhaps comparing them to each other and trying to distinguish what exactly

causes them to be more stable or more susceptible to degradation.

SMGY7 dictates CYLD levels, which in turn mediates NF-kB activation
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In this study, | detected a diminished caspase activity in Smg7 -/- cells and a caspase inhibitor
zVAD rescued TNFa-induced apoptosis in parental cells (Figure 8-10A and B), indicating
TNFa-triggered cell death is mediated by caspases. SMG7 regulates CYLD deubiquitinase
levels, so losing SMG7 resulted in lower CYLD expressions (Figure 8-11A). In necrosis,
caspase-8 cleaves CYLD to generate a survival signal following TNF stimulation [183].
Similarly, parental cells showed distinctly lower CYLD levels when treated with TNFa, likely
due to the cleavage by caspase-8. However, a lower level of CYLD was still detected even in
resting Smg7 -/- cells, suggesting this downregulation of CYLD in resting Smg7 -/- cells was
mediated by loss of SMG7 other than caspase-8 cleavage. In turn, CYLD also promotes
caspase-8 activation via RIP1 deubiquitination [184]. Consistent with my data, | also observed
a decreased caspase-8 activity in Smg7 -/- cells upon TNFa stimuli, which may be caused by
the less basal amount of CYLD. Taken together, these data suggest that loss of SMG7 blocks
caspases-mediated apoptosis triggered by TNFa and that SMG7 interferes with CYLD levels,
possibly by which it regulates NF-kB activation and switches apoptosis to survival.

The downregulation of CYLD mainly leads to the activation of the NF-kB pathway. TNFa-
resistant Smg7 -/- cells have less CYLD and more phosphorylated IkB and can be sensitized
by NF-kB inhibitors when treated with TNFa (Figure 8-12), suggesting the activation of NF-kB
mediates the survival due to the loss of SMG7. On a deeper level, this means that tumors with
higher NF-kB expression levels are more easily affected by SMG7. In reality, SMG7 was
identified as a new risk factor in NF-kB treatment of prostate cancer [50], showing the potential
role in regulating tumorigenesis and development [185]. In prostate cancer cells, the paracrine
application of TNFa was also confirmed to promote apoptosis and result in cell cycle arrest
[186]. In testicular cells, CYLD ablation activated NF-kB and promoted the expression of a
large number of anti-apoptotic genes [187]. These pieces of evidence are totally consistent
with what | found here in Smg7 -/- cells, including insensitivity to TNFa challenge and
pharmacological sensitization in the presence of NF-kB inhibitors in monolayers and 3D
spheroids, indicating NF-kB mediates the resistance in Smg7 -/- cells through the deregulation
of CYLD.

More interestingly, these diminished CYLD levels were also found in NIH 3T3 and MCF-7 cells
following SMG7 KD by siRNA (Figure 8-13). Furthermore, this positive correlation between
CYLD and SMG7 was further confirmed in 1164 human cancer cell lines (Figure 8-15). These
data imply a novel function of SMG7 in CYLD expression and establish a bridge between
SMG7 and survival mediated by NF-kB. K-63 polyubiquitination of RIP1 and TRAF2 promotes
NF-kB, while its removal by CYLD facilitates the conversion of complex | to complex lla, at

which DISC is built up, leading to the induction of apoptosis as well as caspase-8-mediated
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cleavage of CYLD. K-63 polyubiquitin chains may also be removed from IKKy by CYLD,
leading to the inhibition of IKK activation and reduced NF-kB activity. Conversely, loss of CYLD
expression results in the K-63 polyubiquitination of TRAF2, RIP1and IKK, thereby switches
apoptosis to NF-kB-mediated survival [58, 188]. Therefore, SMG7 may dictate the level of
CYLD, which in turn mediates survival through activation of NF-kB. However, it is not clear
how SMG?7 is involved in the regulation of CYLD. One possible explanation is that SMG7-
deficient cells upregulate IncRNAs and these IncRNA-derived miRNAs may have the function
to regulate CYLD. Another possibility may be that these upregulated IncRNAs in Smg7 -/- cells
are acting as transcriptional repressors on genomic DNA [75, 76], which downregulates Cyld
MRNA. Indeed, | saw Cyld mRNA was downregulated in Smg7 -/- cells (Figure 13-1). Similarly,
| also observed this positive correlation between SMG7 and CYLD in RCC and a higher
survival rate in RCC patients with high SMG7 expression, which may be due to the higher

CYLD level promotes tumor cell death via apoptosis.

SMG7-targeted INcRNAs Pvtl and Adapt33 protect TNFa-induced apoptosis

As shown in Figure 8-3, SMGY7 affected not only NMD targets but also a cluster of IncRNAs.
The CRISPRa screen experiment indicated that two IncRNAs Pvtl and Adapt33 as well as
one protein-coding gene Tnfrsfllb, a decoy TNF receptor, showed protection against TNFa-
induced apoptosis. Given that TNF activation of NF-kB is still possible, it is unlikely that
TNFRSF11B is acting as a decoy TNF receptor at the membrane; thus, | focused on the two
IncRNAs. Pvtl and Adapt33 were highly increased in Smg7 -/- cells. Surprisingly, cells
overexpressing Pvtl and Adapt33 by CRISPRa were adequate to prevent parental MF cells
from TNFa-induced apoptosis (Figure 8-20A). Therefore, | speculated that apart from NMD,
SMG7 regulates the expression of CYLD by targeting IncRNAs, thereby inducing survival
signals. However, the interaction among SMG7, Pvtl and CYLD can be mechanistically
complicated. Pvtl was firstly reported in 1984 in mice [107]. It lies in the region of the famous
cancer-related chromosome 8g24.21, downstream of and regulating MYC [109], which in turn
is the source of a large proportion of Burkitt's lymphomas. SMG7 was found to be highly
elevated in Burkitt's lymphoma cells [189]. In MYC-driven HCT116 colon cancer cells, PVT1
depletion dramatically diminished its tumorigenic potency, as higher MYC expression level is
consistently PVT1-dependent [109]. It is still unknown whether PVT1 IncRNA directly
regulates CYLD, but it is clear that, in human HCC tissues, CYLD expression is negatively
correlated with MYC expression level via INK mediated signaling [190], providing a hint to this

relationship.
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It is widely known that IncRNAs can modulate multiple pathways simultaneously. Pvtl serves
as a sponge for many miRNAs [116-121], especially for the mir-200 family [108]. The human
PVT1 encodes a cluster of six microRNAs [127]. PVT1, as well as its derived microRNAs, has
oncogenic capacities [191]. Additionally, pointing to miRNAs, two miRNA miR-362-5p and
miR-19 can target CYLD [192, 193]. Therefore, | hypothesized that those upregulated
IncRNAs in Smg7 -/- cells could also be processed into miRNAs, subsequently target Cyld
MRNA and cause its degradation. Indeed, CYLD has been shown to be targeted by many
mMiRNAs [194-196] and PVT1 encodes several distinct miRNAs [191, 197], although whether
PVT1 encoded miRNAs target CYLD has not been explored. Recently, several large-scale
genomic studies throw some light on the functions of such multi-factorial transcripts in relation

to cancers [198].

Adapt33 is broadly involved in TNF signaling and apoptosis

LncRNA Adapt33 was reported to be induced by hydrogen peroxide or staurosporine and
involved in apoptosis [158]. Recently, Zhao et al. reported that Adapt33 promoted the
proliferation of mouse ES cells by activating Mid1 expression [159]. However, its function has
not yet been demonstrated. Here in my thesis, | showed Adapt33 was co-precipitated with
RNAs involved in TNF signaling and apoptosis pathways, therefore suggesting the direction
by which Adapt33 may carry out its function. Moreover, there are several miscellaneous RNAs
(misc RNAS) located within Adapt33 locus. These misc RNAs may have a potential role in
gene regulation, such as gene switches, turning genes on and off, or silencing genes with the
help of RNAI [199].

RNA-RNA interactions (RRIs) analysis is an emerging experimental technique to address the
complexity of many fundamental cellular activities [200]. | used 5 biotin-labeled oligos against
Adapt33 RNA to pulldown Adapt33-interactive RNAs in the UV light or glutaraldehyde cross-
linking conditions. The top 200 enriched RNAs were mapped to the associated pathways.
Interestingly, TNF signaling and apoptosis pathways were found to be the highest involved
pathways, providing a hint that Adapt33 has the capacity to participate in death and survival
regulation by targeting a cluster of genes. However, the roles of Adapt33 in controlling these
genes are still unknown. Given that IncRNA can bind to RNAs and degrade the corresponding
transcripts into endogenous siRNAs [75, 76], | checked the genes involved in apoptosis and
NF-kB pathways with a decreased expression levels in Smg7 -/- cells and found a well-known
gene, Nfkbia, which can inhibit NF-kB production (Table 8-5). Nfkbia is also known as IkBa,
which can form an IkBa/NF-kB complex and mask the nuclear localization signals (NLS) of

NF-kB, keeping it inactive in the cytoplasm [201]. IKKs promote IkB phosphorylation and
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degradation, then NF-kB is released to active its target genes [202]. Smg7 -/- cells showed a
decreased IkBa mRNA level (Log2(FC) =-0.54, Table 8-5), which may be degraded by
Adapt33 and contribute the survival signals expression. Indeed, A20, an NF-kB inducible
effector, was upregulated in Smg7 -/- cells upon TNFa treatment (Figure 8-10C). TNF Alpha
Induced Protein 3 (A20 or TNFaip3), a feedback inhibitor of NF-kB [203], was also found to
be decreased in resting Smg7 -/- cells (Log2(FC) = -0.73, Table 8-5). The upregulated protein
level of A20 in Smg7 -/- cells in response to TNFa is consistent with its role in inhibiting
cytokine-induced apoptosis [204]. Furthermore, Polr3d is an RNA polymerase and is able to
transcribe miRNA [161], snRNA, tRNA and rRNA [162]. | observed depression of the Polr3d
MRNA in Smg7 -/- cells compared to MF parental cells (Log2(FC) = -0.08, Table 8-5), which
matches the miRNA downregulation in the global differentially expressed biotypes analysis
(Figure 8-3B).

Smg7 -/- protects 3D spheroids

Unlike classical monolayer-based models, which lack many characteristics of the complex in
vivo situation, 3D spheroids culture is much more similar to the original tumor, including
volume growth kinetics and cellular heterogeneity [205, 206]. Thus, 3D spheroids can better
mimic in vivo tissue and cellular communication and are more appropriate for pharmaceutical
high-throughput screening [156]. In the present study, | generated a 3D spheroid model using
Smg7 -/- and parental MF cells and treated these spheroids with 20 ng/mL TNFa in the
presence or absence of 10 uM SC-514 IKK inhibitor. Smg7 -/- spheroids still showed the
resistance to TNFa-induced apoptosis, while with the combination of IKK inhibitor, Smg7 -/-
spheroids were resensitized to TNFa (Figure 8-22A), suggesting the survival due to the lack
of Smg7 was also NF-kB-dependent. These data further imply that tumor cells with a low
SMG7 expression at the early stage may not be eliminated via apoptosis and have a higher
chance of developing into a mature tumor. Thus, SMG7 may serve as a potential biomarker

for early-stage cancer diagnosis.

Mouse xenografts are widely powerful research tools in oncology. In my study, | confirmed
that MF cells could grow in the Matrigel matrix and still showed a response to TNFa induced-
apoptosis. The next step would be to inject MF cells into immunocompromised mice under

Matrigel conditions or use other SMG7-deficient human tumor cells to generate mouse models.

Cellular origins influence TNF/SMG7 induced apoptosis

The sensitivities of distinct cell lines against TNF-induced apoptosis may differ considerably,

but cells can be susceptible when combined with protein synthesis inhibitors [134]. TNFa
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induced apoptosis in L929 cells with or without the presence of CHX (Figure 8-23A). However,
when combined with CHX, TNFa only mildly induced apoptosis in L929 cells, probably due to
the fact that CHX itself caused a significant amount of cell death in both TNFa-treated and
untreated groups. HCT-116 cells were sensitive to TNFa, especially with the presence of CHX.
However, Hela cells can be only sensitized by TNFa in the presence of CHX. hTNFa was able
to induce apoptosis in MCF-7 and HCT-116 cells in a time-dependent manner (Figure 8-23B),
thus | used these two cell lines in the following experiments. These data suggest TNFa-
induced apoptosis is cell type-dependent, and most of the cases, CHX promotes apoptosis

when combined with TNFa.

SMGY7 influences human cancer cell growth

Smg7 -/- cells showed a lower growth rate compared to parental MF cells (Figure 8-22B).
Similarly, continuous knockdown of SMG7 by CRISPRi in HCT-116 and MCF-7 cells also
showed growth defects (Figure 8-24). However, the loss of SMG7 in human cells showed
differential phenotypes than in mouse cells. In HCT-116 cells, loss of SMG7 resulted in cell
disruption and cell death (Figure 8-24). Furthermore, this SMG7-derived cell disruption and
death showed a negative correlation to the expression level of SMG7, that is, the lower the
SMGY7 level, the more cell death (Figure 8-24A and B). In MCF-7 cells, temporary knockdown
of SMG7 by siRNA was found to be resistant to TNFa-induced apoptosis, while continuous
knockdown of SMG7 resulted in growth arrest. Human cells may not tolerate the loss of SMG7
ultimately, as | could not generate SMG7 -/- human cell lines. Compared with the protein-
coding genes, INncRNAs are often less highly conserved between species and tend to exhibit
a higher degree of tissue specificity [207]. Therefore, human SMG7 may regulate another
cluster of targets in human cells rather than mouse Smg7-targeted IncRNAs in mouse, which
leads to the cell growth defect. SMG7 KD Hela cells did not show prominent upregulation of
IncRNAs or miRNAs in the pan-transcriptome level (biotype DESeq2 analysis, log2(FC) = 0.33,
p(adj) = 0.09 and log(FC) = -0.04, p(adj) = 0.94, Table 13-6), while protein-coding genes and
INncRNAs made up 62% and 23% of the top 100 upregulated genes (Table 13-7), suggesting
that SMG7 only targets a specific cluster of IncRNAs other than modulates all INcRNAs in
human cells. However, these human SMG7-targeted IncRNAs may be different than in mouse
cells, which resulted in different phenotypes. Indeed, the expression levels of the entire PVT1
gene and distinct PVT1 transcripts were not massively changed in SMG7 KD Hela cells
(Figure 13-2). These data suggest that different from mouse Smg7, human SMG7 may
dominate other subtype IncRNAs to maintain cell growth and integrity in these two human

cancer lines. Furthermore, human SMG7 may also target another cluster of protein-coding
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genes. Some of these shortened proteins due to lack of SMG?7 are toxic to cells and affect cell

phenotypes, including cell viability and growth arrest [208-211].

SMG7 does not target classic NMD B-globin transcripts

Mutated B-globin with a PTC at site 39 is a widely used reporter transcript in NMD functional
analysis [45, 212]. In this study, | also employed a bi-directional promoter-based vector, which
can transcribe a wild-type B-globin transcript and a mutant B-globin at site 39 with a PTC
simultaneously under the induction of doxycycline. Unexpectedly, | did not detect a highly
increased mutant B-globin transcript in Smg7 -/- cells compared to parental cells (Figure 8-25A)
though B-globin was shown predominantly to be degraded by SMG5/SMG7-dependent
pathway [45]. Upfl -/- cells also showed a decreased mutant S8-globin expression compared
to wild-type B-globin level. Similarly, Upfl knockdown cells by shRNA were also detected at a
comparable mutant 8-globin level to wild-type (Figure 8-25C). These data indicate that Smg7
and Upfl KO or KD independently may not abolish NMD sufficiently, at least these cells can
still degrade mutant B-globin transcripts, or these transcripts were cleaved by other NMD
factors preferentially. Indeed, Ottens et al. showed that PTC-containing transcripts
constitutively involve SMG6-dependent exonucleolytic decay [174]. In Figure 8-25A, Smg7 -/-
and Upfl -/- cells were found to have even less mutant (3-globin expression levels compared
to parental MF cells, indicating a robust compensation regulation mechanism in response to
Smg7 and Upfl depletion [170]. Though the mRNA levels of most NMD factors except for
Smg5 and Upf3b remained unchanged in Smg7 -/- cells, the protein levels and biochemical
kinetics of the main NMD factors still need to be further investigated to confirm the
compensation regulation function. Besides the regulation at the translational level, whether
there are other post-translational modifications in addition to the phosphorylation of UPF1 also
need to be examined in the future. It would be also interesting to check whether double
knockout of NMD factors, such as double knockout of Smg7 and Smg6, can abolish the

degradation of mutated S8-globin.

Modeling SMG7 effect on apoptosis

SMGY7 is an essential NMD factor and also has redundant functions in regulating apoptosis.
Parental MF cells were sensitive to TNFa-induced apoptosis mediated by caspases while
Smg7 -/- MF cells and 3D spheroids were resistant to TNFa-induced apoptosis. Loss of SMG7
resulted in INcRNAs upregulation, including Pvtl and Adapt33. Overexpression of Pvtl and
Adapt33 increased resistance to TNFa-induced apoptosis in parental MF cells. Moreover,
CYLD played an important role in apoptosis where overexpressing Cyld led to apoptosis, while

knockdown of Cyld resulted in survival against TNFa. Interestingly, SMG7 dictated CYLD
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levels, which is possibly regulated by IncRNAs, including Pvtl and Adapt33, -derived miRNAsS,
thereby switching apoptosis to NF-kB-dependent survival upon TNFa treatment. Furthermore,
Adapt33 was co-precipitated with a cluster of RNAs involved in TNF signaling and apoptosis

pathways, providing a direction for Adapt33 to participate in the death-survival regulation.

NMD+IncRNA < SMGT
surveillance - /

A > YLD ]
- (CYLD) — NF«B

7 ,.r:;:_.\' /\ 1 (survival)

IncRNA  Caspase-8
et

TNFa

Caspase-3 —» Apoptosis

Figure 9-1. Modeling SMG7Y effect on apoptosis.

Following TNFa treatment, loss of SMG7 surveillance of NMD and IncRNA targets leads to inhibition of
CYLD by an uncharacterized mechanism and subsequent activation of the NF-kB survival pathway. By
contrast, unmodified cells with normal SMG7/CYLD have reduced Pvtl and Adapt33 levels and undergo

apoptosis upon TNFa treatment. Data and figure legend were published in Molecular Oncology [136].

10. Conclusions

The extent to which long non-coding RNAs affect cell death pathways is a great unsolved
guestion in oncology. In this study, | showed that losing the nonsense-mediated decay effector
SMG7 uniquely prevented TNFa-induced apoptosis in several cell types. SMG7 degraded
typical NMD targets and also showed the ability to target distinct lincRNAs. A pan-genomic
mutagenesis TNFa screen indicated the insensitivity to the TNFa-induced apoptosis which is
achieved by a dedicated SMG7 mechanism instead of by global destruction of NMD. A
comparison of three RNA-seq data suggested Smg7, Smg6 and Upfl-deficient mouse cells
shared 6 IncRNAs out of 9 common genes in the top 1000 upregulated genes, and NMD
factors could target specific alternatively spliced transcripts rather than the entire genes. NF-
KB inhibitors re-sensitized Smg7 -/- cells and 3D spheroids to TNFa-sensitivity, indicating this
resistance was NF-kB-dependent. Strikingly, this resistant effect to TNFa was coordinated
through three distinct factors: CYLD, Pvtl and Adapt33. CYLD showed a positive correlation
with SMG7, which was confirmed in SMG7-deficient cells and 1164 cancer cell lines from the
CCLE database. CYLD overexpressing Smg7 -/- cells re-established TNFa-induced cell death
while knockdown of Cyld by siRNA in parental MF cells showed partially increasing in cell

viability, suggesting CYLD expression levels interferes with the cell viability. Moreover,
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overexpression of Pvtl and Adapt33 increased cell survival against TNFa treatment. The
depressed expression level of CYLD is potentially mediated by miRNAs, including Pvtl
derived miRNAs as Pvtl encodes 6 miRNAs and knockdown Pvtl in Cyld OE cells further
decreased cell viability. RNA-RNA interactions analysis showed that INncRNA Adapt33 is
associated with TNF signaling pathway and apoptosis pathway. Furthermore, Adpt33
negatively regulated two NF-kB inhibitors, Nfkbia and TNFaip3, by which they mediate NF-kB
activation and generate survival signals. To summarize, these studies indicate a novel role of
SMGY7 in protecting TNFa-induced apoptosis through the regulation of the tumor suppressor
CYLD and two IncRNA, Pvtl and Adapt33, and implicate a comprehensive role of NMD factor
in the regulation of NF-kB.

11. Material and methods

11.1. Material

11.1.1. Instruments and equipment

Resource Company

0.45 pm Millex Syringe Filter
96-well plate for gPCR

Merck Millipore, Darmstadt, Germany
Thomas Scientific, Swedesboro, NJ, USA
Bacterial culture flasks BD, Heidelberg, Germany

Cell culture flasks BD, Heidelberg, Germany

Cell culture plates

CO:; incubator

Cooling cell culture centrifuge
Corning 4515 plates
Incubator

Incubator Shaker 126
LightCycler 480
Microcon centrifugal filters

Nanodrop 2000
PerkinElmer Envision 2104

PerkinElmer Operetta High Content

Imaging System

BD, Heidelberg, Germany

Thermo Scientific, Waltham, MA, USA
Eppendorf, Hamburg, Germany
Corning, NY, USA

Sartorius, Gottingen, Germany

New Brunswick Scientific, Hamburg,
Germany

Roche, Basel, Switzerland

Vivacon 500 30 kDa, Sartorius, Goettingen,
Germany

Thermo Fisher Scientific, Waltham, USA
PerkinElmer, Waltham, MA, USA

PerkinElmer, Waltham, MA, USA
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Pipettes
Plastic filter tips TipOne (RNase free)
Plastic pipettes

Plastic tips
Precellys homogenizator

PVDF membranes

SDS-PAGE chamber

semi - dry western blot transfer system
Streptavidin Agarose Resin beeds
Tubes

Ultimate 3000 nano - RSLC

ViCell cell counter

Eppendorf, Hamburg, Germany
StarLab, Hamburg, Germany

Greiner Bio-One, Frickenhausen, Germany
Eppendorf, Hamburg, Germany

Bertin Technologies, Montigny - le -
Bretonneux, France

Roth, Karlsruhe, Germany

Bio-Rad, Mlunchen, Germany

Phase, Lubeck, Germany

Thermo Scientific, Waltham, MA, USA
Eppendorf, Hamburg, Germany
Thermo Scientific, Waltham, MA, USA
Beckman Coulter, Brea, CA, USA

11.1.2. General chemicals

Resource

Company

4% Roti - Load
Acrylamide/Bisacrylamide
Agar

Agarose

Ammonium persulfate (APS)
Bovine serum albumin (BSA)
Dimethyl sulfoxide (DMSO)
Dithiothreitol (DTT)

DNA 1kb plus ladder
dNTP-Mix

Ethanol (p. a.)
Ethidiumbromide
Ethylenediaminetetraacetic acid (EDTA)
formamide

Glycerol

glycine

HyperLadder 1kb, 200 Lanes
Isopropyl alcohol (p.a.)

Roth, Karlsruhe, Germany

Roth, Karlsruhe, Germany

Roth, Karlsruhe, Germany

Biozym, Hessisch Oldendorf, Germany
Bio-Rad, Minchen, Germany

GE Healthcare, Freiburg, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Invitrogen, Carlsbad, USA

Thermo Fisher Scientific, Waltham, USA
Merck, Darmstadt, Germany

Roth, Freiburg, Germany

Roth, Freiburg, Germany

Sigma-Aldrich, Taufkirchen, Germany
Roth, Freiburg, Germany

Sigma-Aldrich, Taufkirchen, Germany
Thermo Fisher Scientific, Waltham, USA

Merck, Darmstadt, Germany
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LB

Lipofectamine RNAIMAX Transfection Reagent

Lys-C

Methanol (p.a.)

PageRuler Prestained Protein Ladder
Paraformaldehyde (PFA)

PMSF

propidium iodide

protease inhibitor cocktail

SDS-PAGE buffer

skim milk

Sodium chloride

Sodium dodecyl sulfate (SDS)

SSC buffer
Tetramethylethylenediamine (TEMED)
Tris(hydroxymethyl)-aminomethan (Tris)
Trypsin

Tween 20

urea

X-tremeGENE HP Transfection Reagent

Roth, Freiburg, Germany

Thermo Fisher Scientific, Waltham, USA
Wako Chemicals, Neuss, Germany
Merck, Darmstadt, Germany

Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen,Germany
Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich, Taufkirchen, Germany
Roth, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
Roth, Freiburg, Germany

Roth, Freiburg, Germany

Thermo Fisher Scientific, Waltham, USA
Roth, Freiburg, Germany

Roth, Freiburg, Germany

Promega, Madison, WI, USA

Roth, Freiburg, Germany

Sigma-Aldrich, Taufkirchen, Germany

Roche, Mannheim, Germany

11.1.3. Buffers and solutions

Solution Information
Agar plates LB (20 g/l), Agar (15 g/l)
APS-solution APS (10 % (w/v))

Blocking buffer

BSA/milk in PBS-T (5 % (w/v))

NaCl (750 mM), SDS (1 %), Tris—HCI pH 7 (50 mM), EDTA (1
mM), formamide (15 %), PMSF (1x)

Hybridization solution

LB medium
Lysis buffer (MS)

LB (20 g/l)

Tris-HCI pH 8.5 (0.1 M), urea (8 M)

Tris-HCI pH 7 (50 mM), EDTA (10 mM), SDS (1 %), PMSF,
protease inhibitor cocktail (1x)

Tris-HCI pH 6.8 (63 mM), glycerol (10 % (v/v)), SDS (2 %
(wiv)), DTT (2.5 % (w/v)), 1x protease inhibitor cocktail

Lysis buffer (pulldown)

Lysis buffer (WB)

SDS-Blot-buffer
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Separation gel

Stacking gel
Stripping buffer
TBS-T

TE (Tris EDTA) buffer
Washing buffer

Tris/HCI pH=8.8 (375 mM), Acrylamide/Bisacrylamide (6-
18 %), SDS (0.1 %), APS (0.075 %), TEMED (0.05 %)
Tris/HCI pH 6.8 (125 mM), Acrylamide/Bisacrylamide (5 %),
SDS (0.1 %), APS (0.1 %), TEMED (0.1 %)

glycine (15 g/L), SDS (1 g/L), Tween-20 (1 % (v/v)) pH=2.2
Tris-HCI pH 7.5 (25mM), NaCl (150 mM), Tween-20 (0.1%
(VIv))

Tris/HCI pH 8.0 (10 mM), EDTA (1 mM)

SSC buffer (2x), SDS (0.5 %), PMSF (1x)

11.1.4. Celllines

Name Information

MCF-7 human breast adenocarcinoma cell line

NIH 3T3 mouse embryonic fibroblast cells

293T human embryonic kidney cell line; transformed with SV40 large T antigen
L929 mouse fibroblast cell line

HT-22 mouse hippocampal neuronal cell line

Hela human cervix cancer cell line

HCT-116 human colorectal carcinoma cell line

A549 adenocarcinomic human alveolar basal epithelial cells

MF cells immortalized mouse fibroblasts

11.1.5. Cell culture

Resource Company

Trypsin/EDTA Life Technologies, Carlsbad, CA, USA
DMEM Gibco, Grand Island, NY, USA

PBS Thermo Fisher Scientific, Waltham, MA, USA

FBS superior
Penicillin/streptomycin
L-Glutamine

F-12K

Zeocin

Puromycin

Biochrom, Berlin, Germany

Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Life Technologies, Carlsbad, CA, USA
Sigma, St. Louis, MO, USA
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Blasticidine S hydrochloride
Hygromycin B

Sigma, St. Louis, MO, USA
Sigma, St. Louis, MO, USA

11.1.6. Kits

Resource

Company

Caspase-Glo 3/7 Assay
Caspase-Glo 8 Assay
Wizard SV Gel and PCR Clean-Up System

Power SYBR Green PCR Master Mix

InviTrap Spin Cell RNA Mini Kit
Gibson Assembly Master Mix

ECL prime western blotting detection reagent

PureLink™ HiPure Plasmid Maxiprep Kit

Nucleospin Plasmid Mini kit for plasmid DNA

purification
KAPA HiFi plus dNTPs PCR Kit
RNeasy Mini Kit

Promega, Madison, WI, USA
Promega, Madison, WI, USA
Promega, Madison, WI, USA

Thermo Fisher Scientific, Waltham, MA,
USA

Stratec, Birkenfeld, Germany

Ipswich, MA, USA

GE Healthcare, Chicago, lllinois, USA
Thermo Fisher Scientific, Waltham, MA,
USA

MACHEREY-NAGEL, Duren, Germany

Roche, Basel, Switzerland

Qiagen, Hilden, Germany

11.1.7. Cell viability assay

Resource Company

hTNFa Peprotech, Hamburg, Germany

MmTNFa Thermo Fisher Scientific, Waltham, MA, USA
Z-VAD-FMK APEXBIO Technology, Houston, TX, USA
Resazurin Sigma, St. Louis, MO, USA

Cycloheximide Merck, Darmstadt, Germany

TRAIL Peprotech, Hamburg, Germany
TWEAK Peprotech, Hamburg, Germany
LPS Sigma, St. Louis, MO, USA

IFNy BioLegend, San Diego, CA, USA
SC-514 Sigma, St. Louis, MO, USA
MLN120B Sigma, St. Louis, MO, USA
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11.1.8. Enzymes

Enzyme Company

Bbsl NEB, Ipswich, MA, USA

BsmBI NEB, Ipswich, MA, USA

T4 ligase NEB, Ipswich, MA, USA

AMV Reverse Transcriptase NEB, Ipswich, MA, USA

Pmel NEB, Ipswich, MA, USA

Proteinase K NEB, Ipswich, MA, USA

Dnase | Thermo Fisher Scientific, Waltham, MA, USA

11.1.9. Plasmids

Table 11-1. Plasmids used in this study.

Name (Addgene) Identifier RRID Application
lenti sgRNA(MS2) zeo backbone 61427 Addgene_61427 CRISPRa
dCAS-VP64_Blast 61425 Addgene_61425 CRISPRa
MS2-P65-HSF1_Hygro 61426 Addgene_61426 CRISPRa
pIRES Hyg3 Clontech Cyld OE
pKLV-U6gRNA(BbsI)-Pgkpuro2ABFP 50946 Addgene_50946  UPF1 KO
pLV hU6-sgRNA hUbC-dCas9-KRAB- _
T28-PUro 71236 Addgene_71236  CRISPRI
pHCMV-EcoEnv 15802 Addgene_15802 lentivirus
pRSV-Rev 12253 Addgene_12253 lentivirus
pMDLg/pRRE 12251 Addgene_12251 lentivirus
pSPAX2 12260 Addgene_12260 lentivirus
pMD2g 12259 Addgene_12259 lentivirus
pLVTHM empty Urquelle MV shRNA
pTRE-Tight-BI-GI NORM-LacZA-TER-

Lac7B 86194 Addgene_86194 NMD
pLenti CMV rtTA3 Hygro 26730 Addgene_ 26730 NMD
CAGSIc7allRESPuro (mCAT1) lentivirus
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11.1.10. Antibodies

Table 11-2. Atibodies used in this study.

Name Host Clone Source Identifier RRID
anti-A20/TNFAIP3  rabbit D13H3 Cell Signaling 5630 AB_10698880
anti-

) ) mouse E-10 Santa Cruz sc-74435  AB_1122022
cylindromatosis 1

_ ] A302-
anti-Smg7 rabbit polyclonal  Bethyl 170A AB_1659842

BID Antibody (FL- )
rabbit polyclonal Santa Cruz sc-11423  AB_2243383

195)
Caspase-8 rabbit D35G2 Cell Signaling 4790 AB 10545768
Cleaved Caspase-3 ) _ _

rabbit polyclonal Cell Signaling 9661 AB_2341188
(Aspl75)
IkBa Mouse mAb
(Amino-terminal mouse L35A5 Cell Signaling 4814 AB_390781
Antigen)
p53 mouse 1C12 Cell Signaling 2524 AB 331743
Phospho-IkBa

mouse 5A5 Cell Signaling 9246 AB_2267145
(Ser32/36)
Phospho-
SAPK/INK rabbit 98F2 Cell Signaling 4671 AB_331338
(Thr183/Tyr185)
RIP XP® rabbit D94C12 Cell Signaling 3493 AB_2305314
SAPK/INK _ o

_ rabbit polyclonal Cell Signaling 9252 AB_2250373
Antibody
3-Actin mouse 8H10D10 Cell Signaling 3700 AB 2242334
3-Actin rabbit 13E5 Cell Signaling 4970 AB_2223172
TNF-R1 Antibody mouse H-5 Santa Cruz Sc-8436 AB_628377
TNF-R2 Antibody rabbit polyclonal Cell Signaling 3727 AB_659912
TRAF2 Antibody rabbit polyclonal Santa Cruz sc-876 AB_ 632533
) _ E-AB-
UPF1 rabbit polyclonal Elabscience
13000

anti-mouse horse Cell Signaling 7076 AB_330924
anti-rabbit goat Cell Signaling 7074 AB_2099233
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11.1.11. siRNAs

Gene

Organism Catalogue

name

target sequence

SMG7 Human

Smg7 Mouse

EGFP

EHU007301
-20UG

EMU15086
1-20UG

EHUEGFP-
20UG

GCAAAGAATCGAGCAAATCCGAATCGGAGTGAAG
TTCAGGCAAACCTTTCTCTGTTCCTAGAGGCAGC
TAGTGGCTTCTATACTCAGTTATTACAAGAACTGT
GTACAGTATTTAATGTAGATTTACCATGCCGTGTG
AAGTCTTCCCAATTGGGAATTATCAGCAATAAACA
GACGCATACCAGCGCCATAGTGAAGCCACAGTCT
AGCTCCTGTTCCTATATCTGCCAGCACTGCCTCG
TCCACCTTGGAGACATTGCTCGATACAGAAACCA
GACCAGCCAGGCAGAGTCCTACTATAGGCATGC
AGCTCAGCTTGTCCCCTCCAATGGTCAGCCTTAT
AATCAGTTGGCTATCTTAGCTTCTTCCAAAGGAGA
CCATCTGACCACAATTTTCTACTACTGCAGAAGCA
TTGCTGTGAAGTTCCCTTTCCCA
CCACAGAGACAGATGCACACTGTGCACAGAAGAA
AACACAGCAGATGCCACTTTGGAGAGGGCAAGA
GAAAGGAATAAACTCTATTTGATAATTTATATTAG
GAGGAAAGAGGACTGAAGATGTTCTGTGTAGGAA
CAGAAGAACGGACAGCATTTCTGTTAGTCATTTC
CTGGAAAAGTAATATTTTAATGGGAAATTATGGAA
ACAATCTAAATGTCCAATTGCTGTGCTAGGGTAG
GGATTATTTTCTGGGAGGTGTGTGTGTGTGTGCG
CGCGTGTGTGTCCCACACATGGCTTTCTACTCTC
CCAGAGGGCAAGGGCTAAGTGTGGGAAATAGTG
TGGAGCTTAGCTGAAGGACAGCTGTAGAGCAAA
GCACATCCAGGAGCCCCAGGTGTCACTGGGGTC
TGGGCAGCCCCGAAATGAGATGGGGTAAGGTAT
TGCTCATTGCTCTTCAGAAAGAGTGCTTGAAGCC
CCAGGCTTACTCTATTGCTCTTTTAGTTTGACATG
G
GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTG
GTGCCCATCCTGGTCGAGCTGGACGGCGACGTA
AACGGCCACAAGTTCAGCGTGTCCGGCGAGGGC
GAGGGCGATGCCACCTACGGCAAGCTGACCCTG
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Pvtl Mouse

CYLD Mouse

EMU19318
1-20UG

EMUO3111
1-20UG

AAGTTCATCTGCACCACCGGCAAGCTGCCCGTG
CCCTGGCCCACCCTCGTGACCACCCTGACCTAC
GGCGTGCAGTGCTTCAGCCGCTACCCCGACCAC
ATGAAGCAGCACGACTTCTTCAAGTCCGCCATGC
CCGAAGGCTACGTCCAGGAGCGCACCATCTTCTT
CAAGGACGACGGCAACTACAAGACCCGCGCCGA
GGTGAAGTTCGAGGGCGACACCCTGGTGAACCG
CATCGAGCTGAAGGGCATCGACTTCAAGGAGGA
CGGCAACATCCTGGGGCACAAGCTGGAGTACAA
CTACAACAGCCACAACGTCTATATCATGGCCGAC
AAGCAGAAGAACGGCATCAAGGTGAACTTCAAGA
TCCGCCACAACATCGAGGACGGCAGCGTGCAGC
TCGCCGACCACTACCAGCAGAACACCCCCATCG
GCGACGGCCCCGTGCTGCTGCCCGACAACCACT
ACCTGAGCACCCAGTCCGCCCTGAGCAAAGACC
CCAACGAGAAGCGCGATCACATGGTCCTGCTGG
AGTTCGTGACCGCCGCCGGGATCACTCTCGGCA
TGGACGAGCTGTA
ATTGAGGTGGCCATTGAGAATTCAAGTGTACCTC
TTGGTCCCTGATGCAGAAATGAAGTCCCCAGCAT
GCTCAAGAAGAGCTTCCTTGGAGGATGAGAGGC
ATGGGAATCTAAGTATACCCTTTAAGCGTTCCAG
AAGGATTTTGAGATCCTTTCCTAAATCAAAGGTGG
AATATTTGGGGATTTGGAAAATTGAGATGTGAAG
CGTTGACTTAAGAGATGCCAAGTAACTCAGCAGA
TGTCACACAGACGATAAATAGCAAAGATGGAAGT
CTTCATGCCGGAGGCAATCCTATAAGACAGCTGA
GTTCTGCAGAGCTGGTAGGAGACAGACTTGCTCA
GGTGATAGATCCAGCCATGATACTGACCCTAAGA
GAATGAGACGCTCTGCAGAAGACAGAAGATTCCT
GAAACTGGGAAAGGTGCCTAGAAATCCTGATAAG
AGTGAAGAAGGAGCTGGCAGAGCAGCCTTCCTC
CGCACTATGAAAGACATCCAACAGAGAGCAAGTT
CCC
TTTTGTTGGTGTGGACATGGATAACCCTATTGGC
AACTGGGATGGAAGGTTTGATGGAGTACAGCTCT
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GTAGTTTTGCAAGTGTTGAAAGTACAATTCTCCTG
CACATCAATGACATCATCCCAGATAGCGTGACAC
AGGAAAGGAGGCCTCCCAAACTTGCCTTTATGTC
AAGAGGTGTAGGTGACAAAGGTTCATCTAGTCAT
AATAAACCAAAGGTTACAGGATCTACCTCAGACC
CTGGAAGTAGAAACAGATCTGAATTATTTTATACC
TTAAATGGGTCATCTGTTGACTCACAACAATCCAA
GTCCAAAAATCCATGGTACATTGATGAAGTTGCA
GAAGACCCTGCAAAGTCACTTACAGAGATGTCTT
CGGACTTCGGACATTCATCTCCTCCACCGCAGCC
TCCTTCCATGAACTCCTTGTCTAGCGAGAACAGA
TTCCACTCCTTACCCTTCAGCCTGACA

11.1.12. PCR primers

Table 11-3. PCR primers used in this study.

Name Sequence
Actin gPCR forward CCTCTATGCCAACACAGTGC
Actin qPCR reverse GTACTCCTGCTTGCTGATCC

Adapt33 gPCR forward
Adapt33 gPCR reverse
Anril gPCR forward
Anril gPCR reverse
GAPD gPCR forward
GAPD gPCR reverse
Gas5 gPCR forward
Gas5 gqPCR reverse
Hotair qPCR forward
Hotair qPCR reverse
Malatl gPCR forward
Malatl gPCR reverse
Pvtl gPCR forward
Pvtl gPCR reverse
Smgl gPCR forward
Smgl gPCR reverse

TCCTCATGAGAGAACGCTTTT
CATCACCGAGAACACAATTCC
AACCAAGAGCATGGTGTACTCA
GAGGAGGTCGCTGTGTCAG
GGGTTCCTATAAATACGGACTGC
CCATTTTGTCTACGGGACGA
GGCTCCTGTGACAAGTGGAC
AATGGTAAAATTTTAACACAATATATCTGACAC
GCCCCTTGAAACCCTCTT
GATGGGGATGATAAGGAGAGC
GACCCTTCACCCCTCACC
AAGACGAATTGGGCATAACCT
CGGAGGCAATCCTATAAGACA
GCTGGATCTATCACCTGAGCA
CTGTAAAGCAGCTGAAGGAGTTT
TCATGAACAGCAGCCAAGAT
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Smg5 gPCR forward
Smg5 gPCR reverse
Smg6 gqPCR forward
Smg6 gPCR reverse
Smg7 qPCR forward
Smg7 gPCR reverse
Upfl gPCR forward
Upfl gPCR reverse
Upf2 gPCR forward
Upf2 gPCR reverse
Upf3b gPCR forward
Upf3b gPCR reverse
Cyld gPCR forward
Cyld gPCR reverse

CYLD plasmid forward

CYLD plasmid reverse

OE library preparation forward

OE library preparation reverse

mUPF1 genotyping forward
mUPF1 genotyping reverse

GCCTGTTACAGCCCAAAAGT
GGTGAGGAGGGCAGGTAGA
TCTGAGCAGGAGAATGGTCTG
TGGAGAAAACTGAGGATGAACC
TGCTGTGAAATTCCCTTTCC
CTTCTCTCGAAGAGGGCTCA
AGATCACGGCACAGCAGAT
CTCCAGAGTGGCTGAAGGAT
ACCTCCTAGCAGGGCTAGTTC
GCACTACTGATACGCCTCTGG
TTTTGGAGAGTTATGCCACAGA
AAGGGGCGTTGTCCTTTTAG
CGGGGATTTTCTTTGGAGTAG
AAACACGCCACAGTCCTCAT
GTACAGGCCTTAAGCCGGCGCGCTAGCGCCACCA
TGAGTTCAGGCCTGT
TTATCTATGTTAACGTACGATATCCTATTTGTACAG
GCTCATGGTTGGA
CCATCTCATCCCTGCGTGTCTCCGACTCAGCTAAG
GTAACGGCTTTATATATCTTGTGGAAAGGACG
CCTCTCTATGGGCAGTCGGTGATCTGCAGACATGG
GTGATCCTCAT

GGTACTGTGCTCTGGGTTCT
GTAGAGGAGCACGGGATTCA

11.1.13. Guide sequences

Table 11-4. Guide sequences used in this study.

Name

Sequence

Mouse 2410004N09Rik CRISPRa guide 1
Mouse 2410004N09Rik CRISPRa guide 2
Mouse 2410004N09Rik CRISPRa guide 3
Mouse 2410006H16Rik CRISPRa guide 1
Mouse 2410006H16Rik CRISPRa guide 2
Mouse 2410006H16Rik CRISPRa guide 3
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CGTTCGGCCGGTCCCTTTGT
GGCCGGAACGGACTGTACCA
AGGGAGAAGTGCATCGCGGG
GCGTGAGCGCCCTCCTCTTA
CCCCCGTTCTGTTGAGCGAG
TCGCTACCCAGAATCCCCCG



Mouse 2700099C18Rik CRISPRa guide 1
Mouse 2700099C18Rik CRISPRa guide 2
Mouse 2700099C18Rik CRISPRa guide 3
Mouse 5430416N02Rik CRISPRa guide 1
Mouse 5430416N02Rik CRISPRa guide 2
Mouse 5430416N02Rik CRISPRa guide 3
Mouse 6820431F20Rik CRISPRa guide 1
Mouse 6820431F20Rik CRISPRa guide 2
Mouse 6820431F20Rik CRISPRa guide 3
Mouse Accsl CRISPRa guide 1

Mouse Accsl CRISPRa guide 2

Mouse Accsl CRISPRa guide 3

Mouse Agtpbpl CRISPRa guide 1

Mouse Agtpbpl CRISPRa guide 2

Mouse Agtpbpl CRISPRa guide 3

Mouse Al662270 CRISPRa guide 1
Mouse Al662270 CRISPRa guide 2
Mouse Al662270 CRISPRa guide 3
Mouse Atp2b4 CRISPRa guide 1

Mouse Atp2b4 CRISPRa guide 2

Mouse Atp2b4 CRISPRa guide 3

Mouse Car6 CRISPRa guide 1

Mouse Car6 CRISPRa guide 2

Mouse Car6 CRISPRa guide 3

Mouse Cngbl CRISPRa guide 1

Mouse Cngbl CRISPRa guide 2

Mouse Cngbl CRISPRa guide 3

Mouse Cox7b2 CRISPRa guide 1

Mouse Cox7b2 CRISPRa guide 2

Mouse Cox7b2 CRISPRa guide 3

Mouse Fam13b CRISPRa guide 1

Mouse Fam13b CRISPRa guide 2

Mouse Fam13b CRISPRa guide 3

Mouse Gas5 CRISPRa guide 1

Mouse Gas5 CRISPRa guide 2

Mouse Gas5 CRISPRa guide 3
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AGCGCGTTGAGCCGCCGATG
GTCGGTGTCGGCGACCTGAA
CGCCGACACCGACGATGACC
TACCGCGACTCGAGCTCTCG
TTGACCGGAAGGGCGGGCTT
AGGCGCCAGGCCTCTCCGAT
ATTGGGCGGAGCCTATGACC
TATGACCAGGCGCCCAGCTC
GTCATAGGCTCCGCCCAATG
GCTTCAGCTGAAGTGTTCAC
CCAAGGCCATCTAGATAATG
TAGCCTCCTTCGAAGAGCAG
GCGCAGCTTGTCTTCCCTCC
GGGAAGGGCGCTTCCAGGGA
AAGGTCGGGTGGGTACCAAG
CAAAATATAGGACCTCTGAT
GACCTTCTTTACTTGCTTAT
GCCACAGAAATAATACTAAG
GAAGCCCTGGGTAGGCCTGC
GAACAATTAGAACAGCCATG
CGAGAGTACCTTGCAGATCC
AACAATTTACCAGGTCCAGC
CTCAGTGGGCGCAGCAAGGG
ATTGGCTATGGTAATGCCCT
AGGACACTGCTGGACCCGTG
GGATTAGCATGTGCAGAATC
ACTAGATGGGCCGGGTGCAA
GACAGGTACTGGATTCGCCT
GGTAAATGAGGTCATTTGAT
GGTCAGATTGGAACATTGGA
GGGTGCGGAGGTCCTGTGCC
GGAGGATTCGGGAGGGATGA
CGCCGAATCCGGGTTGACCG
GGAGTTGCCGCGGGCACGAT
GCGGCTGAGTCGAGTATATA
AGGAGTCTGAGGGCGTGTGA



Mouse Gm20756 CRISPRa guide 1
Mouse Gm20756 CRISPRa guide 2
Mouse Gm20756 CRISPRa guide 3

Mouse Klf4 CRISPRa guide 1
Mouse Klf4 CRISPRa guide 2
Mouse Klf4 CRISPRa guide 3
Mouse Lars2 CRISPRa guide 1
Mouse Lars2 CRISPRa guide 2
Mouse Lars2 CRISPRa guide 3
Mouse Nuprl CRISPRa guide 1
Mouse Nuprl CRISPRa guide 2
Mouse Nuprl CRISPRa guide 3
Mouse Parp6 CRISPRa guide 1
Mouse Parp6 CRISPRa guide 2
Mouse Parp6 CRISPRa guide 3
Mouse Poli CRISPRa guide 1
Mouse Poli CRISPRa guide 2
Mouse Poli CRISPRa guide 3
Mouse Pvtl CRISPRa guide 1
Mouse Pvtl CRISPRa guide 2
Mouse Pvtl CRISPRa guide 3
Mouse Smg7 CRISPR guide
Mouse Smg7 CRISPRI guide
Mouse Snhgl CRISPRa guide 1
Mouse Snhgl CRISPRa guide 2
Mouse Snhgl CRISPRa guide 3
Mouse Snhgl2 CRISPRa guide 1
Mouse Snhgl2 CRISPRa guide 2
Mouse Snhgl2 CRISPRa guide 3
Mouse Snhgl5 CRISPRa guide 1
Mouse Snhgl5 CRISPRa guide 2
Mouse Snhgl5 CRISPRa guide 3
Mouse Snhg5 CRISPRa guide 1
Mouse Snhg5 CRISPRa guide 2
Mouse Snhg5 CRISPRa guide 3
Mouse Snhg6 CRISPRa guide 1
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CATGCTCCAGGCACGAACTC
CATGAGTAGTCTAACTTGGC
GCAGTTTTACTGCGCATGTT
AAGAAGCGCGCGGCGGCCGC
ACCATGGCAACGCGCAGTGG
ATAAACAAACTCCGCGCACG
GCCCTGGGCGAGCAGCTTGG
GCAGAATTTGTACCGATAGC
ATTGTAAGACCGGGACAATC
AGAGGGCAGACATTCAGACA
TATAAGTAGGGTGAGAAACT
TGCTCAGGACTGCTGTCTAT
CGGAAGAGGACACCTGATCG
GCGCAGTGATCCAGAGTTGA
ACCGCGGTGCGTGCTGTACC
AGGCTAGGCCGTGGTTTCCT
AAACAGCCCGAGCGTGGCAG
GAATGAGAAAGATCTGGTTG
GCGGCTCGCTCCCGGCCGCG
GGGGGAGAAGCGCGCGCCAC
CGCGTGTGTCCCCGATCTCC
TACTCAGGTATACATGACCG
GCGGCGACCGCCAGCACCCG
GGTAGAGGAATCCGCCCAAA
AAAGAGGCGCAGGCGCTTTA
TCGCAAAGGCCCACGGGATT
CCTGATAGTGGTTTCGACCC
ACCTGACGCACGGCGCCTCT
GGCGCGAGAGTATATAATCC
TAGTGGCGGTTGATCGAATG
GTGGTGACGTTACGCGTGCG
GCGGGTTAAACCCGCGCTCG
AACGGAGATGCACGCGGCGG
CTTTTCATGAAGCAACGCGT
TCGCGTCCAATCAGTGACAG
TGTGTTTCTAGTGGGGCGGA



Mouse Snhg6 CRISPRa guide 2
Mouse Snhg6 CRISPRa guide 3
Mouse Snrnp48 CRISPRa guide 1
Mouse Snrnp48 CRISPRa guide 2
Mouse Snrnp48 CRISPRa guide 3
Mouse Sulfl CRISPRa guide 1
Mouse Sulfl CRISPRa guide 2
Mouse Sulfl CRISPRa guide 3
Mouse Sulfl CRISPRa guide 4
Mouse Sulfl CRISPRa guide 5
Mouse Sulfl CRISPRa guide 6
Mouse Tafld CRISPRa guide 1
Mouse Tafld CRISPRa guide 2
Mouse Tafld CRISPRa guide 3
Mouse Tnfrsf11b CRISPRa guide 1
Mouse Tnfrsfllb CRISPRa guide 2
Mouse Tnfrsfllb CRISPRa guide 3
Mouse Uggt2 CRISPRa guide 1
Mouse Uggt2 CRISPRa guide 2
Mouse Uggt2 CRISPRa guide 3

Mouse UpflshRNA for

Mouse UpflshRNA_rev

Mouse mUpfl CRISPR guide
Human Smg7 CRISPRI guide 1
Human Smg7 CRISPRI guide 2
Human Smg7 CRISPRI guide 3
Human Smg7 CRISPRI guide 4
Human Smg7 CRISPRI guide 5
Adapt33_pulldown_116
Adapt33_pulldown_228
Adapt33_pulldown_377
Adapt33_pulldown_422
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GCCTTAGGGTCGCGCACGCT
CCGGAAGAGGCGGGGCCTAC
AAGGTGTTTCCACGCTCTTC
GCGGAATGATGCTCAAAGCT
CCGGGATGGCGCCAGCCTAT
AATCTCAGGTTACTTGGCTG
GTAGAGCGAATGAATTATTC
CTCTTACGGATTGGAGGCGG
AGCAGAGGCACAAGTTCCAC
AAGATGCAGTTATATAAGCC
TGTGATGATAATAATACGCC
AGGTGAGCGTCGATTTGTTG
TGAGTACACGTTGGTGGGCG
AAAGAAGGCCTTCCTGCAAG
CACCGCTGAGCTGAAGAACA
TTCTGCCAGCGGCTAGCCTC
CAGCTGTGACCTGTGGTGAG
GTAGATTGGCATGGAAGGCT
GCTGCAGTCCGTTAGTCCGC
GGCGGCCCTGCGTAGGCAAG
CGCGTCCCCGATGCAGTTCCGTTCC
ATCTTCAAGAGAGATGGAACGGAACT
GCATCTTTTTGGAAAT
CGATTTCCAAAAAGATGCAGTTCCGT
TCCATCTCTCTTGAAGATGGAACGGA
ACTGCATCGGGGA
GAGCCCTGCAGCATACCTGC
GCTCCTCCTCGCTCGGCAGG
GCGGCGGCCGCCAGCACCCG
CTCCTCCTCGCTCGGCAGGG
GGCGCAGGGACACTCCGACC
GGCTCCTCGGAGCGGCCCCG
GTTTCCACCTCTCTACTCCC
ACATCGAGAGCTCCTGTGCC
CCAACGTCACGCATCTCTTC
AACATCCTTTGATTTCATTC



Adapt33_pulldown_502 CCAGGAATTAACGGAGGTCA

11.2. Methods

The methods have been partially published in Molecular Oncology [136] as indicated in the

citation.

11.2.1. Cell culture conditions

MCF-7, NIH 3T3, 293T, L929, HT-22, Hela, HCT-116 and A549 cells were acquired from
American type culture collection (ATCC). MCF-7, immortalized mouse fibroblasts (MF) cells,
NIH 3T3, 293T, L929, HT-22, Hela and HCT-116 were cultured in DMEM supplemented with
10% FBS Superior, 100 ug/mL streptomycin and 100 U/mL penicillin at 37°C in a humidified
atmosphere incubator plus 5% CO,. A549 cells were cultured in Ham's F-12K medium in the
same condition. All cell lines were constantly checked for morphological compliance with
ATCC specifications and mycoplasma were tested regularly. See the original publication in
Molecular Oncology [136].

11.2.2. Cell viability assays

If not otherwise specified, cell viability assays were performed as follows. Cell viability assays
were carried out on 96-well plates. 3x10% cells were counted by a ViCell cell counter and
seeded in each well treated with the respective compounds as indicated in the specific
experiments. In the experiments, the respective compounds were first dissolved in 100 pL of
medium as the initial concentration, followed by a series of dilutions by the 2-fold dilution
method. Cells without drug treatment were used as a blank control. Cells were prepared in
100 pL of medium, 100 pL of medium containing respective compounds were added directly
from above to a 96-well plate. 16 h later, resazurin was finally added to 200 pL of medium to
reach a final concentration of 50 uM and incubated for 6 h. Fluorescence was measured using
a PerkinElmer Envision 2104 Multilabel plate reader at 540 nm excitation / 590 nm emission.
At least three technical repetitions of each condition were performed and the average was
used to calculate the cell viability relative to respective control. The cell growth rate
experiments were carried out in a 12-well plate. 3x10* cells were seeded in each well and

counted by a ViCell cell counter. See the original publication in Molecular Oncology [136].
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11.2.3. Generation of cell lines

Knockout of Smg7 by CRISPR Cas9 in MF was previously described [51]. Gene
overexpression cell lines and gene knockdown cell lines were generated by the CRISPRa
[154] and CRISPRI [137] techniques respectively. The gene transcriptional start sites were
identified by FANTOMS5 [213] and top guides within two hundred bp on either side of the gene
transcription start sites were selected in the UCSC genome browser [214]. Adapt33 or Pvtl
overexpressing cell lines were generated using the CRISPRa technigue and the same guides
as used in the CRISPR activation screen experiment (Table 11-4). Cyld overexpression MF
cell line was generated using the linearized pIREShyg3 vector containing Cyld cDNA. The full-
length of murine Cyld ORF was amplified from the cDNA library of parental MF cell (Table
11-3). Cyld containing vector or empty control vector was transfected into MF Smg7 -/- cells
with X-tremeGENE HP at a ratio of 1.3 (DNA:reagent). 48 h post transfection, cell pools were
selected with 250 pg/mL Hygromycin B for one week. See the original publication in Molecular
Oncology [136]. Upfl KO and KD were obtained by CRISPR and shRNA. The respective
guides were cloned into pKLV-U6-gRNA(BbsI)-Pgkpuro2ABFP or pLVTHM empty Urquelle
MV plasmid (Table 11-1). Then lentivirus was made to infect parental MF cells. KO or KD

efficiency were confirmed by Western blot and qPCR.
11.2.4. CRISPR activation screen

In the CRISPR activation screen experiment, | chose the 31 upregulated genes from MF
Smg7 -/- RNAseq data. Three guides were designed for each gene (six guides were designed
for Sulf as Sulf has 2 TSSs, Table 11-4). In total, 96 guides were cloned into lenti
sgRNA(MS2) zeo backbone (gift from Feng Zhang, Addgene #61427) and 97 vectors
(including one empty control) were used to make the mini lentiviral library. Next, lentiviral
library was introduced to the MF-dCas9-MS2 screening cells as previously reported [154].
48 h post infection, cells were treated with 200 pg/mL Zeocin for selection in a 10cm-dish for
5 days. After that, the surviving cells were transferred into a full six-well plate (3x10° cells per
well) and challenged with 20 ng/mL TNFa. The total selection time was five days, and the
fresh medium containing TNFa was changed every two days. After this step, genomic DNA
was purified from TNFa-selected and untreated control pools and DNA fragments containing
guide sequences was amplified with the specific primers as shown in Table 11-3. PCR
products were sequenced on an lontorrent platform and analyzed as described [51]. See the

original publication in Molecular Oncology [136].
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11.2.5. siRNA knockdown

Mission esiRNAs of murine Smg7 (EMU150861), murine Cyld (EMU031111), murine Pvtl
(EMU193181), human SMG7 (EHU007301) and EGFP (EHUEGFP) control were achieved
from Sigma. The following is a brief description of the siRNA knockdown experiment. For
mouse cells (MF and NIH 3T3) or human cancer cells (MCF-7), 5x10* cells or 1x10° cells in
500 yL medium were seeded in 24-well plates one day prior. The next day, 30 pmol siRNAs
were added in 100 pL serum-free medium and mixed gently. Then 2 yL Lipofectamine
RNAIMAX Transfection Reagent was added to the medium containing siRNA and incubated
at room temperature for 10 min. Next, the siRNA solution was added directly onto the cells.
Two days later, the cells were harvested and used in downstream experiments. See the

original publication in Molecular Oncology [136].
11.2.6. gPCR

Cells were collected and washed with PBS on ice and then frozen in liquid nitrogen. Total RNA
was purified by InviTrap Spin Cell RNA Mini Kit according to the manufacturer's instructions.
The concentration and quality were analyzed using Nanodrop. Then 500 ng RNA was mixed
with random hexamer primer, dNTPs and AMV Reverse Transcriptase in a total volume of
10 pL for first-strand cDNA synthesis according to the manufacturer's instructions. The gPCR
was conducted on a LightCycler 480 using the qPCR standard protocol. The gPCR program
consists of 3 steps: an initial denaturation step of 95°C for 10 min; 40 cycles of denaturation
at 95°C for 15 sec and annealing and extension at 60°C for 1 min; a melting curve analysis to
demonstrate the uniqueness of the amplification product. Relative expression levels were
calculated by the comparative 2-22°? method by comparing to control conditions. Gapdh or
Actin was employed as a reference gene. See the original publication in Molecular Oncology
[136]. gPCR primers are listed in Table 11-3.

gPCR standard protocol

Component Amount
cDNA (2.5 ng/pL) 4.9 uL
5 primer 0.05 pL
3’ primer 0.05 pL
Power SYBR Green PCR Master Mix 5uL

In totall0 pL
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11.2.7. Western blotting

Cells were vortexed in lysis buffer evenly and lysed on ice for 30 min. Cell lysate was sonicated
to break DNA and centrifuged for 20 min at max speed at 4°C. Then the clear supernatant
was transferred to a new tube and mixed with respective volume of 4x Roti-Load buffer. Cell
lysate as well as the proper marker were loaded on a 6-18% gradient SDS-PAGE gel. Next,
the proteins were transferred onto methanol-activated PVDF membranes using
electrophoretic semi-dry western blot transfer system. Membranes were blocked for 1 h in 5%
skim milk TBS-T solution at room temperature then transferred into specific primary antibodies
solutions (diluted 1:1000 in 2.5% BSA or 5% milk in TBS-T) overnight at 4°C. On the next
morning, membranes were removed from primary antibodies and washed 3 times for 5 min in
TBS-T. Then membranes were incubated in HRP-coupled secondary antibodies with the
dilution of 1:2000 in 5% milk TBS-T for another 1 h at room temperature. Protein expression
levels were detected by chemiluminescence using ECL prime Western blotting detection
reagent following the manufacturer’s instructions. The Western blotting results were confirmed
at least twice independently. See the original publication in Molecular Oncology [136].

Antibodies used in this dissertation are listed in Table 11-2.

11.2.8. Lentiviral transduction

Lentivirus used in this dissertation were generated by the respective transfer vectors combined
with vectors of pHCMV-EcoEnv (Addgene #15802), pMDLg/pRRE (Addgene #12251), pRSV-
Rev (Addgene #12253) or pSPAX (Addgene #212260), pMD2g (Addgene #12259). Briefly,
fresh 293T cells were seeded in a 10 cm dish one day prior to 70% confluency. Plasmids and
X-tremeGENE HP were firstly diluted with 500 pL serum-free medium at a ratio of 1:3
(DNA:reagent) respectively. Then 500 pL of plasmids solution was mixed with 500 pL of X-
tremeGENE HP solution and incubated at room temperature for 15 min, followed by the
addition of 1 mL transfection complex onto 293T cells. 3 days later, the supernatant containing
lentivirus was filtered through a 0.45 pM Millex Syringe Filter and introduced onto the
respective cells. 2 days after infection, antibiotic drugs were used to select cells and generate
pools. See the original publication in Molecular Oncology [136]. Human cell lines were
transfected with mouse receptor for ecotropic virus (MCAT1, Table 11-1) one day before

infection.

11.2.9. Luminescence assay

Caspase-8 and caspase-3/7 activities were measured by the Caspase-Glo 8 and 3/7 Assay

Systems according to the manufacturer's operating manual. In short, in a 96-well plate,
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1.5x10* Smg7 -/- or parental MF cells per well were seeded one day in advance. Cells were
treated with 20 ng/mL TNFa for 8 h or left untouched on the second day. After removing the
medium, the cells were washed twice with 100 uL PBS. 50 uL reagent and 50 pL PBS were
mixed together in the 96-well plate and incubated at room temperature with constant shaking.
The luminescence was measured after 20 min using an Envision 2104 Multilabel plate reader.
All values were deducted from empty wells, which were used as blanks. See the original

publication in Molecular Oncology [136].
11.2.10. 3D spheroid culture

To compensate for the different growth rates of the two cell lines, 1000 Smg7 -/- cells and 500
parental MF cells per well were seeded into Corning 4515 plates. 4 days later, cells were
treated with 20 ng/mL TNFa in the presence of 10 uM SC-514 or not. On the second day, the
medium was replaced by the fresh medium containing 20 ng/mL TNFa and 10 pM SC-514.
On the third day, the medium was removed and the spheroids were stained with 1 pg/mL
propidium iodide (PI) for 1 h. Then the spheroids were imaged under brightfield (BF) and
535/30 nm excitation and 595/70 nm emission channel by a PerkinElmer Operetta High

Content Imaging System. See the original publication in Molecular Oncology [136].
11.2.11. Quantitative mass spectrometry

Triplicates of 1x10” Smg7 -/- and parental MF cells were lysed in lysis buffer using a Precellys
homogenisator. Same amounts of protein were proteolyzed according a modified FASP
method [215]. In short, proteins were reduced and alkylated using DTT and IAA, then
centrifuged on Microcon centrifugal filters followed by 3 washes with lysis buffer and 2 washes
with 50 mM ammonium bicarbonate. The proteins were digested by 0.5 ug Lys-C and 1 ug
trypsin for 2 h at room temperature and 16 h at 37°C, respectively. Peptides were centrifuged
at 14000 g for10 min to elute and acidified in 0.5% trifluoroacetic acid then stored at -20°C for
the subsequent analysis. As mentioned before, approximately 0.5 pg of peptides for each
sample were analyzed using a Q-Exactive HF mass spectrometer online coupled to an
Ultimate 3000 nano-RSLC in data-independent acquisition (DIA) mode [216]. The raw data
from mass spectrometer were analyzed by a series of software including the Spectronaut
Pulsar software [217] (identification false discovery of peptide and protein < 1%), an in-house
mouse spectral meta library (produced by Proteome Discoverer 2.1), the Byonic search engine
(Protein Metrics) and the Swissprot Mouse database (release 2016_02). Quantification was
conducted based on MS2 area levels of all unique peptides for each protein, meeting the
percentile 0.3 setting. The relative fold-changes and p-values were calculated by the

normalized protein quantifications. See the original publication in Molecular Oncology [136].
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11.2.12. RNA sequencing and analysis

Triplicate samples were collected from Smg7 -/- and parental MF cells. Total RNA was isolated
by a RNeasy Mini Kit and sent for RNAseq on an lllumina HiSeq 4000 platform. Ribosomal
RNA (rRNA) was subtracted from total RNA and runs were performed as 150 bp paired-end.
In this dissertation, RNAseq raw data were analyzed on Galaxy platform by alignment to
mouse genome (mm10.gtf) using Salmon transcript quantification function [218]. Transcript-
to-gene mapping was performed using gencode vM17 transcripts as a reference
transcriptome and Broad IGV was used to visualize the transcripts data for Smg7 -/- and
parental MF cells. Biotypes were annotated at Ensembl/gencode using the Biomart function.
Transcript counts of less than one were notincluded in the study. DESeq2 was used to identify
the significance of Smg7 -/- and parental cells for each biotype [219]. TopHat and Cufflinks
were used to conduct differential gene expression analysis on rRNA-depleted samples [220]
using the default program settings of Galaxy based on mouse genome (version mm10). The
proportion of long non-coding RNA was calculated by TopHat alignment with the reference file
gencode.vM12.IncRNA transcripts.fa. The FPKM level of each gene was calculated by the
default settings of the Cuffdiff program. See the original publication in Molecular Oncology
[136]. Smg6 and Upfl RNAseq data were downloaded from SRA (accession number:
PRJINA215086 and PRJNA548061) and analyzed at Galaxy using Salmon transcript
guantification function. Gencode vM25 transcripts with rRNA deletion were used as the
reference transcriptome and differentially expressed genes (DEGs) analysis, as well as
differentially expressed biotypes, was conducted by DESeq2. Biotypes were annotated at
bioDBnet using db2db function (https://biodbnet-abcc.ncifcrf.gov/db/db2db.php#biodb).
Human SMG7 KD and corresponding control RNAseq data were downloaded from SRA with
accession number PRINA340370. DEGs analysis was performed at Galaxy using DESeq2
function. RNA-seq reads were mapped to gencode v34 transcripts using Salmon quant
function. Differentially expressed biotype analysis was conducted using DESeqz2 function with

the replacement of “transcript ID to gene ID list” to “transcript ID to gene biotype list”.

11.2.13. Gene set enrichment analysis

Gene set enrichment analysis (GSEA) in Smg7 -/- cells was performed using the top 100 up-
and downregulated genes as described previously [221]. See the original publication in
Molecular Oncology [136]. Gene set enrichment analysis of the top 200 upregulated genes in
Adapt33 RNA precipitation was performed by Metascape [160].
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11.2.14. SMG7 and CYLD correlation analysis

Cumulative CCLE [189] data of SMG7 and CYLD RNA expression (Expression Public 19Q1)
was acquired from the public database DepMap [150]. Then the data were imported into
GraphPad Prism for linear regression and Pearson coefficient analysis. See the original

publication in Molecular Oncology [136].
11.2.15. Association between SMG7 and CYLD and patient survival

Transcriptome information of Kidney Renal Clear Cell Carcinoma (KIRC) and patient data
were acquired from the The Cancer Genome Atlas [151] on 15th December 2019. The
relevance of SMG7 and CYLD RNA expression levels were presented by Pearson values
using R (version 3.53). The correlation between SMG7 protein expression levels and patient
survival rates were shown in a Kaplan-Meier plot. Significance analysis was established using
Log-rank test and univariate Cox regression and the plot figures were generated using ggplot2
[222]. In short, 40 tumor samples were centered into nearest neighbor values based on the

expression levels of CYLD. See the original publication in Molecular Oncology [136].
11.2.16. Global NMD examination in MF cells

B-globin expressing plasmid (pTRE-Tight-BI-GI NORM-LacZA-TER-LacZB) and pLenti CMV
rtTA3 Hygro were co-transfected into Smg7 -/-, Upfl -/-, Ufpl KD and parental cells MF cells
using X-tremeGENE HP Transfection Reagent. 3-globin expression was induced by 1 pg/mL
Doxi for 36 h. Cells were harvested and RNA was purified by InviTrap Spin Cell RNA Mini Kit.
Plasmid DNA was removed by DNase | then B-globin relative expression levels were
determined by qPCR.

11.2.17. Adapt33 RNA cross-link precipitation

30 million Smg 7-/- cells were cross-linked on ice with 254 nm UV-C at 200 mJ/cm? or at room
temperature with 1% glutaraldehyde in 20 mL of PBS for 10 min. Then 2 ml of 1.25 M glycine
was added to quench glutaraldehyde for 5 min. Cross-linked Smg 7-/- cells were lysed in 2 mi
lysis buffer and sonicated, following with the subsequential centrifugation at 14000 g 4°C for
20 min. Then 50 pL High Capacity Streptavidin Agarose Resin beads were washed 3 times in
lysis buffer and added into the lysate mixed with 2 mL of Hybridization solution for pre-clearing
for 30 min at 4°C. After removing the beads by centrifugation, 200 pmol probes were added
into the UV and glutaraldehyde cross-linked samples and hybridized rotating at 37°C for 4 h.
In parallel, 200 pL Streptavidin beads were blocked in hybridization solution for 30 min at 4°C.

Afterwards, the blocked beads were added into the samples containing probes and rotated at
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37°C for 30 min to harvest the RNAs. The beads were washed five times with 1 mL washing
buffer for 5 min at 37°C then treated with Proteinase K at 50°C for 30 min on a thermostatic
shaker. The RNA was extracted using InviTrap Spin Cell RNA Mini Kit and eluted in 50 pyL
H-0 for 15 min at 95°C shaking. The enrichment of Adapt33 mRNA was checked by gPCR
and then sent to RNAseq. Data analysis was performed using DEseq2 by comparing to

Smg7 -/- cells.
11.2.18. 3D cell culture in Matrigel

Matrigel was thawed on ice. 100uL Matrigel was mixed with 100uL ice-cold medium containing
2x10°® cells and TNFa at the final concentration of 20 ng/mL. Cell viabilities were measured

12, 48, and 96 h post-treatment by the addition of Resazurin to a final concentration of 50 uM.
11.2.19. Statistics / Data analysis

GraphPad Prism was used to conduct the general statistics and graphical analysis. If not
specified otherwise, significance was calculated using Student's two-tailed, unpaired t-test

versus corresponding control. See the original publication in Molecular Oncology [136].
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13. Appendix

13.1. Supplemental tables

Table 13-1. DESeq2 analysis results in Smg7-/- cells.

In the DESeq2 analysis process, “transcript ID to gene ID list” was replaced by “transcript ID

to gene biotype list”. All the subtypes of pseudogenes, TR genes, and |G genes were merged

into one category, respectively. NA, not available.

Biotypes Base mean log2(FC) StdErr Wald-StatsP-value P-adj
lincRNA 806129 96 -0.03 43.49 0 0
antisense 199552.96 0.61 0.03 17.5 0 0
protein_coding 95938450.5 -0.39 0.03 -13.45 0 0
pseudogene 2041739.59 -0.33 0.03 -12.91 0 0
nonsense_mediated_decay 3233943.56 0.26 0.03 9.93 0 0
miRNA 2573.54 -0.62 0.06 -9.78 0 0
sense_intronic 22955.6 0.47 0.05 9.16 0 0
IG_gene 87.99 -2.48 0.27 -9.08 0 0
snoRNA 5076.17 -0.34 0.05 -75 0 0
snRNA 1988.59 0.49 0.08 6.52 0 0
TEC 223118.8 0.19 0.03 5.73 0 0
retained_intron 348356359  -0.14  0.03 -5.37 0 0
non_stop_decay 2301.04 0.33 0.07 4.89 0 0
bidirectional_promoter_IncRNA22027.97 013 0.03 -3.79 0 0
sense_overlapping 1296 -0.27 0.11 -2.48 0.01 0.02
ribozyme 60.64 -0.76 0.31 -2.45 0.01 0.02
macro_IncRNA 287.56 0.36 0.16 231 0.02 0.03
processed_transcript 2989534.78 -0.05 0.03 -1.65 0.1 0.14
41.14 0.53 0.36 1.48 0.14 0.18

TR_gene
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scaRNA 187.17 0.25 0.19 1.32 0.19 0.23

RNA 167.45 018 022 0.83 041  0.49
Mt_tRNA 6527.85 0.05 0.06 0.79 043  0.49
misc_RNA 1451.05 005 0.08 -0.6 055 0.6
SCRNA 0.87 0.1 021 05 0.62 0.64
3prime_overlapping ncRNA 1 0.04 022 0.19 0.85 0.85
SRNA 0 NA NA  NA NA  NA

Table 13-2. DESeq2 analysis results in Smg6 KO cells.

In the DESeq2 analysis process, “transcript ID to gene ID list” was replaced by “transcript ID
to gene biotype list”. All the subtypes of pseudogenes, TR genes, and IG genes were merged

into one category, respectively.

Biotypes Base mean log2(FC) StdErr Wald-Stats P-value P-adj

0.08 3.89 0 0

lincRNA 1453723.02

sense_intronic 58641.12 -2.7 0.01  0.06
TEC 1487606.69 0.18 07 271 0.01 0.06
bidirectional_promoter_IncRNA ~ 32282.43 - -2.33 0.02  0.08
Mt_rRNA 158235.72 - 2.35 0.02 0.08
nonsense_mediated_decay 9281421.92 0.25 : 2.38 0.02 0.08
misc_ RNA 46438.59 - 2.17 0.03 0.1
antisense 507107.69 -0. 0.07 -1.42 0.16  0.48
pseudogene 9567822.37 -0.16  0.12 -1.38 0.17 0.48
sense_overlapping 4966 019 017 -1.12 0.26  0.68
processed. transcript 9697995.13 0.11 0.11 1.02 031 0.73
retained_intron 11110225.530.09 0.11 0.82 041  0.89
3prime_overlapping._ncRNA 39.07 0.01 0.04 021 0.83  0.96
IG_gene 125.17 001 0.08 -0.16 0.87 0.96
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miRNA 227655.14 0.04 0.14 0.28 0.78 0.96
Mt_tRNA 30407 -0.09 0.17 -0.56 0.57 0.96
non_stop_decay 8032.08 0.04 0.16 0.26 0.79 0.96
protein_coding 147206925.70.01 0.12 0.08 0.93 0.96
ribozyme 8299.84 0.09 0.14 0.66 0.51 0.96
scaRNA 886.1 0.01 0.14 0.05 0.96 0.96
scRNA 5.99 -0.01 0.03 -0.24 0.81 0.96
snoRNA 21086.34 0.03 0.13 0.2 0.84 0.96
snRNA 11623.96 0.1 0.16 0.6 0.55 0.96
sRNA 2.24 0 0.03 -0.05 0.96 0.96
TR_gene 250.02 -0.01 0.09 -0.14 0.89 0.96

Table 13-3. DESeq2 analysis results in Upfl KD cells.

In the DESeq?2 analysis process, “transcript ID to gene ID list” was replaced by “transcript ID
to gene biotype list”. All the subtypes of pseudogenes, TR genes, and |G genes were merged

into one category, respectively.

Biotypes Base mean log2(FC) StdErr Wald-Stats P-value P-ad]
MiRNA 82801 47 -0.08 51.51 0 0
retained_intron 780450.54 -0.12 0.02 -6.67 0 0
snRNA 852.89 0.48 0.08 6.3 0 0
lincRNA 250370.99 -0.14 0.03 -5.49 0 0
ribozyme 585.62 0.54 0.1 5.29 0 0
misc_RNA 13116.13 0.6 0.12 5.15 0 0
21103933.19-0.18 0.04 -441 0 0

protein_coding

TEC 50298.33  0.23 0.05 4.35 0 0
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processed_transcript 571160.33 -0.15 0.04 -4.15 0 0
bidirectional_promoter_IncRNA 3497.93 0.2 005 -4.02 0 0
non_stop_decay 1962.33 -0.23 0.06 -3.79 0 0
IG_gene 123.09 -1 0.28 -3.62 0 0
scRNA 2.58 2.07 0.71 292 0 0.01
snoRNA 444.07 0.19 0.08 2.35 0.02 0.04
pseudogene 567570.18 0.07 0.03 2.26 0.02 0.04
sense_intronic 3929.14 0.16 0.08 1.95 0.05 0.08
macro_IncRNA 4.85 0.9 055 1.63 0.1 0.16
Mt_rRNA 19591.43 0.07 0.06 1.29 0.2 0.28
sense_overlapping 328.86 -0.15 0.18 -0.83 041 0.56
scaRNA 56.71 0.11 0.16 0.72 0.47 0.62
antisense 29872.74 -0.01 0.02 -0.6 0.55 0.68
Mt_tRNA 648.97 0.05 0.13 042 0.68 0.8
nonsense_mediated_decay 635528.64 0.01 0.01 0.37 0.71 0.8
sRNA 0.08 0.16 1.04 0.15 0.88 0.95
3prime_overlapping._ncRNA 1 -0.02 0.86 -0.02 0.98  0.99
TR_gene 120.84 0 0.21 0.01 0.99 0.99
Table 13-4. DESeq2 results from 9 common genes under 3 conditions.
Gene ID Condition Base mean log2(FC) StdErr Wald-Stats P-value P-adj
Smg7 8776.36 3.18 0.04 75.99 0 0
Snhg12 Smg6 18577.5 2.2 0.17 13.35 0 0
Upfl 259.5 0.48 0.07 6.69 0 0
Smg7 9999.44 2.21 0.04 53.25 0 0
Ddit3
Smg6 2830 1.16 021 5.41 0 0
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Upfl 948.35 3.33 0 0.01
Smg7 26720.54 118.91 0 0
Zfasl Smg6 48936.36 19.72 0 0
Upfl 927.43 8.85 0 0
Smg7 44.35 2.25 042 5.4 0 0
Rasgrf2 Smg6 106.17 1.38 0.38 3.67 0 0
Upfl 2.75 3.29 0 0.01
Smg7 25279.84 1229 0 0
Pyt] Smg6 4609.28 1.24 017 7.2 0 0
Upfl 143.71 - . 6.02 0 0
Smg7 4862.67 1.54 0.04 37.16 0 0
GMA42546 Smg6 3395.05 1.56 02 7.85 0 0
Upfl 31.68 -0.15 3.45 0 0
smg7 2442158  2.68 0.03 85.06 0 0
2410006H16Rik Smg6 50345.63 2.53 0.17 15.01 0 0
Upfl 1098.56 -0.05 9.58 0 0
Smg7 8067.23 2.28 0.04 62.89 0 0
Snhg6 Smg6 31793.05 2.21 0.15 14.85 0 0
Upfl 192.67 -0.09 5.55 0 0
Smg7 4992 2.77 0.05 52.18 0 0
Snhg16 Smg6 7463.06 1.24 0.19 6.66 0 0
Upfl 149.19 -0.12 4.96 0 0

Table 13-5. DESeq2 results on transcripts of 9 common genes under 3 conditions.

Condition Transcript ID Base mean log2(FC) StdErr Wald-Stats P-value P-adj

Smg7 Snhg12-206 8678.23 0.05 68.3 0 0



Snhg12-207 113.26 -2.65 0.01  0.03

Snhg12-206 11406.53 32.99 0 0
Smg6

Snhg12-202 1006.47 1.55 0.25 6.21 0 0

Snhg12-206 183.89 0.47 0.08 6.06 0 0
Upfl

Snhg12-208 31.27 0.6 0.18 3.43 0 0.01

Ddit3-201 9238.45  2.42 0.05 49.62 0 0
Smg7

Ddit3-203 627.71 1.09 0.16 6.64 0 0

Ddit3-203 998.96 1.1 0.24 4.65 0 0
Smg6

Ddit3-201 1418.89  0.94 0.2  4.63 0 0
Upfl Ddit3-201 777.71 0.26 0.06 4.66 0 0

7fas1-205 26510.4 -0.03 112.61 0 0
Smg7

Zfas1-201 1049.74  0.58 01 5094 0 0

7fas1-206 19799.13 -0.11 33.66 0 0

Zfas1-205 1412.35 3.1 0.25 12.23 0 0
Smg6

Zas1-203 22703.72 3.19 0.12 26.79 0 0

Zfas1-201 2657.69  0.89 0.13 6.82 0 0

Zfas1-205 724.88 0.57 0.04 13.09 0 0
UpfL Zfas1-204 25.34 0.68 0.18 3.69 0 0

Zfas1-201 84.19 0.42 015 2.74 0.01  0.04
Smg7 Rasgrf2-205 20.27 2.24 0.53 4.22 0 0
Upfl Rasgrf2-202 1.66 0.83 0.23 3.53 0 0

Pvt1-201 779031 66.26 0 0

Pvt1-204 1657.45 41.69 0 0
Smg7

Pvt1-207 4228.02 50.31 0 0

Pvt1-208 6206.59 69.35 0 0
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PV1-210 1631.78  BB8W0.1  34.95 0 0
PVi1-203 2667.19 813 01 3021 0 0
PVI1-205 428.44 3.2 0.17 18.41 0 0
PV1-206 348.05 259 029 887 0 0
PVI1-202 187.49 049 019 259 0.01  0.03
PVi1-208 529.91 147 025 58 0 0
PVi1-210 865.6 138 025 55 0 0
Smgé PVI1-201 750.72 144 028 5.19 0 0
PV1-206 683.32 1.08 03 3.62 0 0
PVI1-205 133.87 111 036 3.12 0 0.02
PV1-201 34.45 071 023 3.14 0 0.01
Upfl
PV1-210 23.89 061 02 299 0 0.02
Smg7 GMA2546-201 4853.9 153  0.04 39.42 0 0
Smgé  Gm42546-201 3327.31 144 021 6.74 0 0
Upfl GMA2546-201 31.65 058  0.16 3.59 0 0
Smg7 2410006H16Rik-201 24355.83 267  0.03 90.13 0 0
Smg6  2410006H16Rik-201 4892825 243  0.16 1565 0 0
Upfl 2410006H16Rik-201 1097.78 051  0.05 10.53 0 0
Snhg6-203 6208.16 243  0.04 66.97 0 0
Smg7 Snhg6-204 109251 221  0.08 26.23 0 0
Snhg6-205 401.77 031 013 -2.39 0.02  0.05
Snhg6-203 10527.17 238 0.1 2351 0 0
Smg6
Snhg6-204 1797334 212 012 1811 0 0
Upfl Snhg6-204 58.54 067 0.16 4.16 0 0
Smg7 Snhg16-204 3609 -0.14 29.68 0 0
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Snhg16-205 716.67 1.26 0.2 6.33 0 0
Smg6
Snhg16-214 193.26 1.2 0.39 3.07 0 0.02
Snhg16-207 11.29 0.99 0.24 4.09 0 0
Upfl
Snhg16-204 53.85 0.59 0.22 2.65 0.01 0.05
Table 13-6. DESeq2 analysis results in SMG7 KD Hela cells.
Wald-
Biotype Base mean log2(FC) StdErr P-value P-adj
Stats
TEC 34168.73 0.48 0.09 5.15 0.00 0.00
sSnoRNA 3081.25 -0.62 0.13 -4.68 0.00 0.00
ribozyme 1185.11 -0.68 0.19 -3.63 0.00 0.00
scRNA 1492.28 -0.99 0.28 -3.54 0.00 0.00
rRNA 11919.05 0.61 0.19 3.22 0.00 o0.01
INcRNA 1456128.77 0.33 0.16 2.13 0.03 0.09
Mt _tRNA 46752.39 0.3 0.14 2.22 0.03 0.09
SnRNA 3084.80 -0.34 0.16 -2.16 0.03 0.09
Mt_rRNA 481747.79 0.29 0.16 1.84 0.07 0.15
misc_RNA 27515.12 0.32 0.18 1.73 0.08 0.17
vaultRNA 6.47 0.65 0.41 1.59 0.11 0.22
scaRNA 14414 -04 0.27 -1.48 0.14 0.22
TR_gene 14.41 -0.53 0.36 -1.49 0.14 0.22
non_stop_decay 26251.74 -0.16 0.21 -0.74 0.46 0.69
processed_transcript 2930189.41 -0.05 0.08 -0.65 052 0.72
retained_intron 3603177.15 -0.06 0.11 -0.54 0.59 0.77
IG_gene 45.78 -0.06 0.38 -0.15 0.88 0.94
mMiRNA 1167.02 -0.04 0.17 -0.22 0.83 0.94
nonsense_mediated
2513969.87 -0.02 0.10 -0.24 0.81 0.94
decay
protein_coding 52788345.33 -0.01 0.09 -0.13 090 094
pseudogene 647962.03 0 0.12 0.02 0.99 0.99
SRNA 0 NA NA NA NA NA
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Table 13-7. Biotypes of top 100 up and down genes in human SMG7 KD Hela cells.

Biotype up Biotype down
protein_coding 62 protein_coding 40
IncRNA 23 IncRNA 22
processed_transcript 6 processed pseudogene 12
retained_intron 3 retained_intron 5
nonsense_mediated_decay 2 unprocessed_pseudogene 5
processed pseudogene 2 nonsense_mediated_decay 4
TEC 1 processed_transcript 4
unprocessed_pseudogene 1 snoRNA 3
transcribed_unprocessed pseudogene 2
transcribed_processed_pseudogene 1
transcribed_unitary_pseudogene 1
MiRNA 1
13.2. Supplemental figures
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Figure 13-1. Cyld expression level in Smg7 -/- cells.

gPCR quantification of Cyld mRNA in Smg7 -/- and parental MF cells. Experiment was conducted by

Susanne Pfeiffer and me.
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Figure 13-2. Expression levels of PVT1 in human SMG7 KD Hela cells.

(A) Volcano plot of all the PVT1 transcripts in SMG7 KD Hela cells compared to control cells. Blue dots
indicate the expression levels with significant p-adj < 0.05. (B) Bar chart of PVT1 transcripts in SMG7
KD Hela cells with significant p-adj < 0.05. Yellow bar represents the expression level of the entire PVT1
gene. Data are shown as log2(FC) + SD. RNASeq data were downloaded from SRA with accession

number PRINA340370 and analyzed with DESeq2 at Galaxy platform.
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Figure 13-3. TNFa dose-response curves in Smg7 -/- MF cells and Smg7 KD NIH 3T3

cells.

(A and B) The other two replicate experiments of Figure 8-1A. (C and D) Two other representative
experiments of Figure 8-1B. Viability is represented as mean £ SEM of n=4 (A, B and C) or 3 (D)

technical replicates.
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Figure 13-4. Smg7 -/- blocks caspases-8 and -3 activities.

The other two representative experiments of Figure 8-10A. Data were shown as mean + SD of n =3

technical replicates. untr, untreated.
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Figure 13-5. IKK inhibitors SC-514 and MLN120B sensitize cells to apoptosis.

A similar experiment corresponding to Figure 8-12A. Cells were pre-treated with IKK inhibitors (30 puM
of MLN120B or 60 pM of SC-514) for 2 h followed by 20 ng/mL TNFa treatment. Viability is
represented as mean x SD of n = 3 technical replicates. untr, untreated.
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Figure 13-6. SMG7 KD rescues cells from TNFa-induced apoptosis.

(A) An additional representative experiment of Figure 8-13A. (B and C) Two replicated experiments of
Figure 8-13B. Viability data are represented as mean + SD of n = 8 (A and B) or 3 (C) technical
replicates. untr, untreated.
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Figure 13-7. CYLD controls apoptosis in MF cells.

(A and B) Two similar repetitions of Figure 8-14A. (C) An alternative representative experiment of

Figure 8-14B. Viability data are represented as mean + SD of n = 3 technical replicates. untr,

untreated.
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Figure 13-8. Overexpression of Pvtl and Adapt33 decrease sensitivity to apoptosis.

Another two typical results of Figure 8-20A. Viability is shown as mean + SD of n = 3 technical

replicates.
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Figure 13-9. Overexpressing cells can be re-sensitized by Pvtl KD and SC-514.

The relevant unpublished data of Figure 8-21A (A) and Figure 8-21B (B and C). Viability is shown as

mean = SD of n = 3 technical replicates. untr, untreated.
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Figure 13-10. Growth characteristics of Smg7 -/- MF cells.

Similar experiments corresponding to Figure 8-22B. Cells were counted in n = 3 technical replicates. 1
or 2x10* cells were seeded in (A) or (B).
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Two similar experiments of Figure 8-25A. Data are shown as mean * SD of n = 3 technical replicates.
NORM, wt B-globin. TER, mutated -globin. Doxi, doxycycline.
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