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Summary

Myc is an oncogenic transcription factor (TF), promoting the growth and aggressiveness of
many different cancer types, including liver cancer. Despite its tumorigenic function, Myc
activation can induce DNA damage and replicative stress (RS), thereby promoting the
apoptotic response. Hence, Myc would be an attractive target for cancer therapy. However,
Myc does not have enzymatic activity or defined binding pockets, which makes it difficult to
target it with small molecule inhibitors. Taken together, there is an urgent need to find new
indirect mechanisms regulating Myc, to be able to design novel therapeutic strategies.
Previous data from our working group showed that the ubiquitin E3 ligase Trim33 is a regulator
of Myc-induced apoptosis (Popov et al., 2007). | could show during this thesis that Myc is not
a substrate of Trim33 in liver cancer cells and that Trim33 does not influence Myc levels
through its already known connections to the Wnt and TGFB pathways. Furthermore, |
demonstrated that Trim33 knockout (Trim33KO) cells can replicate DNA more efficiently,
reenter cell cycle faster and proliferate more upon RS compared to control cells. Additionally,
upon Trim33KO, DNA damage is induced later after induction of RS and is repaired faster
during recovery from RS. These effects could be seen when RS was induced by Myc
overexpression or by the treatment with the genotoxic drugs hydroxyurea (HU) and etoposide
(Etop). Hence, the function of Trim33 is not limited to the regulation of Myc-induced apoptosis,
but it is rather more generally modulating the response of cells to RS. Subsequently, RNA-
Sequencing analysis revealed that the target genes of the TF E2F4 were strongly upregulated
in Trim33KO cells compared to control cells. E2F4 is known to be involved in DNA replication
and cell cycle control, making it a very promising candidate. | could show that E2F4 is a novel
substrate of Trim33 and that its overexpression in control cells mimicked the RS phenotype
observed in Trim33KO cells, demonstrating the E2F4 dependency of the mechanism. Finally,
mass spectrometry analysis revealed that the binding of E2F4 to the helicase RecQL was
enhanced upon Trim33KO, which could be validated by proximity ligation assays (PLAS).
RecQL is known to stabilize replication forks and to be involved in DNA damage repair. Hence,
RecQL could strongly simplify the handling of RS for cells. | could demonstrate that RecQL as
well as E2F4 binding to chromatin is enhanced upon Trim33KO, suggesting that E2F4 recruits
RecQL to DNA. Moreover, the overexpression of RecQL in control cells mimicked the
enhanced fork rate observed in Trim33KO cells, whereas an inactive RecQL mutant (K119A)
overexpressed in Trim33KO cells significantly impaired replication fork progression under RS.
Two E2F4 mutants, one which cannot bind to DNA (E2F4-DB) and one which lacks a part of
its C-terminus (E2F4-AC), cannot recruit RecQL to chromatin and revert the RS phenotype of
Trim33KO cells. Taken together, our data suggest a model in which E2F4 recruits RecQL to

chromatin, which in turn makes cells less sensitive to RS.
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Zusammenfassung

Myc ist ein onkogener Transkriptionsfaktor (TF), welcher sowohl das Wachstum als auch die
Aggressivitat vieler Krebsarten, einschlie3lich Leberkrebs, verstarkt. Trotz seiner tumor
unterstitzenden Funktion, kann die Aktivierung von Myc DNA Schaden und replikativen Stress
(RS) induzieren und dadurch Apoptose férdern. Demnach wére Myc ein vielversprechendes
Ziel fur Krebstherapien. Es besitzt allerdings keine enzymatische Aktivitdt oder definierte
Bindetaschen, was es erschwert niedermolekulare Inhibitoren gegen Myc zu entwickeln.
Zusammenfassend besteht ein dringender Bedarf an neuen indirekt Myc regulierenden
Mechanismen, um mdogliche neue therapeutische Strategien zu verwirklichen. Bereits
publizierte Daten unserer Arbeitsgruppe zeigten, dass die Ubiquitin-E3-Ligase Trim33 ein
Regulator der Myc-induzierten Apoptose ist (Popov et al., 2007). Ich konnte wahrend dieser
Thesis zeigen, dass Myc kein Substrat von Trim33 in Leberkrebszellen ist und dass Trim33
nicht Uber ihre bereits bekannte Verbindung zu den Wnt und TGFB Signalwegen das Myc
Protein Level beeinflusst. Weiterhin konnte ich demonstrieren, dass Trim33 knockout (KO)
Zellen im Vergleich zu Kontrollzellen unter RS DNA schneller replizieren, den Zellzyklus
schneller starten und sich effektiver vermehren. Zusatzlich werden DNA Schaden unter RS
spater induziert und wahrend der Erholung von RS effizienter repariert. Diese Effekte konnten
beobachtet werden, wenn RS sowohl durch die Uberexpression von Myc, als auch durch die
Behandlung der Zellen mit genotoxischen Mitteln wie HU oder Etop ausgeldst wurde.
Demnach ist die Funktion von Trim33 nicht auf die Regulation der Myc-induzierten Apoptose
beschrankt, sondern Trim33 moduliert eher die generelle Antwort von Zellen auf RS.
AnschlieBend konnte ein RNA-Sequenzierungsexperiment zeigen, dass die Zielgene von
E2F4 stark induziert werden, wenn Trim33 ausgeknockt ist. E2F4 ist ein TF welcher bereits
dafiir bekannt ist, an der DNA Replikation und dem Zellzyklus beteiligt zu sein, was E2F4 zu
einem sehr interessanten Kandidaten macht. Ich konnte zeigen, dass E2F4 ein neues Substrat
von Trim33 ist und dass dessen Uberexpression in Kontrollzellen den RS Phanotyp der
Trim33KO Zellen imitieren kann, was die E2F4-Abhéngigkeit des Mechanismus verdeutlicht.
Schlussendlich konnte ein Massenspektrometer-Experiment demonstrieren, dass die Bindung
von E2F4 an die Helikase RecQL in Trim33KO Zellen verglichen mit Kontrollzellen verstarkt
ist, was durch proximity ligation assays (PLAs) validiert werden konnte. RecQL ist dafur
bekannt, Replikationsgabeln zu stabilisieren und in die DNA Schadensreparatur involviert zu
sein. Demnach koénnte RecQL die Handhabung von RS fiir Zellen massiv vereinfachen. Ich
konnte zeigen, dass sowohl RecQL als auch E2F4 in Trim33KO Zellen starker an Chromatin
binden, was darauf hindeutet, dass E2F4 RecQL an DNA rekrutieren konnte. Daruiber hinaus
imitiert die Uberexpression von RecQL in Kontrollzellen die erhéhte Replikation, welche in
Trim33KO Zellen beobachtet werden konnte. Die Uberexpression einer inaktiven RecQL

Mutante (K119A) in Trim33KO Zellen hingegen reduzierte das Fortschreiten der
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Replikationsgabeln signifikant. Zwei E2F4 Mutanten, eine, die nicht an DNA binden kann
(E2F4-DB) und eine, der ein Teil ihres C-Terminus fehlt (E2F4-AC), kdnnen RecQL nicht an
Chromatin rekrutieren und heben den RS Phanotyp in Trim33KO Zellen auf.
Zusammenfassend schlagen unsere Daten ein Modell vor, indem E2F4 RecQL an Chromatin

rekrutiert, welches im Gegenzug Zellen weniger sensibel gegen RS macht.
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1 Introduction

1.1 Hepatocellular carcinoma (HCC)

HCC represents 80 % of all primary liver cancers worldwide and is considered as the fourth
leading cause of cancer related death (Villanueva 2019, El-Serag et al., 2007). The majority of
HCC patients are diagnosed only at advanced stages and the numbers and severity of HCC
cases continue to increase. For example, the incidence rates increased in the last 30 years
two- to threefold in the USA (Yang et al., 2019; Altekruse et al., 2009). There are several known
risk factors for the development of HCC, whereas there are only very limited treatment options,

especially for advanced stages.

1.1.1 Factors elevating the risk of HCC development

The infection with hepatitis B/C (HBV/HCV) is categorized as one of the most important causes
of HCC as it is detected in 80 % of cases (Levrero et al., 2016; El-Serag., 2012; Yuen et al.,
Yang et al., 2010). Moreover, the most common liver disease NALFD (Nonalcoholic fatty liver
disease) is a strong risk factor for the development of HCC, as 10-20 % of cases show NALFD
burden in the USA (Yang and Mohammed et al., 2017; Younossi, Blissett et al., 2016;
Younossi, Koenig et al., 2016; Younassi et al., 2015). Furthermore, alcohol abuse can lead to
alcoholic liver disease (ALD), which increases the hepatocarcinogenic potential threefold (Park
et al.,, 2017; West et al., 2017). Finally, exposure to different toxins such as aflatoxin or
aristolochic acid can lead to the development of HCC (Yang et al., 2019). Aflatoxin is a
mycotoxin, which can be found in staple cereals as well as oilseeds. In regions with high rates
of HCC, aflatoxin contaminations can often be observed (Gouas et al., 2019; Wild et al., 2015).
Aristolochic acid can be found in worldwide growing plants as Aristolichia and Asarum, which
are traditionally being used in Chinese medicine (Arlt et al., 2002). Consistent with the high
mutagenic potential of aristolochic acid, many HCC patients from Asia have mutations typical

for aristolochic acid exposure (Ng et al., 2017; Rosenquist et al., 2016).

1.1.2 Treatment options to counteract HCC tumor progression

The most recommended option to treat HCC is the resection of the tumor tissue, as this
surgical option is potentially curative. However, this method is only possible in early diagnosed
patients and after resection nearly 70 % of patients show a recurrence of the tumor (Yang et
al., 2019; Roayaie et al., 2015; Tabrizian et al., 2015). Nevertheless, the most promising
therapy option is the transplantation of a healthy liver, which is not used frequently because of
the limited availability of donation organs (Yang et al., 2019; Yang, Larson et al., 2017;
Mazzaferro et al., 1996). This method does not only remove the tumor tissue, but additionally
the challenged liver tissue with a higher potential to develop tumors, which is why HCC is the

leading reason for liver transplantations in the USA (Yang, Larson et al., 2017). A percutaneous
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method to fight HCC tumors would be the local radio-frequency ablation or microwave ablation,
which both are potentially curative strategies. These therapies can only be used in early
diagnosed cases and induce tumor necrosis, which makes them not the most used strategies
(Yang et al., 2019; Shiina et al., 2018; Yu et al., 2017; Cucchetti et al., 2013). Moreover, the
transarterial chemoembolization (TACE) can be utilized for treating patients at intermediate
HCC stage. Here, cytotoxic chemotherapeutics as doxorubicin or cisplatin are being delivered
in the tumor feeding artery by embolization particles to induce necrosis and hence slowing
down the tumor growth (Lencioni and de Baere et al., 2016; Lo et al., 2002; Llovet et al., 2002).
Finally, HCC can be treated with pharmacological drugs, which may reduce the proliferation of
the tumor. The most commonly used drug is sorafenib, followed by its derivatives lenvatinib,
regorafenib and cabozantinib (Villanueva 2019; Yang et al., 2019). They all can moderately
prolong the patient survival alone or in combination with others, but none is considered as a
curative therapy option (Abou- Alfa et al., 2018; Kudo et al., 2018; Bruix et al., 2017; Lencioni
and Llovet et al., 2016; Cheng et al., 2009; Llovet et al., 2008).

However, in reality only very few curative options are available these days. Liver cancer has
only a 5-year survival of 18 %, which makes it very important to find new putative curative
therapy options (Jemal et al., 2017).

An often-deregulated pathway in liver cancer is the DNA damage response (DDR) (Gillman et
al., 2021; Lin et al., 2019; Yang et al., 2014). DDR should arrest the cell cycle allowing cells to
repair the DNA damage before resuming to the cell cycle or inducing apoptosis (Awasthi et al.,
2015). In liver cancer, this mechanism is often deregulated and can induce genomic instability
or uncontrolled tumor growth (Gillman et al.,2021). One of the most often deregulated TFs in
HCC is the onco-protein Myc, which is known to promote DNA damage, to interfere with DNA
replication and to trigger genomic instability (Zheng et al., 2017; Qu et al., 2014; Dang et al.,
2012). Additionally, the risk of liver cancer caused by hepatitis virus, ALD or NAFLD increases
significantly when Myc is overexpressed (Wang et al., 2019; Zheng et al., 2017; Nevzorova et
al., 2016; Higgs et al., 2013; Balsano et al., 1991). In summary, targeting Myc in HCC could

be a promising strategy to develop new putative curative therapy options.

1.2 The Myc oncoprotein

The MYC gene is one of the most analyzed genetic alteration in cancer biology worldwide as
it is known to be genomically amplified in 28 % of tumors and transcriptionally overexpressed
in about 50 % of tumors (Schaub et al., 2018; Zheng et al., 2017). This oncogene was first
described to be altered in human cancer 1982 (Dalla-Favera et al., 1982; Taub et al.; 1982).
In the decades of analysis, Myc was found to be involved in the regulation of 15 % of the
human genome and has an impact on multiple cellular processes such as the cell cycle

progression, proliferation, apoptosis, differentiation, genome stability and metabolism (Chen et
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al., 2018; Gabay et al., 2014; Dang et al., 2012; Miller et al., 2012; Hoffmann et al., 2008;
Meyer et al., 2008; Pelengaris et al., 2003; Dang, 1999).

1.2.1 Theinfluence of Myc on HCC progression

The role of Myc in HCC was intensely studied since many working groups showed that Myc
levels are upregulated in HCC cell lines as well as in tumors derived from mice or humans
(Dang et al. 2012; Srivasrava et al., 2004; Wang et al., 2002). High levels of Myc correlate with
promotion of HCC, shorter overall survival (OS) and poor prognosis (Chen et al., 2020;
Dhanasekaran et al., 2020; Huang et al., 2020; Liu et al., 2020; Min et al., 2020; Shi et al.,
2020; Wei et al., 2020; Wu et al., 2020; Nevzorova et al., 2013; Lin et al., 2010). Furthermore,
it was shown that the expression of Myc is sufficient to induce HCC (Zheng and Cubero et al.,
2017; Wahlstrom et al., 2015; Muakkassah-Kelly et al., 1988) as for example 80 % of mice
overexpressing Myc developed HCC (Freimuth et al., 2010). Corresponding to these findings,
the reduction of Myc protein inhibits cell cycle progression as well as growth of HCC and can
in addition completely arrest invasive hepatic cancers (Qu et al., 2014; Shachaf et al., 2004;
Simile et al., 2004).

1.2.2 Apoptosis induction by the overexpression of Myc

Paradoxically, Myc is known to induce proliferation of tumor cells, as well as it is known to
induce RS, double strand breaks (DSBs) and hence apoptosis when overexpressed (Curti et
al., 2021; King et al., 2020; Zheng et al., 2017; Zimonijic et al., 2012; Bouchard et al., 2007;
Wu et al., 2007; Dang et al., 2006; Finch et al., 2006; Pelengaris et al., 2003). The ability of
Myc to stimulate replication genome-wide can cause RS, which in turn leads to DSBs. The
increased number of DNA damage then activates the Arf/[p53 pathway, which initiates the
controlled cell death, also known as apoptosis (Chen et al., 2018; Zheng et al., 2017; Gabay
et al., 2014). Accordingly, Myc overexpression can sensitize cells to drugs increasing DNA
damage, which was already shown for Parpl or Chk1/2 inhibitors (Carracciolo et al., 2021,
King et al., 2020; Ning et al., 2019; Ferraro et al., 2011). Similarly, increasing levels of RS can
be more lethal in Myc overexpressing cells (Curti et al., 2021; King et al., 2020).

One big family which is important in stabilizing replication forks and hence minimizing RS when
overexpressed is the RecQ family of helicases, which are known as the caretakers of the
genome (Chu et al., 2003). The most abundant member in humans is RecQL, also known as
RecQ1 or RecQL1 (Debnath et al., 2020, Chu et al., 2009). RecQL binds to DNA intermediates
during replication and repair, unwinds the DNA duplex and executes different functions
(Bachrati et al., 2008; Sharma et al., 2005; Cui et al., 2003). These are the initiation of DNA
replication, the stabilization of fragile DNA sites as well as the help in damage repair (Qiu et
al., 2021; Viziteu et al., 2017; Bertie et al., 2013; Lu et al., 2013; Parvathaneni et al., 2013;
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Popuri et al., 2012; Thangavel et al., 2010). KD of such RS-reducing proteins as RecQL could

enhance the function of Myc to induce apoptosis.

1.2.3 Targeting Myc as a therapeutic strategy

Regulating Myc levels play an essential role in manipulating the growth of tumors and hence
Myc represents an obvious target for cancer therapies. Unfortunately, developing a small
molecule inhibitor against Myc raised structural and functional problems as it is known to be a
disordered protein with a mainly unstructured surface (Madden et al., 2019). Small molecule
inhibitors typically target specific sites such as enzymatic pockets or defined binding pockets.
Myc does not have this kind of pockets and is additionally not easily accessible due to its strong
nuclear localization (Madden et al., 2019). Hence, indirectly targeting Myc function is of
immense scientific interest. Different strategies to achieve this goal have emerged over the
last decades, focusing on manipulation of either the expression of Myc, its post-translational
modifications or its binding to partner proteins (Allen-Petersen et al., 2019).

For example, the well-known interaction of Myc and Max was shown to be essential for efficient
Myc function (Chen et al., 2018). Additionally, other proteins were described to be important
for Myc function. For example, the TF E2F4 was shown to share many binding sites with Myc
(Bhawe et al., 2018) and to be essential for the development of Myc-induced lymphomagenesis
(Rempel et al., 2009). Moreover, Myc overexpression correlates with E2F4 overexpression in
cancer (Dai et al., 2019), making it a promising target to indirectly influence Myc function.
E2F4 belongs to the E2F family of TFs, which is involved in the control of cell cycle, DNA repair
and apoptosis (Attwooll et al., 2014; Bertoli et al., 2013; Van Den Heuvel et al., 2008;
Tsantoulis et al., 2005). The members of this family are known to be highly dependent on
numerous interaction partners such as the RB protein family (pRb, p107, p130). E2F proteins
are generally divided into three groups, the activators (E2F1-3), the canonical repressors
(E2F4-6) and the atypical repressors (E2F7-8) (Kent et al., 2019; Hsu et al., 2016; Chen et al.,
2009; Tsantoulis et al., 2005; Trimarchi et al., 2002). The atypical repressors were discovered
the lates and are the less investigated group, whereas activator E2Fs are the best
characterized members of the family. However, E2F4 belongs to the canonical repressors and
executes its canonical function during the GO/1 phase of the cell cycle. During late G1 and S
phase E2F4 is exported out of the nucleus by its nuclear export signal (NES) (Kent et al., 2019;
Hsu et al., 2016; Gaubatz et al., 2001; Verona et al., 1997). During G0/1 phase, E2F4 is bound
to the hypophosphorylated RB proteins and translocated to the nucleus where it represses
transcription by assembling with the DREAM complex (Xanthoulis et al., 2013; Tsantoulis et
al., 2005; Attwooll et al., 2004, 1998; Nevins 1998). The DREAM complex consists of
numerous proteins, which all work together to repress transcription during the G0/1 phase of

the cell cycle (Engeland 2017; Sadasivam et al., 2013). The canonical function of E2F4 to
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repress genes during GO/1 phase could be observed by numerous working groups (Allmann
et al., 2020; Roelofs et al., 2020; Huang et al., 2019; Schade et al., 2019; Wisnik et al., 2017).
However, apart from this canonical function, there are several new functions of E2F4
described. For example, E2F4 was observed to activate the transcription of target genes, such
as genes involved in the development of cilia in multiciliated cells, in the endocytosis as well
as in the water channel transport in the testis (Stracker et al., 2019; Kim et al., 2018; Danielian
etal., 2016; Hsu et al., 2016; Ma et al., 2016; Lee et al., 2011). Furthermore, E2F4 can promote
the proliferation of numerous cell types, like in cardiomyocyte, intestinal, colon cancer, bovine
mammary epithelial, mouse embryonic stem, fetal erythroid, colorectal cancer, pancreatic, or
acute myeloid leukemia cells (Feng et al., 2019; Hong et al., 2019; Hsu et al., 2019; Zhen et
al., 2019; Amerongen et al., 2010; Gerneau et al. 2009; Kinross et al., 2006; Deschénes et al.,
2004).

Apart from manipulating the interaction of Myc with important binding partners, Myc function
can be indirectly affected by post-translational modifications such as ubiquitination. The highly
conserved ubiquitin protein contains 76 amino acids and can be attached to specific targets
typically marking them for proteasome-dependent degradation. To transfer ubiquitin to a
protein, an enzymatic cascade is needed. The ubiquitin-activating E1 enzyme activates
ubiquitin and transfers it to the ubiquitin-conjugating E2 enzyme. The E3 ubiquitin ligase is
interacting at the same time with the E2 enzyme and the substrate to mediate the final ubiquitin
transfer to the substrate (Zheng et al., 2017; Scheffner et al., 1995). The bond between the
C-terminal glycine of ubiquitin and a free lysine of the target is thereby covalent (Kliza et al.,
2020; Pickart, 2001). Ubiquitination is a reversible process as the ubiquitin can be removed by
deubiquitinases (DUBs) (Mevissen et al., 2017). This large group of proteases cleaves
ubiquitin proteins off substrates and thereby stabilizes them (Komander et al., 2009; Reyes-
Turcu et al., 2009). Ubiquitin ligases as well as DUBs are relatively easy druggable proteins
because of their distinct enzymatic pockets. Hence, many different small molecule inhibitors
were already designed to indirectly manipulate the stability of a specific target protein (Deng
et al., 2020; Harrigan et al., 2018; Bielskiené et al., 2015; Farshi et al., 2015). Collectively,
indirectly manipulating Myc through upstream ubiquitin ligases or DUBs is a promising strategy
to treat cancer. In line with this, our working group recently performed a whole genome screen
for proteins, which can regulate Myc function, namely Myc-induced apoptosis (Popov et al.,
2007). One of the best hits was the ubiquitin E3 ligase Trim33.

1.3 Trim33 — a member of the Tripartite motif-containing protein superfamily
Trim33, also known as TIF1y, RFG7, PTC7 or Ectodermin, belongs to the Tripartite motif-
containing (TRIM) protein superfamily, whose members are involved in multiple cellular

processes (Yu et al., 2019). The TRIM protein superfamily consists out of over 80 members,
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whose alterations can lead to developmental disorders, degenerative diseases and
tumorigenesis (Hatakeyama 2011; Ozato et al., 2008; Short et al., 2006; Meroni et al., 2005;
Stremlau et al., 2004; Rhodes et al., 2002; Short et al., 2002). All TRIM proteins show similar
N-terminal and very diverse C-terminal domains (Reymond et al., 2001). The conserved N-
terminal domain consist of the RING domain, which mediates the E3 ligase activity (Stevens
et al., 2009), and one or two B-boxes as well as a coiled coil domain, which both facilitate
protein-protein interactions (McAvera et al., 2020). The diverse C-terminal domains divide the
TRIM proteins into 11 defined subgroups (Short et al., 2011). Trim33 forms together with
Trim24, Trim28 and Trim66 the transcriptional intermediary factor 1 (Tifl) protein family, as
they all possess a Plant Homeo Domain (PHD) and a bromodomain at their C-terminus
(McAvera et al., 2020). PHD domains and bromodomains mediate a direct interaction with
modified histone H3. The PHD domain normally interacts with methylated lysines, whereas the
bromodomain generally interacts with acetylated lysines (Sanchez et al., 2011; Sanchez et al.,
2009). The Tif1 proteins are all known to be deregulated or mutated in numerous cancer types;
however, their role in cancer still needs to be fully understood (McAvera et al., 2020). The
knowledge of Trim33 is especially interesting, as there are on one hand publications describing
Trim33 as a tumor suppressor; and on the other hand, studies which claim that Trim33 has a

tumor-promoting activity.

1.3.1 TRIM33 - astringently regulated gene

The murine TRIM33 gene is 77kb long, localized on chromosome 3F2 and contains 20 exons.
The 1142 amino acid long murine protein shows a 96 % identity to the 1120 amino acid long
human protein (Yan et al., 2004), whose gene is 118 kb long, localized on chromosome 1 and
consists out of 21 exons (Venturini et al., 1999).

TRIM33 is a tightly regulated gene, which was previously shown by several working groups.
For example, SOX2 was shown to transcriptionally repress Trim33 by directly binding to its
promoter. Furthermore, it was shown that Trim33 is highly regulated by post-transcriptional
mechanisms, such as the binding of different miRNAs and circRNAs (Wang et al., 2018;
Jingushi et al., 2015) or the sumoylation by for example Ad5 E4-ORF3 or Ubc9 (Sohn et al.,
2016; Fattet et al., 2013; Forrester et al., 2012) or the phosphorylation of Tyr-524, -620 and -
1048 by the tyrosine kinase c-Abl (Yuki et al., 2019). Additionally, its ubiquitin transferring
function as well as its binding to protein partners can be opposed by FAM/Usp9, FOXMI or
aB-crystallin (Ballaye et al., 2014; Xue et al., 2014; Dupont et al., 2009). These various ways

of regulating Trim33 function demonstrates the importance of balanced Trim33 levels in a cell.
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1.3.2 Trim33 —a multi-function protein

Trim33 has numerous cellular functions, such as the regulation of different pathways including
TGFB and Wnt signaling, transcriptional elongation, cell cycle and mitosis, DNA damage,
development and differentiation of cells and affects different diseases including cancer
(McAvera et al., 2020).

1.3.2.1 Trim33 requlates the TGFB pathway

TGF signaling promotes phosphorylation of SMAD proteins, which leads to their translocation

to the nucleus and transcriptionally activates TGFB target genes (Derynck et al., 2019;
Ikushima et al., 2010; Massagué et al., 2000). The downstream targets of the TFGB/SMAD
pathway are very broad, explaining its involvement in numerous cellular functions such as the
proliferation, apoptosis, differentiation and invasive potential of cells (Derynck et al., 2019;
Gratchev et al., 2017; Massagué, 2012; Wu et al., 2009). Additionally, in many cancer types
SMAD deletions or mutations could be detected and it is described that TGF acts as a tumor
suppressor by inhibiting tumor growth and metastasis (Seoane et al., 2017; Samanta et al.,
2012).

Trim33 was shown to have activating as well as repressive effects on the TGFB/SMAD
signaling. On one hand, it has a direct impact on the pathway by ubiquitinating and hence
inhibiting SMAD4 (Agricola et al., 2011; Dupont et al., 2009; Dupont et al., 2005). The binding
of Trim33 to modified histone H3 by its PHD (H3K9me3) and bromodomain (H3K18ac) is
thereby essential for this ubiquitination (Agricola et al., 2011; Xi et al., 2011; Dupont et al.,
2009; Dupont et al., 2005). This repressive regulation of the TGFB/SMAD pathway can be
opposed by several proteins, such as FAM, FOXM1 and aB-crystallin (Bellaye et al., 2014;
Xue et al., 2014; Dupont et al., 2009). On the other hand, Trim33 was shown to interact with
SMADZ2/3 on chromatin and makes specific Smad2/3 motifs accessible for SMAD4, which
results in an enhanced regulation of the TGFB/SMAD pathway (Xi et al., 2011; He et al., 2006).
These opposing functions of Trim33 remain elusive but were tried to be explained in different
ways. It was for example suggested that Trim33 only acts as a repressor of TGFR/SMAD
signaling in cells with high TGFf threshold (Andrieux et al., 2012), or that the function of Trim33

is dependent on the cellular context (Yan et al., 2004).

1.3.2.2 The influence of Trim33 on the Wnt/(3-catenin signaling

Whnt signaling stabilizes (-catenin by blocking its phosphorylation. Hence, B-catenin can be
translocated to the nucleus and activates the expression of Wnt target genes (Harb et al., 2019;
He et al., 2019; Clevers et al., 2012). The Wnt/B-catenin pathway was previously described to
be involved in numerous cellular processes such as cell proliferation, adhesion, migration, and
differentiation (Wang et al., 2018; Anastas et al., 2013; Kypta et al., 2012; Hu et al., 2010).
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Furthermore, the dysregulation of this pathway leads to tumorigenesis and influences the
tumor growth as well as the metastatic potential of tumors (Yao et al., 2011; Akiri et al., 2009;
Holcombe et al., 2002; Woo et al., 2001).

Trim33 can directly influence this pathway by ubiquitinating B-catenin, leading to its
proteasome-dependent degradation in the nucleus (Xia et al., 2017; Xue et al., 2015). In
glioblastoma for example, Trim33-dependent degradation of nuclear [(-catenin leads to

inhibited cell proliferation and delayed tumorigenesis (Xue et al., 2015).

1.3.2.3 Trim33 recruits transcriptional elongation factors

The recruitment of positive elongation factors to erythroid genes is partially Trim33-dependent
and leads to an increased transcriptional activity by counteracting RNA polymerase Il (Pol I1)
pausing. Consistent with this, the depletion of Trim33 resulted in defects in transcriptional
elongation, and additionally led to defects in erythroids as well as in several other blood
compartments (Yu et al., 2019; Bai et al., 2013; Bai et al., 2010).

1.3.2.4 The role of Trim33 during cell cycle and mitosis
It could be shown that Trim33 binds the APC/C holoenzyme (Sedgwick et al.; 2013). Trim33 is
not a substrate of this ubiquitin ligase, but instead directly regulates its activity. Loss of Trim33

strongly reduces the APC/C ligase activity, leading to the stabilization of APC/C substrates.
Those substrates in turn slow down the progression through mitosis from nuclear envelope
breakdown to anaphase (McAvera et al., 2020). Additionally, cells with a KD of Trim33 failed

more often to undergo metaphase-to-anaphase transitions (Sedgwick et al., 2013).

1.3.2.5 Efficient DNA damage response is partially dependent on Trim33
Trim33 is required for efficient DNA repair by PARP1 (Yu et al., 2019; Hatakeyama et al.,

2011). It was shown that Trim33 binds to DNA damage sites and that this is dependent on its
PHD and bromodomain (Kulkarni et al., 2013).

1.3.2.6 Trim33 is necessary for efficient embryonic development

Trim33 was shown to be an indispensable player in embryonic development (Dupont et al.,
2005; Falk et al., 2014). Not only is Trim33 necessary for the early maturation of embryonic
bodies (EBs) (Rajderka et al., 2017), it also regulates a subset of mesoendodermal genes by
binding to H3K18ac marks (Luo et al., 2019) and is essential for proper development of
precardiogenic mesoderm during late gastrulation (Rajderka et al., 2019). Additionally, it was
shown that the embryonic depletion of Trim33 leads to death during early somatogenesis (Kim

et al., 2008), whereas 4-month-old mice with a Trim33 deletion showed an accelerated aging
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phenotype (Quéré et al., 2014). Finally, Trim33 plays an important role for the specification of
the ectoderm (Dupont et al., 2005).

1.3.2.7 The differentiation of cells is modulated by Trim33

Trim33 is essential for the differentiation of numerous cell types. For example, it was shown
that its depletion leads to severe problems in hematopoiesis in humans as well as in mice
(Chrétien et al., 2016; Bai et al., 2013; He et al., 2006; Ransom et al., 2004). Furthermore,
Trim33-deficient mouse embryonic stem cells (ESCs) remained pluripotent in non-
differentiating medium and showed increased apoptosis when the differentiation to EBs was
induced (Rajderka et al., 2017). Additionally, Trim33 is essential at the end of pregnancy for
proper differentiation of alveolar epithelial cells (Hesling et al., 2013). Finally, Trim33 is a
positive regulator of osteoblast differentiation (Guo et al., 2017).

1.3.2.8 Trim33 possesses an antiviral activity

Trim33 was reported to have antiviral activity, by limiting the virus production, as, for example,
for the adenovirus or the HIV-1 (Ali et al., 2019; Sohn et al., 2016; Forrester et al., 2011).
Consistently, viruses have developed mechanisms to reduce Trim33 protein levels in cells, as
for example Ad5 E4-ORF3 can sumyolate Trim33 and subsequently lead to its proteasome-
dependent degradation (Sohn et al., 2016; Forrester et al., 2012).

1.3.2.9 Dermatomyositis (DM) is correlated with anti-Trim33 autoantibodies

Myaositis is a disease, which often comes along with cancer and can stay after the cancer got
appropriately treated (De Vooght et al., 2020; Zahr et al., 2011). 60-70 % of myositis patients
show myositis specific autoantibodies, such as anti-Trim33 (McHugh et al., 2018; Ghirardello
et al., 2013). Patients with anti-Trim33 autoantibodies show higher risk of cancer and
additionally 84 % of anti-Trim33 positive cancer patients develop cancer associated DM (De
Vooght et al., 2020; Yang, Peng et al., 2017; Allenbach et al., 2016). Accordingly, anti-Trim33
autoantibodies could function as a marker for the prediction of cancer associated DM (De
Vooght et al., 2020).

1.3.3 Therole of Trim33 in cancer

1.3.3.1 Putative role of Trim33 as a tumor suppressor

Classically, Trim33 is being described as a tumor suppressor. It was for example shown to
inhibit metastasis and tumor growth in non-small-cell lung cancer (NSCLC), breast cancer,
glioma, clear cell renal cell carcinoma (ccRCC), pancreatic dual adenocarcinoma (PDAC),
chronic myelomonocytic leukemia (CMML) and prostate cancer (Xu et al., 2020; Qi et al., 2019;
Chrétien et al., 2016; Wang et al., 2016; Jingushi et al., 2015; Xue et al., 2015; Xue et al.,
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2014; Vincent et al., 2012). Additionally, low Trim33 levels are associated with lower OS,
poorer prognosis, more aggressive tumors and more advanced pathological stage and grade
(Xu et al., 2020; Cai et al., 2019; Wang et al., 2018; Jingushi et al., 2015; Pommier et al., 2015).

1.3.3.2 Function of Trim33 as an oncoprotein

In contrast to the tumor suppressing functions TRIM33 was shown to also possess oncogenic
potential, which has gained increasing scientific interest in recent years (McAvera et al., 2020;
Cai et al., 2019; Yu et al., 2019). For example, in B lymphoblastic leukemia Trim33 prevents
apoptosis of the cancerogenic cells and hence allows them to grow faster (Wang et al., 2015).
Additionally, the overexpression of Trim33 leads to a growth benefit of pancreatic cell lines
(Ligr et al.; 2014) and it is overexpressed in early stage breast cancer (Kassem et al.; 2015).
Finally, the overexpression of Trim33 was associated with colorectal carcinogenesis and

advanced staging (Jain et al., 2011).

1.3.3.3 Contrary function of Trim33 in HCC
Trim33 is known to play opposing roles in HCC. On one hand, Trim33 was described to be

reduced in HCC tumors and that its loss promotes HCC, decreases OS and increases the
chance of recurrence (Yu et al., 2019; Herquel et al., 2011). This is in accordance with a study
showing that Trim33 acts as a tumor suppressor in advanced stage HCC (Ding et al.; 2014).
However, on the other hand it was shown that Trim33 can promote HCC development in early
stage HCC (McAvera et al., 2020; Ding et al., 2014).
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1.4 Aims of the study

MYC is overexpressed in a variety of tumors, associated with poor prognosis and thereby
resembling a promising therapeutic target. However, to date Myc itself is considered to be
undruggable. To investigate novel ways of indirectly targeting Myc function is hence an
indispensable strategy for designing novel therapeutic options against cancer. Previous data
of our working group demonstrated that the E3 ubiquitin ligase Trim33 can regulate Myc-
induced apoptosis. The main aim of this study was to understand how Trim33 can influence
Myc function, as this remains still unknown.

The first aim was to investigate if Myc is a target of Trim33. As | could disprove this hypothesis,
the second aim was to understand how Trim33 can influence Myc function, namely
Myc-induces apoptosis. | revealed that Trim33 is not regulating Myc function itself, but rather
more generally the response of cells to RS-induction. After | identified E2F4 as a novel Trim33
substrate, which mediates the RS phenotype, the last aim was to analyze how exactly E2F4
can influence the response of cells to RS. | could show that E2F4 most likely recruits RecQL
to chromatin and thereby stabilizes replication forks and induces DNA damage repair.

The knowledge gained during this thesis could be the first step to generate novel cancer

therapies.
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2 Materials and methods

2.1 Materials

2.1.1 Chemicals

Table 1: Utilized Chemicals
Chemical Company Cat. Number
2-Propanol SIGMA 33539
5-Chloro-2'-deoxyuridine Cayman 18155
5-Ethynyl-2'-deoxyuridine Cayman 61135-33-9
Acetic acid, glacial SIGMA ARK 2183
Agarose Standard CarlRoth 3810.3
Albumin Fraktion V, NZ Origin CarlRoth 8076.4
Ampicillin sodium salt SIGMA A9518
BIS-TRIS SIGMA B9754
Bromphenol blue SIGMA B0126
Crystal violet solution SIGMA V5265
DAB Substrate Kit Zytomed Systems DAB530
DNA Gel Loading Dye (6X) ThermoFisherScientific | RO611
dNTP-Set 1, 4 x 25 ymol (250 pl), 100 mM CarlRoth K039.1
Dulbecco’s Modified Eagle’s Medium - high glucose | SIGMA D6429
Duolink™ In Situ Mounting Medium with DAPI SIGMA DUO82040
Ethanol CarlRoth K928.4
Ethidiumbromidlésung 1 %, 10 ml, Glas CarlRoth 2218.1
Ethylenediaminetetraacetic acid SIGMA ED
Fetal Bovine Serum, Research Grade SIGMA F0804
Fluoromount™ Aqueous Mounting Medium SIGMA F4680
GeneRuler™ 1 kb DNA-Leiter ThermoFisherScientific | SM0312
Glycine SIGMA G7126
GlycoBlue Co-Precipitant ThermoFisherScientific | AM9516
Hexadimethrine bromide SIGMA 107689
Hygromycin B Gold InvivoGen ant-hg-1
Idoxuridine Cayman 20222
Imidazole SIGMA 10250
Immobilon Western HRP Substrat Merck Millipore WBKLS0500
MEM Non-essential Amino Acid Solution (100x) SIGMA M7145
Methanol CarlRoth 8388.6
MG-132 Selleckchem S2619



https://www.caymanchem.com/product/20518/5-ethynyl-2'-deoxyuridine
https://www.invivogen.com/hygromycin

Materials and methods 13
MOPS SIGMA M1254
N,N,N’,N-Tetramethylethylenediamine SIGMA T9281
Natriumchlorid CarlRoth 3957.2
Non-fat milk Hartenstein (ROTH) CM35 (T145.2)
Opt-MEM™ ThermoFisherScientific | 31985062
PageRuler™ Prestained Protein Ladder ThermoFisherScientific | 26617
Paraformaldehyde SIGMA P6148
PBS, pH 7.4 ThermoFisherScientific | 10010-056
Penicillin-Streptomycin SIGMA P4333
Pierce™ Protein A Agarose ThermoFisherScientific | 20333
Polyethylenimin -Losung SIGMA P3143
Potassium chloride SIGMA P9333
Potassium phosphate monobasic SIGMA P5655
Propidium lodide Solution BioLegend 421301
Protein A Magnetic Beads New England BioLabs | S1425S
Protein G / Agarose InvivoGen gel-agg-5
Protein G Magnetic Beads New England BioLabs | S1430S
PureCube Ni-NTA Agarose Cube Biotech 31105
Puromycin InvivoGen ant-pr-1
Quant-iT™ PicoGreen™ dsDNA-Reagent ThermoFisherScientific | P7581
ROTI®Phenol/Chloroform/Isoamylalkohol, 250 ml CarlRoth Al156.1
ROTIPHORESE®Gel 30 (37,5:1) CarlRoth 3029.1
Salzsaure 5 mol/l (5 N), Titrisol®, Supelco® VWR Chemicals 1099110001
SDS pellets CarlRoth CN30.3
SDS ultra pure CarlRoth 2326.5
Sodium bisulfite SIGMA 243973
Sodium phosphate dibasic dihydrate SIGMA 30435
Streptavidin Magnetic Beads New England BioLabs | S1420S
tri-Sodium citrate dihydrate CarlRoth HN12.2
TritonX100 Amresco M143
Trizma® base SIGMA T1503
Tween 20 SIGMA P1379
Urea CarlRoth 7638.1



https://www.sigmaaldrich.com/catalog/substance/potassiumchloride7455744740711
https://www.invivogen.com/protein-g-agarose
https://de.vwr.com/store/product/707746/salzsaure-5-mol-l-5-n-titrisol-supelco
https://www.sigmaaldrich.com/catalog/substance/sodiumphosphatedibasicdihydrate177991002824711
https://international.neb.com/products/s1420-streptavidin-magnetic-beads
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2.1.2 Plastics

Table 2: Utilized plastics
Plastic Company Cat. Number
Amersham™ Hybond® P, PVDF membrane SIGMA GE10600023
Blottingpapier 0,76 mm, 330 g / m2 Hartenstein GB33
Deckglas 24x50mm Gr.1; 01-2450/1 Zentrallager 3000302
Deckglaser, rund, duchmesser 10 mm Hartenstein DKRO
Nunclon Petrischalen 15cm ThermoFisherScientific | 168381
Nunc™ Zellkultur-Multischalen 12 well ThermoFisherScientific | 150628
Nunc™ Zellkultur-Multischalen 24 well ThermoFisherScientific | 142475
Nunc™ Zellkultur-Multischalen 6 well ThermoFisherScientific | 140675
Pipette grad.m.steril. 10ml Zentrallager 61341337
Pipette grad.m.steril. 5ml Zentrallager 3000223
ReaktionsgefalRe ( Eppi) 1,5ml Zentrallager 3002923
Reaktionsgefalie ( Eppi) 2ml Zentrallager 3002699
ROHR. PP 17x120 STERIL SV. 15ml| Zentrallager 3002852
ROHR. PP 30x115 STERIL SV. 50m| Zentrallager 3002502
Sarstedt Reagenz- und Zentrifugenréhre, 13 ml Sarstedt 62.515.006
Sterilfilter millex 0,45 pm SLHA033SS Zentrallager 61303475
TC-Schale 100 Sarstedt 83.3902
TC-Schale 60 Sarstedt 83.3901
Zellschaber Sarstedt 83.1832

2.1.3 Enzymes

Thermo enzymes and according buffers (Agel/EcoRI/Xhol/BamHI/Ascl) were utilized.

Table 3: Utilized enzymes

Enzyme Company Cat. Number
Blunt/TA Ligase Master Mix New England BioLabs | M0367L
Exonuclease | (E. coli) New England BioLabs | M0293S
FastAP ThermoFisherScientific | EFO651

KAPA HiFi HotStart ReadyMix Roche SKU: 7958927001
KAPA2G Robust HotStart ReadyMix SIGMA KK5701
Micrococcal Nuclease New England BioLabs | M0247S
NEBuilder® HiFi DNA Assembly Cloning Kit New England BioLabs | E5520s
Phosphatase Inhibitor Cocktail 3 SIGMA P0044

Phusion® High-Fidelity DNA Polymerase

New England BioLabs

MO0530 S/ 100 unit



https://international.neb.com/products/m0367-blunt-ta-ligase-master-mix
https://international.neb.com/products/m0293-exonuclease-i-e-coli
https://international.neb.com/products/m0247-micrococcal-nuclease
https://international.neb.com/products/e5520-nebuilder-hifi-dna-assembly-cloning-kit
https://international.neb.com/products/m0530-phusion-high-fidelity-dna-polymerase
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Protease Inhibitor Cocktail SIGMA P8340
Proteinase K (rekombinant) ThermoFisherScientific | EO0491
RNase A, DNase- und proteasefrei ThermoFisherScientific | EN0531
SYBR® Green JumpStart™ Taq ReadyMix™ SIGMA S4438
T4 DNA-Ligase ThermoFisherScientific | EL0011
Terminal Transferase New England BioLabs | M0315L

2.1.4 Standard solutions
Table 4: Utilized Standard solutions

Solution Recipe
_ 5% 20 x MOPS
1 x Running MOPS Buffer
0.1M NaHSO3
10 % 10xTB
1 x TransferBuffer
15 % Methanol
_ 1M NacCl
10 x Annealing Buffer _
100 mM Tris-HCI, pH=7.4
100 mM Na,HPO.*2H,0
20 mM KH2PO4
10 x PBS
1.37 mM NaCl
27 mM KCI
10 mM Glycin
10 x Transferbuffer ]
3,67 mM Tris Base
500 mM Tris Base
10 x TBS
15M NaCl
10 % 10XTBS
1 x TBST
0.05 % Tween20
1 mM EDTA
1xTE
10 mM Tris pH=8.0
1M MOPS
_ 1M Tris
20 x Running MOPS Buffer
2% SDS
20 mM EDTA
12,5 mL Tris-HCI pH 6.8
_ 20 mL SDS (10 %)
4x Protein sample Buffer
12,5 mL glycerol
0.02 % bromophenol blue



https://international.neb.com/products/m0315-terminal-transferase
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2M Tris Base
50 x TAE Buffer 1M acetic acid
50 mM EDTA
10 mM Tris-HCI pH 8.0
0.5 mM EDTA
B&W ChIP Buffer
1M NacCl
0.02 % TritonX100
10 mM Tris-HCI ph8.0
ChIP wash Buffer _
0.02% TritonX100
200 mM Tris pH=7.5
Fiber Lysis Buffer 50 mM EDTA
0.5% SDS
LB Medium LB-Medium (Lennox), ROTH, X964.2
15¢g AgarAgar
LB Platten 1L LB-Medium
50 mg/mL Ampicillin
25 mM Tris-HCI ph 8.0
TNT .
1% TritonX100
In PBS:
8M Urea
Urea Buffer
10 mM Imidazole
1% TritonX100
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2.1.5 Kits and systems

Table 5: Utilized Kits and systems
Kit/system Company Cat. Number
Duolink™ In Situ Detection Reagents Red SIGMA DU092008
Duolink™ In Situ PLA® Probe Anti-Mouse PLUS SIGMA DU092001
Duolink™ In Situ PLA® Probe Anti-Rabbit MINUS SIGMA DUO92005
Duolink™ In Situ Wash Buffers, Fluorescence SIGMA DUO82049
GenElute™ Gel Extraction Kit SIGMA NA1111
GenElute™ HP Plasmid Midiprep Kit SIGMA NA0200
Monarch® DNA Gel Extraction Kit New England BioLabs | T1020S
NEBNext® Ultra™ RNA Library Prep Kit for lllumina® | New England BioLabs | E7530S
RNeasy Mini Kit Qiagen 74104
Pierce™ BCA Protein Assay Kit ThermoFisherScientific | 23225
Mini-PROTEAN® Tetra Vertical Electrophoresis Cell, |
4-gel, for 1.0 mm thick handcast gels BI0-RAD 1658001FC
10x10 cm Elektroblotter fiir 5 Blots Biostep GB33-N1010

2.1.6 Bacteria strains

Table 6: Utilized bacteria strains
Bacteria strain Company Cat. Number
NEB® 10-beta Competent E. coli (High Efficiency) New England BioLabs | C3019I
NEB® 5-alpha Electrocompetent E. coli New England BioLabs | C2989K



https://international.neb.com/products/t1020-monarch-dna-gel-extraction-kit
https://international.neb.com/products/e7530-nebnext-ultra-rna-library-prep-kit-for-illumina
https://www.bio-rad.com/de-de/sku/1658001fc-mini-protean-tetra-vertical-electrophoresis-cell-4-gel-for-1-0-mm-thick-handcast-gels?ID=1658001FC
https://www.bio-rad.com/de-de/sku/1658001fc-mini-protean-tetra-vertical-electrophoresis-cell-4-gel-for-1-0-mm-thick-handcast-gels?ID=1658001FC
https://international.neb.com/products/c3019-neb-10-beta-competent-e-coli-high-efficiency
https://international.neb.com/products/c2989-neb-5-alpha-electrocompetent-e-coli
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2.1.7 Celllines
Table 7: Utilized cell lines
Cell line Source
LentiX From Lea
p19” NRas From NP
p19” NRas c-Myc From NP
p197 NRas c-Myc pLKO_shCtrl Generated during this thesis
p19” NRas c-Myc pLKO_shTrim33_1 Generated during this thesis
p19” NRas c-Myc pLKO_shTrim33_2 Generated during this thesis
p19”-NRas CRISPR/Cas9 KO Ctrl Generated during this thesis
p197 NRas Trim33KO Generated during this thesis
p19” NRas pLKO_shCtrl Generated during this thesis
p197”-NRas pLKO_shTrim33_1 Generated during this thesis
p19”-NRas pLKO_shTrim33_2 Generated during this thesis
PheonixEco From Lea
U20S W11 From NP
2.1.8 Plasmids
Table 8: Utilized plasmids
Plasmid Resistence
His Ubi
pLKO Puro
pMD2G
pPAX2
pRRL Hygro
px459 Puro
Retro-Helper
VSVG
2.1.9 Antibodies
Table 9: Utilized antibodies
Antibody Company Cat.Number

BrdU (Bu20a) Mouse mAb

Cell Signaling | 5292 S

Cdc45 (D7G6) Rabbit mAb

Cell Signaling | 11881S

Cdcé (C42F7) Rabbit mAb

Cell Signaling | 3387S

Cdk2 Antibody (D-12)

Cell Signaling | sc-6248
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E2F4 Polyclonal antibody Proteintech 10923-1-AP
Histone H3 (96C10) Cell Signaling | 3638 P
Histone H4 (L64C1) Cell Signaling | 2935 P
HA-Tag (6E2) Mouse mAb Cell Signaling | 2367S
HA-Tag (C29F4) Rabbit mAb Cell Signaling | 3724S
Anti-mouse 1gG (Alexa Fluor® 488 Conjugate) Cell Signaling | 4408S
Anti-mouse IgG (Alexa Fluor® 555 Conjugate) Cell Signaling | 4409S
Anti-rabbit IgG (Alexa Fluor® 488 Conjugate) Cell Signaling | 4412S
Anti-rabbit IgG (Alexa Fluor® 555 Conjugate) Cell Signaling | 4413S
Anti-rat IgG (H+L), (Alexa Fluor® 488 Conjugate) Cell Signaling | 4416S
MCM2 (D7G11) XP® Rabbit mAb Cell Signaling | 3619
MCM3 Antikorper (E-8) Santa Cruz sc-390480
MCM4 (D3H6N) XP® Rabbit mAb Cell Signaling | 12973
Anti-MCM5 antibody Abcam ab17967
MCM6 Antikorper (H-8) Santa Cruz sc-393618
Mcm7 Antiboy Bethyl A302-585A-M
Anti-mouse 1gG, HRP-linked Antibody Cell Signaling | 7076
Anti-rabbit 1IgG, HRP-linked Antibody Cell Signaling | 7074
c-Myc Antikdrper (C-33) Santa Cruz sc-42
c-Myc (D3N8F) Rabbit mAb Cell Signaling | 13987S
Anti-c-Myc antibody [Y69] Abcam ab32072
Phospho-Histone H2A.X (Ser139) (20E3) Rabbit mAb Cell Signaling | 9718T
Anti-TRIM33 antibody produced in rabbit SIGMA HPA004345
Monoclonal Anti-TRIM33 antibody SIGMA WH0051592M1
Monoclonal Anti-Vinculin antibody produced in mouse SIGMA SAB4200080
Anti-BrdU antibody [BU1/75 (ICR1)] abcam ab6326I
Anti-E2F-4 Antibody, clone GG22-2A6 MerckMillipore | 05-312
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2.1.10 Oligonucleotides

Table 10: Utilized oligonucleotides

Oligonucelotide

Sequence

shmTrim33_1 Fw

CCGGTCGATACCAAACTACTATAAACTCGAGTTTATAGTAGTTTG
GTATCGATTTTTG

shmTrim33_1 Rev

AATTCAAAAATCGATACCAAACTACTATAAACTCGAGTTTATAGTA
GTTTGGTATCGA

shmTrim33_2 Fw

CCGGCGTGTGATAGATTGACGTGTACTCGAGTACACGTCAATCTA
TCACACGTTTTTG

shmTrim33_2 Rev

AATTCAAAAACGTGTGATAGATTGACGTGTACTCGAGTACACGTC
AATCTATCACACG

E2F4-FL Fw TGAGTCGGCCGGTGGATCCAATGTACCCTTACGACGTG
E2F4-FL Rev GGCGGATCCGTCGACACTAGTCAGAGGTTGAGAACAGG
E2F4- AC FW TGAGTCGGCCGGTGGATCCAATGTACCCTTACGACGTG
GGCGGATCCGTCGACACTAGTCACTCAAAGGAGGTAGAAGGGTT
E2F4- AC Rev
G
CTAGCTGTACGCCAGAAGGCAGCAATAGCAGCAATTACCAATGTT
E2F4-DB Fw
TTGGAAG
CTTCCAAAACATTGGTAATTGCTGCTATTGCTGCCTTCTGGCGTA
E2F4-DB Rev
CAGCTAG
ESFAKR E TGAGTCGGCCGGTGGATCCAATGTACCCATACGATGTTCCAGAT
- w
TACGCTGCAGAGGCAGGACCGCAAGCT
E2F4-KR Rev GGCGGATCCGTCGACACTAGTCAAAGGTTGAGGACGGG
TGAGTCGGCCGGTGGATCCAATGTACCCTTACGACGTGCCCGAC
RecQL-WT Fw

TACGCCGGGGCGTCCGTTTCAGCTCTAAC

RecQL-WT Rev

GAGGGGCGGATCCGTCGACATCAGGCATCATCGATTTTTCTTTTC

RecQL-K119A Fw

CTACAGGAGGTGGAGCGAGCTTATGTTACCAG

RecQL-K119A Rev

CTGGTAACATAAGCTCGCTCCACCTCCTGTAG

pLKO Seq

GAACGGACGTGAAGAATGTG

pRRL Seq

CTTCTGCTTCCCGAGCTCTA
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2.2 Methods

2.2.1 Cell biological techniques

2.2.1.1 Cell cultivation

All used cell lines were cultured in DMEM with additional 10 % FBS, 1 % NEAA and
1 % PenStrep. Cells were counted with the COUNTESSII from Biorad before plating for

experiments.

2.2.1.2 Polyethylenimine (PEI) Transfection

400 pL plain DMEM containing 6 pg target DNA were prepared. 12 pL PEI solution (1 mg/mL)
were added, the mixture was vortexed and incubated for 20 min at RT. Subsequently, the
solution was added carefully to the target cells. 12 h post transfection, the medium was
changed and 48 h after transfection the cells were harvested for the according experiment.

2.2.1.3 Freezing cells
A 80 % confluent 10 cm dish was harvested and spun down at 4500 rpm for 5 min. The cell

pellet was resuspended in 3 mL full DMEM containing additional 10 % FBS and 10 % DMSO.

The suspension was divided in three cryo vials and frozen at — 80 °C.

2.2.1.4 Lentiviral Transduction

For the stable expression of shRNAs (pLKO) or cDNAs (pRRL), Lenti-Viruses were produced
to infect target cells. Therefore, Lenti-X cells were plated on a 10 cm dish (4x1076) and
transfected 24 h later. After a 5 min incubation of 700 pL OptiMEM containing 30 yL PEI, this
mixture was added to another 700 puL OptiMEM PEI containing 11.1 pg of the shRNA or cDNA
plasmid, 2.8 ug pPAX2 and 1.4 ug pMD2G/VSVG. The final mix was incubated for another
20 min and then carefully added on the Lenti-X cells. The medium was changed 24 h after
transfection by discarding the medium, carefully washing the cells with PBS and adding 5 mL
of fresh Medium. Additionally, the target cells were seeded in low density in 6 cm dishes. 48 h
after transfection, the target cells were infected with the Virus produced by the Lenti-X cells.
Therefore, the medium on the target cells was discarded and after a PBS wash, 1 mL complete
DMEM containing 6 pL Polybrene solution (8 mg/mL) was added. Afterwards, the 5 mL of
medium on the Lenti-X cells containing the virus was filtered (0.45 um) and added to the target
cells. The target cells were incubated with the Virus for 72 h before selection was initiated by

the addition of Puromycin or Hygromycin.
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2.2.1.5 CRISPR-Cas9
To generate CRISPR-Cas9 mediated Knock-Out (KO) cell lines, sgRNAs in the px459 plasmid

were transfected with PEI to the target cells. After selection with Puromycin, the pools of cells

were analyzed by Western blotting (2.2.2.3.8). If the sgRNA pools showed a good knock-down
(KD), cells were plated in low density on a 15 cm dish. After one to two weeks, the formed
single cell colonies were picked and transferred to a 24-well plate. After the wells were about
80-90 % confluent, the cells were harvested for a test Western Blot. All colonies, which looked
promising in the test blot were plated in the same cell number together with control transfected
cells and parental cells. These were harvested 24 h after plating and analyzed by Western

Blotting. Correct cell lines were frozen and used for subsequent analysis.

2.2.1.6 Growth analysis
2.2.1.6.1 Cumulative growth curve

1 x 10°cells were seeded in a 6 cm dish in triplicates. After three days, the cells were harvested
by washing once with PBS, adding 500 pL Trypsin-EDTA, incubating for 3 min and adding
1 mL of full medium on top. The cells were counted with the Countess from BioRAD and 1 x 10°
cells were plated again on 6 cm dishes. Every three days the cells were collected, counted and
plated again as 1 x 10° cells per 6 cm dish. The counted cell numbers were additively
calculated as shown in the example. In this way; one can measure the exponential growth of
the cells, imitating unlimited area.
Example:
1x10° cells were seeded on day 0; on day 3 they were collected and counted. The
corresponding counted cell number can be seen in table11 as “counted cells”. To calculate the
fold increase in cell number, the value of day 3 (3x10°) has to be divided by the starting cell
number (1x10°). By additively calculating the cell number, the “adjusted cell number” was
received (see tablel11):
e The adjusted cell number of day 3 is being calculated by multiplying the day 0 cell
number with the day 3 fold increase
o The adjusted cell number of day 6 is calculated by multiplying the day 3 adjusted cell
number with the day 6 fold increase
o The adjusted cell number of day 9 is calculated by multiplying the day 6 adjusted cell

number with the day 9 fold increase
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Tablell: Example of calculating cumulative growth curves.

Day 0 Day 3 Day 6 Day 9
Counted cells | 1 x10° 3x10° 3.3x10° 3.2x10°
Fold increase (day3/1x10°% =3 | (day6/1x10°) = 3.3 (Day9/10°) = 3.2

Adjusted cell
3*dayl = 3x10° 3.3*day3 = 9.9x10° 3.2*day6 = 3.2 x 10°
number

2.2.1.6.2 Crystal Violet staining

Cells were cultured in a 6-well dish and treated as heeded. After the cells reached the preferred
confluency, they were washed once with PBS and then air dried. Subsequently, 1 mL Crystal
Violet solution was added to each well and incubated on a one-dimensional shaker for 20 min
at RT. The cells were washed three times with ddH>O by shaking each 5 min on the
one-dimensional shaker before being air dried. The plates were documented by scanning
them. To quantify the intensity of the staining, 2 mL of 0.5 % SDS solution were added to each
well and the plate was incubated for 20 min at RT on a one-dimensional shaker. Finally, the 6-
well plates were measured with the Tecan Reader at 590 nm, with 7x7 measurements per well,
with a border of 750 um and a number of flashes of 10.

2.2.1.7FEACS

Cells were cultured on 10 cm dishes and used when they reached 80 % confluency. After the
cells were harvested, the pellet was resuspended in 200 uL PBS and 80 pL 100 % EtOH were
added dropwise while vortexing for a final concentration of 80 % EtOH. This mix was incubated
ON at 4 °C before it was spun for 5 min at 2000 rpm and washed once with PBS. Subsequently,
the pellet was resuspended in 200 uL PBS containing 0.5 uL RNAseA and incubated for 20 min
on the rotating wheel at RT. Finally, 10 pL of 1 mg/mL Pl were added, the mix was incubated
for another 30 min on the rotating wheel at RT in the dark and the samples were measured at
the FACS facility

2.2.1.8 Scratch

Cell culture inserts for 6-well plates from ibidi (804466) were used to analyze the migration of
cells. The chamber was put in a plate and around it the well was filled with PBS to avoid drying
out. In the 4 parts of the chamber each 200 L containing 1000 cells were pipetted. 24 h after
seeding, the chamber was carefully removed and the 0 h timepoint was imaged. Subsequently,

pictures of the wound were made at different time points.
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2.2.1.9 Invasion

10 cm dishes were prepared by filling them with 5 mL ddH.O. Drops of 5000 cells per 25 uL
were then pipette on the inside of the lid of the 10 cm plate and put the lid on the plate. The
drops were incubated upside down for two days. Meanwhile a 96 well plate was coated with
40 uL Matrigel solution (1.53 mg/mLMatrigel + 1.8 % FBS + 136 mM HEPES in DMEM) and
polymerized for 60 min at 37 °C. 60 pL of collagen gel were added on the precoated plate and
transfer one spheroid from the lid of the 10 cm plate with a pipette set to 0.5 uL to the collagen
plate. After a polymerization of 60 min at 37 °C, the 0 h timepoint was imaged. Subsequently,

pictures of the spheroid were made at different time points.

2.2.2 Molecular biological methods
2.2.2.1 Cloning
2.2.2.1.1 Polymerase Chain Reaction

For amplifying DNA the Phusion Polymerase from NEB was used. The mix was assembled
according to the manufacturer protocol:

10 pL 5x Phusion HF or GC Buffer
1L 10 mM dNTPs

25upuL 10mM forward primer
25upuL 10 mM reverse primer

0.5 uL Phusion DNA Polymerase

The mixture was incubated in a thermocycler with the following protocol:
98 °C 30 sec

98 °C 10 sec

55°C 30 sec 29 cycles
72 °C 30 sec per kb

72°C 10 min

4°C Hold

2.2.2.1.2 Annealing Oligonucleotides

11.25 pL forward primer

11.25 pL reverse primer

25 L 10 x Annealing Buffer

The mixture was incubated for 5 min at 95 °C before the heating block was removed and
allowed to chill to RT. For further use, the annealed oligonucleotides were diluted 1:400 in
0.5 x Annealing Buffer (10xAnnealing Buffer: 1 M NaCl / 100 mM Tris-HCI, pH=7.4).
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2.2.2.1.3 Plasmid digestion and dephosphorylation

3 ug plasmid
1uL Thermo Fisher Buffer
0.5 uL Thermo Fisher restriction enzyme

Ad 10 L ddH-20

The mixture was incubated ON at 37 °C. Plasmids, which should be cloned by HiFi cloning
were directly gel purified (2.2.2.1.4), plasmids, which should be cloned by ligation were
dephosphorylated by adding 1 pL FastAP (Thermo Fisher) and incubating the mixture for

another hour at 37 °C before gel purification.

2.2.2.1.4 Agarose gel and gel purification

1 % or 2 % Agarose were mixed in 1 x TAE buffer and heated in a microwave. When all
Agarose was dissolved, the mixture was allowed to chill for 1 min before Ehtidium Bromid was
added. The mixture was poured in a Biometra compact system (analytic jena) and left for
20 min to allow polymerization. The digested plasmids or PCR fragments were mixed with 6x
DNA loading Dye (Thermo Fisher) and loaded on the gel. After 30 min at 130 V, the DNA
signals were visualized by UV Light. If necessary, the corresponding DNA fragments were
cutted out of the gel and purified with the GenElute™ Gel Extraction Kit from SIGMA according

to the manual.

2.2.2.1.5 HiFi reaction

For the HiFi reaction, plasmids were not dephosphorylated before gel purification. The
concentration of the plasmid and insert DNA fragments were determined by Nanodrop
measurement. Subsequently, the pmols were calculated using this formula:

pmols = (weight in ng) x 1,000 / (base pairs x 650 daltons)

Finally, the mixture was assembled as following:

0.067 pmols digested and gel purified plasmid

0.133 pmols insert

5uL NEBuilder HiFi DNA Assembly Master Mix
Ad 10 pL ddH>O

After an incubation of 15 min at 50°C, the mix was allowed to chill down before transforming
1 pL of it into bacteria (2.2.2.1.7).
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2.2.2.1.6 Ligation

For the ligation reaction, plasmids were dephosphorylated before gel purification. The
concentration of the plasmid and insert DNA fragments were determined by Nanodrop
measurement. Subsequently, the pmols were calculated using this formula:

pmols = (weight in ng) x 1,000 / (base pairs x 650 daltons)

Subsequently, the following mix was pipetted:

0.020 pmols digested and dephosphorylated plasmid
0.060 pmols insert

2 uL T4 Ligase Buffer

1uL T4 Ligase

Ad 20 pL ddH:20

The ligation mixture was incubated ON at 16 °C before 1 pL of this mix was transformed into
bacteria (2.2.2.1.7).

2.2.2.1.7 Bacteria transformation

Plasmids were either transformed in 5-a or in 10-B bacteria purchased from NEB, depending
on the kind of plasmid. In both cases, bacteria were taken out of the - 80 °C freezer and allowed
to thaw on ice for 5 min. Subsequently, 1 pL of the HiFi or the ligation mix were added to the
bacteria and incubated for 30 min on ice. After a 30 sec heatshock at 42 °C, the samples were
put back on ice for another 5 min. Prewarmed 200 pL LB medium (5-a) or special 10-8 medium
(10-B) were added and samples were incubated 1 h shaking at 37 °C. Subsequently, samples
were either plated on LB-Agar plates or putted in flasks with LB medium each containing a final

concentration of 50 pg/mL Ampicillin and incubated ON at 37 °C.

2.2.2.1.8 DNA preparation

Plasmids were transformed in bacteria and cultured ON at 37 °C in fluid cultures. For Mini-

Preps a culture of 2 mL, for Midi-Preps 200 mL were used. These cultures were spun down at
4000 rpm at 4 °C for 15 min and subsequently the DNA was isolated according to the protocol
of either the GenElute™ Plasmid Miniprep Kit or the GenElute™ HP Plasmid Midiprep Kit.

2.2.2.1.9 Plasmid sequencing
1ug DNA

3 uL 10 uM Primer
Ad 12 uL ddH-20

The prepared sequencing mix was sent to the MycroSynth laboratory.

(https://srvweb.microsynth.ch/)
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2.2.2.1.10 Cloning strategies
2.2.2.1.10.1 pLKO

The Oligonucleotides were annealed and diluted 1:400 in 0.5 x Annealing Buffer. Meanwhile,

the pLKO plasmid was ON digested with Agel and EcoRI and dephosphorylated with FastAP
for 1 h at 37 °C. The diluted annealed Oligonucleotides were then ligated in the gel purified
digested and dephosphorylated vector by T4 ligaseON at 16 °C. 1 uL of the ligation mix was
transformed in 5-alpha bacteria according to the manufacture protocol. After ON incubation at
37 °C, colonies were picked, Mini-Preps were performed and the ON test digested with Xhol.
On a 1 % agarose gel one can observe 1 signal at 200 bp for the empty plasmid and two
closely migrating signals, one at 200 bp and one above, for a pLKO vector with an inserted

shRNA. Positively digested plasmids were sent for Sequencing with the pLKO Seq primer.

2.2.2.1.10.2 pPRRL
The RecQL and E2F4 genes and all mutants were amplified using their specific
Oligonucleotides (E2F4-FL/E2F4-336/E2F4-DB/E2F4-KR/RecQL; each Fw and Rev). The
PCR product was gel extracted and HiFi cloned in the Agel and Spel digested pRRL_Hygro
vector, which was as well gel purified. Subsequently, the HiFi reaction was transformed in 10
-B bacteria, plated on LB+Amp plates, Minis were picked and ON test digested with EcoRlI. All
test digestions, which looked promising were sent for sequencing with the pRRL Seq primer.

2.2.2.2RNA
2.2.2.2.1 RNA isolation
The RNA was isolated with the RNeasy Kit from Qiagen according to the manufacturer

protocol.

2.2.2.2.2 Library preparation

For the purpose of sequencing the total RNA of cells, the RNA was isolated using the RNAeasy
Kit and subsequently processed after the manufacture protocol of the NEBNext® Ultra™ RNA
Library Prep Kit for lllumina® (E7530) and with the NEBNext® Multiplex Oligos for lllumina®
(Dual Index Primer Set 1) (E7600). Finally, the amount of DNA was measured by PicoGreen
(2.2.2.2.3).
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2.2.2.2.3 _PicoGreen measurement
1 pL of the DNA samples was diluted in 99 yL 1x TE buffer and an additional 100 pL of 1X TE

buffer containing 1:200 PicoGreen reagent (Thermo, P7581) were mixed. After an incubation

of 7 min at RT in the dark, the samples were measured with the Tecan (in duplicates) with the
following settings:
Excitation: 480 nm
Emission: 520 nm

Subsequently the measured values were calculated into ng/pL using a calibration curve.

2.2.2.3 Protein biochemistry
2.2.2.3.1 Protein isolation

Cells were harvested when they reached about 80 % confluency. After spinning the samples
for 5 min at 4500 rpm and 4 °C, they were washed once with PBS. The pellet was lysed by
resuspending it in different lysis buffers dependent on the type of experiment. For normal
preparation of protein samples for Acrylamid gel and following Western Blot analysis
(2.2.2.3.8), cells were lysed in PBS containing 1 % TritonX100. After a 30 min incubation on
ice, the sample concentration was measured (2.2.2.3.2). Same concentrations were prepared,
mixed with loading buffer and loaded on an Acrylamid gel (2.2.2.3.8).

2.2.2.3.2 Concentration measurement

The lysed cells were measured in duplicates by the Pierce™ BSA Protein Assay Kit (Thermo,
23225). 5 L of lysate were mixed with 100 uL Solution (A:B — 1:50). After 7 min incubation at
RT, the absorbance of the samples was measured at 562 nm wavelength with a Bandwidth of
9 nm and 20 flashes with the Tecan. The concentration was calculated with an according

calibration curve.

2.2.2.3.3 Immunoprecipitation (IP)

Cells were harvested and washed with PBS before they were lysed in 1 mL of TNT buffer
containing 100-300 mM NacCl, depending on the used antibody, and incubated 30 min on ice.
After a 10 min spin at 13000 rpm and 4 °C, 100 pL of the supernatant was kept as input. The
remaining 900 uL were separated in tubes containing 2 pg of either the according isotype
control or the specific antibody. This mix was incubated ON at 4 °C on a rotating wheel. On
the next day, 30 L of agarose beads (per sample) were washed with the according lysis buffer
and added to the samples. After another rotating step at 4 °C for 4 h, samples were washed
twice with lysis buffer (10 min, rotating wheel, 4 °C). Subsequently, loading buffer was added,

samples were heated at 95 °C for 10 min and loaded on an Acrylamid gel (2.2.2.3.8).
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2.2.2.3.4 Cell fractionation
Cells were cultured on a 6-well plate and harvested when they reached about 80 % confluency.
After a PBS wash, the pellets were resuspended in 100 pL PBS containing 0.5 % TritonX100,

Protease and Phosphatase inhibitors. The samples were incubated 30 min on ice before 50 pL
were kept as total fraction. The remaining 50 yL were spun down at 3.2 rpm for 3 min at 4 °C.
The supernatant was kept as soluble fraction and the pellet was resuspended in 50 yL PBS
containing 0.5 % TritonX100, Protease and Phosphatase inhibitors. After another 30 min on
ice, loading buffer was added to all samples and they were boiled at 95 °C for 30 min before

loading on an Acrylamid gel (2.2.2.3.8).

2.2.2.3.5 Mass Spectrometry

Cells were cultured on 15 cm dishes. When they reached about 80 % confluency, cells were
washed once with PBS and then scraped in PBS. Subsequently, an IP was performed until the
final washing steps as described in 2.2.2.3.3 with TNT250 as the lysis buffer. After two washes
with TNT250, the samples were washed once with 1xTBS. Finally, the pellets were
resuspended in 250 pL 1xTBS. 50 pL were mixed with loading buffer and loaded on an
Acrylamid gel (2.2.2.3.8) to validate good pulldown of the protein. The remaining 200 pL were
sent to the Core Facility Flow Cytometry Berg (university clinicum Tubingen), which performed

the mass spectrometry experiment.

2.2.2.3.6 His-Ubiquitin assay
Cells were transfected like described in 2.2.1.2 with 2 pg FLAG tagged Trim33, 3.5 ug HA
tagged substrate (E2F4/Myc) and 3.5 pg His tagged ubiquitin. 24 h after medium change, the

cells were harvested, washed once with PBS and then resuspended in 100 uL PBS. 5 uL of
this mix were kept as input and directly mixed with 50 pL loading buffer. The remaining 95 pL
were mixed with 1 mL Urea Buffer and rotated for 15 min at RT. After a 10 min spin at
13000 rpm at RT, the supernatant was transferred in a new tube and 50 pL pre-washed Ni-NTA
beads were added. Subsequently, the samples were rotated on a wheel at RT ON before they
were washed twice with Urea buffer. Finally, 50 pL of loading buffer were added to the beed

pellets, samples were boiled and loaded on an Acrylamid gel (2.2.2.3.8).

2.2.2.3.7 Cycloheximide assay

Cycloheximide is a chemical blocking overall protein synthesis and allowing the analysis of
protein degradation over time (Jimenez, 1976; Liu et al., 2021). During this study, 100 pg/ml
Cycloheximide were added to the cells for different timepoints. Subsequently, the cells were

harvested and analyzed using Western Blot (2.2.2.3.8).
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2.2.2.3.8 Acrylamid gels and Western Blot

To separate proteins according to their size they were loaded on an Acrylamid gel, transferred

to a PVDF membrane and stained with specific antibodies.

2.2.2.3.8.1 Preparing Acrylamid gels

4 gels were generated at the same time according to the following protocols for 12 % gels:
Table 12: Recipe of 12 % acrylamide gels

Separating gel Stacking gel
30 % Acrylamid 7 mL 1.3 mL
ddH20 8 mL 4.3 mL
Bis-Tris 5.5 mL 2.3 mL
10 % APS 200 pL 100 pL
TEMED 15 uL 2.5 uL

The Separating gel was poured in the casting chambers from BioRAD in glasses with a 1 mm
spacer and covered with 200 pL Isopropanol. After 20 min the separating gel was polymerized
and the alcohol was removed. Subsequently, the Stacking gel was poured on top of the
Separating gel and 15 spot combs were inserted. The polymerization was done after another
20 min and the gels were used further as described in 2.2.2.3.8.2 — 2.2.2.3.8.4.

2.2.2.3.8.2 Running Acrylamid gels

The ready gels were put in the running chamber and covered with 1 x MOPS buffer. All samples
were mixed with loading buffer, heated up for at least for 10 min at 95 °C and allowed to chill
down to RT before loading together with the PAGE Ruler (Thermo, 26617). The gels run at 80

V for 10 min before the voltage was increased to 130 V.

2.2.2.3.8.3 Western Blot
The gels were incubated in 1 x transfer buffer for 5 min before assembling the blot. The PVDF
membranes were activated in methanol, washed with ddH>O and subsequently put in 1x
transfer buffer. Subsequently, the blot was assembled in a semi dry chamber as following:
Two Whatman paper
PVDF membrane
Acrylamid gel
Two Whatman paper

The semi dry blot was plugged in a power supply and ran at 25 V and constant 250 mA for 2 h.
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2.2.2.3.8.4 Detecting proteins

The blot was disassembled and the membranes were directly put in 5 % milk in TBST for 1 h.
Subsequently, the membranes were washed with TBST, cut as needed and incubated ON in
primary antibody diluted in TBST at 4 °C on a roller. On the next day, the membranes were
washed three times 5 min in TBST on a one-dimensional shaker before they were incubated
in secondary antibody diluted in TBST for 2 h at RT. After another three washes for each 15
min on a one-dimensional shaker, the blots were developed in the ChemiDoc Imaging System
from BioRAD with the Immobilon Wesern HRP Substrate from Millipore (WBKLS0500). The
scan was performed with the Chemi High Resolution settings of the ImagelLab software

belonging to the machine.

2.2.2.3.9 Chromatin IP (ChIP) — Sequencing

2.2.2.3.9.1 Chromatin pulldown
Cells were cultured on 15 cm dishes and used when they reached 80 % confluency. After a
wash with PBS, the cells were fixed with 10 mL of 1 % PFA in PBS for 3 min at RT before the
reaction was quenched with 1 mL of 2 M Glycine for 1 min. Subsequently, the dishes were

washed two times with PBS, the cells were scraped in PBS and spun down. The cell pellet
was resuspended in 200 pL TNT buffer containing 200 mM NaCl as well as protease and
phosphatase inhibitors. After 30 min on ice, 1 pL MNase was added to the mix and incubated
for 3 min at 37 °C and 1500 rpm. Immediately afterwards, 20 pL of 0.5 M EDTA were added
and samples were kept on ice. 800 pL of TNT-300 + 0.1 % SDS were added to the samples
and they were sonicated (3 times 2 min at 30 % power and 100 amplitude). After a spin at
13000 rpm and 4 °C for 10 min, 20 yL of the supernatant were kept as Input sample. The rest
was split in two tubes containing either isotype control or the E2F4 antibody. This mix was
incubated ON at 4 °C on a rotating wheel.

On the next day, magnetic beads were washed in the according lysis buffer, added to the
samples and put back on the rotating wheel at 4 °C for another 4 h. Subsequently, the samples
were washed twice with TNT-300 + 0.1 % SDS and then dissolved in 200 pL 1xTE buffer
containing 0.5 % SDS, 250 mM NaCl and 1 puL RNASsA (inputs as well). The samples were
incubated for 2 h at 37 °C before another 200 pL 1xTE was added, containing 0.5 % SDS, 250
mM NacCl and 2 pL ProteinaseK. This mix was incubated for another 2 h at 50 °C before the
temperature was increased to 65 °C for an ON incubation with a shaking of 20 sec 1500 rpm
every 10 min.

On the next day, the magnetic beads were removed from the samples using a magnetic rac
and 1 volume ROTI®Phenol/Chloroform/Isoamylalcohol was added. After 30 sec of vortexing,

the samples were spun for 10 min at 13000 rpm and the upper phase was transferred to a new
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tube. To this new tube, 2.5 V EtOH and 2 uL GlycoBlue were added before they were incubated
ON at -20 °C.
On the next day, samples were spun at 13000 rpm for 30 min, washed once with 75 % EtOH,

dried and resuspended in 10 mM Tris pH=8.0 (Inputs: 100 pL / IgG and IP samples: 25 pL).

2.2.2.3.9.2 Library preparation

The DNA concentration of the samples was determined by PicoGreen measurement. The
same amount of DNA of each sample was diluted in 9 pL ddH.O (10-2000 ng) and 0.35 pL
10x EXTaq Buffer and 0.35 pL rSAP were added. This mix was incubated for 1 h at 37 °C and
for 10 min at 65 °C. Subsequently, 0.35 yL of 1 mM dCTP was added, the mix was incubated
for 5 min at 95 °C and for 5 min on ice, before 0.35 pL terminal deaxynucleotidyl transferase
was added and the samples were incubated for 35 min at 37 °C. After the transferase was
heat inactivated for 20 min at 75 °C, 0.5 pL of 10 pM biotin-labeled anchor primer and 10 pL
of Kapa robust mastermix were added. This mix was put in the thermo cycler with the following

protocol:
95 °C 3 min
47 °C 1min —
16 cycles
68 °C 2min —
72 °C 10 min
4°C Hold

Subsequently, the primer was removed by a 1 h incubation at 37 °C with Exonuclease I. The
samples were transferred to 1.5 mL Eppendorf tubes and filled up to 500 uL with B&W Buffer
before 10 pL of washed magnetic streptavidin C1 beads were added. This mix was incubated
for 2 h at 23 °C with 10 sec shaking with 14000 rpm and 10 sec pause. Then, samples were
washes once with 300 yL B&W Buffer, three times with 300 pyL of 10 mM Tris-HCI pH08.0
containing 0.02 % Triton X-100 and resuspended in 4 uL 10 mM Tris-HcL ph=8.0. These 4 pL
were mixed with 0.5 pL of the annealed Adapter, 0.5 pL ddH,O and 5 pL Blunt/TA Ligase
Master Mix. After an ON ligation at 16 °C with a 20 min shake at 1400 rpm every 10 min, the
samples were washed once with 300 pL B&W buffer and 2 times with 10 mM Tris-HCI pH=8.0
containing 0.02 % TritonX-100 before they were resuspended in 10 uL 10 mM Tris-HCI pH=8.0.
For the final PCR, 2.5 pL of this resuspended beads were mixed with 0.5 pL of 10 uM Index
primer 5, 0.5 pL of 10 uM Index primer 7, 6.5 pL ddH.O and 10 pL ready HiFi Hot Start Mix.

The PCR was performed in a thermo cycler with the following protocol:
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95 °C 3 min

98 °C 20sec —

65 °C 15 sec 20-25 cycles
72 °C 1min

72 °C 7 min

4°C Hold

After running the samples on a 2 % Agarose gel, the DNA was cutted out from 250 bp signal
up to the 1 kb signal and gel extracted using the GelExtraction Kit from Qiagen. The exact
amount of the final DNA library was measured by PicoGreen. Furthermore, a pool of 5 nM was

sent to the sequencing facility and results were analyzed by Prof. Dr. Nikita Popov.

2.2.3 Immunofluorescence

Cells were cultured on 10 mm x 10 mm round glass slides in a 6-well dish and treated as
needed. When cells reached 80 % confluency, they were washed once with PBS and fixed
either by PFA or Methanol depending on the antibody used. To fix cells with PFA, they were
incubated with 1 % PFA in PBS for 10 min at RT. To fix cells with Methanol, they were
incubated in pre-chilled 100 % Methanol for 10 min at - 20 °C. In both fixing methods, slides
were washed 3 times with PBS before they were stored in PBS at 4 °C.

The glass slides were transferred in a dark box and 100 pL 1xTBS containing 0.3 % Triton
X-100 were added and incubated on them for 5 min to permeabilize the cells. After one wash
with PBS, 100 pL 5 % BSA in TBST were added and an incubation step of 30 min at RT was
performed to block the slides.

Subsequently, 25 L of the primary antibody solution was added, incubated for 2 h at RT (1:20-
1:1000 diluted in 5 % BSA in TBST) and washed three times with 100 uL PBS (each 5 min at
RT). Secondary antibodies were diluted in 5 % BSA in TBST (1:200) and incubated 2 h at RT
before slides were washed three times with 100 pL PBS (each 5 min at RT). Finally, the slides

were dried for 5 min at RT and mounted on coverslips.

2.2.3.1.1 Proximity Ligation Assay (PLA)
For the PLA assay, the Duolink® In Situ PLA® Probes (anti-rabbit minus and anti-mouse plus),

the Duolink™ In Situ Wash Buffers Fluorescence and the Duolink® In Situ Detection Reagents
Red Kit containing the ligase, the polymerase and the according buffers were used from
SIGMA.

Cells were fixed in PFA, permeabilized, blocked, incubated with primary antibody solution and
washed in PBS as described under 2.2.3. Meanwhile, the PLA probes were diluted 1:10in 5 %
BSA in TBST and incubated 20 min at RT before 25 pl of this mix was added to each slide and
incubated for 1 h at 37 °C. Subsequently, the slides were washed twice with 100 uL Wash
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Buffer A (each 5 min at RT on a one-dimensional shaker), the 5x ligation stock solution was
diluted 1:5 in dH20 and ligase was added (1:40). 25 pL of the ligation mix were added to each
slide and incubated 1 h at 37 °C before the slides were washed again twice with 100 uL PLA
wash buffer A (each 2 min at RT on a one-dimensional shaker). Meanwhile, the 5x amplification
stock solution was diluted 1:5 in ddH.O and polymerase was added (1:80). This mix was
incubated on the slides for 2 h at 37 °C (25 pL each). Finally, the slides were washed twice
with 100 pL Wash Buffer B (each 10 min at RT on a one-dimensional shaker) and once with
100 pL of 0.01 x PLA Wash Buffer B diluted in ddH.O (1 min at RT on a one-dimensional

shaker). The slides were dried and mounted on coverslips.

2.2.3.1.2 DNA Fiber Assay
Cells were cultured in a 6-well dish and treated as needed. After treatment, cells were washed

once with PBS before 1 mL of fresh medium containing 25 pM IdU was added and cells were
incubated for 20 min at 37 °C. Subsequently, the cells were washed with PBS and 1 mL fresh
medium containing 250 uM CldU was added and cells were incubated for 20 min at 37 °C.
After another PBS wash, the cells were harvested and the pellet was resuspended in
50-200 pL PBS, depending on the cell number and the cell line. 2 pL of these resuspended
cells were put as a drop on a coverslip and allowed to dry at RT for 5 min. Subsequently, 7 pL
Fiber Lysis Buffer was added and incubated for another 2 min before the slides were tilt in a
45 ° angle to allow DNA to flow down the coverslip. After air drying the DNA completely, the
coverslips were incubated for 10 min at RT in prechilled Methanol:AceticAcid (3:1) solution
(-20 °C). The coverslips were washed in ddH,O before incubating them in 2.5 M HCI for 60-
120 min, depending on the cell line. After three washes in PBS, each 5 min at RT, the
coverslips were blocked in 5 % BSA in PBS for 20 min at RT before they were incubated for 2
h at RT with the primary antibodies diluted in 5 % BSA in PBS (anti-BrdU mouse 1:25 / anti-
BrdU rat 1:300). Subsequently, the coverslips were washed again three times in PBS (each 5
min at RT), before they were incubated for 1 h at RT with the secondary antibodies diluted in
5% BSA in PBS (anti-mouse Alexa555 and anti-rat Alexa 488 each 1:200). After the final three

washes in PBS (each 5 min at RT), the coverslips were dried and mounted.
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3 Results

3.1 Trim33 regulates Myc-induced apoptosis

To reduce Myc protein levels in cancer patients is the goal of scientists all over the world, as it
is transcriptionally overexpressed in 50 % of all tumors and associated with poor clinical
outcome (Schaub et al., 2018). So far, no efficient small molecule inhibitors directly targeting
Myc could be developed for cancer therapy. An alternative way is to target upstream regulators
to indirectly modulate Myc levels. Previous work of our group focused on the identification of
such regulators, which are important for Myc function. For this, Myc was fused with the
hormone binding domain of the estrogen receptor (ER). The ER acts as a repressive regulatory
domain and is inhibited by 4-hydroxytamoxifen (4-OHT) treatment (Whitfield et al., 2015).
U20S cells expressing the Myc-ER fusion protein were used to additionally express a whole
genome library of sgRNAs. 4-OHT treatment triggered Myc-induced apoptosis and cells which
could rescue this effect, due to the accordingly expressed shRNAs, were analyzed
subsequently (Popov et al., 2007; Fig 1A). One of the best hits found by our working group
was the ubiquitin E3 ligase Trim33, which was validated by two independent shRNAs (Fig 1B).
As it can be seen in Figure 1C, the apoptosis of cells increased strongly upon Myc induction,
as measured by propidiumiodid (Pl) and Annexin-V (AV) staining. This effect was strongly
decreased in Trim33 depleted cells (Fig 1C). As Trim33 is a ubiquitin E3 ligase, which
ubiquitinates and thereby marks their substrates for proteasome-dependent degradation (Yu
etal., 2019), Myc might be a substrate of Trim33. | used ubiquitination assays during this thesis
to test this hypothesis and could show that the overexpression of Trim33 did not increase
ubiquitination of the Myc protein (Fig 1D). Furthermore, cells were treated with cycloheximide,
which prevents protein translation. Hence protein degradation over time can be measured
using Western Blot analysis. It could be seen that the Myc protein was not stabilized in
Trim33KO cells compared to control cells (Fig 1E).
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A) Scheme of the shRNA-screen performed by Popov et al., 2007. B) Western Blot of shTrim33 expressing U20S
cells. C) Pl and AV experiments of shTrim33 expressing U20S cells (Popov et al., 2007). 4 days treatment with
200 nM 4-OHT induced Myc OE. D) His-Ubiquitin assay of Myc-HA and Trim33-FLAG overexpressing p197Nras
cells. E) Cycloheximide assay of p197Nras control and Trim33KO cells. Blotted are cells treated for 0, 2, 5, 10, 20

or 40 min.

Taken together, | could disprove the hypothesis that Myc is a substrate of Trim33 and that this

is how Trim33 can influence the Myc-induced apoptosis in murine liver cancer cells.
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3.2 Trim33KO does not influence growth, migration or invasion of cells

Trim33 is known to have a direct influence on two important signaling pathways, the TGFp and
the Wnt signaling, regulating various basic cellular processes such as proliferation, migration
and invasion of cells (Xue et al., 2015; Clevers et al., 2012; Massagué et al., 2012; Dupont et
al., 2005). Trim33KO cells could dysregulate these basic cellular functions and thereby provide
a general survival benefit leading to reduced Myc-induced apoptosis. To analyze this
hypothesis, | generated Trim33KO p197Nras liver cancer cells (Fig 2A). A cumulative growth
curve could prove that there is no significant difference regarding the growth of Trim33KO
compared to control cells (Fig 2B). Additionally, the migratory potential of the cells was not
significantly different, shown using a wound healing assay (Fig 2C). Likewise, Trim33KO cells
invaded in Matrigel to the same extent as control cells (Fig 2D).
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Figure 2: Proliferative, migratory and invasive potential upon Trim33KO

Shown are p19”Nras control (Ctrl) and Trim33KO cells under normal growth conditions. A) Immunoblot and
Immunofluorescence of Trim33 with representative pictures. The scale bar corresponds to 2 um. B) Growth curve
between 0 and 18 days. C) Scratch assay after 0, 6, 12 and 24 h. D) Invasion assay at the timepoints 1, 24, 48 and
96 h.

In summary, the hypothesis that Trim33KO cells are less sensitive to Myc-induced apoptosis
because they provide a general survival benefit by increasing the growth or the aggressiveness

of the cells could not be proven.
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3.3 Trim33 influences the growth of cells exposed to RS

How exactly Myc induces apoptosis is still not fully understood. One theory is that Myc induces
RS, which leads to DSBs and initiates the controlled cell death (Chen et al., 2018; Zheng et
al., 2017; Gabay et al., 2014). This induction of DSBs can be assessed by analyzing the DSB
marker protein pH2AX (Collins et al., 2020) upon increasing Myc levels. The more Myc is
expressed in U20S cells with Doxycycline (Dox)-inducable Myc, the higher were the pH2AX
levels (Fig 3B). Trim33 might influence the Myc-induced apoptosis by regulating the sensitivity
of cells to RS. To test this hypothesis, | analyzed the replication process itself in closer detail
using the fiber assay. The fork rate did not differ under normal growth conditions (Mock) when
Trim33 was depleted (Fig 3C). However, when RS was induced by the overexpression of Myc,
the replication speed strongly decreased in control cells while this effect was significantly less
prominent in Trim33KD cells (Fig 3C, left panel). Furthermore, Trim33KO cells showed
significantly weaker effects on the fork rate compared to control cells when RS was induced
by the treatment with the RS-inducing drugs HU (Fig 3C, middle panel) and Etop (Fig 3C, right
panel), (Gobmez-Herreros 2019; Liew et al., 2016, Kog et al., 2004; Burden et al 1998).
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Figure 3: Replication analysis upon Trim33KO under RS
A) Scheme of induction of DSBs by Myc. B) Western Blot of U20S cells with increasing Myc levels. Treatment with

10 pg/mL Dox induces Myc overexpression. C) Fiber assay of p19”Nras control (Ctrl) and Trim33KO cells upon
Myc overexpression, 4 h HU treatment (1 mM) or 4 h Etop treatment (5 uM).

All in all, the hypothesis that Trim33 might influence the sensitivity of cells against RS is

strongly supported by our experiments for the induction of RS by Myc overexpression and HU
or Etop treatment.
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3.4 Trim33 inhibits DNA replication and cell cycle progression under RS

I showed in Figure 3 that Trim33KO cells can start replication more efficiently after exposure
to RS compared to control cells. These faster replicating cells might as well reenter cell cycle
faster and proliferate more efficiently upon RS. To analyze this hypothesis, | first investigated
how Trim33KO cells undergo cell cycle. A flow cytometry (FACS) experiment, in which cells
were treated 12 h with HU before they were released in medium containing nocodazole (Noc)
was performed (Fig 4A). After the 12 h HU treatment, all cells were arrested in S phase due to
the lack of dNTPs (Liew et al., 2016; Kog et al., 2004). When released from HU, cells continue
cell cycle and were directly arrested in G2/M phase by Noc due to the blockage of microtubule
polymerization (Warren et al., 2020; Eilers et al., 1989). With this experimental setup, all cells,
which reenter cell cycle after RS-induced S phase arrest by HU, are directly arrested in the
next G2/M phase and can be quantified. As shown in Figure 4B and C, the S phase arrest was
efficient in Trim33KO as well as in control cells. After releasing the cells in medium containing
Noc, it can be observed that more cells continued to G2/M phase upon Trim33KO (Fig 4B; D).
Furthermore, a growth curve of cells exposed for 48 h to HU before they were released in fresh
medium showed that Trim33KO cells proliferated more efficiently compared to control cells
(Fig 4E). Crystal violet assays additionally proved that cells grew better upon Trim33KO under
RS induced by the overexpression of Myc (Fig 4F, left panel), HU (Fig 4F, middle panel) or
Etop treatment (Fig 4F; right panel).
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Figure 4: FACS and growth analysis of Trim33KO cells upon RS induction

Shown are p197Nras control (Ctrl) and Trim33KO cells. A) Scheme of the performed FACS experiment. B)
Quantification of the FACS analysis shown in A. C) Example histogram of 12 h HU (1 mM) treated cells. D) Example
histogram of 12 h HU (1 mM) treated and subsequently 12 h Noc (100 ng/mL) treated cells. E) Growth curve after
24 h HU treatment HU (1 mM). F) Crystal Violet assay of cells upon overexpression of Myc, HU treatment (1 mM;
24 h) or Etop treatment (5 pM; 24 h).

Taken together, | could verify the hypothesis that Trim33KO cells go through the cell cycle

faster and proliferate more efficiently under RS compared to control cells.
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3.5 Trim33KO cells show delayed induction of H2AX phosphorylation

When cells are exposed to RS over a longer time, DSBs will accumulate (Gadgil et al., 2020;
Fig 5A). If Trim33KO cells proliferate faster compared to control cells under RS, they might
induce less DSBs or repair them more efficiently. To evaluate this hypothesis, | analyzed
pH2AX under RS. As shown in Figure 5B, the pH2AX levels increased strongly after 4 h HU
treatment in control cells. This effect was significantly less pronounced in Trim33KO cells. After
12 h HU treatment the levels of pH2AX were equal in Trim33KO and control cells (Fig 5B). To
analyze their potential to repair DSBs, cells were treated 12 h with HU and subsequently
released in fresh medium for different time points. The pH2AX levels decreased faster in
Trim33KO cells compared to control cells (Fig 5 C). After treating cells for 12 h with Etop, the
pH2AX levels decreased faster in Trim33KO cells compared to control cells as well (Fig 5D).
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Figure 5: Immunoblots for the DSB marker protein pH2AX

A) Scheme of the induction of DSBs, the recruitment of pH2AX (pH) and its release. B-D Shown are Western Blot
analyses and quantification of p197Nras control (Ctrl) and Trim33KO cells. B) 4 and 12 h HU treatment (1 mM). C)

12 h HU treatment (1 mM) and subsequent release in normal medium for 2, 4, 6, 8 and 12 h. D) 12 h Etop treatment
(5 uM) and subsequent release in normal medium for 2, 4, 6, 8 and 12 h.

Summarizing, | could demonstrate that Trim33KO cells induce the phosphorylation of H2AX
later and repair DSBs more efficiently.



Results 44

3.6 E2F4 is a novel substrate of Trim33

To understand how Trim33 can mediate the RS phenotype, we sequenced the mRNA of
Trim33KO and control cells (Fig 6A). The deregulated genes were analyzed by a gene set
enrichment analysis (GESA) with the Enrichr website (https://maayanlab.cloud/Enrichr/).
According to the WikiPathways 2019 dataset, the most deregulated pathways in Trim33KO
cells were DNA replication followed by closely related pathways such as cell cycle or mRNA
processing (Fig 6B), consistent with the results from Figure 3C. Additionally, the deregulated
genes were previously shown by the ENCODE TF ChlIP-Seq 2015 dataset to be bound by
E2F4 (Fig 6C).

The canonical function of E2F4 is to repress the expression of target genes during the G0/1
phase of the cell cycle (Allmann et al., 2020; Xanthoulis et al., 2013; Tsantoulis et al., 2005).
Recent studies show that E2F4 has additionally important transcription-activating and pro-
proliferative effects (Feng et al., 2019; Stracker et al., 2019; Kim et al., 2018; Amerongen et
al., 2010). Furthermore, its overexpression could be observed in numerous cancer types, such
as acute myeloid leukemia, breast, skin, gastric or colorectal cancer (Feng et al., 2019;
Manicum et al., 2018; Ongen et al., 2014; Rakha et al., 2004; Mady et al., 2002; Wang et al.,
2001). High E2F4 levels are thereby correlated with poor prognosis and reduced OS (Feng et
al., 2019; Rakha et al., 2004; Bankovic et al., 2010; Parisi et al., 2009; Lee et al., 2002). Finally,
E2F4 is known to be a key TF in HCC (Wang et al., 2018), whereas its exact function in the

tumor progression is not fully understood yet.
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Figure 6: RNA Seq analysis upon Trim33KO.
Shown are p197Nras control (Ctrl) and Trim33KO cells. A) Schematic overview of the RNA Seq experiment.
B) Deregulated pathways upon Trim33KO. C) Deregulated genes upon Trim33KO are targets of E2F4.
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As Trim33 is a ubiquitin E3 ligase, it may ubiquitinate and thereby mark E2F4 for
proteasome-dependent degradation. To validate this hypothesis, | performed IP experiments
of endogenous proteins, which demonstrated that E2F4 and Trim33 interact with each other
(Fig 7A). This result could be enhanced when transiently overexpressing Trim33-FLAG and
E2F4-HA (Fig 7B). Additionally, a PLA assay showed that endogenous E2F4 and Trim33
proteins interact with each other under the treatment with the proteasome inhibitor MG132 (Fig
7C). When substrates are interacting with their ubiquitin ligases, they are typically degraded
by the proteasome. This degradation can be quite fast, so the interaction is easier detectable
under the treatment with proteasome inhibitors. The Trim33KO cell line served as a negative
control, in which the signal did not increase upon MG132 treatment (Fig 7C). Moreover, the
ubiquitination of E2F4 increased when co-expressed with Trim33 (Fig 7D). Finally, the stability
of the E2F4 protein was enhanced upon Trim33KO, shown using a cycloheximide assay (Fig

7E).
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Figure 7: Validation of E2F4 as a Trim33 substrate

Shown are p19”Nras control (Ctrl) and Trim33KO cells. A) Western Blot of an IP experiment. Inp = Input; IgG =
Isotype control; IP = E2F4 pulldown B) Western Blot of an IP experiment of E2F4-HA and Trim33-FLAG
overexpressing control cells. Inp = Input; 1IgG = Isotype control; IP = HA pulldown C) PLA of Trim33 and E2F4 in O
or 4 h treated cells with the proteasome inhibitor MG132 (10 pM; 4 h). Shown are quantifications and representative
pictures. The scale bar corresponds to 2 um. D) His-Ubiquitin assay of E2F4-HA and Trim33-FLAG overexpressing
control cells. F) Cycloheximide experiment after 0, 1, 2, 4, 6 and 8 h.

With these experiments, the hypothesis that E2F4 is a hovel substrate of the E3 ubiquitin ligase

Trim33 is strongly supported.
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3.7 A functional E2F4 protein is needed to mediate the RS phenotype

E2F proteins possess different functional domains. Typical activator E2Fs (E2F1-E2F3)
contain the transactivation domain, a DNA binding domain, a dimerization domain, a CyclinA
regulatory domain and a nuclear localization signal (NLS) (Kent et al., 2019; Morgunova et al.,
2015; Nevins 1998). During the G1-S phase of the cell cycle they are not bound to the
repressive Rb family members and activate the expression of target genes. E2F4 on the other
hand, belongs to the typical repressors, lacks the CyclinA regulatory domain and the NLS, but
has two NES sequences (Kent et al., 2019; Morgunova et al., 2015). During the G1-S phase
of the cell cycle the NES leads to the Crm1 dependent nuclear export of E2F4 (Kent et al.,
2019; Hsu et al., 2016). This limits the function of E2F4 to the GO/1 phase when it is bound to
the Rb family members, which translocates E2F4 to the nucleus (Xanthoulis et al., 2013;
Tsantoulis et al., 2005). Nuclear E2F4 associates with the DREAM complex to repress the
expression of target genes (Engeland et al., 2017; Sadasivam et al., 2013). However, a
publication reported that E2F4 is cytoplasmic as well as partially nuclear in cycling cells,
suggesting additional functions of E2F4 (Kent et al., 2019), such as the transcriptional
activation or the promotion of proliferation (Hong et al., 2019; Danielian et al., 2016; Ma et al.,
2016; Kinross et al., 2006).

E2F4 is a novel substrate of Trim33 (Fig 7) and might mediate the RS phenotype seen in
Trim33KO cells, which might be dependent on different domains of E2F4. To test this
hypothesis, | cloned three E2F4 mutants; the E2F4-AC, which lacks a part of the C-terminus
containing the transactivation domain, the E2F4-DB, which cannot bind to DNA and the
E2F4-KR, which cannot be ubiquitinated as all lysines are mutated to arginines (Fig 8A). These
three mutants and the wildtype full length E2F4 protein (E2F4-FL) were expressed in control
and Trim33KO cells (Fig 8B). As shown in the growth analysis, no difference could be observed
under normal growth conditions (Fig 8C; left panel). However, when RS was induced by HU
treatment, several effects could be seen (Fig 8D; right panel). First, cells infected with a control
plasmid containing the mCherry fluorescent protein (mCh) survived better in Trim33KO cells
compared to control cells expressing mCh, which was previously shown in Figure 4F (middle
panel). The same effect could be seen when overexpressing E2F4-FL in control cells,
mimicking the effect of the Trim33KO. The E2F4 mutants AC and DB could not enhance the
proliferation of control cells after induction of RS. The E2F4-KR expressing control cells
showed similar effects compared to E2F4-FL expressing control cells. In Trim33KO cells, the
higher proliferation after HU treatment was strongly reduced when E2F4-AC and E2F4-DB
were expressed. The E2F4-FL and E2F4-KR expressing Trim33KO cells showed enhanced

proliferation compared to mCh expressing Trim33KO cells.
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Figure 8: Growth analysis of E2F4 full length and mutant overexpressing Trim33KO cells.

Shown are p197Nras control (Ctrl) and Trim33KO cells overexpressing E2F4 mutants. A) Schematic overview of
cloned E2F4 mutants. E2F4 full length (FL), a mutant which cannot transcriptionally activate and bind partner
proteins (AC), a mutant which cannot bind DNA (DB) and a mutant which cannot be ubiquitinated (KR). B) Western
Blot analysis of E2F4 overexpressing cells. C) Crystal Violet staining and quantification of E2F4 overexpressing

cells under normal growth conditions. D) Crystal Violet staining and quantification of E2F4 overexpressing cells
after 24 h HU treatment (1 mM).

Furthermore, the KO of Trim33 led to increased fork rate in mCh expressing cells upon RS
induction by HU treatment (Fig 9B), which was already seen in Figure 3C (middle panel).
Expression of E2F4-FL and -KR in control cells mimicked the effect of the Trim33KO cells,
while the expression of E2F4-AC and -DB decreased replication speed significantly (Fig 9B).
The expression of E2F4-FL or -KR in Trim33KO cells did not significantly change the
replication speed, while the expression of E2F4-AC and -DB decreased it (Fig 9A-B).
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Figure 9: Replication analysis of E2F4 full length and mutant overexpressing Trim33KO cells.

Shown are p19”Nras control (Ctrl) and Trim33KO cells overexpressing E2F4 mutants (FL/AC/DB/KR). A) Fiber
assay of E2F4 overexpressing cells under normal growth conditions. B) Fiber assay of E2F4 overexpressing cells
after 4 h HU treatment (1 mM).

All in all, | could demonstrate the E2F4 dependency of the mechanism. Additionally, | could
show that E2F4 needs its C-terminus as well as its ability to bind to DNA to mediate the RS

phenotype.
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3.8 Overall E2F4 binding to chromatin is increased upon Trim33KO

The TF E2F4 is stabilized in Trim33KO cells (Fig 7E), hence it might be localized more
efficiently on chromatin upon Trim33KO leading to the differential expression of target genes.
To evaluate this hypothesis, | analyzed chromatin binding of E2F4 using ChIP-Seq. In this
experiment, E2F4 was pulled down in crosslinked cells, before the proteins were digested and
the remaining DNA pieces, which E2F4 was bound to, were sequenced (Fig 10A). As it is
shown in Figure 10B, the overall binding of E2F4 to chromatin strongly increased upon
Trim33KO. For example, the binding of E2F4 to the promoter of the Rnd1 gene increased
strongly upon Trim33KO, while the mRNA expression of the gene was reduced (Fig 10C), in
agreement with the canonical transcriptional-repressive function of E2F4 (Kent et al., 2019).
However, some genes were bound stronger by E2F4, while their mRNA expression was
enhanced as shown for claspin (Fig 10D). These results are corresponding with recent
publications, in which the transcriptional-activating function of E2F4 is documented (Stracker
et al., 2019). Many genes, whose mRNA was upregulated upon stronger binding of E2F4 in
Trim33KO cells are directly involved in DNA replication, such as Mcm3 or Cdc6 (Fig 10E-F).
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Figure 10: ChIP Seq analysis of E2F4 upon Trim33KO
A) Schematic overview of the performed ChIP Seq of E2F4 in p197/Nras control (Ctrl) and Trim33KO cells. B)

Overall binding of E2F4 to chromatin shown in a Venn Diagram. C-F) Example genes. Shown are peaks of the
E2F4 ChIP Seq experiments as well as peaks of the RNA Seq analysis shown in Figure 6.

Summarizing, we could verify the hypothesis that E2F4 localizes more on chromatin upon
Trim33KO. Furthermore, | observed that E2F4 might activate the transcription of DNA

replication-related genes.
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3.9 E2F4 is not upregulating DNA replication related genes on protein level

For efficient replication, Mcm complexes, which work as helicases, are being recruited to
origins of replication (orc) by Cdc6 and Cdtl (Fig 11A). The more Mcm complexes are recruited
to chromatin, the more locations are available to initiate the replication process by binding of
Cdc45 (Bell et al, 1992; Chem et al., 2007; Speck et al, 2005; Kohler et al, 2016). In the ChIP
and RNA Seq experiments we observed that the genes of Mcm complex members as well as
Cdc6 and Cdc45 were bound stronger by E2F4 and were transcriptionally upregulated in
Trim33KO compared to control cells (Fig 10E-F). E2F4 might increase the transcription of
these genes leading to more Mcm complexes localized on chromatin and hence giving cells
more options to restart replication after RS. To investigate this hypothesis, | analyzed the
protein levels and presence of the Mcm family members, as well as Cdc6 and Cdc45 on
chromatin. However, the protein levels were either unchanged or downregulated upon
Trim33KO (Fig 11B). Additionally, the amount of protein on chromatin (Chr) was
downregulated or unchanged for the mentioned candidates as shown by fractionation assays
(Fig 11C) as well as by PLA assays with Mcm2 and H3 antibodies (Fig 11D).
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Figure 11: Protein levels and chromatin binding of candidates found in the ChIP Seq experiment
Shown are p197Nras control (Ctrl) and Trim33KO cells. A) Schematic overview of the replication initiation after
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candidates. Tot = total; Sol = soluble; Chr= chromatin fraction. D) PLA of Mcm2 and Histone H3 with representartve
picturs. The scale bar corresponds to 2 pm.

Taken together, | could disprove the hypothesis that E2F4 might mediate the RS phenotype
by enhancing the amount of Mcm complexes on chromatin.
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3.10 EZ2F4 recruits RecQL to chromatin

As E2F4 function is known to be dependent on many interaction partners (Hsu et al., 2016), it
might facilitate the RS phenotype by differentially binding to specific partners upon Trim33KO.
To validate this hypothesis, | analyzed the interactome of E2F4 in Trim33KO and control cells
(Fig 12A). For the proteomic analysis, E2F4 was pulled down under native conditions in
Trim33KO as well as control cells and all co-precipitated proteins were subsequently analyzed
by mass spectrometry. The experiment revealed several already known E2F4 interactors,
which are components of the DREAM complex such as TFDP1, TFDP2, Rbl1, Rbl2, RBBP4,
Lin9 and Lin54 (Hsu et al., 2016) (Fig 12B, light red). However, most of them showed no
difference in binding E2F4 between Trim33KO and control cells. Looking at the candidates,
which were bound stronger to E2F4 in Trim33KO cells compared to control cells, several
proteins could be found, which are involved in DNA repair pathways or directly in the DNA
replication (Fig 12B, dark red). The ones involved in repair pathways were on one hand ERCC4
(XPF), which forms a complex with ERRC1 involved in the nucleotide excision repair
(Manandhar et al., 2015). On the other hand, SMARCBL1 (Ini1) and SMARCE1, components
of the Swi/Snf complex, were found. This nucleotide remodeling complex is involved in the
DNA damage response (Ribeiro-Silva et al., 2019). However, the stronger interaction observed
in the proteomic analysis of E2F4 to those two complexes could not be validated using PLA
assays (Fig 12C). However, another candidate was the helicase RecQL, whose stronger
interaction with E2F4 upon Trim33KO could be validated in PLA (Fig 12C).

RecQL is a helicase executing several functions during the replication process (Chen et al.,
2013). It is known to bind origins of replication and promote the DNA replication (Lu et al.,
2013; Thangavel et al., 2010). Additionally, RecQL has important roles under RS, as it
accumulates on fragile sites on chromatin, which are at risk to collapse and generate a DSB,
it stabilizes the according replication forks and it allows them to restart more efficiently after
stress release (Qiu et al., 2021; Viziteu et al., 2017 Bertie et al., 2013; Lu et al., 2013; Popuri et
al., 2012). Moreover, RecQL was described to be involved in the repair of DSBs (Parvathaneni
et al., 2013), as DNA damage and chromosomal instability accumulate upon its depletion
(Mendoza-Maldonado et al., 2011; Bohr et al., 2008; Sharma and Stumpo et al., 2007; Viziteu
etal., 2017; Popuri et al., 2012; Banerjee et al., 2015). Furthermore, cells with RecQL-depletion
are described to possess enhanced sensitivities to different anti-cancer therapies targeting
DNA as for example y-radiation, HU, camptothecin or gemcitabine (Parvathaneni et al., 2019;
Popuri et al., 2012; Sharma and Brosh, 2007). Finally, the RecQL gene is overexpressed or
amplified in many different cancer types, for example in glioblastomas, ovarian cancer, head
and neck squamous cell carcinoma, multiple myeloma, and HCC (Viziteu et al, 2017; Sanada
etal., 2013; Arai et al., 2011; Matsushita et al., 2011; Mendoza-Maldonado et al., 2011; Futami
et al., 2010).



Results

54

A E 40_
Ctrl Trim33K0
. [ )
REEP4 *e
» . ER sMARCE1 "J'-
. & $SMARCE1
. .'-? f‘m%r:ts
) b
o RECQL .
_I -
Q
,, g < ’ -
= 0
IP:E2F4
I || # E
II I| N
o
o
-l
204
-
'40 T T L] 1
v . . 40 220 0 20 40
ass Spec rome r\,'
Log2(IP/IgG)
Ctri
c ERCC1 Inil RecQl 100- —ns —_— —_—
e ek LA EEE il i R
— 804
- @
5 2 :
L B0 .
j=1 ©
s
[=]
-
g
o £ L £ 4 £ 4 £ L £ L £ 4
E O L oL oL O oo
= E E £ £ £ E
Ctrl Trim33 Ctrl Trim33 Ctrl Trim33
KO KO KO
ERCC1 Ini1 RecQL

Figure 12: Proteomic analysis of E2F4 upon Tri
Shown are p197Nras control (Ctrl) and Trim33KO ¢

m33KO and its validation.
ells. A) Schematic overview of the performed mass spectrometry

experiment. B) Results of the mass spectrometry experiment. Highlighted in light red are components of the DREAM
complex; highlighted in dark red are proteins directly involved in DNA repair or DNA replication. C) PLA assays of

E2F4 with ERCC1, Inil or RecQL with representati

ve pictures. The scale bar corresponds to 2 pm.



Results 55

E2F4 might mediate the RS phenotype by recruiting RecQL to chromatin where it stabilizes
replication forks and helps to repair occurring DSBs. | tested this hypothesis first by analyzing
RecQL binding to E2F4 mutants. RecQL could bind to E2F4-FL, E2F4-DB and E2F4-KR
proteins while its binding to the E2F4-AC mutant was significantly decreased (Fig 13A).
Additionally, | could show that RecQL binding to chromatin increased in control cells upon RS-
induction by HU treatment, shown by a PLA assay with pH2AX and RecQL antibodies (Fig
13B). In Trim33KO cells on the other hand, the binding of RecQL to chromatin was already
higher in unstressed cells compared to control cells and remained unchanged when cells were
treated with HU (Fig 13B). Finally, fiber assays revealed that the effect of enhanced DNA
replication upon RS exposure observed in Trim33KO cells compared to control cells (Fig 3C),
could be mimicked by the overexpression of wildtype RecQL in control cells (RecQL).
Expression of a RecQL mutant (K119A), which lacks helicase activity (Doherty et al., 2005),
reduced the fork speed in control cells under exposure to RS. In Trim33KO cells, the
expression of RecQL did not change the fork rate, while the expression of K119A significantly
decreased it (Fig 13C).
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Figure 13: Binding analysis of RecQL.

A) PLA of RecQL and E2F4-FL or mutants (DB/AC/KR) in control cells with representative pictures. The scale bar
corresponds to 2 um. B) PLA of RecQL and pH2AX in cells treated for 4 h with 1 mM HU (4 h HU) and cells, which
were released after the 4 h treatment (4 h) for 2 h in normal medium (2 h Rel) with representative pictures. The
scale bar corresponds to 2 um. C) Fiber assay of RecQL overexpressing p197Nras control (Ctrl) and Trim33KO
cells under normal growth conditions (Mock) and after 4 h HU treatment (1 mM).

Taken together, | could show that the binding of E2F4 to RecQL is increased as well as RecQL
binding to chromatin is enhanced upon Trim33KO. Additionally, the replication fork phenotype
seen in Trim33KO cells upon RS can be mimicked by RecQL overexpression, strongly
suggesting the RecQL-dependency of the mechanism.
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4 Discussion

Cancer is one of the most severe and frequent diseases worldwide as every third person
develops it in their life and due to insufficient treatment options, it causes millions of deaths
annually (Pucci et al., 2019; Charkraborty et al., 2012). This is due to the fact that tumors are
very heterogenic and show a huge complexity of altered genes, keeping reliable treatment
options rare. Additionally, they develop drug resistances, which makes it a big task to develop
novel therapeutic strategies (Zugazagoitia et al., 2016; Charkraborty et al., 2012). One gene,
which is altered in nearly all human tumors and has been the focus of studies for several
decades is the master TF Myc (Wang et al., 2021; Dang et al., 2012).

Myc is known to regulate growth as well as metastasis and drug resistance development of
multiple tumors (Allen-Petersen et al., 2019; Chen et al., 2018). Targeting Myc with small
molecule inhibitors would be a very promising strategy to treat cancer patients. However, Myc
is known to have a mainly unstructured surface and it is considered to be a disordered protein,
raising several structural and functional difficulties in the attempt to develop such inhibitors
(Madden et al., 2019). Typically, enzymatic or defined binding pockets are targeted by small
molecule inhibitors. Myc lacks this kind of pockets and is additionally localized in the nucleus
making it not easily accessible (Madden et al., 2019). Hence, different strategies to indirectly
interfere with Myc function were developed (Allen-Petersen et al., 2019; Chen et al., 2018;
Dang et al., 2012).

One such strategy is to inhibit its expression by stabilizing transcriptional repressors or
targeting proteins, which activate its expression. Another alternative approach to regulate Myc
function is to inhibit its interaction with important partner proteins, such as MAX, which are
necessary for Myc to execute its functions. In addition, targeting Myc-mediated downstream
processes is considered to be a promising strategy. For example, when Myc is inducing growth
factors, which lead to enhanced proliferation of the tumor, these factors could be targeted.
Finally, the manipulation of proteins, which are involved in the post-translational regulation of
Myc, such as members of the ubiquitin system, is considered as a good way to indirectly
regulate Myc (Allen-Petersen et al., 2019; Chen et al., 2018; Dang et al., 2012).

Previous work of our group focused on the identification of novel proteins, which regulate Myc
function, namely Myc-induced apoptosis (Popov et al., 2007). The experiments revealed the
ubiquitin E3 ligase Trim33 as one of the top hits in regulating Myc-induced apoptosis (Fig 1A-
C). Trim33 is a known ubiquitin E3 ligase, hence it is adding ubiquitin proteins to substrates,
marking them for proteasome-dependent degradation (McAvera et al., 2020). This
post-translational modification is mediated by an enzymatic cascade, in which the E3 enzyme
executes the last step of ligating the ubiquitin protein to the substrate (Zheng et al., 2017,
Scheffner et al., 1995). To perform this function, the E3 enzyme has to directly bind to the

according substrate.
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Interestingly, an interactome study found that Trim33 binds to Myc (Kalkat et al., 2018),
suggesting that Myc might be a substrate of Trim33. During this study, my first aim was to
investigate if Trim33 is regulating Myc function by limiting its protein levels due to ubiquitination
and followed proteasome-dependent degradation. | could show that Myc is not ubiquitinated
by Trim33 and its stability is not enhanced in Trim33KO cells (Fig 1D-E). Hence, Myc is not a
Trim33 substrate in murine liver cancer cells (p197Nras) and Trim33 does not regulate
Myc-induced apoptosis by destabilizing the protein, but rather indirectly. As the interactome
study, in which Trim33 was found to bind to Myc, was performed in human fetal kidney cells
and the experiments of this thesis were performed in murine liver cancer cells, | suggest tissue
specific differences. To clarify this facet of the project, Myc stability upon Trim33KO should be
analyzed in several different tissues.

The theory that Trim33 is regulating Myc indirectly is consistent with published data about other
Trim family members, such as Trim11, Trim15, Trim26, Trim44 and Trim59, which were all
shown to not directly, but indirectly regulate Myc levels. Their overexpression led to increased
expression of B-Catenin, which is regulating numerous basic cellular processes, such as
proliferation, migration or invasion of cells, through its high number of downstream targets,
such as Myc (Harb et al.,, 2019; Wang et al., 2018; Rennoll et al., 2015). The increased
expression of B-Catenin thereby leads to enhanced Myc protein levels. In agreement with
these known functions of B-Catenin signaling, the overexpression of the mentioned Trim
proteins increased proliferation, migration and invasion of different types of cancer cells (Lan
et al., 2021; Xie et al., 2021; Zhang et al., 2021; Chen, Chen, Ye et al., 2019; Zhou et al.,
2017).

| investigated in this thesis, if Trim33 indirectly manipulates Myc function by influencing
signaling pathways, which are involved in basic cellular functions. In line with this hypothesis,
Trim33 is known to influence two major pathways regulating these basic processes, the Wnt
and the TGF signaling. The main mediator of the Wnt signaling is considered to be -Catenin
while Smad proteins are considered to be the main mediators of the TGFf signaling (He et al.,
2019; Seoane et al., 2017). Smad4 as well as p-Catenin are both known Trim33 substrates
showing the direct influence of Trim33 on both pathways (Xue et al., 2015; Dupont et al., 2005).
In line with this, | investigated if Trim33 can influence basic cellular functions via one of these
pathways, and if Trim33KO cells thereby possess a general survival benefit. Myc-induced
apoptosis could be less severe in cells, which provide a general survival benefit. However, |
could not detect any difference in growth, migration or invasion of Trim33KO cells compared
to control cells (Fig 2). These results indicate that Trim33 is not regulating Myc function by
inducing the proliferation or aggressiveness of cells.

At first glance, these results contradict the published data shown for other Trim proteins, which

indirectly regulate Myc by increasing its expression through the Wnt signaling. Here, | show
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that Trim33 is not regulating Myc function by manipulating its protein levels as other Trim
proteins do. Additionally, it was shown that the KD of Trim33 leads to spontaneous
hepatocarcinogenesis. Hence, Trim33 has an obvious effect on the growth of liver cancer cells,
contradicting the experiments performed (Herquel et al., 2011). However, it was further shown
that Trim33 only promotes the proliferation of HCC in early stage liver cancer (Ding et al.,
2014). In advanced stages, Trim33 is not involved in the growth of cells anymore and the
reduced expression of Trim33 in HCC correlates with poor prognosis (Ding et al., 2014). To
understand if Trim33 has different functions in early and late stages of HCC, Trim33 should be
knocked out in cell lines derived from different stages of HCC in further experiments and
possible differences should be compared. However, in reality, liver cancer is mainly diagnosed
in late stages, which makes it more promising to investigate the mechanisms of advanced liver
cancer cells for developing novel therapeutic strategies (Yang et al., 2019). The experiments
shown in this thesis were performed in cells derived from late stage HCC. Hence, the published
data support the finding that Trim33KO does not influence the growth of cells and is thereby
not giving cells a general survival benefit by increasing the proliferation of aggressiveness of
cells.

To understand how else Trim33 can influence Myc-induced apoptosis, | investigated through
what kind of mechanisms Myc can induce cell death. One widely accepted and well-studied
theory is that the Myc protein manipulates the expression of members of the BCL2 or p53
signaling pathways. Both are pathways, which regulate the pro-survival or pro-apoptotic
signaling in cells (Aubrey et al., 2018; Siddiqui et al., 2015; McMahon 2014; Levine et al.,
2009). The p53/Arf signaling can indirectly be manipulated by Myc as it enhances the
expression of the upstream regulator protein Arf, leading to repression of p53 (Yu et al., 2019;
Hoffman et al., 2008). Myc can interfere with the BCL2 signaling by inducing the expression of
pro-apoptotic members, such as BIM, Bax or Bak, as well as by inhibiting the expression of
anti-apoptotic proteins, such as Bcl-2 or Bcl-xI (Opferman et al., 2018; McMahon 2014,
Muthalagu et al., 2014; Westphal et al., 2014; Hoffman et al., 2008; Jiang et al., 2007).
However, another broadly accepted theory is that Myc induces apoptosis by enhancing overall
replication, RS and DSBs, which finally leads to the activation of pathways inducing
programmed cell death, namely the apoptosis (Chen et al., 2018; Zheng et al., 2017; Gabay
et al., 2014).

RS occurs when cancer cells are not able to perform efficient DNA replication, which is required
to maintain genome stability. If this process is in some way defective, DNA damage will occur,
which is normally either repaired or leads to the induction of apoptosis (Curti et al., 2021). RS
can be induced by several sources which interfere with normal replication, such as inadequate
firing of origins of replication, increased number of reactive oxygen species (ROS), a lack of

dNTPs, accumulation of DNA damage or uncontrolled proliferation (Primo et al., 2019).
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Myc was shown to play a role in each of the above-mentioned replication errors. For instance,
Myc binds to origins of replication and modulates their activity (Curti et al., 2021; Chen et al.,
2018; Srinivasan et al., 2013). For example, in Xenopus laevis extracts the depletion of Myc
leads to a strong decrease in active replicons (Dominguez-Sola et al., 2007). Moreover, it is
well-known that Myc can induce ROS, which in turn can create RS and DNA damage (Curti et
al., 2021; Zheng et al., 2017; Rohban et al., 2015). Furthermore, Myc regulates the expression
of nearly all genes, which are involved in the biosynthesis of dNTPs (Curti et al., 2021). A lack
of dNTPs leads to RS as replication forks stall and hence are at higher risk to collapse and
generate DNA damage (Primo et al., 2019). Additionally, Myc is well-known to induce DNA
damage, as the levels of DNA damage markers increase when Myc is overexpressed (Zheng
etal., 2017; Rohban et al., 2015; Dominguez-Sola et al, 2013; Srinivasan et al., 2013). Recent
publications suggest that Myc induces DSBs by inducing overall origin firing and subsequent
RS resulting in DNA damage (Rohban et al., 2015; Dominguez-Sola et al., 2013; Srinivasan
et al., 2013). For example, the elevated levels of the DSB marker pH2AX could only be
observed in replicating cells and not in cells where the DNA synthesis was blocked by geminin
(Dominguez-Sola et al., 2013). These results suggest that the induction of DNA damage by
Myc is replication dependent. Finally, Myc strongly enhances the proliferation of cells
increasing the risk of RS, as replication errors accumulate as well as the DNA repair gets
inefficient (Zheng et al., 2017; Karlsson et al., 2003). For example, the overexpression of Myc
in hepatocytes showed a 50 % higher proliferation rate compared to control cells (Zheng et al.,
2017; Muakkassah-Kelly et al., 1988). Taken together, there are numerous ways how Myc
induces RS, leading to genome instability, which is a known hallmark of cancer (Curti et al,
2021) and can possibly induce tumor development. Hence, enhancing the RS in Myc-driven
tumors could be a promising therapeutic strategy.

In this thesis, | wanted to understand if Trim33 has an effect on the Myc-induced RS. Indeed,
| could show that Trim33KO cells could replicate DNA more efficiently, reenter cell cycle faster
and show increased proliferation after the induction of RS by Myc overexpression (Fig3-4).
These data suggest that the replication forks are either more stable or freshly assembled more
efficiently after RS, leading to simplified replication and subsequent proliferation. The same
effects could be seen when RS was induced by HU or Etop treatment (Fig 3-4) (GOmez-
Herreros 2019; Liew et al., 2016, Kog et al., 2004; Burden et al 1998). Hence, Trim33 does nhot
only simplify the handling of Myc-induced RS, but also of chemically-induced RS. These results
strongly suggest that Trim33 is regulating the Myc-induced apoptosis by helping cells to deal
with RS. Hence, Trim33 possesses a broader function then expected. Not only is it important
for Myc-induced apoptosis, but in general for cells exposed to RS. As RS leads to genome
instability, which is a hallmark of cancer (Curti et al., 2021), the stabilization of Trim33 might

be an important therapeutic strategy in numerous cancer types.
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Cells exposed to RS will primarily pause their replication by stalling replication forks. If these
forks cannot be stabilized enough and the RS holds on, the replication forks will collapse. This
leads to incomplete replication and to generation of DNA damage, such as DSBs (Primo et al.,
2019; Alexander et al., 2016; Cortez et al., 2016). DSBs are marked by a specific protein,
pH2AX. The H2AX histone is generally important for the stabilization of DNA and only gets
phosphorylated upon DSBs (Stope et al., 2021). The phosphorylation at serine 139 is the initial
signal to identify DSBs in a range of up to 1.7 mega base pairs around the break (Stope et al.,
2021; Collins et al., 2020). Subsequently, pH2AX recruits other factors to start the repair
pathway, such as checkpoint and repair proteins (Stope et al., 2021; Collins et al., 2020;
Podhrecka et al., 2010). Cells exposed to RS will accumulate collapsed replication forks and
hence have enhanced numbers of DSBs.

As Trim33KO cells can replicate more efficiently upon RS, | hypothezied that these cells may
also accumulate less DSBs. The analysis of pH2AX in Trim33KO cells revealed that they
indeed induce the phosphorylation of H2AX later and additionally release pH2AX levels more
efficiently after release from RS compared to control cells (Fig 5). These data are in line with
the hypothesis that Trim33KO cells may have more stable replication forks. Stabilized
replication forks would collapse less or later and lead to less DSBs. Additionally, the faster
release of pH2AX levels suggests that occurring DSBs are repaired more efficiently in
Trim33KO cells compared to control cells (Fig 5C-D). The detection of DSBs by a cell can be
the first step in initiating the programmed cell death. Hence, the result that Trim33KO cells
have less DSBs and repair occurring breaks faster, corresponds with a reduced induction of
apoptosis upon RS.

As apoptosis is mostly repressed in tumor cells, either through genetic alterations or
development of drug resistances, most cancer therapies include the activation of an apoptotic
pathway to induce the elimination of the tumor cells (Pfeffer et al., 2018; Bold et al., 1997).
Numerous signaling pathways can initiate the controlled cell death, which can be triggered by
different stress signals such as DNA damage or RS (Carneiro e al., 2020; Bold et al., 1997).
In most cancer cells, cellular checkpoints are deregulated and cells accumulate RS. Hence,
making tumor cells more sensitive to RS is a very promising strategy for cancer treatment (Zhu
et al., 2020; Ubhi et al., 2019; Zhang et al., 2016). Our data suggest that enhancing the stability
of Trim33 can sensitize tumor cells to controlled cell death. This could be a general mechanism
of Trim33 and the therapeutic potential would thereby not be limited to liver cancer or Myc
overexpressing tumors, but could additionally be applied in numerous other types of tumors.
To validate this hypothesis, the Trim33 effect upon RS should be analyzed in several different
tumor entities in further experiments.

Collectively, | could demonstrate that Trim33 influences the effects of RS in cells, perhaps by

stabilizing replication forks. Subsequently, the second aim of this thesis was to investigate how
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Trim33 can provide the reduced sensitivity against RS. Hence, an RNA Sequencing analysis
was performed to identify differentially expressed genes upon Trim33KO, which might be able
to mediate the RS phenotype. The experiment revealed that the most deregulated pathways
were DNA replication, Rb genes in cancer and cell cycle upon Trim33KO (Fig 6A-B). These
Data are consistent with the already shown data that Trim33KO cells can replicate and grow
better under RS (Fig 3-4). Additionally, the target genes of E2F4 are upregulated in Trim33KO
cells compared to control cells (Fig 6C).

E2F4 is a well-known TF whose canonical function is to transcriptionally repress the expression
of cell cycle genes during the G0/1 phase (Chen et al., 2009; Attwooll et al., 2004). However,
E2F4 was as well described to have pro-proliferative and transcription-activating functions
(Zhen et al., 2019; Kim et al., 2018; Hsu et al., 2016). A pro-proliferative effect can for example
be seen in a study showing that E2F4 induces the tumor development of Myc-induced
lymphomagenesis (Rempel et al., 2009). Additionally, its abnormal expression is correlated
with Myc overexpression in squamous cell carcinoma as well as the survival of patients with
overexpressed Myc reduced from 7.5 months to 1 month if they have additional altered E2F4
(Dai et al., 2019). It was already shown for E2F1, which generally has opposing functions to
E2F4 (Kent et al., 2019), that it enhances the ability of Myc to induce apoptosis (Leone et al.,
2001). Finally, human cancer cells overexpressing Myc significantly induced apoptosis
stronger when a constitutively active pRb protein was expressed (Santoni-Rugiu et al., 2002).
pRB blocks the transcription activation domain of activator E2Fs, such as E2F1, and
meanwhile translocates typical repressor E2Fs, such as E2F4, to the nucleus where it can
execute its different functions (Kent et al.,, 2019). These data suggest that high E2F4
expression might reduce the sensitivity of cells to Myc induced apoptosis. Not only is E2F4
linked to pro-proliferative functions and to Myc, but as well to apoptosis. For instance, it was
described that E2F4 can reduce hypoxia-induced apoptosis in ventricular cardiomyocytes
(Dingar et al., 2012). Furthermore, the KD of E2F4 leads to enhanced sensitivity against
apoptosis-inducing drugs in several human cancer cells as well as E2F4 deficient mice show
an increased number of apoptotic cells (Rempel et al., 2009; Ma et al., 2004). These data
demonstrate a function of E2F4 in proliferation, in Myc function as well as in apoptosis.
| demonstrated that Trim33KO cells are less sensitive to Myc-induced RS and followed
apoptosis by possibly stabilizing replication forks. Additionally, | showed enhanced expression
of E2F4 target genes upon Trim33KO, which is known to be important for Myc function as well
as for apoptosis. All in all, this suggests a E2F4 dependency of the mechanism.

During this thesis | could show that E2F4 indeed is a novel substrate of the ubiquitin E3 ligase
Trim33, being ubiquitinated and thereby marked for proteasome-dependent degradation by
Trim33 (Fig 7A-E). Additionally, the overexpression of E2F4-FL protein in control cells

mimicked the effects seen in Trim33KO cells to replicate DNA more efficiently and proliferate
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faster after the induction of RS (Fig 8-9). These data demonstrate that the RS phenotype
observed upon Trim33KO is E2F4 dependent. Hence, upon Trim33KO, E2F4 protein is
stabilized and its increased levels mediate the simplified replication as well as proliferation
after RS exposure. Furthermore, to investigate which domains of E2F4 are necessary to
mediate the RS phenotype, | analyzed different E2F4 mutants. | could demonstrate that the
C-terminus of E2F4 as well as its DNA binding domain are indispensable to mediate the
reduced sensitivity against RS (Fig 8-9). As E2F4 needs to bind to DNA to execute its
transcription-repressive or -activating functions, | hypothesized that target genes of E2F4 might
execute the effects of reduced sensitivity against RS or directly stabilize replication forks.

Hence, | subsequently analyzed the chromatin binding of E2F4 in Trim33KO and control cells.
We could show by a ChiP-Seq experiment that the overall E2F4 binding to chromatin increased
significantly upon Trim33KO (Fig 10B). These results are consistent with the fact that E2F4 is
stabilized and its levels are strongly increased in Trim33KO cells (Fig 7E; 11B). Moreover,
E2F4 binding was increased at several promoters and the transcription of the according gene
was enhanced, in agreement with recent publications suggesting transcriptional-activating
functions of E2F4 (Hsu et al., 2019; Fig 10D). Many of these upregulated genes in our analysis
are involved in the DNA replication, such as members of the Mcm complex or Cdcs. During
the replication process, Mcm complexes are recruited to chromatin and start replication when
initiated, while Cdcs finetune this process (Bell et al, 1992; Chem et al., 2007; Speck et al,
2005; Kdhler et al, 2016). The more Mcm complexes are bound to chromatin, the more efficient
is the restart of replication after the induction of RS. Summarizing, if more Mcm complexes are
localized on chromatin in Trim33KO cells, this could make cells less sensitive against RS.

Interestingly, E2F proteins were already described to regulate the expression of replication
dependent genes (Bracken et al., 2004; Ohtani et al., 1999). For example, E2Fs are shown to
regulate the expression of all Mcm complex members (Mcm2-7) (Bracken et al., 2004; Polager
et al., 2002; Leone et al., 1999; Othani et al., 1999). Furthermore, the expression of Cdc6 and
Cdc45 are shown to be highly E2F dependent (Bracken et al., 2004; Polager et al., 2002;
Hateboer et al., 1998; Leone et al., 1998; Yan et al., 1998). However, the experiments
performed during this study clearly showed that although the mRNA expression of these
proteins is slightly upregulated, the protein levels and their presence on chromatin remained
unchanged upon Trim33KO (Fig 11). These data suggest that the RS phenotype, which E2F4
mediates, is not executed by transcriptionally enhancing the expression of
replication-dependent genes. During this thesis, all promising genes at whose promoter E2F4
binding was increased were analyzed. However, unobvious candidates also have the potential
to be involved in the mechanism. To get certitude about this facet of the project, a whole

genome library of sgRNAs should be cloned for all differentially bound genes upon Trim33KO
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in further experiments. Screening cells which were infected with this library for their sensitivity
against RS could identify additional possible candidates.

Anyhow, it was previously described that E2F4 has additional non-transcriptional functions,
such as recruiting different proteins to chromatin where they can execute their functions. For
example, it was shown that Multicilin and Gemc1, which both lack a DNA binding site, are
dependent on E2f4 or E2F5 to be recruited to chromatin where they in turn activate the
transcription of target genes (Kim et al., 2018; Ma et al., 2014). This recruiting function was as
well described for E2F1. For example, it was shown to recruit the pontin/reptin ATPase
complex to DNA, opening the chromatin structure and to recruit the histone acetyl transferase
Tip60, modifying histones (Tarangelo et al., 2015; Taubert et al., 2004). Finally, repressor E2Fs
were described to recruit the corepressor mSin3B to chromatin, which in turn can execute its
functions (Rayman et al., 2002). All in all, E2F4 seems to have important protein recruiting
functions. Hence, | investigated if E2F4 differentially binds to a partner protein upon Trim33
and thereby facilitates the RS phenotype.

| performed a proteomic analysis of E2F4 in Trim33KO and control cells (Fig 12). The
experiment revealed members of two pathways well described to be involved in the DNA repair
to be bound stronger to E2F4 in Trim33KO cells compared to control cells. The ERCC1/XPF
complex, which is important for the nucleotide excision repair as well as the nucleotide
remodeling complex Swi/Snf, which is important for the DNA damage response (Ribeiro-Silva
et al., 2019; Manandhar et al., 2015) were found. Both complexes could help repair occurring
DNA damage faster, thereby stabilizing the genome and making cells less sensitive to RS.
However, the stronger binding to E2F4 upon Trim33KO observed in the mass spectrometry
experiment, could not be validated using PLA assays (Fig 12 C). Additionally, the helicase
RecQL was found to bind stronger to E2F4 upon Trim33KO while this result could be verified
by PLA assays (Fig 12C). E2F4 might recruit RecQL to chromatin allowing it to execute its
functions.

RecQL is a very promising candidate as it could strongly simplify the handling of RS for cells.
It stabilizes unstable sites on chromatin and stalled replication forks. Hence, the fork collapse
is significantly delayed, allowing cells to withstand RS and restart replication more efficiently
(Qiu et al., 2021; Viziteu et al., 2017 Bertie et al., 2013; Lu et al., 2013; Popuri et al., 2012).
Additionally, it is known that DNA damage and chromosomal instability accumulate strongly in
RecQL depleted cells, demonstrating its role in the repair of DSBs (Parvathaneni et al., 2013;
Mendoza-Maldonado et al., 2011; Bohr et al., 2008; Sharma and Stumpo et al., 2007; Viziteu
et al., 2017; Popuri et al., 2012; Banerjee et al., 2015). Furthermore, the depletion of RecQL
was already shown to enhance the sensitivity against HU (Popuri et al., 2012) and to be
overexpressed in HCC (Futami et al., 2010). Taken together, if E2F4 recruits RecQL more

efficiently to chromatin upon Trim33KO, it would be able to simplify the handling of RS for cells
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massively. Hence, the stabilization of Trim33 would be a promising therapeutic strategy, as it
would destabilize E2F4, leading to less RecQL localized on chromatin and making cells more
sensitive to RS-induced apoptosis, including Myc-induced apoptosis.

To investigate this hypothesis, | analyzed RecQL in more detail. Not only could | show that
E2F4 bound stronger to chromatin (Fig 10B), also the binding of RecQL to chromatin was
enhanced upon Trim33KO (Figl3B). These results are in line with the theory that E2F4 is
recruiting RecQL to chromatin. Additionally, only E2F4-FL, E2F4-DB and E2F4-KR proteins
were able to bind to RecQL, while E2F4- AC could not (Fig 13A). E2F4-FL and E2F4-KR can
mimic the effect of Trim33KO cells when overexpressed in control cells (Fig 3-4). As they can
also bind to RecQL (Fig 13A), these data support the model of E2F4 recruiting RecQL to
chromatin. Furthermore, the fact that the E2F4-DB mutant, which is not able to bind to DNA
and cannot mimic the effect (Fig 3-4), perfectly supports the model. Even though it can bind to
RecQL (Fig 13A), it cannot bind to DNA, hence it cannot recruit RecQL to chromatin. Moreover,
the E2F4-AC mutant cannot mediate the phenotype (Fig 3-4). This mutant lacks the
transcription-activating domain as well as a part of the protein, which is important for partner
protein binding (Liban et al., 2016; Morgunova et al., 2015; Xanthoulis et al., 2013; Balog et
al., 2011; Tsantoulis et al., 2005; Ginsberg et al., 1994). The need of the C-terminus for partner
protein binding is in line with the finding that RecQL cannot bind to this protein (Fig1l3A). Due
to the missing interaction between RecQL and E2F4- AC, it cannot be recruited to chromatin
and hence, E2F4-AC cannot mediate the RS phenotype. To better understand this facet of the
project, a crystal structure analysis of E2F4 bound to RecQL could be performed in further
studies. Subsequently, several more point mutations should be performed within the C-
terminus to narrow down the exact site of interaction. Additionally, ChIP-Seq experiments
should be performed in further experiments to identify shared E2F4 and RecQL binding sites
on chromatin upon Trim33KO.

For subsequent analysis, | expressed wildtype and a mutant (K119A) RecQL, which lacks its
helicase activity (Doherty et al., 2005), in Trim33KO and control cells. The overexpression of
wildtype RecQL (RecQL) in control cells could mimic the enhanced fork rate seen in Trim33KO
cells (Fig 13C), demonstrating the RecQL-dependancy of the mechanism. The K119A mutant
decreased fork rates in control as well as in Trim33KO cells (Fig 13C). The helicase activity of
RecQL is hence indispensable to facilitate the RS phenotype seen upon Trim33KO. All of these
data strongly suggest that E2F4 recruits RecQL to chromatin, where it in turn stabilizes
replication forks as well as initiates DSB repair, giving cells a general survival benefit against
RS (Fig 14). To get certitude about this facet of the Trim33-E2F4-RecQL project, shRNA
mediated KDs of RecQL should be performed in Trim33KO cells in further analysis. However,

many more candidates were found in the proteomic analysis, which were not analyzed yet. All
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of these candidates should be cloned in a sgRNA library and screened for their ability to reduce

sensitivity against RS in further studies.

Figure 14: Suggested model of how Trim33 can provide cells a general survival benefit under RS

In Trim33KO cells, E2F4 is not ubiquitinated by Trim33 and its protein levels are accumulating. Subsequently, it is
recruiting RecQL to chromatin, which in turn stabilizes replication forks, delays the induction of DSBs and helps
repair occurring DNA damage.

Finally, Trim33 function on RS should be further analyzed in vivo to understand if novel putative

curative therapeutic strategies require stabilization of Trim33. In vivo experiments were already

started during this thesis and are still ongoing.
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