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1 Summary 
Cancer is one of the leading causes of death worldwide. The underlying tumorigenesis is driven by the 

accumulation of alterations in the genome, eventually disabling tumor suppressors and activating proto-

oncogenes.  

The MYC family of proto-oncogenes shows a strong deregulation in the majority of tumor entities. 

However, the exact mechanisms that contribute to MYC-driven oncogenesis remain largely unknown. 

Over the past decades, the influence of the MYC protein on transcription became increasingly apparent 

and was thoroughly investigated. Additionally, in recent years several publications provided evidence 

for so far unreported functions of MYC that are independent of a mere regulation of target genes. These 

findings suggest an additional role of MYC in the maintenance of genomic stability and this role is 

strengthened by key findings presented in this thesis. 

 

In the first part, I present data revealing a pathway that allows MYC to couple transcription elongation 

and DNA double-strand break repair, preventing genomic instability of MYC-driven tumor cells. This 

pathway is driven by a rapid transfer of the PAF1 complex from MYC onto RNAPII, a process that is 

mediated by HUWE1. The transfer controls MYC-dependent transcription elongation and, 

simultaneously, the remodeling of chromatin structure by ubiquitylation of histone H2B. These regions 

of open chromatin favor not only elongation but also DNA double-strand break repair.  

 

In the second part, I analyze the ability of MYC proteins to form multimeric structures in response to 

perturbation of transcription and replication. The process of multimerization is also referred to as phase 

transition. The observed multimeric structures are located proximal to stalled replication forks and 

recruit factors of the DNA-damage response and transcription termination machinery. Further, I 

identified the HUWE1-dependent ubiquitylation of MYC as an essential step in this phase transition. 

Cells lacking the ability to form multimers display genomic instability and ultimately undergo apoptosis 

in response to replication stress.  

 

Both mechanisms present MYC as a stress resilience factor under conditions that are characterized by 

a high level of transcriptional and replicational stress. This increased resilience ensures oncogenic 

proliferation.   

Therefore, targeting MYC’s ability to limit genomic instability by uncoupling transcription elongation 

and DNA repair or disrupting its ability to multimerize presents a therapeutic window in MYC-

dependent tumors.  
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2 Zusammenfassung 
Tumorerkrankungen sind eine der häufigsten Todesursachen weltweit. Für die Entstehung und 

Entwicklung eines Tumors sind Veränderungen im Genom verantwortlich, wobei Proto-Onkogene 

aktiviert und Tumorsuppressorgene inaktiviert werden.  

Die MYC-Familie der Proto-Onkogene ist in der Mehrzahl der menschlichen Tumorerkrankungen stark 

dereguliert. Der genaue Mechanismus, der in MYC-getriebenen Tumoren eine Rolle spielt, ist aber 

weiterhin ungeklärt. In den letzten Jahrzehnten wurde die Funktion von MYC als Transkriptionsfaktor 

in den Vordergrund gestellt. Veröffentlichungen der letzten Jahre deuten zusätzlich auf mehrere, bisher 

unbekannte Funktionen hin, die unabhängig von einer bloßen Regulation von Zielgenen sind und auf 

eine zusätzliche Rolle bei der Erhaltung der genomischen Stabilität hinweisen. Diese Rolle wird durch 

wesentliche Ergebnisse dieser Doktorarbeit gestärkt.  

 

In dem ersten Teil der Doktorarbeit präsentiere ich einen Pathway, der es MYC ermöglicht, 

transkriptionelle Elongation und Doppelstrangbruch-Reparatur zu koppeln, wodurch genomische 

Instabilität in MYC-gesteuerten Tumorzellen limitiert wird. Dieser Pathway wird durch einen schnellen 

Transfer des PAF1-Komplexes von MYC auf die RNAPII angetrieben, bei dem HUWE1 eine 

essenzielle Rolle einnimmt. Der Transfer steuert die MYC-abhängige transkriptionelle Elongation und 

gleichzeitig die Öffnung der Chromatinstruktur. Dies geschieht durch Ubiquitylierung des Histons H2B 

zugunsten von sowohl transkriptioneller Elongation als auch der DNA-Doppelstrangbruchreparatur.  

 

In dem zweiten Teil der Doktorarbeit analysiere ich die Fähigkeit von MYC-Proteinen, als Reaktion 

auf eine Störung der Transkription und/oder Replikation multimere Strukturen bilden zu können. Diese 

Fähigkeit wird auch als Phasentrennung bezeichnet. Die multimere Strukturen befinden sich in der 

Nähe von blockierten Replikationsgabeln und rekrutieren Faktoren der DNA-Schadensreaktion und der 

Transkriptionsterminationsmaschinerie. Die HUWE1-abhängige Ubiquitylierung von MYC habe ich 

als wesentlichen Schritt der Phasentrennung identifiziert. Zellen ohne die Fähigkeit zur Bildung von 

Multimeren zeigen als Reaktion auf Replikationsstress exzessive genomische Instabilität und 

letztendlich Apoptose auf.  

 

Beide Mechanismen machen MYC zu einem Faktor, der genomische Instabilität als Resultat von 

unphysiologischem Transkriptions- und Replikationsstress limitiert und damit die onkogene Zellteilung 

gewährleistet. Eine gezielte Beeinflussung der aufgeführten Mechanismen, durch welche MYC die 

genomische Instabilität limitiert, kann bei MYC-abhängigen Tumoren von großem therapeutischem 

Nutzen sein.  
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3 Introduction 
 

 

3.1 Oncogenesis 

Cancer is one of the leading causes of death worldwide with more than 19 million cases diagnosed in 

2020 (Ferlay et al., 2021). Tumors are thought to originate from single cells by a gradual accumulation 

of multiple mutations or alterations of genes and their products that regulate cell differentiation, 

proliferation, and cell death (Hanahan and Weinberg, 2000; 2011). The genes that are positively 

regulating these key regulatory steps in cellular biology are termed proto-oncogenes. Direct 

mechanisms that convert proto-oncogenes into active oncogenes are either structural changes of the 

respective protein itself (e.g. the constitutive activation of KRAS), or alterations in gene expression. 

These expression changes are often the result of an amplification of the gene locus or a genetic 

translocation that places the proto-oncogene under the control of a highly active promoter/enhancer 

sequences (Kontomanolis et al., 2020). Oncogenes are opposed in their function by tumor suppressors 

that are defined as proteins restraining proliferation and inducing apoptosis in response to biological 

abnormalities. Hence, the inactivation of tumor suppressors and the respective repercussions are a 

common hallmark of cancer. Many tumor suppressors surveil the integrity of the genome. 

Consequently, the activation of oncogenes, as discussed above, and the inactivation of tumor 

suppressors are of utmost importance for the mutagenesis during tumor development. The inactivation 

of a tumor suppressor such as TP53, the “guardian of the genome”, accelerates the accumulation of 

mutations, ranging from a few functionally indispensable “driver” mutations to several hundred 

expendable “passenger” mutations. Principles that are analog to classical evolution shape the cancer 

genome in the above discussed manner through a process of clonal expansion over a timespan of several 

years up to decades (Greaves and Maley, 2012; Hanahan and Weinberg, 2011). 

To date, more than 50 oncogenes have been identified (Kontomanolis et al., 2020). While the 

transforming principles of many oncogenes are apparent, the exact functional mechanisms of the family 

of MYC oncogenes are controversial and subject of this thesis.  

 

 

3.2 The family of MYC oncogenes 

With its discovery in the early 1970s, v-myc was one of the first oncogenes described and it was later 

shown to originate from the chicken c-myc gene (Vennstrom et al., 1982). c-myc and the corresponding 

human paralog MYC belong to the family of MYC oncogenes comprising MYC, MYCN and MYCL. 

Several signaling pathways that sense environmental stimuli, such as the MAK/ERK-pathway, 

converge on MYC. Consequently, it was suggested that its physiological role is the cellular 

reprogramming on the transcriptional level and includes maintenance of pluripotency as well as stem 
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cell maturation in a tissue specific manner (Eilers and Eisenman, 2008; Gandarillas and Watt, 1997; 

Takahashi and Yamanaka, 2006). 

 

The MYC family belongs to the oncogenes with the highest amplification rate among many human 

cancers (Dang, 2012). In addition to amplification of the gene locus, several mechanisms have been 

observed that enable either an increased MYC protein expression, including gene translocation, placing 

MYC at the highly transcribed immunoglobulin locus in multiple myeloma (Shou et al., 2000) or an 

enhanced transcription of the MYC gene by inactivation of the tumor suppressor APC (He et al., 1998). 

Additionally, the protein half-life can be increased by activation of the RAS/RAF/ERK pathway (Sears 

et al., 2000). All of these mechanisms are downstream of oncogenic events and in line with the 

observation that MYC amplification alone is not sufficient as a transformation stimulus and requires 

additional events such as the activation of KRAS (Dang, 2012). 

 

 

3.3 The structure of MYC proteins 

The ability of MYC to control cell growth and proliferation is based on its ability to bind DNA as a 

heterodimer together with its partner protein MAX. This binding is mediated by the basic helix-loop-

helix leucin zipper (bHLH-LZ) motif that is located in the conserved C-terminal domain of MYC. The 

bHLH-LZ motif increases the affinity of the heterodimer towards DNA sequences enriched for E-boxes 

with the consensus CAC(G/A)TG sequence (Blackwood and Eisenman, 1991). However, many binding 

sites lack this specific sequence and several publications suggest that interaction partners are required 

to enhance MYC’s chromatin affinity, as for instance shown for the interaction of MYC with WDR5 

(Guo et al., 2014; Thomas et al., 2015). 

Apart from the C-terminal domain, six more highly conserved regions, termed MYC-boxes (MBs), are 

present among the MYC family members. Each of these six MBs mediates the binding to a specific 

subset of MYC interactors. Deletions and point mutations were used to characterize the MBs, and the 

results of these experiments are depicted for exemplary interactors in Figure 3.3.1. 
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Figure 3.3.1: Conserved regions of MYC proteins. 

Conservation score for the full-length structure of MYC depicting regions with high sequence identity among the 

three MYC family members. Exemplary interactors of the respective MBs and subsequent function are indicated 

below. This figure was published in a similar form in Baluapuri et al. (2020). 

Structurally, MYC resembles classical transcription factors that contain the transcriptional associated 

domain (TAD) and a structured DNA binding domain (DBD). The N-terminal unstructured domain of 

MYC, including MBI and II, has been associated with transcriptional activity (Kato et al., 1990; Nie et 

al., 2020). This is consistent with the finding, that MBI regulates MYC protein ubiquitylation and 

turnover which has been associated with the activating effect of MYC on transcriptional elongation 

(Farrell and Sears, 2014; Jaenicke et al., 2016). MBII additionally mediates the interaction with the 

coactivator and scaffold protein TRRAP that is involved in chromatin remodeling and histone 

acetylation (McMahon et al., 1998).  

MBIIIb and MBIV are located outside of the TAD domain and can associate with WDR5 and HCFC1, 

proteins that were shown to enhance the chromatin association of MYC (Thomas et al., 2016; Thomas 

et al., 2015). 

Heterodimerization with MAX via the bHLH-LZ domain mediates the DNA interaction of MYC as 

discussed above. However, at oncogenic MYC levels the zinc finger protein MIZ1 competes with MAX 

for binding resulting in a repression of genes that are transcriptionally regulated by MYC (Walz et al., 

2014). 

 

Available crystal structures of MYC encompass only the more structured C-terminal part of MYC 

which is only about 20% of the full-length protein (Figure 3.3.2a). Despite of recent progress in the 

field of artificial intelligence, predictions of MYC’s complete 3D structure are still rather vague (Figure 

3.3.2b). 

 



 6 

 
Figure 3.3.2: Available and predicted structure of the MYC protein. 

(a) Recombinant MYC-MAX heterodimer recognizing DNA. MYC comprises the AA 353-439, MAX AA 23-102 

(Nair and Burley, 2003). (b) Predicted full-length structure of MYC (P01106); color code represents model 

confidence (blue: very high; light blue: confident; yellow: low; orange: very low) (Jumper et al., 2021). 

While the structured bHLH-LZ domain of MYC can be predicted with high confidence using AlphaFold 

(Jumper et al., 2021) and resembles the published structure very closely, the residual domains of MYC 

lack a confident prediction and barely display secondary or tertiary structures. Inspection of the amino 

acid composition of the N-terminus reveals a composition that is dominated by low-complexity 

stretches that exhibit a preference for conformational heterogeneity and are also referred to as 

intrinsically disordered regions (IDRs). 

IDRs can be estimated using machine learning in form of neuronal networks based on amino acid 

composition, hydropathy, or sequence complexity in a sliding window approach. Theses algorithms are 

trained on ordered and disordered amino acid sequences with available experimental data. 

Corresponding predictions for MYC (Figure 3.3.3) with the VSL-2 algorithm (Peng et al., 2006) result 

in two major IDRs, one encompassing 50 AA around MBI and a second one from MBII to the bHLH-LZ 

domain consisting of 242 AA. The flDPnn algorithm (Hu et al., 2021) predicted several smaller IDRs 

over the complete protein sequence, sparing only MBII, IIIa, IV and the bHLH-LZ region. Both 

approaches produce comparable results, although the threshold of flDPnn to interpret amino acid 

stretches as contiguous IDRs is slightly more relaxed, with more than 80% of MYC considered as 

unstructured. Highly unstructured proteins typically share the ability to participate in multivalent and 

phase separated interactions. Consequently, these characteristics have been proposed for MYC 

(Baluapuri et al., 2020; Boija et al., 2018) and will be introduced in the chapter 3.6.  
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The global-amplifier model, in contrast, states that the functionality of all active promoters is enhanced 

by MYC binding thereby increasing global mRNA levels (Lin et al., 2012; Nie et al., 2020; Nie et al., 

2012). However, the actual change of gene expression in response to extensive manipulation of MYC 

protein abundance remains marginal (Baluapuri et al., 2020). 

The gene-specific affinity model addressed the discrepancy between the comparably low affinity of the 

MYC-MAX heterodimer to E-boxes and the finding that the heterodimer is present at all active 

promoters. This model predicts that MYC binding and the respective effects on gene expression are 

dictated by the interactors of MYC that determine the promoter binding affinity (Lorenzin et al., 2016). 

 

All models and the underlying studies depend profoundly on the choice of statistical parameters and 

computational algorithms and have led to a discussion about technical concerns. Regardless of which 

gene regulatory model ultimately prevails, the mild effects of global promoter binding on mRNA levels 

reason for additional, gene expression independent functions of MYC. These are subject of the 

following models. 

 

3.4.2 The interactome as driver of MYC functions 

Multiple interactomes of the MYC and MYCN proteins have been previously published (Baluapuri et 

al., 2019; Buchel et al., 2017; Heidelberger et al., 2018; Kalkat et al., 2018) and thorough investigation 

concluded on a shared interactome consisting of 80 proteins (Baluapuri et al., 2020). 

The number and heterogenous composition of the interactome suggests MYC’s participation in various 

complexes of diverse function. These include chromatin remodelling, including histone modification 

as exemplarily represented by members of the SWI/SNF, NuRD and NuA4 complex, and chromatin 

topology, for instance represented by the TFIIIC complex. Simultaneously, MYC interacts with parts 

of the ubiquitin-proteasome system e.g., PSMC3 and further subunits of the proteasome, as well as with 

several transcription regulators and polymerase associated factors, like WDR5 and the PAF1 complex 

(PAF1c). Further functional groups of interactors include splicing, the cell cycle, DNA damage and 

nucleolar factors (Baluapuri et al., 2020; Kalkat et al., 2018). 

 

In line with the discrepancy between promoter binding and the subsequent effects on gene expression, 

the diverse functional groups of MYC interactors suggest a role of MYC that reaches beyond a mere 

effect on changes in mRNA levels.  

 

3.4.3 The hand-over model 

The hand-over model considers MYC as a recruitment platform for members of the diverse MYC 

interactome to the promotor region, which is followed by a transfer from MYC onto RNAPII (Baluapuri 
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et al., 2020). This notion is supported by recent publications on the interplay of MYC and the elongation 

factors SPT5 and PAF1c (Baluapuri et al., 2019; Jaenicke et al., 2016). 

It was shown that depletion of MYC reduced chromatin and RNAPII association of SPT5 and resulted 

in transcriptional defects that correlate with the effects exhibited by SPT5 depletion. Intriguingly, the 

results suggest a hook-like effect, where excessive abundance of the MYC protein can sequester 

interactors away from the transcription machinery into complexes that are not associated with the 

chromatin (Baluapuri et al., 2019). 

PAF1c hand-over from MYC onto RNAPII is controlled by the ubiquitin system, and interference with 

the ubiquitin system impairs this hand-over step, resulting in the accumulation of repressive 

intermediates instead. These observations propose a regulatory function of the ubiquitylation of MYC 

in the hand-over model (Jaenicke et al., 2016). 

The hand-over model combines the large interactome of MYC and the effects of MYC on transcription. 

To date, the examples include only transcriptional regulators, but the model is likely to extend to more 

functional groups of the MYC interactome. 

 

3.4.4 Transcriptional stress resilience  

In addition to roles in regulating and promoting transcription, several interactors of MYC have roles 

implicated in the response to transcription stress.  

The topoisome for instance, which is assembled and stimulated by MYC, consists of Topoisomerase 1 

and 2 and relieves DNA from excessive supercoiling and therewith from torsional stress that is caused 

by high transcriptional output. Consequently, MYC’s functional relation to the topoisome prevents 

genomic instability (Das et al., 2022).  

Transcription induced negative supercoiling promotes the formation of DNA-RNA hybrids, referred to 

as R-loops, which have been shown to disrupt transcription and cause double strand breaks (DSBs) 

(Aguilera and Garcia-Muse, 2012). PAF1c can clear co-transcriptional R-loops, most likely due to its 

role in H2B ubiquitylation together with the E3-ligase RNF20-RNF40 (Shivji et al., 2018; Van Oss et 

al., 2016). Similarly, MYCN has been shown to prevent promoter-proximal R-loops by recruitment of 

BRCA1 (Herold et al., 2019) and by chromatin remodeling that is induced by the formation of a 

complex with AURKA (Roeschert et al., 2021). Furthermore, the NuA4 complex is implicated in DSB 

repair in promoter regions by destabilizing histones and a subsequent remodelling of the chromatin in 

cooperation with the ATPase activity of p400, another MYC interactor (Jacquet et al., 2016; Xu et al., 

2010b). 

Taking into account that several MYC interactors have a role in the prevention or the resolution of 

transcription stress, the stress-resilience model offers an explanation for the discrepancy between MYC 

binding and effects on gene expression by maintaining genetic integrity of promoter and genic regions 

under conditions with high transcriptional activity (Baluapuri et al., 2020). 
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3.4.5 Coordination of transcription-replication conflicts 

Tumors show high levels of replication stress, induced by several conditions that will be introduced in 

detail in chapter 3.5. This includes in particular conflicts between the transcription and the replication 

fork. Reasons for these conflicts are for example the stalling of the RNA polymerase and the formation 

of R-loops. These problems are enhanced by non-physiological transcription rates in the S-phase as 

well as by premature origin-firing during oncogenesis (Garcia-Muse and Aguilera, 2016; Macheret and 

Halazonetis, 2018). 

Several findings suggest a role of MYC proteins in preventing these S-phase specific conflicts. MIZ1 

limits the expression of canonical MYC target genes in the S-phase. Furthermore, the S- and G2-phase 

specific binding of AURKA to MYCN, outcompetes MYCN co-activators and hence represses effects 

on transcriptional elongation (Baluapuri et al., 2020). 

As discussed in the previous chapter, MYC proteins reduce the abundance of a major risk-factor for 

transcription-replication conflicts, namely R-loops, and prevent DNA lesions that can also result in 

RNA polymerase stalling. Moreover, a recent publication demonstrates the ability of MYCN to recruit 

the RNA exosome to promoters and thereby facilitate termination of stalled RNA polymerases in favor 

of the replisome (Papadopoulos et al., 2021). 

The model of transcription-replication coordination can be interpreted as an extension of the previously 

introduced stress-resilience model because the relieve of introduced stresses directly translates into the 

reduction of transcription-replication conflicts. 

 

In summary, the gene-regulatory independent models emerged from the observation that the diverse 

interactome of MYC contains complexes with functions that extend far beyond the regulation of gene 

expression. These models for additional functions of MYC are particularly supported by the functional 

interaction of MYC with proteins that are involved in limiting transcription and replication stress.  

At the same time, a mechanism that spatially and temporally controls the interactions between MYC 

and functionally distinct groups of partner proteins remains unclear. 

 

 

3.5 Chromatin maintenance 

As already indicate in chapter 3.1, the inability to effectively surveille genomic integrity is a hallmark 

of cancer and mutations or other defects in the DDR system even increase the genomic instability. This 

chapter will introduce the basic mechanisms in DDR, particularly in the context of transcription and 

replication stress. 

 

Cells are continuously exposed to sources of DNA damage, originating either from within the cell or 

from environmental influences.  
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Endogenous causes for DNA damage include rare events like replication errors in form of insertions 

and deletions with 10-6 to 10-8 events per cell per division, as well as the chemical instability of the 

DNA itself. More common causes are torsional stress introduced by transcription and replication and 

reactive oxygen species (ROS) (Chatterjee and Walker, 2017). Exogenous sources include ionizing 

radiation (IR), ultraviolet radiation (UV), as well as chemicals inducing crosslinking and alkylation 

(Chatterjee and Walker, 2017). 

The types of damage that result from these endogenous and exogenous sources range from a single base 

that is affected to lesions including aberrant DNA structures, as well as single strand breaks (SSBs) and 

double strand breaks (DSBs) of DNA.  

 

A healthy cell has several pathways to alleviate these damages.  

While mismatch repair (MMR) recognizes replication errors through the bulge in the DNA helix that is 

caused by mismatched base-pairs, base excision repair (BER) corrects lesions that are caused by events 

that do not alter the DNA helix like for instance base oxidation or hydrolysis. Furthermore, it is 

responsible for the repair of SSBs with the help of PARP1 (Chatterjee and Walker, 2017). 

Nucleotide excision repair (NER) is specialized in removal of bulky lesions as induced by the formation 

of pyrimidine dimers through UV. NER requires TFIIH, a complex involved in transcription initiation 

but also in DDR through its ability to open DNA at promoter regions or at sites of lesions, respectively 

(Kokic et al., 2019). Bulky lesions present roadblocks for transcription and induce stalling of the 

RNAPII. To allow repair factors and TFIIH to access the lesion, RNAPII backtracks and can be either 

degraded by the ubiquitin system or resume transcription with the help of TFIIS (Noe Gonzalez et al., 

2021). 

 

The most toxic DNA lesions are DSBs where there is a risk of the loss of sequences and chromosomal 

aberrations. Homologous recombination (HR) and non-homologous end joining (NHEJ) are the two 

major pathways that evolved to repair DSBs.  

NHEJ is initiated by binding of Ku70-Ku80 to the free DNA ends and the recruitment of DNA-PKcs. 

Together these factors bridge the gap between the two ends of a DSB followed by ligation (Scully et 

al., 2019). In contrast to HR, NHEJ does not require the presence of homologous DNA sequences or a 

sister chromatid and can therefore take place throughout the cell cycle. 

Similar to NHEJ, the cascade of HR starts by Ku70-Ku80 binding to DNA ends. Subsequently, the DSB 

is resected in 3’-5’ direction by the MRN complex resulting in single stranded DNA (ssDNA) that is 

initially covered by RPA. Subsequently, RPA is replaced by RAD51 which mediates homologous 

pairing. Several steps of this complex cascade are coordinated by BRCA1 (Scully et al., 2019). 

The choice of a pathway is dictated by presence or absence of DNA end resection. The entry into 

S-phase provides activating signaling for enzymes that mediate DNA end resection and subsequently 
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promote HR. On the other hand, BRCA1 can be antagonized by 53BP1, a mechanism that prevents end 

resection and therefore promotes NHEJ (Bunting et al., 2010).  

 

Master regulators of the DSB response are three PI3-kinases DNA-PKcs, ATM and ATR. All three 

kinases are activated by different complexes or DNA structures and subsequently phosphorylate 

partially overlapping groups of substrates.  

As described above, DNA-PKcs is activated by Ku70-Ku80, but can also be targeted by ATM and ATR 

and is the main kinase mediating phosphorylation of RPA32 at serine 4 and 8 (S4S8RPA). This 

phosphorylation is a sequential event that follows ATR mediated phosphorylation of RPA32 at serine 

33 (S33RPA). Phosphorylation of S4S8RPA is required for full activation of ATR but also signals 

replication catastrophe (Marechal and Zou, 2015; Menolfi and Zha, 2020). 

ATM is activated by the MRN complex and, besides many other substrates, phosphorylates H2AX, 

which in turn serves as a hub for signaling and recruitment of the DDR machinery and phosphorylation 

of CHK2 and p53 (Paull, 2015). Additionally, ATM stimulates ubiquitylation of H2B at lysine 120 

(K120), a posttranslational modification required for recruitment of the DDR factors and for a rapid 

repair of DSBs (Moyal et al., 2011). 

Activation of ATR requires RPA coated ssDNA that is generated by DSB resection, R-loops formation, 

and stalled replication forks. Furthermore, the RPA binder ATRIP is required for ATR activation, as 

well as the 9-1-1 complex, TopBP1 or ETAA. Active ATR phosphorylates CHK1 and thereby 

suppresses entry into mitosis and origin firing, and it stabilizes replication forks (Saldivar et al., 2017). 

 

As indicated above, transcription and replication are dependent on the DDR machinery in several ways.  

DNA damage induced replication stress, a paused or slow moving RNAPII and torsional stress can stall 

the replication fork, exposing segments of ssDNA. These are subsequently bound and protected by RPA 

and stimulate the loading of the 9-1-1 complex. Together these factors activate ATR signaling. 

Simultaneously, activated DDR subsequently allows the continuation of replication (Cimprich and 

Cortez, 2008).  

RNA polymerases respond to the same factors that induce stalling of the DNA polymerases with 

particular emphasis on DSB induced by torsional stress due to high levels of transcription (Singh et al., 

2020). During replication the template strand is essential for the cell in order to prevent the loss of 

genetic information. Similarly important is the stabilization of the nascent replication product and the 

resumption of a stalled replication fork to ensure genomic integrity. In contrast, nascent RNA is non-

essential for the cell and therefore the eviction of RNA polymerase from the chromatin is a common 

pathway to resolve stalled RNA polymerases and also transcription-replication conflicts (Edenberg et 

al., 2014). As mentioned above, stalling of the RNA polymerase can lead to a transcription-coupled 

repair (TCR) including the opening of chromatin for DDR factor recruitment and eviction or restart of 

RNAPII. 
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3.7 The ubiquitin system 

PTMs are covalent modifications of proteins that occur during or after synthesis. By regulation of 

subject stability, activity, localization, or interaction, PTMs greatly increase the complexity and 

functionality of the cellular proteome (Chen and Kashina, 2021; Conibear, 2020).  

Besides phosphorylation, methylation and acetylation, ubiquitylation is one of the most common 

modifications and was initially discovered in the context of protein degradation (Hershko et al., 1982). 

Ubiquitin molecules are small, 76 amino acid long peptides. Apart from its role in proteolysis, 

ubiquitylation controls various vital processes and pathways including autophagy, trafficking, DNA 

damage response, cell cycle control and apoptosis (Damgaard, 2021). The ubiquitylation of a target 

protein requires a reaction cascade that involves three classes of enzymes, the E1 (activation), E2 

(conjugation) and E3 (ligation). The E3-ligases mediate substrate specificity of the ubiquitylation 

cascade and are divided into three types: RING-, HECT- and RBR-ligases. While the class of RING 

E3-ligases functions only as adapter between Substrate and E2 enzyme, HECT and RBR E3-ligases 

form a stable intermediate with the ubiquitin molecule before transferring it onto the substrate (Figure 

3.7.1a). 

The transfer can occur either to a lysine residue (K) on the substrate, resulting in mono-ubiquitylation, 

or to a lysine residue on a ubiquitin that is already attached to a substrate resulting in 

polyubiquitin-chains.  

In the process of forming polyubiquitin-chains, the position of the lysine residue in the previous, already 

attached ubiquitin molecule that is used for a further ubiquitylation dictates the resulting chain-linkage 

type (K6, K11, K27, K29, K33, K48, K63). Additionally, several heterotypic and branched chain-

linkages have been observed, as well as poly-ubiquitylation via methionine on ubiquitin itself (Figure 

3.7.1b). All types of ubiquitylation are reversible and the deubiquitylation reaction is catalyzed by 

deubiquitylating enzymes (DUBs) with subsequent recycling of the cleaved ubiquitin molecules 

(Damgaard, 2021; Tracz and Bialek, 2021).  
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Figure 3.7.1: Sequential cascade of the ubiquitylation reaction and ubiquitylation types. 

(a) Ubiquitin (Ub) is attached in an ATP-dependent reaction to the E1 enzyme and subsequently transferred to 

the E2 enzyme. Depending on the class of E3 enzyme, the Ub is first conjugated to the E3-ligase prior to transfer 

or directly transferred from the E2 enzyme to the substrate with the E3-ligase functioning only as mediator. (b) 

Exemplary ubiquitin chain types. 

The variety of ubiquitin linkage types is referred to as “ubiquitin code” that propagates a specific set of 

cellular functions that will be briefly highlighted in the following paragraph. 

 

K6-linked chains mediate mitophagy through the Parkin E3-ligase with USP8 and USP30 as respective 

DUBs (Cunningham et al., 2015; Durcan et al., 2014) and control DDR as shown for the BRCA1-

BARD1 complex (Wu-Baer et al., 2003). Additionally, K6-linked chains can induce target degradation 

but also stabilization (Hong et al., 2018; Yuan et al., 2020) and prime substrates for structural 

remodeling by the ATPase VCP by HUWE1 (Heidelberger et al., 2018; Michel et al., 2017). More 

recently, a role of K6-linke ubiquitylation in enhancing chromatin affinity was reported (Zhang et al., 

2020). 

K11-linked chains are frequently found as branched chains with K48 and induce proteasomal 

degradation of its substrates; several cell cycle regulators are subjected to K11-linked ubiquitylation 

and thus show a direct role of K11-linked chains in cell cycle progression (Meyer and Rape, 2014). 

K27-linked chains regulate NF-κB and IRF pathways and E3-enzymes that modify their substrates with 

K27-linked chains are the family of TRIM ligases, NEDD4 and RNF168, to name only a few.  

K29-linked ubiquitylation has roles in neurodegenerative disorders, repression of Wnt/β-catenin 

signaling, proteasome regulation and epigenetics (Swatek and Komander, 2016; Tracz and Bialek, 

2021). 
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AREL1 was the first E3-ligase published to generate polyubiquitylation in a K33-linked manner, which 

mediates intracellular trafficking (Swatek and Komander, 2016). 

The most abundant polyubiquitin chain-type, K48-linked, marks its substrates for degradation by the 

proteasome. In contrast, K63-linked chains, the second most abundant form of polyubiquitin chains, 

have a role in kinase activation, cellular trafficking and DNA repair with the observation, that K63-

linked chains can directly bind to DNA (Liu et al., 2018).	

	

3.7.1 The E3-ligase HUWE1 

The E3-ligase HUWE1 (HECT, UBA and WWE domain containing E3 ubiquitin protein ligase 1) 

belongs to the class of HECT ligases and comprises 4374 amino acids and a size of 482 kDa. 

Alternatively, HUWE1 is referred to as Mule, ARF-BP1, HECTH9, URE-B1 or LASU1 which in some 

cases reflects the initially discovered substrates of this E3-ligase. MYC was one of the first identified 

substrates, along with p53 and Mcl1. But since then many further target proteins have been identified 

with roles in cell cycle checkpoint decisions, protein quality control and DDR (Kao et al., 2018). 

The HECT domain of HUWE1 is located near its C-terminus and consists of a N-lobe and a C-lobe. 

The N-lobe mediates interaction with the E2 enzyme, while the C-lobe contains the catalytic cysteine 

that forms a stable intermediate with the ubiquitin molecule prior to its transfer onto the substrate. The 

N-termini of HECT E3-ligases differ significantly and are thought to confer substrate and linkage 

specificity. Due to the size and high content of disordered regions of the N-terminus (54.87%, PONDR 

VSL-2), most studies investigating the function of HUWE1 made use of constructs that lack large parts 

of the protein. Only recently the structure of the full-length protein has been resolved (Hunkeler et al., 

2021). This study identified further interaction domains in addition to the already known, conserved 

domains UBA, WWE and BH3. These additional domains may provide specificity for an even broader 

spectrum of substrates by mediating low-affinity interactions. 

As discussed before, HUWE1 has been identified as a major cellular K6-ligase and targets MYC for 

non-proteolytic ubiquitylation (Adhikary et al., 2005; Heidelberger et al., 2018; Michel et al., 2017). 

 

3.8 MYC and the ubiquitin system 

The ubiquitin system is a key regulator of cellular processes. Therefore, it is not surprising that MYC, 

a protein with major regulatory functions in the cell, is highly targeted and controlled by the ubiquitin 

system.  

The majority of the more than 18 known E3-ligases ubiquitylate their substrate to promote their 

subsequent degradation by the proteasome (Sun et al., 2021). The half-life of MYC, which is about 

30 minutes, is also controlled by the ubiquitin system. However, the ubiquitin system not only controls 

protein stability but also the functional activity of MYC, both, in an activating or repressive manner 

(Figure 3.8.1). Several mechanisms have been published to explain how the ubiquitin system controls 
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3.9 Aim of this study 

The aim of this study was to elucidate on the spatial and temporal control of the choice between the 

different functional groups of MYC interactors and the resulting consequences for cellular functions.  

 

First, the role of the ubiquitin system in regulating interactions of MYC with partner proteins, 

particularly the PAF1 complex, was assessed. Therefore, an initial siRNA screen was conducted to 

identify E3-ligases that regulate the interactions between MYC and the PAF1 complex. Subsequently, 

downstream effects in presence or absence of the respective E3-ligase were investigated. 

 

Second, there are several lines of evidence predicting that MYC has the ability to phase separate and, 

as a consequence of that, to mediate substantial parts of its interactome via multivalent interactions. To 

investigate this hypothesis, a compound screen was performed that aimed at finding stimuli capable of 

inducing a phase transition phenotype. The screen was followed by studies to determine the subsequent 

changes in the interactome and the resulting effects on MYC function. 

Given the indications that ubiquitylation of MYC can regulate interactions with partner proteins, which 

is analyzed and described in the first part of this thesis, the influence of ubiquitylation on phase 

transition and downstream effects was an additional subject of this project. 
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4 Results 
 

 

This thesis comprises two projects. The first project (chapter 4.1) follows the hand-over model of the 

PAF1c from MYC onto RNAPII (Jaenicke et al., 2016) and defines this ubiquitin driven step as essential 

in transcription-coupled double-strand break repair. Parts of the results of this project have been 

published in Endres et al. (2021). The second project (chapter 4.2) describes the ability of MYC proteins 

to multimerize in response to transcription and replication stress. Multimerization prevents 

accumulation of DSBs and enables proliferation in presence of these oncogenic stressors. The results 

of this project will be published in Solvie et al. (in press). The status of the manuscript was by the time 

of submission of this thesis in press. 

 

4.1 Ubiquitylation of MYC couples transcription elongation with double-strand break repair 

at active promoters 

 

4.1.1 HUWE1 drives the transfer of PAF1c from MYC onto RNAPII 

Previous data indicated that ubiquitylation of MYC is a control mechanism regulating transcription. 

Specifically, the rapid handover of the PAF1 complex from MYC onto RNAPII depends on MYC 

ubiquitylation (Jaenicke et al., 2016). 

 

4.1.1.1 Screen for E3-ligases controlling MYC-function at promoters 

To further explore the role of the ubiquitin system in the transfer process, I investigated the 

accumulation of the intermediate MYC-PAF1, a structural and functional core subunit of the PAF1c, at 

promoters by an siRNA screen in U2OSMYC-tet-on cells targeting MYC-associated E3-ligases followed 

by proximity ligation assay (PLA) as readout. The Targets were selected based on published 

interactomes of MYC and MYCN (Baluapuri et al., 2019; Buchel et al., 2017). Out of 29 E3-ligases, 

the knock-down of 14 targets significantly enhanced the proximity between MYC and PAF1 (Figure 

4.1.1a). To focus on E3-ligases influencing the proximity of MYC and PAF1 specifically at core 

promoters, the results were overlaid with a complementary screen between PAF1 and Ser5-

phosphorylated RNAPII (pS5), which is mainly found on promoters. The knock-down of three E3-

ligases resulted in significantly increased proximity between PAF1 and pS5. HUWE1 was the only E3-

ligase that scored in both approaches (Figure 4.1.1a). 

I confirmed the specificity of the PLA approach by controls that are visualized in Figure 4.1.1b; an 

siRNA targeting MYC, the absence of MYC induction (low MYC) and a single antibody control (1AB) 

depleted the PLA signal. In line with published results, inhibition of the proteasome using the inhibitor 
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I conducted the ChIP-Rx-sequencing experiments in presence of oncogenic MYC levels and, where 

indicated, 4 hours of HUWE1 inhibition in order to assess imminent effects of HUWE1 function on the 

distribution of respective proteins on chromatin.  

These results indicate that HUWE1-mediated ubiquitylation of MYC acts as a control mechanism which 

impacts transcription via the transfer of the PAF1c from MYC onto RNAPII. 

 

4.1.2 MYC and HUWE1 promote global histone H2B ubiquitylation 

As introduced in chapter 3.4.4, the PAF1 complex interacts with the E3-ligase RNF20-RNF40 and 

ubiquitylates histone H2B at K120 (Van Oss et al., 2016). Due to the effect of MYC and HUWE1 on 

PAF1c transfer, I explored the ubiquitylation state of histone H2B in response to changes in MYC and 

HUWE1 abundance or function.  

 

4.1.2.1 Assessment of H2B ubiquitylation by immunoblotting 

In order to investigate changes on the ubiquitylation of histone H2B I made use of two approaches. 

First, I inspected cellular H2B ubiquitylation levels by immunoprecipitation of all ubiquitylated 

peptides and subsequent immunoblotting for histone H2B in U2OSMYC-tet-on cells. In presence of 

physiological MYC levels, H2B was barely detectable in lysates after ubiquitin-immunoprecipitation. 

This is in contrast to a strong increase in abundance of H2B after ubiquitin-immunoprecipitation upon 

MYC induction (Figure 4.1.5a). The incubation of cells with BI8626 abolished the presence of H2B in 

lysates after ubiquitin-immunoprecipitation in presence of oncogenic MYC levels. 

 
Figure 4.1.5: Assessment of H2B ubiquitylation by immunoblotting. 

(a) Immunoprecipitation using an anti-ubiquitin antibody (FK2) from U2OSMYC-tet-on cells. Input shows 1% of the 

material used in the immunoprecipitation (n=2). A shorter exposure (s.e.) was chosen to visualize total H2B 

levels. Treatment with Dox (24 hrs) and BI8626 (10 µM, 4 hrs) as indicated. (b) Immunoblot documenting 

ubiquitylation of H2B in U2OSMYC-tet-on cells 40 hrs post transfection with control siRNA or siRNA targeting 

HUWE1. Dox was added as indicated. Parts of this figure appear in a similar form in Endres et al. (2021). 

Second, I utilized a ubiquitylation sensitive antibody for H2B (K120 specific) to assess cell lysates 

without affinity purification. I confirmed a MYC-driven increase in H2B ubiquitylation at K120 in a 

HUWE1 dependent manner, as shown by immunoblot (Figure 4.1.5b). H2B total levels remained 
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Rx-sequencing experiments (Figure 4.1.3, Figure 4.1.4) exemplarily showed the correlation of H2B 

ubiquitylation with MYC binding. Additionally, the absence of H2Bubi signal at the nucleosome free 

region at the TSS confirmed the signal specificity. 

Reviewing the H2Bubi abundance relative to total H2B abundance per gene in correlation to gene 

expression displayed a linear relationship (Figure 4.1.6d). This is in line with the correlation of H2B 

ubiquitylation and RNAPII occupancy and processivity (Hou et al., 2019).  

From these observations I conclude that MYC enhances global H2B ubiquitylation at K120 in a 

HUWE1 dependent manner. 

 

4.1.3 MYC-promotes double-strand repair in transcribed regions 

Ubiquitylation of H2B supports both, transcriptional elongation and DNA damage repair (Moyal et al., 

2011). With respect to the role of MYC in regulation of H2B ubiquitylation, I investigated subsequent 

roles of MYC in DNA damage repair. For this, etoposide, a topoisomerase II specific inhibitor, was 

used to induce dose-dependent DNA breakage (Chen and Liu, 1994). 

 

4.1.3.1  MYC alleviates cellular effects of topoisomerase inhibition 

Etoposide inhibits topoisomerase II, which relieves torsional stress that is caused by the transcription 

fork and induces DSBs. These are either a result of a direct collision of the inhibited topoisomerase II-

DNA complex with the transcription or replication fork, or a result of transcription-replication collisions 

due to changes in DNA supercoiling (Tammaro et al., 2013; Xiao et al., 2003). The consequences are 

reduced DNA synthesis and proliferation (see chapter 3.5). 

I assessed respective effects of etoposide treatment by quantitative cell cycle immunofluorescence and 

assigned cycle phases based on DNA content (Hoechst) and DNA synthesis (EdU-incorporation). 

Within three hours of treatment, the percentage of cells actively synthesizing DNA decreased from 

approximately 60% down to 7% in cells with physiological MYC levels. Treatment of cells 24 hours 

after MYC induction resulted in a smaller decrease in DNA-synthesizing cells, down to 27%. This is 

illustrated in the scatter plot and quantified in the form of pie-charts (Figure 4.1.7). The MYC induction 

alone had neglectable effects on DNA synthesis. 

Considering the effects of MYC induction on H2B ubiquitylation and the relieve of cellular effects that 

are caused by topoisomerase inhibition, I hypothesized that MYC prevents accumulation of induced 

DSBs. 
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4.2.1.2 MYC proteins form foci in response to perturbation of transcription or ubiquitin system 

To investigate the stimulus that is underlying the foci formation, a small molecule screen was 

conducted. In context of this screen, I tested several compounds with following targets: the Aurora-A 

kinase, cell cycle regulators, components of the DDR, apoptotic pathways, PP1, the splicing machinery, 

the topoisome, several key factors in the transcription machinery, and the ubiquitin-proteasome system. 

The interference with the ubiquitin-system in form of proteasome inhibition (MG-132 and RA-190) or 

USP7 inhibition (P22077) significantly enhanced foci formation. To a similar extend, interference with 

transcription elongation by inhibition of the FACT complex (CBL0137) and splicing (PlaB) resulted in 

increased foci numbers as visualized by a bar graph which is grouped by functionality of the compound 

targets (Figure 4.2.2a). To detect the enhanced foci formation of MYC I utilized the Harmony High 

Content Imaging and Analysis Software; an example of the applied algorithm is displayed in Figure 

4.2.2b. Visual inspection confirmed the screen results which displayed a wide range of size and structure 

of induced foci within each condition and cell. I obtained similar results by enhancing foci formation 

with heat-shock, which was identified in a screen of physiological stressors (Solvie et al., in press) 

(Figure 4.2.2c). 

The on-target effects of the inhibitors were confirmed by siRNA depletion of the PlaB target SF3B1, 

the proteasome subunit PSMA3 and the FACT complex subunit SUPT16H as shown by representative 

images and quantification (Figure 4.2.2d). 
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Upon treatment with MG-132 or CBL0137, MYC foci were inspected by live cell imaging and bleached 

with a high-powered laser, which destroyed all fluorophores within a defined area. The recovery of 

fluorescence inside the previously bleached area was measured relative to the intensity in the remaining 

nucleus. The results displayed a quick recovery after bleaching for CBL0137 induced foci and indicates 

a rapid exchange of MYC molecules between foci and the surrounding area (Figure 4.2.3b). The 

recovery of MG-132 induced foci took place to a much lesser extend and did not fully recover after four 

minutes. The results are quantified in Figure 4.2.3b and confirmed by exemplary images (Figure 4.2.3c).  

Based on the analyzed data and further results from in vitro experiments (data not shown) (Solvie et al., 

in press) I concluded that the stress-induced foci of MYC proteins display all characteristics of liquid-

liquid phase separated condensates. 

 

4.2.1.4 MYC foci are sphere-like structures of multimeric MYC 

Phase separated compartments can contain two classes of proteins, the “clients” that are recruited 

subsequent to phase transition or “hosts” that are essential to the phase transition process. In light of 

this, I investigated whether MYC foci are formed by multimerization of MYC molecules among each 

other or whether MYC participates in condensation only as a client. 

In line with published observations (Boija et al., 2018) the multimerization of MYC in vitro was 

recapitulated using recombinant full-length MYC protein fused to a fluorophore (MYC-mCherry). A 

fraction of these multimers formed hollow, sphere-like structures (Figure 4.2.4a) and further 

investigation with dextran molecules of several sizes revealed a mesh-like structure (data not shown) 

(Solvie et al., in press). PLAs between individual MYC proteins and co-immunoprecipitation of 

differentially tagged MYC confirmed the MYC-multimeric nature of foci in cellulo as well as in 

samples from myeloma patients, previously medicated with the proteasome inhibitor bortezomib (data 

not shown) (Solvie et al., in press).  

The sphere-like structures, comprised of a condensed shell and a less dense interior, which were found 

in vitro are commonly found in cellulo and exemplarily pictures, recorded by structural illumination 

microscopy (SIM) are shown in Figure 4.2.4b.  

As apparent from visual inspection (Figure 4.2.2 and Figure 4.2.4a,b), MYC multimers occur in a vast 

variety of sizes. I evaluated the size distribution and found the majority of multimers to occur in a range 

between 1 and 10 µm2, thereby covering the size of multimers in vitro up to the size of nucleoli (Figure 

4.2.4c)  
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Figure 4.2.7: MYC multimers form independent of nucleoli. 

(a) Immunofluorescence of MYC and Fibrillarin upon treatment with Dox (24 hrs), MG-132 (20 µM, 4 hrs) or 

CX5461 (0.5 µM, 4 hrs) in U2OSMYC-Tet-On cells. Scale bar: 5 µm (n=3). (b) Confocal imaging of triple staining of 

MYC, BRCA1 and Fibrillarin upon MG-132 treatment (4 hrs, 20 µM) Scale bar: 5 µm (n=3). Parts of this figure 

appear in a similar form in Solvie et al. (in press). 

 

4.2.2.4  APEX2-MYC quantitative mass spectrometry 

The results of optical screening approaches are limited by the availability of validated and specific 

antibodies. Approaches that use mass spectrometry (MS) overcome these limitations and are able to 

quantify large interactomes in an unbiased and highly specific manner. Many MS strategies which are 

utilized to map interactomes require affinity purification. Affinity purification protocols include cell 

lysis, fractionation, and purification steps while maintaining protein-protein interactions. However, 

interactions that are highly dynamic and mediated by multivalency are not preserved in this approach. 

A strategy to overcome this limitation is covalent labeling of proteins in living cells (Dionne and 

Gingras, 2022). Hence, I performed spatially resolved quantitative mass spectrometry with the 

engineered peroxidase APEX2 to screen for multimer associated proteins in an unbiased manner.  

First, I established a U2OS cell line stably expressing an APEX2-MYC fusion protein by lentiviral 

infection (U2OSAPEX2-MYC) and subsequently controlled function, localization, and expression of the 

fusion construct. Accordingly, I incubated the parental U2OS and U2OSAPEX2-MYC cells with biotin-

phenol (BP) and pulsed them with hydroxy peroxide (H2O2). Subsequently, short-lived biotin-phenoxyl 

radicals are produced via the oxidation of BP in an APEX2 catalyzed manner. The radical will 

immanently react with electron rich residues of proximal peptides e.g., tyrosine residues, and thereby 

covalently tag these peptides with biotin. I corroborated the peroxidase function of the fused APEX2 

enzyme by immunofluorescence staining with a fluorescently labeled streptavidin, displaying the 

presence of immobilized biotin specifically in cells expressing the fusion protein; in absence of BP and 

H2O2 the staining was negative. In line with a specific enrichment of immobilized biotin in MYC 
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multimers, immunofluorescence staining for MYC, and FLAG revealed co-localization of the fusion 

protein with MYC multimers; the fusion construct contains an additional FLAG-tag (Figure 4.2.8a).  

 

Differences in the interactome of MYC that was generated by proximity labeling disclosed a substantial 

shift in interactions. The heterodimeric interactome displayed proximity to RNAPII, identified by the 

subunit POLR2A, and transcription associated factors e.g., HCFC1 and GTF3C1. The interactome that 

was captured after induction of multimerization by MG-132 treatment reported enrichment of 

transcription termination factors like the RNA exosome, ribosomal maturation factors, RNA modifiers 

like YTHDC1, Topoisomerase 2 and proteins well known to undergo phase transition, e.g. FUS (Figure 

4.2.8b). These observations are underlined by results from a GO-term analysis (Figure 4.2.8c). 

I related the disorder content of all identified peptides in the above discussed interactome study to the 

disorder content of peptides which were enriched in the absence of foci enhancing stimulus 

(heterodimeric enriched) as well as to the peptides that were enriched in the presence of foci enhancing 

stimulus (multimeric enriched). The cumulative density function which I utilized to summarize the 

results of the predictions displayed a greater content of disordered regions in multimeric enriched 

proteins compared to all identified proteins. In contrast, the presence of disordered regions was 

decreased in heterodimeric enriched proteins (Figure 4.2.8d). In detail, more than 40% of all proteins 

that were identified in the in the multimeric interactome showed a content of least 50% disordered 

regions. This is only the case for up to 16% of all heterodimeric enriched proteins.  

This analysis is in line with the presence of commonly phase separated proteins like FUS in the MYC 

interactome upon MG-132 treatment and underlines the importance of selective multivalent 

interactions. These interactions do not only drive the formation of MYC multimers but also dictate a 

selectivity for participating clients and thereby create a functionally distinct multimer composition. The 

composition of multimers implies a role of MYC in protection of stalled replication forks, which is 

significantly different from the functions of the “heterodimeric” MYC at promoter regions in a 

physiological context. 
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cells with lentiviral expression constructs of respective mutant and assessed the respective behavior 

based on the introduced tag. 

In line with the prediction that imply the majority of the N-terminal region of MYC to consist of IDRs, 

a mutant lacking the complete N-terminus (∆N) lost the ability to multimerize upon stimulation with 

MG-132 (Figure 4.2.9b). Depletion of the very N-terminal TAD domain including MB2 (∆TAD) 

impaired the ability of the mutant to form multimers to a lesser extent, likewise to the results reported 

by a mutant that is lacking all MBs (∆Box). Deletion of MB2 alone (∆BoxII) did not display any 

significant differences in the ability to multimerize compared to the wild type construct, while a deletion 

of the C-terminus (∆C) and of MBI (∆BoxI) led to an increase in the ability of the respective mutants 

to multimerize.  

Similar to the effects that a depletion of the complete N-terminus displayed, a mutant that is devoid of 

all lysine residues (K-less) rendered MYC proteins incapable of multimerization (Figure 4.2.9b). 

Altogether, I concluded that multimerization of MYC relies on the multiplicity of the predicted 

unstructured regions in the N-terminus and to a similar extend on ubiquitylation of MYC. 

 

To further explore the observation that ubiquitylation is an essential requirement of multimerization in 

cellulo, a SILAC-based ubiquitin remnant profiling experiment was performed. Upon treatment with 

PlaB, CBL0137 and induction of replication stress (HU) the lysine residues K148 and K389 on MYC 

were ubiquitylated (Figure 4.2.9c). Consequently, these two lysine residues were reconstituted in the 

K-less MYC construct (MYCK-R148KR389K) which restored the ability of the construct to multimerize 

(data not shown) (Solvie et al., in press). These experiments further underlined the importance of 

ubiquitylation in the regulation of MYC multimerization. 
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In total, seven clusters were formed. 

Cluster one consists of two siRNAs which target SF3B1 and PSMA3 respectively and presents the 

smallest cluster of the heat map. At the same time, the clustering and dendrogram indicate a high 

similarity between the two proteins in context of MYC multimerization. Besides the combination with 

MG-132 treatment, depletion of the targets by siRNA led to a strong enhancement of multimerization, 

confirming effects exerted by inhibition of the proteasome (PSMA3) and splicing (SF3B1) genetically. 

The second cluster consists primarily of siRNAs targeting proteins which are involved in transcription 

elongation, as well as binders of stalled replication forks; besides their role in elongation, SPT5, SPT6 

and EXOSC10 are similarly involved in termination (Cortazar et al., 2019; Lemay et al., 2014; Narain 

et al., 2021). Like cluster one, depletion of the respective proteins resulted in equally enhanced foci 

formation across all conditions except for inhibition of the proteasome with deviating results. The 

targeting of SUPT16H genetically validated inhibition of the FACT-complex. 

Cluster three is made up of factors that suppress multimerization in combination with MG-132 and PlaB 

treatment, while they are enhancing multimerization in presence of the remaining conditions. 

Mainly DUBs are driving the composition of the fourth cluster, which groups siRNAs that moderately 

enhance multimerization across all conditions.  

The fifth cluster consists of four MYC co-factors and their depletion strongly suppresses 

multimerization except for the combination with the inhibition of splicing.  

Cluster six and seven group siRNAs with primarily repressing or no effect on MYC multimerization. 

 

In summary, these results display a dependency of MYC multimerization on a group of MYC partner-

proteins, that include SPT5, the PAF1 complex members CTR9 and CDC73, as well as the scaffold 

protein RUVBL1. To a lesser extent the depletion of proteins that are involved in the ubiquitin system 

shows a decreased multimerization ability in all conditions, which indicates a possibly redundant role 

of several E3-ligases and DUBs of MYC in the multimerization process. In contrast, proteins that are 

involved in binding of stalled replication forks and transcriptional control seemingly suppress 

multimerization as their absence enhances this ability of MYC. Finally, the results imply potentially 

different pathways in order to induce multimerization of MYC, with respect to the heterogeneous effects 

in several clusters. 
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4.2.5.2 Interference with MYC multimerization leads to replication catastrophe upon stress 

Interference with the multimerization of MYC reduces the stability of stalled replication forks. In light 

of these results, I studied the phosphorylation state of RPA32 at S4/S8 which signals excessive 

replication fork stalling, replication catastrophe and DSBs (see chapter 3.5) in this condition.  

Whole cell lysates were used for immunoblots with additional sonication steps to ensure complete 

solubilization of tightly chromatin bound proteins. In presence of replication stress that was induced by 

treatment with HU, HUWE1 inhibition strongly increased the amount of phosphorylated RPA32 

(S4S8RPA) compared to the control condition (Figure 4.2.14a). This is further reflected by the shift of 

total RPA32 from the unphosphorylated lower towards the phosphorylated higher band in immunoblots. 

Contrary, I observed only a mild increase of RPA32 phosphorylation by inhibition of HUWE1 in 

presence of oncogenic MYC levels. Induction of MYC was controlled by immunoblotting for MYC. 

I validated these results by CUT&RUN sequencing of S4S8RPA and observed a particular increase of 

chromatin abundance at active promoters upon HUWE1 inhibition. These sites were not responsive to 

induction of replication stress (HU) alone (Figure 4.2.14b). The metagene analysis contains peaks called 

in all active promoter regions. Notably, the S4S8RPA signal in cells that were exposed to HU and 

BI8626 simultaneously is highly specific for the promoter region and the signal regresses outside of the 

active promoter region to background. The treatment with HU alone and the control show a more 

stochastic presence of S4S8RPA outside of the promoter regions. 

 

S4S8RPA acts as a marker for replication catastrophe (Toledo et al., 2017) and in order to study the 

resulting DNA breakage, I sequenced DSBs using BLISS (Figure 4.2.14c). The detected DSBs were 

assigned by proximity to locations spanning genic, intergenic and promoter regions. In line with results 

for S4S8RPA immunoblots and CUT&RUN sequencing, HUWE1 inhibition increased the amount of 

DSBs in presence of replication stress. In contrast, MYC induction limited the amount of DSBs, in a 

HUWE1 dependent manner (Figure 4.2.14c). 

To link the observed results more closely to MYC multimerization, I performed BLISS experiments in 

a cell system that allows depletion of endogenous MYC (MYC-AID). I rescued the depletion of MYC 

by inducible expression of different MYC constructs. In presence of replication stress, the expression 

of wildtype MYC rescued accumulation of DSBs in comparison to K-less MYC which displayed an 

amount of DSBs that resided at levels of cells without MYC (MYC OFF) (Figure 4.2.14d). In contrast, 

MYCK-R148KR389K (see Figure 4.2.9) showed the ability to strongly limit the accumulation of DSBs 

(Figure 4.2.14e). 
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for Annexin V and Propidium Iodide allows quantification of cells in late apoptosis. Approximately 9% 

of all untreated U2OSMYC-Tet-On cells upon MYC induction fulfilled the criteria for late apoptosis (Figure 

4.2.15a). Treatment with HU or BI8626 alone increased the amount of late apoptosis to around 15-18%. 

In contrast, I observed around 43% of all cells that showed a late apoptotic phenotype with the 

combination of replication stress and HUWE1 inhibition. The results of biological triplicates are 

summarized in form of a bar graph (Figure 4.2.15b). 

 

 
Figure 4.2.15: Interference with MYC Multimerization leads to apoptosis upon stress. 

(a) Scatter plot of Annexin V-Propidium Iodide FACS data of U2OSMYC-Tet-On cells treated with Dox (24 hrs), 

and BI8626 (10 µM, 24 hrs) and HU (2 mM, 23.5 hrs). Gating for late apoptosis defined by high values for 

propidium iodide and Annexin V measurement and percentage calculated as proportion of all cells in the 

respective condition. Representative experiment of biological triplicates shown. (b) Bar plot quantifying the 

percentage of cells in late apoptosis of three biological replicates per condition. 

 

4.2.6 Summary on the findings of MYC multimerization  

The data presented in context of the second project in this thesis describe the potential of MYC proteins 

to undergo phase transition in response to perturbation of transcription and replication. The MYC 

multimers that are induced by these stresses are found in proximity of stalled replication forks on 

chromatin and recruit factors of the DNA-damage response and transcription termination machinery. 

Further, I identified ubiquitylation as an essential switch to prompt phase transition and cells that were 

devoid of the ability to form multimers display high rates apoptosis in response to replication stress 

(Figure 4.2.16).  

Genomic instability, an original hallmark of cancer, is acquired by mutations in DNA repair and cell 

cycle checkpoint genes. Consequently, tumor cells are particularly susceptible to interference with 

DNA replication. Hence, I propose a model where phase transition of MYC proteins acts as an intrinsic 

mechanism of MYC-driven tumors to ensure unperturbed genomic replication and thereby proliferation 

in these non-physiological conditions. 
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5 Discussion 
 

 

The widely accepted transforming principle of MYC is the regulation of gene expression upon 

heterodimerization with MAX and MIZ1 (Grandori et al., 2000; Lin et al., 2012; Nie et al., 2012; Sabo 

et al.; Walz et al., 2014). However, the question remains whether the apparent differences between 

MYC binding to DNA and the effects on mRNA production can be accounted for by the gene-specific, 

the affinity or the global amplifier model (see chapter 3.4). The fact that this question has not yet been 

satisfyingly answered promotes the idea that the oncogenic functions of MYC are gene expression 

independent. This hypothesis is supported by data from several papers that have been published in 

recent years (Endres et al., 2021; Herold et al., 2019; Papadopoulos et al., 2021; Roeschert et al., 2021) 

as well as by data presented in this thesis.  

 

 

5.1 Guardian of oncogenic transcription 

Tumor cells sustain high and deregulated levels of transcription and replication due to defects in cell-

cycle checkpoint signaling and dysregulation of transcriptional programs (Bradner et al., 2017; 

Hanahan and Weinberg, 2011). The data analyzed in this thesis strongly indicate functions of MYC that 

enable a tumor cell to tolerate the supraphysiological stress levels by limiting co-transcriptional and co-

replicational damage. 

 

First, oncogenic MYC levels increase H2B ubiquitylation at lysine 120 which disrupts chromatin 

compaction and thereby allows efficient recruitment of the DSB repair machinery (Moyal et al., 2011). 

This is directly reflected by the MYC-dependent prevention of transcriptionally induced DSBs, which 

can be enhanced by topoisomerase II inhibition (Kouzine et al., 2013). Mechanistically, H2B is 

ubiquitylated at lysine 120 by RNF20-RNF40 in cooperation with the PAF1c subunit RTF1 (Van Oss 

et al., 2016). Although the recruitment of the PAF1c by MYC to promoters has been published (Jaenicke 

et al., 2016), data from ChIP-Rx-sequencing and PLA experiments demonstrate a subsequent handover 

of the PAF1c from MYC to RNAPII in a HUWE1-dependent manner. Accordingly, perturbation of 

HUWE1 function reduces the amount of MYC-driven H2B ubiquitylation at lysine 120. Taking into 

account that MYC is capable of preventing genomic instability in response to transcription stress, the 

identified pathway proposes MYC as mediator of co-transcriptional DNA damage repair. 

 

Second, the data presented here reveal the ability of MYC to multimerize and these multimers were 

shown to form adjacent to stalled replication forks. In unperturbed cells, replication is initiated at 

thousands of sites across the genome – a process that is well timed and coordinated with transcription. 
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However, tumor cells commonly display a shortening of G1 phase and the premature firing of origins 

of replication which provokes transcription-replication conflicts and replication stress (Macheret and 

Halazonetis, 2018). The MYC paralog MYCN has been shown to coordinate transcription and 

replication by termination of transcription via the RNA exosome (Papadopoulos et al., 2021). Similarly, 

multimers contain several exosome subunits, particularly in the shell, as well as SPT5 which has been 

implicated to have roles in transcriptional termination (Cortazar et al., 2019). These observations 

suggest a model according to which MYC multimers can create a zone of termination thereby shielding 

the enclosed replication fork from RNA polymerase.  

The interior of MYC multimers contains BRCA1, FANCD2, and phosphorylated ATR, representing an 

accumulation of binders and stabilizers of stalled replication forks (Cimprich and Cortez, 2008; 

Lachaud et al., 2016; Thakar and Moldovan, 2021). In line with this observation, MYC multimers are 

increasing the stability of replication forks that are exposed to replication stress. Their function is to 

prevent a fork collapse and thus enhancing fork restart upon deprivation of stress. Unresolved stalling 

and collapse of replication forks directly translates to the formation of DSBs, excessive genomic 

instability and ultimately cell death (Toledo et al., 2017). In accordance with that, the absence of MYC 

multimers sensitizes cells to replication stress (see chapter 4.2.5). 

 

The observations described above may shed new light on the oncogenic properties of MYC. In the face 

of oncogenic and hence deregulated transcription and replication, MYC acts as a stress resilience factor 

that compensates oncogenic stress levels by surveilling transcription and replication to preserve 

genomic integrity. The ability of MYC to exert these versatile functions relies on a specific switch 

between interaction partners. A large body of evidence indicates that a significant extend of the protein-

protein contacts that are subjected to these rapid changes are governed by transient and multivalent 

interactions. 

 

 

5.2 Phase separation of MYC 

Diverse transcription factors participate in phase-separated condensates that stimulate transcription and 

from by multivalent interactions of their highly disordered activation domains (Boija et al., 2018). 79% 

of all MYC residues are predicted to reside in disordered regions and form two major IDRs that are 

located towards the N-terminal region of MYC (Figure 3.3.3). The very N-terminal IDR of MYC is a 

transcription activation domain (Kato et al., 1990) and a recent publication on phase separation of 

transcription factors described MYC to undergo phase transition in vitro (Boija et al., 2018). The data 

presented in this thesis recapitulate this finding and further demonstrate the ability of MYC to phase 

separate in vivo. 

In unperturbed cells, hubs of MYC can be detected by super resolution microscopy. Up to 14% of all 

MYC molecules in a nucleus reside in hubs of more than 100 MYC molecules (Figure 4.2.1). A 



 55 

screening approach for biological and biophysical stimuli which can enhance phase separation of MYC 

to a level that is detectable by confocal microscopy, determined interference with transcription 

elongation in form of inhibition of splicing or of the FACT-complex as such. Similarly, interference 

with the ubiquitin-proteasome-system as well as exposure to heat-shock, which has recently been 

published to result in premature termination (Cugusi et al., 2022), enhanced phase transition of MYC 

proteins, which caused by MYC multimerization as reported in chapter 4.2.1.4. The biophysical 

properties of these respectively enhanced MYC multimers, which are apparent by confocal microscopy 

(Figure 4.2.2), can be studied in several ways. Contrary, the small size and laborious measurement of 

multimeric structured hubs in unperturbed cells render these difficult to study and require advanced 

strategies for future investigations. Therefore, the question remains whether the discussed stimuli solely 

increase the size of the MYC hubs that are observed in unperturbed cells and accordingly, whether they 

fulfil the same biological function. Hubs in unperturbed cells may otherwise represent for instance 

transcriptional condensates as previously hypothesized (Boija et al., 2018). 

 

There are several features which distinguish MYC multimers from biologically inactive aggregates. 

First, previous publications discuss accumulation of MYC in nucleoli upon proteasomal inhibition 

(Arabi et al., 2003; Welcker et al., 2004a). In contrast, the data in this thesis demonstrate that MYC 

multimers are unaffected by nucleolar disruption (see chapter 4.2.2.3). Additionally, the differences in 

size distribution of multimers and nucleoli exclude a solely nucleolar dependency. Notably, the data 

that was generate by a triple-staining of MYC, Fibrillarin and BRCA1 indicates that multimer formation 

around nucleoli is likely to be induced by DNA damage occurring on the inside of the nucleoli (see 

chapter 4.2.2.3). 

Second, inhibition of the proteasome can lead to assemblies of misfolded proteins that are otherwise 

targeted by the cellular degradation machinery and eventually form stable, irreversible aggregates 

(Sweeney et al., 2017). However, FRAP and reversibility assays clearly distinguish MYC multimers 

from these biologically inactive aggregates (see chapter 4.2.1.3).  

Third, MYC multimers can form hollow structures in vitro (Solvie et al., in press) and in cellulo. In the 

latter case, functionally distinct groups of proteins are concentrated either in the interior or in the 

multimer shell. Heterotypic electrostatic interactions can induce formation of phase separated, spherical 

structures in vivo (Alshareedah et al., 2020). However, phase separation in vitro is solely driven by 

homotypic interactions and thus the hollow structures in vitro remain to be further investigated; 

biophysical properties of the MYC protein could result in a specific order of MYC-MYC interactions 

similar to lipids for instance. 

 

Posttranslational modifications (PTMs) change the biophysical properties of the target region and are 

likely to change the stability of transient, local structures, modulate compactness, or lead to order-

disorder transitions (Bah and Forman-Kay, 2016). In line with this, my data show that non-proteolytic 
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ubiquitylation plays an essential role in driving multimerization and thus phase separation of MYC. 

Two lysine residues are particularly important in this process, K148 and K389.  

K389 resides in the loop region of the helix-loop-helix domain of MYC. Due to the function of this 

domain in DNA-binding, ubiquitylation is likely to result in clashes with the DNA helix.  

K148 is located in proximity to MBII and ubiquitylation may disrupt binders of this conserved region 

such as the scaffolding protein TRRAP (McMahon et al., 1998). Further, K148 is a target site of the 

HUWE1 ubiquitin ligase (Heidelberger et al., 2018). HUWE1 drives the handover of the PAF1c from 

MYC onto RNAPII and reduces the interaction of MYC with the PAF1c as apparent from sequencing 

and PLA data shown in this thesis. PAF1c has been shown to enhance chromatin affinity of MYC 

(Endres et al., 2021) similarly to what was previously shown for WDR5 (Thomas et al., 2015). This is 

in line with the fact that chromatin distribution of MYC does not only depend on its intrinsic DNA 

binding specificity (Guo et al., 2014). Taken together, HUWE1-mediated ubiquitylation decreases 

chromatin affinity of MYC similar to the predicted effects of ubiquitylation at K389. 

Considering the ability of recombinant MYC protein to condensate in vitro, I suggest a model in which 

MYC’s intrinsic propensity of MYC to multimerize is antagonized by interactions with binding partners 

and DNA. Conversely, ubiquitylation of MYC disrupts these interactions and thereby drives MYC 

multimerization and phase separation in this model. 

 

HUWE1 has been identified as major driver of MYC multimerization. Nonetheless, more than 18 

E3-ligases and at least 6 DUBs are described to control MYC ubiquitylation with contrasting results 

ranging from modulation of protein stability to activity (Sun et al., 2021). Therefore, further 

investigations may identify additional drivers and inhibitors of the phase transition process with the 

intriguing possibility that specific stimuli drive multimerization via distinct E3-ligases. 

 

 

5.3 Segregation from stereotypic interactors by non-proteolytic ubiquitylation of MYC 

In the previous chapter multivalent interactions and ubiquitylation have been discussed as mechanism 

to disrupt protein-protein interactions in context of phase-transition of MYC. Setting these observations 

into a different context might even serve as an explanation for yet another conundrum of MYC biology.  

 

Depending on the experimental method and the cut-off score, about 80 proteins interact with MYC and 

MYCN (Baluapuri et al., 2020). The interactomes can be partitioned into categories comprising 

primarily chromatin remodeling, transcriptional regulation, RNA processing, transcriptional 

termination, DNA damage and the ubiquitin system (Baluapuri et al., 2020; Kalkat et al., 2018). 

Considering this, several of the interactors display opposing functions and a simultaneous interaction 

is unlikely. However, the mechanism controlling the selectivity and timing of the interactions remains 

unclear. 
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Several interactions with MYC are accounted for by conserved interaction motives like the phospho-

dependent FBXW7 degron, the GSK3 motive, the Proline-Directed Kinase motive (MAPK), and also 

by motives that are predicted to mediate interaction with BRCA1 or SUMO proteins (ELM database). 

However, the majority of interactions lack any structural specificity. Exemplary, the investigations that 

aimed to identify specific regions of MYC which mediate the interaction with SPT5 or PAF1c resulted 

in only mild quantitative differences despite major deletions in the MYC protein but never in a complete 

loss of interaction (Baluapuri et al., 2019; Endres et al., 2021). In light of these results, the interactions 

between SPT5 or PAF1c and MYC are likely mediated by unspecific interactions through the IDRs in 

the MYC N-terminus.  

IDRs provide the basis for primarily multivalent, transient, and promiscuous interactions with different 

partner proteins on different occasions (Banani et al., 2017; Wright and Dyson, 2015) which elucidates 

on the lack of specific binding motives and regions between MYC and the multiplicity of interaction 

partners.  

As previously discussed, ubiquitylation can alter the biophysical properties of the modified regions and 

thus is likely to alter interaction opportunities which exemplary has been shown for OTULIN and 

LUBAC (Zhao et al., 2020). Accordingly, ubiquitylation offers a mechanism to control timing and 

specificity of the MYC interactome and thereby allowing a rapid switch from promoter proximal 

interactions with activating transcription factors like WDR5 or TRRAP towards factors involved in 

transcription termination and DDR, e.g. the RNA exosome and BRCA1.  

As such, the ubiquitin-driven segregation model does not only explain the switch between 

heterodimeric and multimeric MYC but also refines the PAF1c hand-over from MYC onto RNAPII: 

HUWE1-mediated ubiquitylation will disrupt the interaction of MYC with PAF1c and thereby likely 

increase the affinity of PAF1c to RNAPII. 

 

Proteolytic ubiquitylation of MYC, primarily mediated by K48-linked chains, offers a straight-forward 

explanation on the subsequent effects. In contrast, non-proteolytic ubiquitylation and respective 

repercussions demand more thorough inquiry. The data reported in this thesis presents an unexplored 

perspective on the versatile mechanisms of MYC by considering non-proteolytic ubiquitylation as a 

separator of multivalent interactions with the vast and diverse interactome which determines MYC’s 

functionality. Consequently, studies that explore ubiquitylation sites which govern interactions that 

favor oncogenesis will empower to design molecules that mimic ubiquitylation at respective sites 

thereby specifically targeting the oncogenic function of MYC. 
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First, interfering with the ubiquitylation of MYC at lysine residues K148 and K389 can prevent the 

changes in protein-protein interaction that are required to couple transcription with DNA damage 

response and for the multimerization of MYC. Therefore, compounds that inhibit the respective E3-

ligase are desirable. HUWE1 was identified as the E3-ligase with the strongest effects on the 

mechanisms reported in this thesis. The validation of these effect of HUWE1 in in vivo models is thus 

an apparent approach. However, the available HUWE1 inhibitor is not suitable for in vivo applications 

which necessitates the development of a more potent HUWE1 inhibitor.  

The changes in protein-protein interaction of MYC with its interactors are stress-dependent, non-

proteolytic and reversible (see chapter 4.2.1) which implies that the specific ubiquitylation of MYC is 

antagonized by one or more DUBs. The identification of DUBs that are involved in this process will 

give rise to new therapeutic targets to interfere with the dynamic changes in the MYC interactome 

which is likely to impair the oncogenic mechanisms of MYC that are discussed in this thesis. 

 

Second, the ability of MYC to multimerize relies on dynamic, multivalent interactions, and evidence 

suggest that for example also MYC and PAF1c interact via IDRs. Therefore, a further promising 

approach to target the oncogenic mechanisms of MYC that I addressed in this thesis is the interference 

with MYC’s IDRs. IDRs and thus also MYC have been considered undruggable (see chapter 3.3). 

However, recent advances in chemistry make it possible to design specific binders of IDRs (Boija et 

al., 2021) which opens new opportunities to target these structures and consequently MYC. 
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7 Methods 
Substantial parts of this chapter have been published in Endres et al. (2021) and Solvie et al. (in press). 

 

7.1 Bacterial Transformation and plasmid DNA isolation 

50 µl of competent XL1-Blue cells were thawed on ice and mixed with approximately 100 ng of pure 

plasmid or 1 µg of cloning reaction product. The mixture was incubated on ice for 30 min followed by 

2 min at 42°C (heat shock) and another 2 min on ice. Subsequently, 750 µl prewarmed LB medium 

without antibiotics were added and incubated for 30 min at 37°C. Cells were spun down shortly, 

excessive LB removed and plated on LB-plates containing appropriate antibiotics. Consecutive to 

incubation over night at 37°C, single colonies were picked, grown over night at 37°C in 3 ml of LB-

medium containing appropriate antibiotics while shaking. For analytic preparations (miniprep), half of 

the volume was spun down and resuspended in 200 µl Miniprep Resuspension Buffer. With the addition 

of 200 µl Miniprep Lysis Buffer the cells were lysed for 5 min and the reaction stopped with 200 µl 

Miniprep Precipitation Buffer. Following mixing by inversion, DNA was separated from cell debris by 

centrifugation at 20,000 rcf for 5 min, transferred into a fresh Eppendorf tube and washed with 500 µl 

Isopropanol. DNA was spun down for 30 min at 20,000 rcf, washed with 700 µl 70% Ethanol and again 

spun down. Drying was conducted by aspiration of all residual liquid and allowing the sample to 

evaporate all Ethanol at room temperature with open lid for 5 min. The pure DNA was resuspended in 

20 µl of TE or H2O. 

For large-scale isolation (maxiprep) the PureLink HiPure Plasmid Maxiprep Kit (Life Technologies) 

was used following manufacturer’s instructions and final eluate adjusted to a DNA concentration of 

1 µg/µl.  

 

7.2 Cloning 

Cloning was performed using the NEBuilder HiFi DNA assembly kit (NEB) following manufacturer’s 

instructions and enzymatic digestion. MYC-GFP fusion protein was cloned using the primer MYC-

GFP cloning frw and rev to amplify eGFP CDS and MYC-GFP cloning frw 2 and rev 2 to amplify a 

lentiviral expression backbone carrying the MYC CDS (WT-MYC) with respective overhang.  

The APEX2-MYC fusion protein construct was a kind gift by Petra Beli. The fusion protein was 

amplified using the APEX2-MYC cloning frw and rev primer and the empty lentiviral expression 

backbone linearized using AgeI and SpeI restriction digest.  

The K-less-MYC construct was cloned from a lentiviral expression construct carrying a hygromycin 

resistance gene (Jaenicke et al., 2016) into a lentiviral expression construct carrying a hygromycin 

resistance gene using AgeI and SpeI. 

∆BoxI-MYC, ∆BoxII-MYC and ∆TAD-MYC were kind gifts from Julia Hofstetter-Hadry. ∆Box-

MYC, ∆C-MYC and ∆N-MYC were kind gifts from Beril Kadioglu. 
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7.3 Transfection and lentiviral infection 

Transfection of siRNA was performed using RNAiMAX reagent according to manufacturer’s protocol. 

Cells were harvested 72 hrs after transfection. Transfection of cDNA was performed using PEI or 

Lipofectamine 2000. Cells were harvested 48 hrs after transfection. For lentivirus production, 

HEK293TN cells were transfected using PEI. For constitutive expression, lentivirus was produced by 

transfecting cDNA together with the packaging plasmid psPAX.2, and the envelope plasmid pMD2.G. 

Virus-containing supernatant was harvested between 24 hrs and 48 hrs after transfection. Cells were 

infected with lentiviral supernatants in the presence of 4 µg/µl polybrene for 24 hrs and subsequently 

selected with puromycin, if not stated otherwise. U2OSMYC-GFP cells were sorted based on GFP signal 

with the BD FACS Aria III. 

 

7.4 Immunoblot  

Cells were lysed in RIPA lysis buffer (50 mM HEPES pH 7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton 

X-100, 0.1% SDS, 0.1% sodium deoxycholate) containing protease and phosphatase inhibitors (Sigma-

Aldrich) and incubated for 20 min at 4°C with rotation. The lysate was cleared by centrifugation and 

protein concentration was determined using the BCA assay. The cell lysate (same number of cells or 

amount of protein) was separated by BisTris-PAGE and transferred to PVDF membranes (Millipore). 

Membranes were blocked for 1 hr and probed using antibodies against indicated proteins. For 

visualization the LAS3000 or LAS4000 Mini (Fuji) or Odyssey CLx Imaging System (LICOR 

Biosciences) were used. 

 

7.5 Immunoprecipitation 

Cells were resuspended in lysis buffer (20 mM HEPES pH 7.9, 180 mM NaCl, 1.5 mM magnesium 

dichloride, 10% glycerol, 0.2% NP-40) supplemented with a cocktail of protease and phosphatase 

inhibitors (Sigma-Aldrich) and 20 mM N-Ethylmaleimide. After brief sonication, samples were 

incubated on ice for 30 min with 50 U Benzonase and cleared by centrifugation. Dynabeads (20 µl of 

Protein A/G beads, Thermo Fisher Scientific) were pre-incubated overnight at 4°C with rotation in the 

presence of 5 mg/ml BSA and 3 µg antibody targeting indicated proteins. Co-immunoprecipitation was 

carried out in lysis buffer with an adjusted amount of lysate according to protein concentration and 

incubated for 6 hrs at 4°C. Elution of dynabeads was performed by heating in 2x Laemmli sample buffer 

(15 mM Tris pH 6.8, 3% SDS, 0.015% bromophenol blue, 10% glycerol, 1.5 mM 1,4-Dithiothreitol) 

for 5 min at 95°C. Samples were analyzed by immunoblotting. 
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7.6 DNA fiber assay 

Cells were treated as indicated and afterwards first labelled for 20 min with 5-chloro-2-deoxyuridine 

(CldU, 25 µM) followed by 20 min incubation with 5-iodo-2-deoxyuridine (IdU, 25 µM) and another 

hour with CldU (25 µM). For fork degradation assay, cells were subsequently treated with HU (2 mM, 

4 hrs) and if indicated with Mirin (50 µM, 4 hrs). For fork restart assay, cells were additionally 

incubated in fresh medium for one hour with IdU (25 µM). Fibers were spread on glass slides and acid 

treated. The labelled tracks were incubated afterwards at 20oC for 1 hr with rat anti-BrdU antibody (for 

BrdU and CldU) and mouse anti-BrdU antibody (for BrdU and IdU). Slides were fixed with 4% 

paraformaldehyde and incubated for 2 hrs at 20°C with Alexa Fluor 555-conjugated goat anti-rat 

antibody and Alexa Fluor 488-conjugated goat anti-mouse antibody. Images were acquired using an 

Axio Scope A1 using ZEN software for image acquisition and ImageJ was used for analysis of the 

fibers. 

 

7.7 FRAP 

For FRAP experiments U2OS cells stably expressing MYC-GFP were seeded in 8 well chambered 

cover slips (cellvis) and treated with MG-132 two hours before imaging. U2OS cells transfected with 

free cytosolic GFP were used as a control. The FRAP measurements were performed with the confocal 

laser scanning microscope LSM710 (Zeiss, Germany). A time series with 100 images was recorded 

with a 63x/1.4 NA oil immersion objective and 488 nm excitation wavelength. After five images a part 

of a Myc shell (large multimers) or the whole shell (small multimers) were bleached with maximal laser 

power at 488 nm and 555 nm. Subsequently 95 images were acquired over several minutes to measure 

the fluorescence recovery in the bleached region. 

 

7.8 Proximity Ligation Assay 

Cells were seeded in a 384 well format (PerkinElmer) and allowed to settle overnight. Where indicated, 

cells were treated accordingly. Fixation was performed with 4% paraformaldehyde with subsequent 

washing in PBS and permeabilized with 0.3% Triton X-100. Cells were blocked in 5% BSA in PBS for 

60 min and incubated overnight at 4°C with primary antibodies against indicated proteins in 5% BSA 

in PBS. Cells were treated for 1 hr at 37°C with plus (Sigma-Aldrich) and minus (Sigma-Aldrich) 

probes directed at rabbit and mouse antibodies, respectively, and ligated for 30 min at 37°C. Next, in 

situ PCR amplification was done with Alexa 488-/647-conjugated oligonucleotides (Sigma-Aldrich) 

for 2 hrs at 37°C. Samples were counter-stained with Hoechst 33342 (Thermo Fisher Scientific). Image 

acquisition was done using the Operetta CLS High-Content Analysis System with 40x magnification 

(PerkinElmer) and were processed using Harmony High Content Imaging and Analysis Software 

(PerkinElmer) and R. Wells with focus error were discarded. 
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7.9 siRNA screen 

For the siRNA-PLA screen 1,250 U2OSMYC-tet-on were seeded per well in a 384 well format 

(PerkinElmer) and allowed to settle for 10 h. Transfection was performed using RNAiMAX reagent 

(Thermo Fisher Scientific) according to manufacturer’s protocol using a pool of 4 siRNAs against each 

listed E3-ligase from ubiquitin conjugation libraries (Dharmacon, GU-105635, GU-105625, GU-

105615). 16 hrs post transfection; 1 µg/ml doxycycline or equal amounts of ethanol were added for 24 

h. Where indicated, MG-132 (20 μM, Calbiochem / Merck) was added 4 hrs before fixation with 4% 

paraformaldehyde. Proximity Ligation Assay was performed as described. The readout parameter for 

statistical analysis was foci/nucleus as produced by the Harmony High Content Imaging and Analysis 

Software (PerkinElmer). Statistical analysis was performed in R by calculating the fold change to the 

non-targeting siRNA of the respective replicate and applying Welch’s t-test over all replicates for each 

siRNA to the non-targeting control with subsequent correction for multiple testing using Benjamini and 

Hochberg's FDR method. To reduce the influence of outliers, generated by transfection, Proximity 

Ligation Assay and image acquisition, a modified Z-score ("robust Z-score") (Iglewicz and Hoaglin, 

1993) was calculated as follows:  

 

Z678 =
|x9	– 	med(x9..;)|

1.4826 ∗ 	med(|x9	– 	med(x9..;)|)
 

 

For the siRNA-Immunofluorescence screen, RNAi Cherry-pick Library (SMARTpool, Horizon 

Discovery) was diluted following manufacturer’s instructions. U2OSMYC-tet-on were seeded in 96-well 

plates (PerkinElmer) and transfected the next day utilizing Lipofectamin RNAiMAX (Thermo Fisher 

Scientific) according to manufacturer’s instructions with a final concentration of 25 nM siRNA per 

well. The following day medium was changed and MYC expression induced by Dox addition (1 μg/ml, 

24 hrs). Cells were treated with indicated inhibitors for 4 hrs (MG-132, 20 μM; Pladienolide B, 1 μM; 

CBL0137, 5 μM) or permitted to mild heat shock (30 min, 42°C). Fixation and staining were performed 

48 hrs after transfection as described in chapter Immunofluorescence staining. 

 

7.10 BLISS/BLISS8 

The original BLISS protocol was adapted and modified from Yan et al. (2017). For experiments in 

U2OS cells expressing doxycycline inducible MYC, cells were plated in a 24-well plate (Greiner) and 

incubated with ethanol or doxycycline (1 µg/ml) from the following day onwards for 24 h. Where 

indicated, etoposide was added (3 h, 25 μM). Cells were fixed by addition of paraformaldehyde directly 

to the media to a final concentration of 3.7%, washed with PBS and either stored at 4°C or directly 

processed. Lysis was performed by incubation in lysis buffer 1 (10 mM Tris-HCl, 10 mM NaCl, 1 mM 

EDTA, 0.2% Triton X-100, pH 8) for 1 hr at 4°C, brief rinsing in PBS and incubation in lysis buffer 2 

(10 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 0.3% SDS, pH 8) for 1 hr at 37°C. Following rinsing 
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in PBS, cells were equilibrated in CutSmart buffer (New England Biolabs) previous to restriction 

enzyme digestion using AsiSi (New England Biolabs) according to manufacturer’s protocol. Following 

rinsing in PBS and equilibrating the cells in CutSmart buffer, blunting of double-strand breaks using 

Quick Blunting Kit (New England Biolabs) following manufacturer’s protocol was performed. Sense 

and antisense adapter-oligos were annealed by heating them for 5 min at 95°C, followed by a gradual 

cooldown to 25°C over a period of 45 min. Consecutive to equilibration in CutSmart buffer (New 

England Biolabs) and T4 Ligase buffer (New England Biolabs) annealed adapters were dispensed on 

samples and ligated using T4 DNA Ligase (New England Biolabs) using manufacturer’s 

recommendations for 16 hrs at 16°C. Excessive Adapters were removed by repeated rinsing in a high-

salt wash buffer (10 mM Tris-HCl, 2M NaCl, 2 mM EDTA, 0.5% Triton X-100, pH 8). Genomic DNA 

was extracted in DNA extraction buffer (1% SDS, 100 mM NaCl, 50 mM EDTA, 10 mM Tris-HCl, pH 

8) supplemented with Proteinase K (1 mg/ml, Roth) for 16 hrs in a thermo-shaker at 55°C. DNA was 

isolated by phenol-chloroform extraction and isopropanol precipitation, resuspended in TE buffer and 

sonicated using the Covaris Focused Ultrasonicator M220 for 2 min to achieve a fragment size of 300-

500 bp. Fragment size was assessed on the Fragment Analyzer (Agilent) using the NGS Fragment High 

Sensitivity Analysis Kit (1-6,000 bp; Agilent). The DNA was concentrated using Agentcourt AMPure 

XP Beads (Beckman Coulter), transcribed into RNA and DNA digested using MEGAscript™ T7 

Transcription Kit (Thermo Fischer Scientific) following manufacturer’s recommendations. A two-sided 

RNA cleanup with a ratio of 0.4 followed by 0.2 was performed using Agencourt RNAClean XP Beads 

(Beckman Coulter). RNA concentration was assessed on the Fragment Analyzer (Agilent) by using 

Standard Sensitivity RNA Analysis Kit (Agilent). Library preparation was performed by ligating the 

RA3 adapter to the samples with a T4 RNA Ligase 2 (New England Biolabs) supplemented with 

Recombinant Ribonuclease Inhibitor (Thermo Fischer Scientific). Samples were reverse transcribed 

using SuperScript III Reverse Transcriptase kit (Thermo Fischer Scientific) and library indexing and 

amplification performed using NEBNext High-Fidelity 2X PCR Master Mix (New England Biolabs) 

with RP1- and desired RPI-primer. The libraries were cleaned up using Agentcourt AMPure XP Beads 

(Beckman Coulter), quality, quantity and fragment size assessed on the Fragment Analyzer (Agilent) 

using the NGS Fragment High Sensitivity Analysis Kit (1-6,000 bp; Agilent). Sequencing was 

performed on the NextSeq500 Illumina platform for 75 cycles or on the NextSeq2000 Illumina platform  

with 72 cycles for read1 and 56 for read2. Adapters and oligos were custom synthesized and ordered 

from IDT. Unique Molecular Identifiers (UMIs) generated by random incorporation of the four standard 

dNTPs using the ‘Machine mixing' option. 

 

7.11 Immunofluorescence 

Cells were plated in a 96-well plate (Greiner) and treated as indicated. For cell cycle 

immunofluorescence, cells were pulsed with 10 μM EdU (Jena Bioscience) 30 minutes before fixation. 

Fixation was performed with 4% paraformaldehyde in PBS. After washing with PBS, cells were 
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permeabilized with 0.3% Triton X-100 in PBS and blocked with 5% BSA in PBS. Newly synthesized 

DNA was visualized by performing a copper(I)-catalyzed azide-alkyne cycloaddition (100 mM Tris pH 

8.5, 4 mM CuSO4, 10 mM AFDye 647 Azide (Jena Bioscience), 10 mM L-Ascorbic Acid). Samples 

were stained with primary antibodies against indicated proteins in 5% BSA in PBS overnight at 4°C 

and after rinsing with PBS, incubated with secondary antibody (Thermo Fisher Scientific) for 1 hr at 

room temperature. Counter-staining was performed using Hoechst 33342 (Sigma-Aldrich). Images 

were taken with an Operetta High-Content Imaging System or Operetta CLS High-Content Imaging 

System with 20x/40x/63x magnification. Images were processed using Harmony High Content Imaging 

and Analysis Software and R. Cells were grouped into cell cycle phase according to EdU and Hoechst 

staining of the control condition. 

 

7.12 Flow cytometry 

Cells were treated with trypsin for 5 min to ensure detachment from the cell culture dish. Preceding, 

supernatant medium was collected. Detached cells and supernatant were centrifuged at 4°C for 5 min 

at 400 rcf. After a washing step with PBS, the pellet was resuspended in 100 μl Annexin V binding 

buffer and incubated with 2 μl Pacific Blue-conjugated Annexin V (25 μg/ml). Incubation was 

performed for 15 min in the dark and followed by addition of 400 μl of Annexin V binding buffer and 

5 μl of PI (1 mg/ml). Data were acquired using the FACScanto II (BD Biosciences), analyzed with BD 

FACSDiva 6.1.2 and R using the packages flowCore (2.8.0) and ggcyto (1.24.1). 

 

7.13 Inhibitor screening 

Cells were seeded in 384-well plates (PerkinElmer) and 4 hours before fixation, compounds were 

dispensed in indicated concentrations (6.5 Compounds) with an epMotion 5075 liquid handling station 

(Eppendorf). Fixation and staining were performed as described (7.11 Immunofluorescence).  

 

7.14 SILAC-based ubiquitin remnant profiling 

U2OS SILAC-labeled cells were transfected with siRNAs targeting non-targeting control or HUWE1 

as previously described or treated with BI8626 (10 μM, 24 hrs). Cells were lysed in modified RIPA 

buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% sodium deoxycholate) 

supplemented with protease inhibitors (Complete protease inhibitor cocktail tablets, Roche 

Diagnostics), 1 mM sodium orthovanadate, 5 mM β-glycerophosphate, 5 mM sodium fluoride and 

10 mM N-ethylmaleimide. Proteins were digested with endoproteinase Lys-C (Wako Chemicals) and 

sequencing grade modified trypsin (Sigma-Aldrich). Modified peptide enrichment was done using di-

glycine-lysine antibody resin (Cell Signaling Technology, 5562). Peptides were analyzed on a 

quadrupole Orbitrap mass spectrometer (Q Exactive Plus, Thermo Scientific) equipped with a UHPLC 

system (EASY-nLC 1000, Thermo Scientific) as described (Kelstrup et al., 2012; Michalski et al., 
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2012). MaxQuant (development version 1.5.2.8) was used to analyze the raw data files (Cox and Mann, 

2008). Parent ion and MS2 spectra were searched against a human protein database obtained from 

UniProtKB released in May 2016 using Andromeda search engine (Cox et al., 2011). Experimental 

details were described previously (Heidelberger et al., 2018). 

 

7.15 APEX2-MYC quantitative mass spectrometry 
U2OS expressing an APEX2-MYC fusion protein were incubated with medium containing 1 mM 

Biotin-Phenol (Iris Biotech) for 2 hrs at 37°C. H2O2 was added to a final concentration of 1 mM and 

incubated for 2 min. Biotinylation was stopped by washing three times with quenching solution (10 mM 

sodium azide, 10 mM L-sodium ascorbate, 5 mM Trolox in PBS) containing protease and phosphatase 

inhibitors (Sigma-Aldrich) and 10 mM N-Ethylmaleimide and three more times in PBS. Cells were 

collected by centrifugation and lysed in RIPA buffer (50mM Tris-HCl pH 7.5, 0.1% SDS, 0.5% Na-

Deoxycholate, 1% Triton X-100, 150 mM NaCl) containing protease and phosphatase inhibitors 

(Sigma-Aldrich). NaCl was added to a final concentration of 1 M, and cells lysed for 10 min rotating at 

4°C. Lysates were sonicated using a Branson Sonifier in a 10 sec: 45 sec off cycle with 3 cycles and 

20% duty output and subsequently cleared by centrifugation. RIPA devoid of NaCl was used to dilute 

samples to a final concentration of 200 mM NaCl. Biotinylated peptides were enriched using Pierce 

High Capacity NeutrAvidin Agarose (Thermo Fisher Scientific) according to manufacturer’s 

recommendation. Samples were washed once with RIPA devoid of SDS, three times in PBS containing 

2 M Urea (pH 8) and one more time in RIPA. Sample processing procedure for APEX2 TMT mass 

spectrometry was adapted from Cho et al (Cho et al., 2020). All following steps were performed at 

room temperature, unless specified otherwise. Proteins were digested on-bead for 1 hr in 2 M urea in 

50 mM Tris-HCl (pH 7.5) containing 1 mM dithiothreitol and 0.4 µg of MS-approved trypsin (Serva) 

per sample. Supernatants were collected, and beads were washed twice with 2 M urea in 50 mM Tris-

HCl (pH 7.5). Wash supernatants were collected and combined with respective peptide supernatants. 

Cysteines were reduced with 4 mM dithiothreitol and alkylated with 10 mM chloroacetamide. Samples 

were digested overnight with an additional 0.5 µg of trypsin. Digestion was stopped by adding 

fluoroacetic acid to 1%, and precipitates were removed by centrifugation after a 30 min incubation at 

4°C. Supernatants were desalted using reversed-phase C18 StageTips (Rappsilber et al., 2007) and 

eluted in 50% ACN, 0.1% formic acid. Eluates were vacuum centrifuged until completely dry and 

reconstituted in 25 µl of 50 mM HEPES pH 8.5, 30% ACN. Samples were barcoded with 0.1 µg of 

acetonitrile-dissolved TMTPro labels (Thermo Scientific) for 1 hr and quenched with 5% 

hydroxylamine for 15 min (Li et al., 2020). An equal aliquot (5% vol) of each sample was mixed and 

the ratio check was performed as described (Zhang and Elias, 2017). Samples were vacuum-centrifuged 

until completely dry and stored at -80°C. After the ratio check, samples were reconstituted in 1% 

trifluoroacetic acid and masses adjusted treatment-wise. Samples were mixed together and desalted 

using reversed-phase C18 StageTips. 
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Samples were analyzed on a quadrupole Orbitrap mass spectrometer (Exploris 480, Thermo Scientific) 

equipped with a UHPLC system (EASY-nLC 1200, Thermo Scientific). They were loaded onto a C18 

reversed-phase column (55 cm length, 75 mm inner diameter, packed in-house with ReproSil-Pur 120 

C18-AQ 1.9-mm beads, Dr. Maisch GmbH) and eluted with a gradient from 2.4 to 36% acetonitrile 

containing 0.1% formic acid in 120 min. The mass spectrometer was operated in data-dependent mode, 

automatically switching between MS and MS2 acquisition. Survey full scan MS spectra (m/z 300–

1,650, resolution: 60,000, target value: 3 × 106, maximum injection time: 40 ms) were acquired in the 

Orbitrap. The 20 most intense precursor ions were sequentially isolated, fragmented by higher energy 

C-trap dissociation (HCD) and scanned in the Orbitrap mass analyzer (normalized collision energy: 

33%, resolution: 15,000, target value: 1 × 105, maximum injection time: 40 ms, isolation window: 0.8 

m/z). Precursor ions with unassigned charge states, as well as with charge states of +1 or higher than 

+6, were excluded from fragmentation. Precursor ions already selected for fragmentation were 

dynamically excluded for 30 s. TurboTMT scan feature (TMTPro reagent) was implemented. 

 

7.16 dSTORM imaging 

All dSTORM measurements were performed on an inverse wide-field fluorescence microscope (IX-71; 

Olympus) with a 639 nm diode laser (Genesis MX639-1000, Coherent, Cleanup 640/10, Chroma) for 

excitation of Alexa Fluor 647. The laser was focused on the back-focal plane of an oil-immersion 

objective (APON 60x NA 1.45; Olympus). Emission light was separated from excitation light by a 

dichroic mirror (ZT405/514/635rpc, Chroma), spectrally filtered by a bandpass filter (Brightline HC 

679/41; Semrock) and subsequently projected onto an EM-CCD camera chip (512 x 512 pixel at 16 µm; 

Ixon DU 897; Andor). The pixel size of the resulting image was determined to 128 nm. Measurements 

were performed in PBS-based photoswitching buffer containing 100 mM β-mercaptoethylamine 

(#M6500, Sigma-Aldrich) adjusted to pH 7.4. Each acquisition was conducted by illuminating the 

sample in HILO (Highly inclined and laminated optical sheet) with an irradiation intensity of 

~2.5 kW/cm². A series of 15,000 frames was captured with an exposure time of 20 ms. Reconstruction 

of super-resolved images was performed using rapidSTORM3.3 (Wolter et al., 2012).  

Localisations from dSTORM were further analysed using custom codes (https://github.com/super-

resolution/Solvie-et-al-supplement). Images represent localization histograms (20 nm bins) with a 

logarithmic intensity transform. Localization clusters (that can originate from multiple blink events of 

individual fluorophores as well as from multiple proteins) were determined using a DBSCAN algorithm 

(min_points=3, epsilon=20). Clusters were analysed with respect to the distribution of localizations per 

cluster and of convex hull areas. We estimated an average number of MYC signals per nucleus by 

recording dSTORM images under saturating and sparse labelling conditions. From the sparse labelling 

condition, we estimated 11 ± 0.4 localizations recorded per antibody in 15,000 frames (mean ± S.E.M. 

from 7 cell nuclei). From saturating conditions, we estimated a localization density of 0.0013 ± 0.0001 

(mean ± S.E.M. from 24 regions of interest 4 x 4 µm² of 6 cell nuclei). Assuming that all localizations 
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originate in a 500 ± 200 nm thick slice of the nucleus, we computed a 3-dimensional protein density, 

which then was multiplied by a nuclear volume of 770 µm-3 either reference or short explanation how 

calculated  

Ripley-h functions (Kiskowski et al., 2009) were computed on multiple 4 x 4 µm² regions of interest 

selected from the nucleus of multiple cells and averaged. For comparison we simulated dSTORM data 

as a Neyman-Scott (clustered) point process, assuming a homogeneous cluster distribution with n 

localizations per cluster (where n is a random variable that follows a geometric distribution with mean 

of 11 localizations per protein, as estimated from experiments with sparse labelling conditions) and a 

normal spatial distribution (with sigma according to the localization precision of 12 nm) in each cluster. 

We also simulated a homogeneous distribution to visualize boundary effects. All simulations were 

carried out on identical regions of interest and with the same number of localizations. Simulations were 

repeated 100x to compute 95% confidence intervals for the Ripley-h function. 

 

7.17 ChIP-Rx sequencing 

For each ChIP-Rx sequencing experiment, 5x107 cells per immunoprecipitation condition were fixed 

with formaldehyde (final concentration, 1%) for 5-10 min at room temperature. Fixation was stopped 

by adding 125 mM glycine for 5 min. Cells were harvested in ice-cold PBS containing protease and 

phosphatase inhibitors (Sigma-Aldrich). All further used buffers also contained protease and 

phosphatase inhibitors. As exogenous control (spike-in), murine NIH 3T3 cells were added at a 1:10 

cell ratio during cell lysis. Cell lysis was carried out for 20 min in lysis buffer I (5 mM PIPES pH 8.0, 

85 mM KCl, 0.5% NP-40) and nuclei were collected by centrifugation at 1,500 rpm for 20 min at 4°C. 

Crosslinked chromatin was prepared in lysis buffer II (10 mM Tris pH 7.5, 150 mM NaCl, 1 mM 

EDTA, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) and fragmented by sonication (total duration, 

20 min with 10 s pulses and 45 s pausing) or by using the Covaris Focused Ultrasonicator M220 for 

50 min per ml lysate. Fragment size of 150-300 bp was validated by agarose gel electrophoresis. 

Chromatin was centrifuged for 20 min at 14,000 rpm at 4°C before IP. For each IP reaction, 100 µl 

Dynabeads Protein A and Protein G (Thermo Fisher Scientific) were pre-incubated overnight with 

rotation in the presence of 5 mg/ml BSA and 15 μg of indicated antibody at 4°C. Chromatin was added 

to the beads, and IP was performed for at least 6 hrs at 4°C with rotation. Beads were washed three 

times each with washing buffer I (20 mM Tris pH 8.1, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 

0.1% SDS), washing buffer II (20 mM Tris pH 8.1, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, 

0.1% SDS), washing buffer III (10 mM Tris pH 8.1, 250 mM LiCl, 1 mM EDTA, 1% NP-40, 1% 

sodium deoxycholate; including a 5 min incubation with rotation), and TE buffer (Thermo Fisher 

Scientific). Chromatin was eluted twice by incubating with 150 ml elution buffer (100 mM NaHCO3, 

1% SDS) for 15 min with rotation. Input samples and eluted samples were de-crosslinked overnight. 

Protein and RNA were digested with proteinase K and RNase A, respectively. DNA was isolated by 

phenol-chloroform extraction and ethanol precipitation and analyzed by qPCR using StepOnePlus Real-
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Time PCR System (Thermo Fisher Scientific) and SYBR Green Master Mix (Thermo Fisher Scientific) 

or sequencing on the Illumina Next-Seq500.  

Prior to library preparation, DNA was quantified using the Quant-iT PicoGreen dsDNA assay (Thermo 

Fisher Scientific). DNA library preparation was performed using the NEBNext ChIP-Seq Library Prep 

Master Mix Set for Illumina (New England Biolabs) or NEBnext Ultra II DNA Library Prep Kit (New 

England Biolabs) following manufacturer's instructions. Quality of the library was assessed on the 

Fragment Analyzer (Agilent) using the NGS Fragment High Sensitivity Analysis Kit (1-6,000 bp; 

Agilent). Finally, libraries were subjected to cluster generation and base calling for 75 cycles on 

Illumina NextSeq500 platform. 

 

7.18 Bioinformatics 

Sequencing libraries were subjected to Illumina NextSeq 500/2000 sequencing according to the 

manufacturer’s instructions. After base calling with Illumina’s FASTQ Generation software v1.0.0, 

high quality PF-clusters were selected for further analyses and sequencing quality was ascertained using 

FastQC. ChIP-Rx samples were mapped separately to the human hg19 and to the murine mm10 genome 

using Bowtie1 (Langmead et al., 2009) or Bowtie 2 (Langmead and Salzberg, 2012) with default 

parameters. ChIP-Rx spike-in normalized reads were calculated by dividing the number of mapped 

reads mapped to hg19 by the number of reads mapped to mm10 for each sample and multiplying this 

ratio with the smallest number of reads mapped to mm10 for any sample. RNAseq samples were 

mapped to hg19 using Bowtie2 (Langmead and Salzberg, 2012) and samples were normalized to the 

number of mapped reads in the smallest sample. Reads per gene were counted using the 

“summarizeOverlaps” function from the R package “GenomicAlignments” using the “union”-mode and 

Ensembl genes. Non- and weakly expressed genes were removed (mean count over all samples <1). 

Differentially expressed genes were called with edgeR and p-values were adjusted for multiple-testing 

using the Benjamini-Höchberg procedure. Metagene plots were generated with ngs.plot.r (Shen et al., 

2014). MYC-reads in promoter regions were determined by processing read-normalized MYC ChIP-

Rx bam-files with the BEDtools intersectBed program (Quinlan and Hall, 2010). Promoter regions were 

defined here as TSS +/- 1 kb.  

BLISS/BLISS8 samples were demultiplexed based on their condition-specific barcodes using UMI-

tools (Smith et al., 2017), allowing 1 mismatch in the barcode, and separately mapped to hg19 using 

Bowtie2 (Langmead and Salzberg, 2012) with default parameters. Where indicated, respective samples 

of biological triplicates were merged preceding to mapping and collectively processed. Samples were 

filtered against an ENCODE Blacklist file to remove regions of high variance in mappability commonly 

found in satellite, centromeric and telomeric repeats (Amemiya et al., 2019) using bedtools intersect 

(Quinlan and Hall, 2010). To allow absolute quantification of double-strand breaks and remove PCR-

introduced artifacts, duplicated reads were identified based on their UMI, grouped and deduplicated 

using UMI-tools (Smith et al., 2017) with default parameters. For normalization, deduplicated reads in 
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AsiSI specific restriction sites were counted using countBamInGRanges from the R package 

exomeCopy. The sample with the smallest number of AsiSI specific reads was divided by the number 

of respective reads from each sample. Resulting ratio was multiplied by the total amount of deduplicated 

reads and samples subsequently randomly subsampled to the calculated number of reads. AsiSI specific 

restriction sites were generated by in silico digestion of the hg19 genome. From the 1,123 predicted 

restriction sites, sites without mapped reads across all conditions in the respective experiment were 

dropped. BLISS8 density profiles were generated using the R package metagene2 with the assay 

parameter ‘ChIPseq’, 150 bp read extension and 50 bins to smoothen the graph. Gene sets were 

generated from RNA sequencing data using RPKM (gene expression). 

BLISS8 stratification by expression is based on published K562 polyA-RNAseq data from the 

ENCODE portal (https://www.encodeproject.org/) with the following identifier: ENCSR040YBR. The 

R data set TxDb.Hsapiens.UCSC.hg19.knownGene was subsampled using the selected 5,576 bottom 

and 5,458 top expressed genes and filtered for a minimum gene length of 1,500 bp. Further 

stratifications are based on respective lists mentioned in this paragraph and adapted as described. 

Artefacts produced by proximal downstream transcriptional start sites were filtered out.  

Positional co-localization of immunofluorescence data was performed by co-staining of MYC and the 

protein of interest. Acquisition was done using the Operetta CSL high-content imaging system at 40x 

or 20x. Graphical compartmentalization was performed in the Harmony high-content analysis software 

with following analysis sequence. First MYC multimers were found as described. To determine whether 

a multimer qualifies as sphere-like, the image was inverted and maxima with fixed threshold of size 

and relative intensity above background searched with the find spots algorithm; if successful, the 

remaining multimer area was defined as multimer shell. Multimers failing to fulfill these criteria were 

considered as unstructured. For calculations of positional co-localization the intensity of the co-stained 

protein in the multimer interior and multimer shell were determined. In R, the ratio of multimer shell 

over multimer interior for the co-stained protein were calculated for each individual multimer. Ratios 

below 1 are considered as indications of engulfment inside the MYC multimer. For all calculations at 

least 1,000 cells were considered.  

For analysis of quantitative mass spectrometry, raw data files were analyzed using MaxQuant (version 

1.6.14.0) (Cox and Mann, 2008). Parent ion and MS2 spectra were searched against a reference 

proteome database containing human protein sequences obtained from UniProtKB (version 2021_03) 

using Andromeda search engine (Cox et al., 2011). For APEX2-MYC, TMT label correction factors 

were imported into MaxQuant according to manufacturer’s specifications. TMTPro labels were 

imported into MaxQuant by appending the modifications.xml file, as described (Petelski et al., 2021). 

TMTPro reporters were searched at the MS2 reporter ion level with a mass tolerance 0.003 Da and with 

PIF ≥ 0.75. Spectra were searched with a strict trypsin specificity and allowing up to two miscleavages. 

Cysteine carbamidomethylation was searched as a fixed modification, whereas protein N-terminal 

acetylation, methionine oxidation and N-ethylmaleimide modification of cysteines (mass difference to 
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cysteine carbamidomethylation) were searched as variable modifications. Maximum number of 

modifications per peptide was set to 6. The dataset was filtered based on posterior error probability 

(PEP) to arrive at a false discovery rate of below 1% estimated using a target-decoy approach68. 

Statistical analysis and MS data visualization were performed using the R software environment 

(version 1.3.1093). Potential contaminants, reverse hits, hits only identified by site and hits with no 

unique peptides were excluded from the analysis. Corrected reporter intensities were normalized 

treatment-wise with the quantile normalization approach, using the Limma package. Additionally, to 

account for different MYC expression levels upon MG-132 treatment and allow better assessment of 

differential binding, intensities were normalized per TMT channel by dividing them with the MYC 

intensity from the respective channel. P-values and false discovery rates were calculated using a 

moderated t-test (Limma package). GO-term analysis was done using the gprofiler2 package for 

peptides increasing proximity to MYC significantly (FDR<0.05) upon MG-132 treatment. 
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