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Summary

N-MYC is a member of the human MYC proto-oncogene family, which comprises three
transcription factors (C-, N- and L-MYC) that function in multiple biological processes.
Deregulated expression of MYC proteins is linked to tumour initiation, maintenance and
progression. For example, a large fraction of neuroblastoma displays high N-MYC levels
due to an amplification of the N-MYC encoding gene. MYCN-amplified neuroblastoma
depend on high N-MYC protein levels, which are maintained by Aurora-A kinase. Aurora-A
interaction with N-MYC interferes with degradation of N-MYC via the E3 ubiquitin ligase
SCFFBXWT, However, the underlying mechanism of Aurora-A-mediated stabilisation of
N-MYC remains to be elucidated.

To identify novel N-MYC interacting proteins, which could be involved in N-MYC stabilisa-
tion by Aurora-A, a proteomic analysis of purified N-MYC protein complexes was conducted.
Since two alanine mutations in MBI of N-MYC, T58A and S62A (N-MYC mut), disable
Aurora-A-mediated stabilisation of N-MYC, N-MYC protein complexes from cells express-
ing either N-MYC wt or mut were analysed. Proteomic analysis revealed that N-MYC
interacts with two deubiquitinating enzymes, USP7 and USP11, which catalyse the removal
of ubiquitin chains from target proteins, preventing recognition by the proteasome and sub-
sequent degradation. Although N-MYC interaction with USP7 and USP11 was confirmed
in subsequent immunoprecipitation experiments, neither USP7, nor USP11 was shown to be
involved in the regulation of N-MYC stability. Besides USP7/11, proteomic analyses iden-
tified numerous additional N-MYC interacting proteins that were not described to interact
with MYC transcription factors previously. Interestingly, many of the identified N-MYC
interaction partners displayed a preference for the interaction with N-MYC wt, suggest-
ing a MBI-dependent interaction. Among these were several proteins, which are involved
in three-dimensional organisation of chromatin domains and transcriptional elongation by
POL II. Not only the interaction of N-MYC with proteins functioning in elongation, such as
the DSIF component SPT5 and the PAF1C components CDC73 and CTRY, was validated
in immunoprecipitation experiments, but also with the POL III transcription factor TFIIIC
and topoisomerases TOP2A /B. ChIP-sequencing analysis of N-MYC and TFIIIC subunit 5
(TFIIICH) revealed a large number of joint binding sites in POL II promoters and intergenic
regions, which are characterised by the presence of a specific motif that is highly similar to
the CTCF motif. Additionally, N-MYC was shown to interact with the ring-shaped cohesin
complex that is known to bind to CTCF motifs and to assist the insulator protein CTCF.
Importantly, individual ChIP experiments demonstrated that N-MYC, TFIIIC5 and cohesin
subunit RAD21 occupy joint binding sites comprising a CTCF motif.

Collectively, the results indicate that N-MYC functions in two biological processes that
have not been linked to MYC biology previously. Furthermore, the identification of joint
binding sites of N-MYC, TFIIIC and cohesin and the confirmation of their interaction with
each other suggests a novel function of MYC transcription factors in three-dimensional

organisation of chromatin.



Zusammenfassung

N-MYC ist ein Mitglied der humanen MYC proto-Onkogen Familie, welche drei Transkrip-
tionsfaktoren umfasst (C-N- und L-MYC), die in zahlreichen biologischen Prozessen fun-
gieren. Deregulierte Expression der MYC Proteine ist mit Tumorinitiierung, -erhalt und
-progression verbunden. Zum Beispiel zeigt ein grofer Anteil an Neuroblastomen auf-
grund einer Amplifizierung des N-MYC kodierenden Gens hohe N-MYC Level. MYCN-
amplifizierte Neuroblastome hingen von den hohen N-MYC Protein Leveln ab, die durch
die Aurora-A Kinase erhalten werden. Die Interaktion von Aurora-A mit N-MYC behindert
den Abbau von N-MYC durch die E3 Ubiquitin Ligase SCFIBXWT, Allerdings muss der
zugrunde liegende Mechanismus der Aurora-A vermittelten Stabilisierung von N-MYC noch
aufgedeckt werden.

Um neue N-MYC interagierende Proteine zu identifizieren, welche in der N-MY C Stabilisier-
ung durch Aurora-A involviert sind, wurde eine Proteom Analyse der aufgereinigten N-MYC
Proteinkomplexe durchgefiihrt. Da zwei Alanin-Mutationen in MBI von N-MYC, T58A und
S62A (N-MYC mut), die Aurora-A vermittelte Stabilisierung von N-MYC verhindern, wur-
den N-MYC Protein-Komplexe von Zellen, die entweder N-MYC wt oder mut exprimieren
analysiert. Die Proteom Analyse offenbarte, dass N-MYC mit zwei Deubiquitinierenden
Enzymen, USP7 und USP11, interagiert, welche das Entfernen von Ubiquitinketten von
Zielproteinen katalysieren und dadurch die Erkennung durch das Proteasom und den darauf
folgenden Abbau verhindern. Obwohl die Interaktion von N-MYC mit USP7 und USP11
in darauf folgenden Immunprézipitationsexperimenten bestétigt wurde, konnnte weder fiir
USP7, noch fiir USP11 gezeigt werden, dass es in die Regulierung der Stabilitat von N-MYC
involviert ist. Neben USP7/11 wurden in der Proteom Analyse zusitzlich zahlreiche mit
N-MYC interagierende Proteine identifiziert, die zuvor noch nicht beschrieben wurden mit
MYC Transkriptionsfaktoren zu interagieren. Interessanterweise zeigten viele der identifiz-
ierten N-MYC Interaktionspartner eine Préferenz fiir die Interaktion mit N-MYC wt, was
eine MBI-abhéangige Interaktion suggeriert. Unter diesen waren einige Proteine, die in die
drei-dimensionale Organisation von Chromatindomé&nen und transkriptioneller Elongation
durch POL II involviert sind. Nicht nur die Interaktion von N-MYC mit Proteinen, die
in der Elongation agieren, wie die DSIF Komponente SPT5 und die PAF1C Komponenten
CDC73 und CTR9, wurden in Immunprizipitationsexperimenten bestétigt, sondern auch
mit dem POL III Transkriptionsfaktor TFIIIC und den Topoisomerasen TOP2A /B. Analyse
von ChIP-Sequenzierungsexperimenten fiir N-MYC und TFIIIC Untereinheit 5 (TFIIIC5)
offenbarte eine grofe Anzahl von gemeinsamen Bindungsstellen in POL II Promotoren und
intergenen Regionen, welche durch das Vorkommen eines speziellen Motivs gekennzeichent
waren, das dem CTCF Motiv sehr dhnlich ist. Zusétzlich wurde gezeigt, dass N-MYC mit
dem ringférmigen Cohesin Komplex interagiert, der dafiir bekannt ist an CTCF Motive zu
binden und dem Insulator Protein CT'CF zu assistieren. Entscheidender Weise zeigten in-
dividuelle ChIP Experimente, dass N-MYC, TFIIIC5 und die Cohesin Untereinheit RAD21

gemeinsame Bindungstellen haben, die ein CTCF Motiv enthalten.



Zusammenfassend weisen die Ergebnisse darauf hin, dass N-MYC in zwei biologischen
Prozessen fungiert, die zuvor nicht mit der Biologie von MYC verbunden wurden. Zu-
dem suggeriert die Identifizierung von gemeinsamen Bindungstellen von N-MYC, TFIIIC
und Cohesin und die Bestitigung der Interaktion untereinander eine neue Funktion von

MYC Transkriptionsfaktoren in der drei-dimensionalen Organisation von Chromatin.
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1 Introduction

1.1 The MYC protein family

The MYC proto-oncogene family is one of the most studied protein families in tumour
biology. The name of the protein family originates from the discovery of the retroviral v-Myc
gene, which was identified to cause myelocytomatosis in chickens [Sheiness et al., 1978]. The
cellular homologue of v-Myc, c-Myc, was discovered shortly afterwards and it was found to
be expressed in all vertebrates, Drosophila melanogaster and the Northern sea star Asterias
vulgaris [Vennstrom et al., 1982, Gallant et al., 1996, Walker et al., 1992]. In human, three
proteins belong to the family of MYC proteins, besides the human C-MYC protein two
additional homologues were described: N-MYC was identified in human neuroblastoma cell
lines and tumours and L-MYC in human small cell lung cancer (SCLC) [Schwab et al.,
1983, Kohl et al., 1983, Nau et al., 1985]. The discovery of C-MYC homologues in different
kinds of tumours highlights the strong association of MYC expression and tumourigenesis.
MYC is a bona fide oncogene and various mechanisms can induce high MY C protein levels,
which play a role in tumour initiation and progression across many human cancer types
[Dang, 2012] (Fig. 1.2). High expression levels of the three different human homologues are
specific for certain tumours. C-MYC is one of the most highly amplified oncogenes among
numerous tumour entities [Beroukhim et al., 2010]. One example are Burkitt lymphoma,
which consistently display a balanced translocation of the C-MYC encoding gene to one of
the immunoglobulin enhancer loci leading to elevated C-MYC expression levels [Taub et al.,
1982]. Also for N-MYC there are several cancer types known to carry an amplification of
the N-MYC encoding gene, MYCN, such as subgroups of neuroendocrine prostate cancers
(NEPCs) and neuroblastoma [Beltran et al., 2011, Schwab et al., 1983, Kohl et al., 1983|.
The L-MYC encoding gene is mainly known for its amplification and expression in SCLC
[Nau et al., 1985|. Besides gene amplification there are several other mechanisms, which
induce overexpression of MYC proteins, for example deregulation of the phosphoinositide-
3-kinase (PI3K) and sonic hedgehog (SHH) signaling pathway (see introduction, section
1.4).

One reason why different MYC homologues are drivers for certain kinds of tumours is
presumably that the originating tissues display differences in MYC expression. While C-,
N-, and L-MYC are highly similar in regard of protein structure and function (Fig. 1.1
and see introduction, section 1.2), they differ in their expression pattern. Whereas C-MYC
is ubiquitously expressed, N-MYC is only essential in embryogenesis, within which it is
highly expressed in the central nervous system (CNS) and the renal glands [Zimmerman
et al.,, 1986]. After birth N-MYC is redundant with C-MYC and high expression levels
are restricted to stem cells and some tumour entities [Huang and Weiss, 2013]. L-MYC
expression occurs in the developing kidney and lung, as well as in some parts of the brain
and neural tube, but was shown to be dispensable for embryonic development [Hatton et al.,
1996].
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Figure 1.1

Protein structure and interacting proteins of the human MYC protein family

Schematic representation of the human MYC proteins. All MYC proteins comprise highly conserved domains, named MYC-
boxes (MB), which are shown here as grey rectangles and numbered with the Latin numbers I-IV. Examples of proteins
known to interact with a certain MB are indicated on top. Localisation of functional elements is indicated on the bottom.
The transregulatory domain (TRD) is located in the N-terminus, the PEST sequence and D element are in the central
part, followed by a nuclear localisation signal (NLS), and the C-terminal basic region helix-loop-helix leucine zipper domain
(BR-HLH-LZ), which mediates DNA-binding.

MYC proteins are transcription factors and share a well conserved protein structure among
all species [Conacci-Sorrell, McFerrin, and Eisenman, 2014]. All MYC proteins comprise
highly conserved sequences, which are called MYC-boxes (MB) and are numbered con-
secutively in Latin starting in the N-terminus (Fig. 1.1). Human MYC proteins have 4
MBs and MBIII is divided in two parts, MBIITa and MBIIIb. While C-MYC and N-MYC
share all MB sequences, L-MYC lacks MBIIIa (Fig. 1.1). MYC transcription factors exert
their function via protein-protein interactions, which mostly occur via the MBs, whereas
DNA-binding is mediated via the basic region helix-loop-helix-leucine zipper (BR-HLH-LZ)
domain in the C-terminus (Fig. 1.1). The transregulatory domain (TRD) in the N-terminus
of MY C proteins mediates transcriptional activation and repression via interaction with dif-
ferent kinds of proteins [Kato et al., 1990, Lee et al., 1996] (see introduction, section 1.3).
The central part comprises a D element and a PEST sequence, which are both important
for MYC degradation (see introduction, section 1.4). Downstream of MBVTI is a canon-
ical lysine-rich nuclear localisation signal (NLS), which ensures nuclear localisation of MYC

proteins, a prerequisite for transcription factor function [Dang and Lee, 1988].

1.2 Biological functions of MYC proteins

Since MYC proteins are not able to bind to DNA as a monomer or homodimer, MYC s
function as a transcription factor depends on its dimerisation with MAX proteins via the
HLH-LZ motif [Blackwood and Eisenman, 1991 (Fig. 1.1). The MYC/MAX heterodimer
was shown to activate a large number of target genes, which are involved a broad range
of biological functions, such as proliferation, metabolism and cell cycle regulation [Eilers
and Eisenman, 2008]. More recently, it was proposed that MYC functions as a “general
amplifier” of transcription that globally enhances transcription instead of inducing specific

cellular processes |Lin et al., 2012, Nie et al., 2012]. Besides its function in transcriptional
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activation, MYC can also function as a repressor of transcription. Repression of MYC target
genes is mostly mediated by antagonism of other activating transcription factors, such as
SP1/SP3 and MIZ1 [Gartel et al., 2001, Staller et al., 2001]. Interestingly, some MYC effects
were shown to be independent of MAX-mediated DNA-binding and were not linked to its
transcriptional activity [Cole and Cowling, 2008, Dominguez-Sola et al., 2007, Steiger et al.,
2008].

MYC/MAX dimers bind to E-box elements within the DNA, which comprise either the
palindromic canonical sequence “CACGTG” or a so-called non-canonical E-box sequence
“CANNTG” (where N can be any nucleotide) [Blackwell et al., 1993]. More recent public-
ations utilising high-throughput screening methods to study MYC binding to DNA have
revealed that MYC occupies many regions, which lack canonical and non-canonical E-box
sequences, but were shown to be enriched for histone marks of open chromatin (H3K4me?,
H3K27ac) and to coincidence with RNA polymerase (POL) II binding and binding of pro-
teins involved in transcription [Guccione et al., 2006, Guo et al., 2014, Zeller et al., 2003].
Interestingly, high MYC expression levels change MYC’s behaviour in regard of binding
to DNA: sequence-specificity gets less important and the number of MYC binding sites
increases until almost all accessible genomic regions are occupied (“invasion”) |Fernandez
et al., 2003, Lin et al., 2012, Nie et al., 2012]. However, MYC binding does not necessarily
directly translate into specific cellular responses, instead effects of MYC target genes are
further modulated by cell type- and context-specific interactions [Sabo et al., 2014, Walz
et al., 2014]. Importantly, MYC/MAX dimers are also able to regulate target gene tran-
scription indirectly, via protein-protein interactions with other transcription factors, as it
was shown for repression of MIZ1 and SP1/SP3 activated target genes [Gartel et al., 2001,
Staller et al., 2001|. Furthermore, a recent publication identified MYC ‘s interaction with
WDRS5 via MBIIIb as an important determinant for MYC target gene recognition [Thomas
et al., 2015] (Fig. 1.1).

Despite a lot of effort, high-throughput sequencing methods have not yet revealed a complete
picture of common MYC target genes that are the same across different mammalian cell
types. A large sequencing study aiming to identify cell type-independent core MYC target
gene signatures identified one core target gene set of MYC, which is shared among murine
and human embryonic stem cells (ESCs) and 4 human cancer cell types. This core MYC
target gene set comprises genes encoding for proteins involved in ribosome biogenesis, RNA
processing and biomass accumulation [Ji et al., 2011]. MYC “s role in the ribosome biogenesis
and function is conserved between different species. In Drosophila melanogaster it was
shown that diminished dMyc function and mutations affecting ribosomal proteins genes
induce the same phenotype, resulting in smaller cells and body size [Johnston et al.; 1999].
Since there is only one MYC homologue in Drosophila melanogaster, it makes it easier
to evaluate functional studies on MYC in this model organism. Concluding from these
studies conserved MYC functions encompass regulation of cell growth, proliferation and

differentiation [Gallant, 2013|. However, the complete set of MYC target genes that are not
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cell type-specific remains to be determined. What is clear is that MY C functions are the key
to the oncogenic potential of MYC proteins. High (oncogenic) MYC levels play an important
role in tumour development and progression. Key tumour-relevant functions include MYC-
mediated induction of cell cycle progression and growth, regulation of metabolism in order
to induce faster energy supply, as well as inhibition of apoptosis induction and promotion of
angiogenesis and metastasis (Fig. 1.2). Furthermore, MYC induces mutations and genome
instability by disconnecting the cell cycle from growth factor stimuli, leading to an override
of cell cycle checkpoints and a shortening of G1 and G2 phase of the cell cycle [Tansey,
2014]. All of these functions of MYC can initiate tumour development and induce fast
and unrestricted tumour growth. But the identical MYC functions are also important for
normal development, which requires tight regulation in order to keep the balance between

physiological and oncogenic MYC levels.

EFo— &Y

Apoptosis
4 ( S n
/ G1 G2
\ ‘ v \ e
oncogenic a

Tumor environment MYC levels Cell cycle

VAN
N CDENCD

Genome stability Growth and metabolism

Figure 1.2

Key tumour-relevant functions of MYC proteins

Scheme illustrating 5 of the most tumour-relevant processes that are influenced by high MYC levels. Adapted from Tansey
[2014].

MYC functions are essential in murine development, since C- and N-MYC knockout (k.o.)
mice are not viable and die early during embryogenesis (MYC k.o.: E9,5-10,5; MYCN
k.o.: E10,5-11,5) [Charron et al., 1992, Davis et al., 1993]. Strikingly, reconstitution of
the N-MYC encoding gene into the MYC locus of C-MYC k.o. mice demonstrated that
N-MYC is able to substitute nearly all C-MYC functions [Malynn et al., 2000]. This shows
that C- and N-MYC functions are highly similar, although there are temporal and spatial
differences in expression, which could account for embryonic lethality upon k.o. of one of
the two genes (see introduction, section 1.1). Importantly, k.o. of both, MYC and MYCN,
was demonstrated to completely abolish embryonic development. Murine ESCs depleted of

C- and N-MYC encoding genes exhibited severely disrupted self-renewal, pluripotency and
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survival and displayed enhanced differentiation, showing that C- and N-MYC expression is
essential for mESC pluripotency and self-renewal [Varlakhanova et al., 2010]. In agreement
with their important role in maintenance of pluripotency, C- and N-MYC are among the
factors, which are needed in order to reprogram fibroblasts into induced pluripotent stem
(iPS) cells [Nakagawa and Yamanaka, 2010].

1.3 Mechanisms of transcriptional regulation by MYC

Transcription of nuclear and nucleolar human genes is mediated via three different types
of RNA polymerases (POL I-IIT), while transcription of mitochondrial DNA occurs by a
specialised RNA polymerase. Genomic sequences encoding for ribosomal RNA (rRNA)
are localised in the nucleolus and transcribed by POL I, except for 55 rRNA, which is
transcribed by POL III [Grummt, 1999, Russell and Zomerdijk, 2006]. Apart from 5S
rRNA, POL IIT transcribes transfer RNAs (tRNAs) and other small RNAs, including short
interspersed repetitive elements (SINEs) and U6 small nucleolar RNAs (snoRNAs) [Dieci
et al., 2013|. Transcription of protein encoding messenger RNAs (mRNAs) and most micro
RNAs (miRNAs) and snoRNAs is mediated by POL II. MYC s function as a transcription
factor is not restricted to one polymerase, but plays a role for transcription by all three
POLs |Dang, 2012].

1.3.1 Regulation of transcription by POL Il

The function of MYC proteins in transcription is best studied for POL II-mediated tran-
scription. In mammalian cells, the mechanisms of MY C-mediated transcriptional activation
and repression of POL II target genes are best studied for C-MYC and will be described in
the following, but most findings were reproduced for N-MYC.

C-MYC-mediated activation of transcription

Activation of transcription by C-MYC involves several steps of transcriptional regulation.
In a first step, MYC/MAX dimers bind to promotor-close DNA elements, for example
E-boxes, recognising target genes by the existence of open chromatin marks (H3K4me?)
or other determinants, such as WDR5 binding [Guccione et al., 2006, Thomas et al., 2015]
(Fig. 1.3). Subsequently, C-MYC mediates recruitment of chromatin remodeling complexes,
which enhance opening of the chromatin structure, mainly by acetylation of histones. Known
histone acetyltransferases (HATs) recruited by C-MYC are for example TIP60 and GCN5
[Frank et al., 2003, McMahon et al., 2000] (Fig. 1.3). Recruited HATs are a part of large co-
factor complexes that comprise adaptor proteins, such as the MBII-interacting multidomain
protein TRRAP and ATPases, like p400, which induce nucleosome remodeling and assist
HATs in their function [Fuchs et al., 2001, McMahon et al., 1998, Martinato et al., 2008]
(Fig. 1.1, 1.3).



1 Introduction 9

J‘

\‘/@

Figure 1.3

C-MYC-mediated activation of transcription

Scheme illustrating mechanisms of transcriptional activation by MYC proteins. C-MYC binds as a heterodimer with MAX to
DNA elements, for example E-boxes, within open promoters of its target genes that are characterised by trimethylated (me3)
histones (brown circles). Bound MYC/MAX dimers recruit co-activator complexes comprising histone acetyltransferases
(HATs) and ATPases, which induce histone acetylation (ac) and remodeling of the chromatin structure. Additionally,
C-MYC induces recruitment of POL Il and the two multi-protein complexes TFIIH and p-TEFb. Examples of recruited
HATSs are shown in green and examples of ATPases in purple.

An open chromatin structure with highly acetylated histones enables recruitment of POL II
and binding of general transcription factors (GTFs). Formation of this pre-initiation com-
plex is the first step in POL II transcription and it is followed by initiation of transcription,
promoter clearance, transcriptional elongation and subsequent termination of transcrip-
tion [Shandilya and Roberts, 2012, Weake and Workman, 2010]. Importantly, C-MYC can
stimulate POL II binding to promoters and recruits the Mediator/TFIIH complex, which
induces POL II phosphorylation at S5 residues in its highly repetitive carboxy-terminal
domain (CTD), promoting release of POL II from promoters [Bouchard et al., 2004, Walz
et al., 2014] (Fig. 1.3). After promoter clearance, POL II transcription is often attenuated
close to the promoter and re-initiation of transcription into productive elongation requires
phosphorylation of S2 residues within the POL II CTD, which is primarily mediated by
the positive elongation factor p-TEFb [Shandilya and Roberts, 2012, Weake and Workman,
2010]. Since C-MYC interacts with p-TEFb via MBI and is able to recruit p-TEFb to
promoter-proximal paused POL II, C-MYC also plays an important role during this step
of transcription [Eberhardy and Farnham, 2002, Rahl et al., 2010] (Fig. 1.1, 1.3). Among
its numerous roles in activation of transcription, this C-MYC function in pause release of
POL II into productive elongation is thought to be a key mechanism for C-MYC-mediated
transactivation [Rahl and Young, 2014, Walz et al., 2014].

C-MYC-mediated repression of transcription

How C-MYC induces repression of transcription is less clear compared to its role in tran-
scriptional activation. However, there are several reports on direct and indirect repression
of transcription by C-MYC. Direct repression can be mediated either via recruitment of his-
tone deacetylases (HDACs) and DNA methyltransferases (DNMTs), or via displacement of
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co-activator complexes (Fig. 1.4). For example C-MYC interacts with HDAC3 via MBIIIa
and induces HDAC3 recruitment to promoters, where HDAC3 deacetylates histone H3 and
H4, inducing a closed chromatin structure [Kurland and Tansey, 2008] (Fig. 1.1, 1.4). Fur-
thermore, it was shown that C-MYC represses transcription via its interaction with other
transcription factors, such as MIZ1 (Fig. 1.4). C-MYC interacts with MIZ1 via its C-
terminal HLH domain and represses expression of MIZ1 activated target genes, such as the
tumour suppressors CDKN1A and CDKN2B [Herold et al., 2002, Peukert et al., 1997] (Fig.
1.4). On the one hand side, C-MYC interaction with MIZ1 leads to displacement of MIZ1-
associated co-activator complexes (p300 and nucleophosmin (NPM) 1), on the other hand
side, C-MYC stimulates recruitment of HDACs and DNMT3a, which induce deacetylation
of histones and methylation of the DNA, respectively, resulting in a closed chromatin struc-
ture [Brenner et al., 2005, Staller et al., 2001, Wanzel et al., 2008] (Fig. 1.4). In contrast to
direct repression of transcriptional activation, one way of indirect repression of transcrip-
tion is the C-MYC-mediated positive transcriptional regulation of specific miRNAs. For
example, C-MYC induces expression of the miRNA miR-17-92, which represses translation
of proteins important for induction of senescence or apoptosis, supporting C-MY C-mediated

induction of autonomous proliferation [Li et al., 2014].

Figure 1.4

C-MYC-mediated repression of transcription

Scheme illustrating transcriptional repression of MIZ1 target genes by MYC proteins. C-MYC interacts with MIZ1 as a
heterodimer with MAX and displaces MIZ1 co-activator complexes (NPM1 and the HAT p300). C-MYC mediates removal
of open chromatin marks and induces a closed chromatin structure via recruitment of histone deacetylases (HDACs) and
DNA methyltransferases (DNMTs), which induce deacetylation of histones and methylation of the DNA (me), respectively.

1.3.2 Regulation of transcription by POL | and POL Il

Products of transcription by POL I and POL III are essential for cellular growth, since they
comprise the components that enable transcription and translation of protein encoding
mRNAs transcribed by POL II. Oncogenes, such as MYC proteins, enhance POL I- and
POL IIl-mediated transcription at multiple levels in order to stimulate protein synthesis
and cellular growth [Hannan et al., 2013, White, 2008].

Expression of POL I itself, as well as POL I GTFs is induced by direct binding of MYC
transcription factors to the promoters of the encoding POL II genes, which was demon-
strated by ChIP experiments [Grewal et al., 2005, Ji et al., 2011, Poortinga et al., 2011].
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Importantly, mammalian MYC proteins can also localise to the nucleolus where they bind
to non-canonical E-boxes in the promoter of rRNA encoding DNA sequences (rDNAs) [Ar-
abi et al., 2005, Grandori et al., 2005, Lin et al., 2012]. Human C-MYC was shown to
enhance loading of POL I and the GTF complex SL1 and to induce histone acetylation,
as well as recruitment of co-activator complexes, promoting POL [-mediated transcription
[Grandori et al., 2005]. In contrast, in Drosophila melanogaster no binding of dMyc to
rDNA sequences was detected |[Grewal et al., 2005]. The localisation of MYC proteins to
the nucleolus is stimulated by NPM1, which is also a direct MYC target gene |[Li and Hann,
2013]. An additional mechanism that is thought to lead to an induction of POL I transcrip-
tion by MYC transcription factors is the MY C-mediated formation of gene loop structures
of rDNA, which link promoter and terminator sequences, bearing the potential to enhance
re-initiation of transcription [Shiue et al., 2009]. Furthermore, MYC proteins enhance pro-
cessing of the POL I transcription products into their mature form, since MYC target genes
encode proteins involved in rRNA processing and maturation in the nucleolus, for example
fibrillarin and nucleolin [Schlosser et al., 2003].

Transcription by POL III is induced by MYC proteins in a similar way as POL I-mediated
transcription. Based on their promoter structure POL III transcribed genes are classified
into three distinct classes, which differ in regard of the mechanism of transcription and
involved GTFs. The 5S rRNA is a type [ gene, type Il genes are mainly tRNA genes and
type III genes encode a large variety of different small RNAs, including for example the
7SK RNA, U6 snoRNAs and Y RNAs [Dieci et al., 2007, Geiduschek and Kassavetis, 2001,
Schramm and Hernandez, 2002, Willis, 1993]. As it was shown for the POL I transcription
machinery, genes encoding POL TII and several POL III GTFs are direct MYC target
genes [Gomez-Roman et al., 2003, Felton-Edkins et al., 2003, Lin et al., 2012, Raha et al.,
2010]. In addition, MYC proteins also co-localise with POL III target genes and induce
histone acetylation and transcription by POL III [Kenneth et al., 2007, Raha et al., 2010].
Since there are no canonical or non-canonical sequences in the vicinity of most POL IIT
target genes and it was shown in Drosophila melanogaster that dMyc can enhance POL
IIT transcription in the absence of MAX, MYC proteins are thought to localise to POL
III target genes via protein-protein interactions [Campbell and White, 2014, Steiger et al.,
2008]. TFIIIB, a POL IIT GTF, was shown to interact with MYC proteins in different
organisms and is thought to recruit MYC transcription factors to POL III target genes
[Ernens et al., 2006, Gomez-Roman et al., 2003, Steiger et al., 2008]. In contrast to POL
I target genes, it is not known, if MYC binding to POL III target genes can induce loop
formation of chromatin in order to enhance transcription |[Campbell and White, 2014].
However, tRNA encoding tDNAs usually form clusters in the nucleus and their interaction
can induce loop formation of chromatin and modulate transcription of POL 1I target genes
[Raab et al., 2012|. Interestingly, several studies suggest that transcription of POL III target
genes is induced upon co-localisation with actively transcribed POL IT genes and POL 11
transcription factors, such as MYC [Alla and Cairns, 2014, Barski et al., 2010, Moqgtaderi
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et al., 2010, Oler et al., 2010, Raha et al., 2010].

1.4 Regulation of the transcription factor N-MYC

Since MYC proteins play a role in numerous processes, most importantly in the regulation
of cellular proliferation, transcription of MYC encoding genes, as well as translation of MYC
mRNA and protein stability must be tightly regulated. From what is known in literature,
human C- and N-MYC differ in regard of regulatory mechanisms and much less is known
about regulation of N-MYC. Giving that N-MYC is the subject of this study, the following
descriptions focus on N-MYC.

In contrast to the immediate-early gene C-MYC, N-MYC is an E2F target gene and tran-
scribed later in the cell cycle [Strieder and Lutz, 2003]. E2F and SP1/SP3 transcription
factors were shown to cooperate in the induction of MYCN expression [Kramps et al.,
2004]. However, E2F proteins, which can bind to E2F responsive elements in the MYCN
promoter, are also involved in negative regulation of MYCN transcription, assisting TGF-
beta- and retinoic acid (RA)-mediated repression [Kramps et al., 2004, Lutz and Schwab,
1997, Strieder and Lutz, 2003]. While TGF-beta signaling reduces steady-state levels of
MYCN mRNA [Serra et al., 1994], the vitamin A analogue RA, as well as the neuronal
growth factor (NGF) were demonstrated to decrease MYCN expression and induce differ-
entiation of neuronal cells [Matsushima and Bogenmann, 1993, Thiele et al., 1985, Wada
et al., 1992]. In agreement with these findings, N-MYC was shown to block neuronal dif-
ferentiation via repression of differentiation pathways [Kang et al., 2006, Nara et al., 2007].
Importantly, MYCN is a direct target of the SHH signaling pathway, which plays an im-
portant role in neuronal differentiation [Kenney et al., 2003]. Accordingly, a tight balance
between RA /NGF-signaling and the SHH pathway are required to regulate differentiation
and proliferation of the nervous system, depending on MYCN expression levels [Hurlin,
2005, Kenney et al., 2004].

On a post-transcriptional level, different factors were shown to regulate the stability of
MYCN mRNA. For example, translation of MYCN mRNA is negatively regulated by miR-
34a, which is encoded in a region (chromosome 1p36) that is commonly lost in neuroblastoma
carrying an amplification of the N-MYC encoding gene [Wei et al., 2008]. In contrast,
HuD proteins enhance the stability of MYCN mRNA via binding to cis-acting destabilising
elements in the 3’-untranslated region (UTR) of MYCN [Manohar et al., 2002].
Post-translational regulation of N-MYC is mediated via a large variety of signaling pathways,
which induce different kinds of modifications on N-MYC. Modifications include phosphoryla-
tion, acetylation and ubiquitinylation, which translate into distinct mechanisms, such as reg-
ulation of protein stability [Vervoorts et al., 2006]. Degradation of N-MYC occurs via the
ubiquitin-system or via an ubiquitin-independent mechanism. The D element and the PEST
sequence, which is enriched for the amino acids proline (P), glutamic acid (E), serine (S)
and threonine (T), are located in the central part of MYC proteins and regulate ubiquitin-

independent proteolysis [Gregory and Hann, 2000, Herbst et al., 2004]. Ubiquitin-dependent
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degradation is mediated via the ubiquitin-system and involves a cascade of three different
kinds of enzymes, ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2)
and ubiquitin ligases (E3), that induce ubiquitination of a target protein. Ubiquitin is a
small protein of 8 kDa and comprises 7 lysine (K) residues, which are involved in ubiquitin
chain formation on a target protein, inducing different cellular processes, for example K48-
linked ubiquitin chains signal proteasomal degradation of a target protein [Haglund and
Dikic, 2005, Pickart and Eddins, 2004|. Different E3 ligases are known to target N-MYC
for proteasomal degradation: HUWEL [Zhao et al., 2008], DBB1-CUL4 [Choi et al., 2010]
and SCFFBXW7[Sjostrom et al., 2005]. Degradation of MYC proteins via the E3 ligase
complex SCFFBXWT yag described first for C-MYC and is triggered by phosphorylation at
two highly conserved residues in MBI, T58 and S62 [Alvarez et al., 1991, Henriksson et al.,
1993] (Fig. 1.5). These phosphorylation sites are among the best characterised modifica-
tions on MYC proteins and were shown to be not only involved in degradation, but also in
regulation of apoptosis and transformation by MYC [Chang et al., 2000, Henriksson et al.,
1993, Noguchi et al., 1999, Pulverer et al., 1994].

PI3K signaling

|

T58 S62 T58 S62 T58 S62 T58 . sl 62 /\
@ . » Ub proteasome
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Figure 1.5

N-MYC degradation

Scheme illustrating N-MYC degradation via FBXW7. At the G2/M phase boundary of the cell cycle cyclin B1 is expressed
and forms a complex with CDK1. Complex formation with cyclin B1 activates CDK1 kinase activity and enables CDK1-
mediated phosphorylation of N-MYC at S62. N-MYC phosphorylation at S62 primes its phosphorylation at T58 by GSK-3R,
a kinase that is negatively regulated by the PI3K signaling pathway. When N-MYC is phosphorylated at T58 and S62
residues it is recognised by FBXW?7, a part of the E3 ubiquitin ligase SCFFBXW7 \hich mediates ubiquitination of N-MYC
leading to proteasomal degradation.

While C-MYC phosphorylation at S62 is mediated via different kinases (c-Jun, CDK2, Ras-
activated mitogen activated protein kinases (MAPKSs) Alvarez et al., 1991, Hydbring et al.,
2010, Noguchi et al., 1999), so far only one kinase, CDK1, was described to phosphorylate
N-MYC at S62 [Sjostrom et al., 2005] (Fig. 1.5). CDK1 is a cyclin-dependent kinase, which
is kinetically active in a complex with cyclin B1 that is selectively expressed in G2/M phase
of the cell cycle [Lindqvist, Rodriguez-Bravo, and Medema, 2009]. The cyclin B1/CDKI1-
dependent phosphorylation of N-MYC links its degradation to a certain phase of the cell
cycle, in contrast to C-MYC, which can be degraded via SCFFBXW7 throughout the cell
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cycle. N- and C-MYC phosphorylation at S62 primes phosphorylation at T58 by glycogen
synthase kinase 3 beta (GSK-38) [Gregory et al., 2003, Lutterbach and Hann, 1994, Sjostrom
et al., 2005] (Fig. 1.5). GSK-3# is negatively regulated by the PI3K signaling pathway via
an inhibitory phosphorylation at S9 by the serine/threonine-protein kinase AKT, which is
activated upon mitogen-stimulation of the PI3K signaling, linking MY C protein degradation
with growth signals [Cohen and Frame, 2001, Lutterbach and Hann, 1994, Parisi et al., 2011]
(Fig. 1.5). For N-MYC it was shown that there is a synergy of PI3K and SHH signaling
in N-MYC regulation, controlling cell cycle progression of neuronal precursor cells [Kenney
et al., 2004]. Phosphorylation at T58 enables recognition by the F-box protein FBXW7,
a part of the SCFYBXWT g3 ligase complex, and subsequent ubiquitination of C- and N-
MYC with K48-linked ubiquitin chains, which target the proteasome [Otto et al., 2009,
Popov et al., 2010, Welcker et al., 2004, Yada et al., 2004] (Fig. 1.5).

Disruption of the tightly balanced regulation of N-MYC expression and stability leads to
transformation and tumour development (see introduction, section 1.1). High N-MYC levels
can induce repression of anti-tumourigenic functions, such as apoptosis, immune surveillance
and differentiation, and maintain a stem cell-like de-differentiated state, as it was shown for

neuronal progenitor cells [Huang and Weiss, 2013, Knoepfler et al., 2002].

1.5 Deregulation of N-MYC in a subgroup of neuroblastoma

Deregulated MYCN expression plays an important role in a subgroup of neuroblastoma, a
tumour that arises from neuronal progenitor cells of the peripheral nervous system [Huang
and Weiss, 2013]. Amplification of the N-MYC encoding gene leads to high N-MYC protein
levels and correlates with high-risk diseases and a poor prognosis for neuroblastoma patients
[Brodeur et al., 1984, Seeger et al., 1985]. Neuroblastoma is the most common extracra-
nial solid tumour of children and MYCN-amplification is one of several markers used to
stratify tumour stage [Mueller and Matthay, 2009]. The clinical course of neuroblastoma
is strongly heterogeneous and the clinical outcome varies from spontaneous regression to
relentless growth and development of metastasis [Brodeur and Bagatell, 2014]. Metastasis
occur mainly in bone marrow, bone, lymph nodes and liver, while the primary tumour
arises in paraspinal ganglia in the chest or abdomen and in the adrenal glands [DuBois
et al., 1999]. Taking into account the observations that MYCN-amplified neuroblastoma
patients are usually young children, that N-MYC is normally not expressed in neuronal
tissues after embryonic development and that N-MYC levels play an important role in neur-
onal differentiation, a lack of differentiation appears to be a reasonable explanation for
neuroblastoma development [Brodeur and Bagatell, 2014, Huang and Weiss, 2013, Knoep-
fler et al., 2002] (Fig. 1.6). Importantly, induction of differentiation is a mechanism that can
lead to spontaneous regression of neuroblastoma, for example, via activation of the Tyrosine-
kinase A (TrkA)/NGF-signaling pathway [Matsushima and Bogenmann, 1993, Nakagawara
et al., 1993, Nakagawara and Brodeur, 1997| (Fig. 1.6). Furthermore, administration of the

differentiation-inducing ligand RA is successfully exploited as a therapeutic approach for



1 Introduction 15

neuroblastoma patients [Matthay et al., 2009]. The knowledge that high N-MYC protein
levels can interfere with differentiation of neuroblastoma, has classified N-MYC as a po-
tential target for therapy of MYCN-amplified neuroblastoma [Beltran et al., 2011, Pession
and Tonelli, 2005]. But since N-MYC is a transcription factor, it is difficult to develop a
drug, which directly targets its function, and the predominant treatment of patients with

MYCN-amplified neuroblastoma remains chemotherapy [Tonini et al., 2012].

Normal development MYCN-amplified neuroblastoma
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Figure 1.6

Aurora-A stabilises N-MYC in MYCN-amplified neuroblastoma

Scheme illustrating Aurora-A-mediated stabilisation of N-MYC. In normal development cycling neuroblasts have high N-
MYC protein levels. In order to differentiate N-MYC levels are decreased in neuroblasts and this can be mediated via
SCFFBXW7_mediated ubiquitination and degradation via the proteasome (Fig. 1.4). The decrease in N-MYC levels is
dependent on different factors, for example PI3K/SHH signaling and TrkA expression. MYCN-amplified neuroblastoma
have high N-MYC levels and Aurora-A interferes with N-MYC degradation via SCFFBXW7 - Accordingly, N-MYC levels stay
high and disable terminal differentiation of neuroblasts into mature neurons. Adapted from Otto et al., 2009.

The discovery of Aurora-A-mediated stabilisation of N-MYC in MYCN-amplified neuro-
blastoma represented a breakthrough in research on potential indirect targets for therapy
of MYCN-amplified neuroblastoma patients [Brockmann et al., 2013, Otto et al., 2009].
Aurora-A was identified in an small hairpin RNA (shRNA) screen for genes, which are
synthetic lethal with an amplification of MYCN upon shRNA-mediated knockdown [Otto
et al., 2009]. In the shRNA screen effects on proliferation of MYCN-amplified versus non-
MYCN-amplified neuroblastoma cell lines were assessed upon knockdown of 194 genes,
which were either shown to be expressed in a N-MYC-dependent manner, or which were
known direct C-MYC target genes. Depletion of Aurora-A resulted in decreased prolifera-
tion of MYCN-amplified neuroblastoma cell lines, but did not affect non-MYCN-amplified
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cells [Otto et al., 2009]. Since a previous study detected high Aurora-A expression levels
specifically in MYCN-amplified neuroblastoma, the functional relationship of N-MYC and
Aurora-A was further investigated [Berwanger et al., 2002, Otto et al., 2009]. Detailed ana-
lyses revealed that Aurora-A interaction with N-MYC rescues N-MYC from proteasomal
degradation via the E3 ligase SCFFBXWT [Otto et al., 2009] (Fig. 1.6). Importantly, the
Aurora-A encoding gene, AURKA, is a direct target of N-MYC and its expression is strongly
induced in MYCN-amplified neuroblastoma [Berwanger et al., 2002].

Aurora-A is a serine/threonine kinase, whose kinase activity is highly relevant for cells
to progress through mitosis. In mitosis Aurora-A phosphorylates several targets, that are
involved in different processes, among others Aurora-A plays a role in centrosomal mat-
uration, bipolar alignment of microtubles of the mitotic spindle and cytokinesis [Nikonova
et al., 2013]. The functions of Aurora-A in mitosis are highly relevant, since Aurora-A k.o.
mice are not viable and die early during embryonic development before the 16-cell stage,
displaying severe defects in mitosis, particularly in spindle assembly [Lu et al., 2008, Sasai
et al., 2008|. Interestingly, Aurora-A is not only essential for early embryonic development,
but also for tumour suppression, as Aurora-A heterozygosity led to a significant increase in
tumour incidences in mice |Lu et al., 2008|. More recently, mitosis-independent functions
of Aurora-A were described, including a function in ciliogenesis, microtubuli dynamics and
regulation of the activity of the tumour suppressor p53 [Chen et al., 2002, Katayama et al.,
2004, Lorenzo et al., 2009, Pugacheva et al., 2007|. Aurora-A-mediated phosphorylation of
p53 induces its degradation via the E3 ubiquitin-protein ligase MDM2, interfering with p53
function in tumour surveillance and facilitating oncogenic transformation [Katayama et al.,
2004]. This mechanism represents one of the Aurora-A functions, which stratify Aurora-A
as an oncogene. Cancer susceptibility is increased upon overexpression, gain of function,
and/or loss of function of Aurora-A and there are numerous solid tumours that display de-
regulated Aurora-A expression and function, for example breast, ovarian and colon cancer
entities [Karthigeyan et al., 2011]. Neuroblastoma is not the only tumour, which displays
both, AURKA and MYCN overexpression, also for NEPCs an amplification of both genes
was demonstrated [Terry and Beltran, 2014|. In addition, a study was published recently,
which showed that also high C-MYC and Aurora-A expression levels are inter-linked in hep-
atocellular carcinoma (HCC) and that like N-MYC, C-MYC can be stabilised by Aurora-
A in HCC cells [Dauch et al., 2016]. Due to the large panel of tumour entities, which
show deregulated Aurora-A expression, several Aurora-A inhibitors have been developed,
using the knowledge from the crystal structure of the C-terminal Aurora-A kinase domain
[Cheetham et al., 2002]. Aurora-A inhibitors were designed as small molecules binding to the
ATP-binding site in the kinase domain and leading either to a blockage of protein—protein
interactions between Aurora-A and a co-factor or substrate (type I inhibitors), or to an
inhibition of the activity of the serine/threonine kinase (type II inhibitors) [Karthigeyan
et al., 2011]. The first reported Aurora-A inhibitor, being specific for Aurora-A and not
affecting the Aurora-A homologues Aurora-B and Aurora-C, was MLN8054, which was de-
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veloped by the company Millenium Pharmaceuticals [Karthigeyan et al., 2011, Manfredi
et al., 2007]. Strikingly, MLN8054 and an improved variant, MLN8237, were demonstrated
to not only inhibit Aurora-A kinase activity, but also to disrupt the interaction of Aurora-A
and N-MYC, inducing N-MYC degradation via the proteasome [Brockmann et al., 2013].
Accordingly, MLN8054 /8237 would have a dual role in therapy of tumours with high N-MYC
and Aurora-A levels, such as M YCN-amplified neuroblastoma overexpressing Aurora-A. For
this reason, MLN8237, also known as “Alisertib”, is currently used in clinical trials phase II,
as a single agent or in combination with other drugs, to treat for example neuroblastoma,
SCLC and NEPC patients [Niu et al., 2015].
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1.6 Objectives of this thesis

Deregulated expression of the N-MYC transcription factor drives tumour initiation and pro-
gression in multiple cancer entities. More profound knowledge about functional interactions,
regulation of expression and protein stability of N-MYC is required in order to make strides
in the battle against these specific tumours.

Amplification of the N-MYC encoding gene occurs for example in a subgroup of neuro-
blastoma and is linked to a poor prognosis for the patients. Importantly, neuroblastoma
proliferation depends on the maintenance of high N-MYC protein levels, turning N-MYC
into a highly relevant therapeutic target at hand. Previous studies have uncovered the
interaction of N-MYC with Aurora-A kinase as a weak spot of N-MYC stability in MYCN-
amplified neuroblastoma. N-MYC interaction with Aurora-A prevents its degradation via
a specific E3 ubiquitin ligase, SCFFBXW7, which attaches ubiquitin chains to N-MYC that
target it to the proteasome. However, it is not known, how complex formation with Aurora-
A can interfere with proteasomal degradation of N-MYC.

Uncovering the mechanism of Aurora-A-mediated stabilisation of N-MYC does not only
allow the development of specific inhibitors that target N-MYC stability, but also leads to
a better understanding of regulatory pathways evolving on N-MYC. Therefore, this thesis
aimed to identify novel N-MYC interacting proteins that could be involved in the regulation
of N-MYC stability, specifically by Aurora-A interaction.

A proteomic analysis of purified N-MYC protein complexes should be performed to reveal
previously unknown interactions. Additionally, complex components of an N-MYC mutant,
which is known to be deficient in stabilisation by Aurora-A, should be analysed, in order
to identify N-MYC interaction partners that are specific for Aurora-A stabilisation of N-
MYC wt. Finally, the functional relationship of N-MYC and novel N-MYC interacting
proteins should be uncovered and their mechanistic function together with Aurora-A should
be elucidated.
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2 Materials

2.1 Strains and cell lines
2.1.1 Bacterial strains

DH5a

Escherichia coli F-, ®80dlacZAM15 A(lacZYA-argF)U169 deoR recAl endAl hsdR17
(rk-,mk+) phoA supE/4 A- thi-1 gyrA96 relA1; for amplification of plasmids

XL1 blue

Escherichia  coli, recAl endAl gyrA96, thi-1 hsdR17 supEj4 relAl  lac
[F’proAB laclqZAM15Tn10(Tetr)]; for generation and amplification of plasmids

BL21

Escherichia coli F-; ompT gal dem lon hsdSB(rB- mB-) ADES lacl lacUV5-T7 gene 1

indl sam7 nind; for expression of GST fusion proteins

2.1.2 Human cell lines

HEK293TN

Human embryonic kidney cell line,
purchased from ATCC

IMR-32

Human MYCN-amplified neuroblastoma cell line, stable transfected with the murine eco-
tropic receptor and Hygromycin resistance gene,

provided by Manfred Schwab

IMR-5

Human MYCN-amplified neuroblastoma cell line, stable transfected with the murine eco-
tropic receptor and Hygromycin resistance gene,

provided by Angelika Eggert

Plat-E

Platinum-E cell line, potent retroviral packaging cell line,

provided by Bjorn von Eyss

SH-EP

Human MYCN-non-amplified neuroblastoma cell line, stable transfected with the murine
ecotropic receptor and Hygromycin resistance gene,

provided by Manfred Schwab

2.2 Cultivation media and supplements
2.2.1 Media for mammalian cell culture

Basal medium DMEM and RPMI-1640 containing L-glutamine (584 mg/ml) was purchased
by Sigma. Fetal bovine serum (FBS; from Biochrom) was heat inactivated for 30 min at 56

°C before use.
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Basal medium for neuroblastoma cell lines

RPMI-1640 with 10% (v/v) FBS and 1% (v/v) penicillin/ streptomycin (100.000 U/ml;
from Sigma)

Basal medium for HEK293TN and Plat-E cell lines

DMEM with 10% (v/v) FBS and 1% (v/v) penicillin/ streptomycin (100.000 U/ml; from
Sigma)

Freezing medium

70% (v/v) Basal medium, according to the cell line, with 20% (v/v) FBS and 10% (v/v)
DMSO

2.2.2 Antibiotics and compounds for mammalian cell culture

For selection of successfully transfected or infected cells, if not indicated otherwise, all cell
lines were treated with the antibiotic concentrations given below. A resistance to Neomycin
was selected with G418.

Blasticidin S (InvivoGen) 3.03 pg/ml

CD532 (provided by R. Bayliss) 1000 nM in DMSO

G418 (PAA) 100 pg/ml in aqua bidest
Hygromycin B (Merck) 100 pg/ml in aqua bidest
MG-132 (Calbiochem) 20 uM in EtOH
MLN8237 (Selleckchem) 250-1000 nM in DMSO
MK-5108 (Selleckchem) 1000 nM in DMSO
Puromycin (InvivoGen) 1-2 pg/ml

Polybrene (Sigma) 4 yg/ml in aqua bidest

2.2.3 Media and antibiotics for bacterial cell culture
Media

LB-medium

10% (w/v) bacto tryptone

0.5% (w/v) yeast extract

1% (w/v) NaCl

LB-agar

LB-medium

1.2% (w/v) Bacto-Agar

The solution was autoclaved and then cooled down to 50 °C before antibiotics

were added, 20 ml was poured into each 10 cm dish.
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Antibiotics

Depending on the resistance marker encoded on the DNA plasmid, the following antibiotics
were added to the LB-medium or LB-agar:

Ampicillin 100 mg/ml

Kanamycin 100 mg/ml

2.3 Nucleic acids

2.3.1 DNA oligonucleotides

DNA-primers were synthesised by Sigma and target human DNA/mRNA| if not indicated
otherwise. Primers for quantitative qRT-PCR were designed with the open source software

Primer3 and are all intron-spanning to avoid amplification of genomic DNA.

name application sequence

AURKA fwd qRT-PCR GGAGAAAGCCGGAGTGGAGCATC

AURKA rev qRT-PCR TTCAATCATTTCAGGGGGCAGGTA

B2M fwd qRT-PCR GTGCTCGCGCTACTCTCTC

B2M rev qRT-PCR GTCAACTTCAATGTCGGAT

FL 195 FASN TSS 1 fwd | ChIP CCAAGCTGTCAGCCCATGT

FL 196 FASN TSS 1 rev | ChIP CGTCTCTCTGGCTCCCTCTA

GALNT14 PP1 fwd ChIP AATGTGCTCGTCCTACCACA

GALNT14 PP1 rev ChIP AGTAGCCAGGCAAGTGAACC

GALNT14 PP2 fwd ChIP CTAGACCCAGGATCCGGTTG

GALNT14 PP2 rev ChIP CAGGCTCGCTTCTCTTCGA

gALNT M negregion | gy GCACAGGTCAGAGGGTAGTT

GALNT14 neg.region rev | ChIP CAGAGGCTGGAGGAAGGAAT

MYCN fwd qRT-PCR CCACAAGGCCCTCAGTACC

MYCN rev qRT-PCR TCTTCCTCTTCATCATCTTCATCA

fNV?d[CN NT HA EcoRI cloning ggSéégrig?iggégg%E%ACCGGAAgCGT
GCTCCACGT

MYCN CT Xbal rev cloning gggg?AGACTAGCAAGTCCGAGC
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name

application

sequence

MYCN NTdeltall0 HA

CGGAATTCATGTACCCTTACGACG

EcoRI fwd ne cloning TGCCCGACTACGCCGGGGTCATCC
e TCCAGGACT
CGGAATTCATGTACCCTTACGACG
PN el A cloning TGCCCGACTACGCCGGGCCGGGGG

EcoRI fwd

AGGACATCT

MYCN V339 stop fwd

mutagenesis

CTCTCCCTACGTGTAGAGTGAGGA
TGC

MYCN V339 stop rev

mutagenesis

GCATCCTCACTCTACACGTAGGGA
GAG

MYCN L318 stop fwd

mutagenesis

CAGTCCAGCGAGCTGTAGCTCAAA
CGATGCCTTC

MYCN L318 stop rev

mutagenesis

GAAGGCATCGTTTGAGCTACAGCT
CGCTGGACTG

MYCN V197 stop fwd

mutagenesis

CCCCTTTCCCGTGTAGAAGCGCGA
GCCAG

MYCN V197 stop rev

mutagenesis

CTGGCTCGCGCTTCTACACGGGAA
AGGGG

MYCN E185 stop fwd

mutagenesis

CGGCCGCCGAGTAAGTGGATCCC
GC

MYCN E185 stop rev

mutagenesis

GCGGGATCCACTTACTCGGCGGC
CG

MYCN L126 stop fwd

mutagenesis

CCGCGAGAAGCTGTAACGCGCCG
TGAGCG

MYCN L126 stop rev

mutagenesis

CGCTCACGGCGCGTTACAGCTTC
TCGCGG

MYCN P109 stop fwd

mutagenesis

CTCACCCCCAACCCGTAAATCCT
CCAGGACTG

MYCN P109 stop rev

mutagenesis

CAGTCCTGGAGGATTTACGGGTT
GGGGGTGAG

Site-Directed
Mutagenesis pWZLblast
MYCN (mut*) fwd

mutagenesis

GAACACGCTCGGACTTGCAGATC
TTTCGAAATCACC

Site-Directed
Mutagenesis pWZLblast
MYCN (mut*) rev

mutagenesis

GGTGATTTCGAAAGATCTGCAAG
TCCGAGCGTGTTC

Site-Directed
Mutagenesis MYCN
mut* zu MYCN wt fwd

mutagenesis

TTTGAGCTGCTGCCCACGCCCCC
GCTGTCGCCCAGCCGTGGCTTC
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name

application

sequence

Site-Directed
Mutagenesis MYCN
mut* zu MYCN wt rev

mutagenesis

GAAGCCACGGCTGGGCGACAGCG
GGGGCGTGGGCAGCAGCTCAAA

Site-Directed
Mutagenesis pWZLblast
MYCN (mut*) fwd

mutagenesis

GAACACGCTCGGACTTGCTAGTC
TTTCGAAATCACCATGG

Site-Directed
Mutagenesis pWZLblast
MYCN (mut*) rev

mutagenesis

CCATGGTGATTTCGAAAGACTAG
CAAGTCCGAGCGTGTTC

Site-Directed
Mutagenesis MYCN wt
zu MYCN mut* fwd

mutagenesis

TTTGAGCTGCTGCCCGCGCCCCC
GCTGGCGCCCAGCCGTGGCTTC

Site-Directed
Mutagenesis MYCN wt
zu MYCN mut* rev

mutagenesis

GAAGCCACGGCTGGGCGCCAGCG
GGGGCGCGGGCAGCAGCTCAAA

NCL LJ307 fwd ChIP CTACCACCCTCATCTGAATCC
NCL LJ308 fwd ChIP TTGTCTCGCTGGGAAAGG
NMEL1 fwd (site 3; chrl?

(49.230.711-49.230.913)) ChIP GGGGTGGAGAGAAGAAAGCA
NMEL1 rev (site 3; chrl?

(49.230.711-49.230.913)) ChIP TGGGAGTAGGCAGTCATTCT
SW ChIP negChrl fwd ChIP igAGTTCAACCTACAAGCCAATAG
SW ChIP negChrl rev ChIP CACAAATTAGCGCATTGCCTGA
SW ChIP negChr2 fwd ChIP TGTCACAGGCTCACAGGAAC
SW ChIP negChr2 rev ChIP ACCTGCTGACTAAAGAGCCC
EW9-ch11-80MB-fwd ChIP TTTTCTCACATTGCCCCTGT
EW10-ch11-80MB-rev ChIP TCAATGCTGTACCAGGCAAA
NPM LJ305 fwd ChIP TTCACCGGGAAGCATGG

NPM LJ306 fwd ChIP CACGCGAGGTAAGTCTACG

AC RAD21 RT fwd qRT-PCR ACCATGAGAGAAGAAGTTGGGA
AC RAD21 RT rev qRT-PCR TCCTCAAAAGCACTGCCTTC

SP ODCI1 fwd qRT-PCR AAAGTTGGTTTTGCGGATTG

SP ODCI rev qRT-PCR CGAAGGTCTCAGGATCGGTA
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name application sequence

PP1 intergenic fwd (site

1; chrl6 ChIP CACACGAGGGTCCATAACGT
(51.796.107-51.796.338))

PP1 intergenic rev (site

1; chrl6 ChIP GTGGATTTCAGAGCCATCCG
(51.796.107-51.796.338))

PP2 intergenic fwd (site

2; chr2 (232.316.737- ChIP ACTGGTCTGGAATCTGAGGC
232.316.978))

PP2 intergenic rev (site

2; chr2 (232.316.737- ChIP GGCAGCATAAGTCCACAAGG
232.316.978))

PPRC1 PP1 fwd ChIP GTGAGGATTAGCGCTTGGAG
PPRC1 PP1 rev ChIP TGCTGACGTTCCTTTCACC
PPRC1 PP2 fwd ChIP GAAGGCTGAGACCTCCATGT
PPRC1 PP2 rev ChIP GTTCTCCCGGGAAAATTGCT
PPRC1 neg.region fwd ChIP GGAAAGGGGAAGGGAAGAGG
PPRC1 neg.region rev ChIP CGGTTCTAGGAGTTGGGACA
521105 RT fwd (left) | proper GATGTGGCTAAGATGCTGCC
ggiﬂ(% RT rev (right) | propeg AGGCCAATCAGATTCTCACCT
gg;ﬂ% RT fwd (left) | proper GGAAGCTGTTTGACATCCGT
gg;ﬂ% RT rev (right) | prper AGACCTTGAGCTTGTCTGGG
trna7Leu fwd ChIP ATGTAGCATAAGCGCGTCAG
trna7Leu rev ChIP ACTGTCAGGAGTGGGATTCG
trnal19Ala fwd ChIP ACTTGTGCCAGGGGATGTAG
trnall9Ala rev ChIP AATCTACGTGATCGCCTTGG
USP7 fwd qRT-PCR AGGCTCAGAAGCGGAAGG
USPT rev qRT-PCR AAACTGGTCCTCTGCGACTATC
hUSP11 fwd qRT-PCR ATAGAAAACGGCGAGAGTGG
hUSP11 rev qRT-PCR GTGCTTCTCCACAAGGAACC
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zu hUSP11 C318A rev

name application sequence

Site-Directed | CTGGGCAACACGTCCTTCATGAA
Mutagenesis hUSP11 wt | mutagenesis CTCG

zu hUSP11 C318S fwd

Site-Directed | CGAGTTCATGAAGGACGTGTTGC
Mutagenesis hUSP11 wt | mutagenesis CCAG

zu hUSP11 C318S rev

Site-Directed .| CAATCTGGGCAACACGGCCTTCA
Mutagenesis hUSP11 wt | mutagenesis TGAACTCGGC

zu hUSP11 C318A fwd

Site-Directed

Mutagenesis hUSP11 wt | mutagenesis GOCGAGTTOATGAAGGCCGTGTT

GCCCAGATTG

fwd: forward; rev: reverse;

*: introduces a frameshift, which was corrected with "Site-Directed Mutagenesis pWZL Blast MYCN (mut*) fwd/rev"

primers

2.3.2 RNA oligonucleotides

RNA-primers for shRNA oligonucleotides were designed using sequences published in Cel-
lecta DECIPHER shRNA Library Human Module 1 for pRSI12 plasmids and target se-

quences for pLKO.1 puro plasmids were designed and cloned by Helem Ribeiro. Scrambled
shRNA and shLuc2 in pLKO.1 puro were provided by Jiajia Xu. All oligos were synthesised

by Sigma and purified via HPLC.

shRNAs in pRSI12

Fwd oligo (5->37): ACCG-sense(21nt-GT*)-GTTAATATTCATAGC-antisense-TTTTTT
Rev oligo (5->3"): CGAA-AAAAAA-sense(21nt)-GCTATGAATATTAAC-antisense

name

targeting sequence (sense (21nt-GT¥*))

shLuc2

CTTCGAAATGTTCGTTTGGTT

shMYCN-1 (Barcode ID 36252)

GCAGCAGCAGTTGTTAAAGAAA

GCGGACGAAGATGATTTCTATT

(
shMYCN-2 (Barcode ID 36253)
shMYCN-3 (Barcode ID 36254)

GGCGTCGCAGAAATCACAATAT

shUSP11-1 (Barcode ID 33315)

CCGTGATGATATCTTTGTCTA

CCGATTCTATTGGCTTAGTAT

(
shUSP11-2 (Barcode ID 33316)
shUSP11-3 (cloned from pLKO.1 puro)

ACCTGAACACAGAGTGTATTT

*GT: mismatches introduced in targeting sequence, cytosine -> thymidine, creates GT-mismatch in stem loop structure
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shRNAs in pLKO.1 puro

Fwd oligo (5’->3"): CCGG-Sense(19 nt)-CTCGAG-Antisense-TTTTTG
Rev oligo (5->3"): AATTCAAAAA-sense(19nt)-CTCGAG-Antisense

name targeting sequence (sense (19nt))
shLuc2 TAGCGCGGTGTATTATAC
shUSP7-1 | GATTGAGCTCAGTGATAAT
shUSP7-2 | CAGAGAAAGGTGTGAAATT
shUSP7-3 | CCCTAATGATCCTGGATTT

siRNAs

Pools of 4 siRNA oligonucleotides against target human mRNAs were purchased from
Dharmacon (ON-TARGETplus SMARTpool) and as a control siCONTROL
(ON-TARGETplus Non-targeting Pool) was used. For siRNA screening the following siRNA
library was used: “Dharmacon ON-TARGETplus® Set of Four siRNA Library - Human
Deubiquitinating Enzymes” (GU-104705 Lot 10102).

target mRNA | sequences in SMARTpool

UCGAAGAGAGUUAUUCAUA,
CGGUAGGCCUGAUUGGGUU,
UUCUUAGAUGUAUGGUUA,
AAUAGGAACACGUGCUCUA

CCUCCAUGACAGCGCUAAA,
GGACAGUGAGCGUCGCAGA,
GAACCCAGACCUCGAGUUU,
CGAGCUGGGUCACGGAGAU

GCUCAGCCUUUGUGGAAUA,
GGGAGUAGUUCGAAUCUAU,
GACCAAGGUUCCAUAUUALU,
GCAUUGGAGCCUAUUGAUA

GCAGAUGUUCUACCAGUUA,
CCGAAUCCGUUGUGGAAUG,
ACCCAGAUGCCAAGAUUUA,
ACUCCGAGGUCACAUUUGA

GAAGAAGCGUUACUAUGAC,
GGACCGUGAUGAUAUCUUC,
GAGAAGCACUGGUAUAAGC,
GCGCACAGCUGCAUGUCAU

human AURKA

human MYCN

human RAD21

human TFIIIC5

human USP11
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2.4 Plasmids

2.4.1 Empty vectors

name

description

pcDNA3

Eucaryotic expression vector with CMV (cytomegalovirus)- promoter
(Invitrogen)

pCMV-Sport 6

Eucaryotic expression vector with CMV (cytomegalovirus)- promoter
for higher expression levels (Deutsche Ressourcenzentrum fiir
Genomforschung)

pGEX-4T-1

Bacterial expression vector with tac-promoter for expression of
GST-tagged recombinant proteins (GE Healthcare)

pGEX-6P-1

Bacterial expression vector with tac-promoter for expression of
GST-tagged recombinant proteins (GE Healthcare)

pJET1.2/blunt

Bacterial expression vector with T7 promoter for cloning (CloneJET
PCR Cloning Kit)

Eucaryotic lentiviral expression vector for constutive U6 promoter

pLKO.1 puro | driven shRNA expression and puromycin restistance gene (TRC
Consortium)
Eucaryotic lentiviral expression vector for constutive U6 promoter

pRSI12 driven shRNA expression and with constutitive UbiC (Ubiquitin C)
driven TagRFP marker expression (CELLECTA)

pWZLblast Eucaryotic retroviral expression Vect.or with LTR (long terminal
repeat) promoter and blasticidin resistance gene

pWZLneo Eucaryotic retroviral expression vector with LTR (long terminal

repeat) promoter and neomycin resistance gene (Cell Biolabs)

2.4.2 Expression vectors

name

description

pcDNA3 AURKA pcDNA3 with CDS of human AURKA wt

pCMV-Sport 6 AURKA wt

pCMV-Sport 6 with CDS of human AURKA

wt

pGEX-4T-1 GST Aurora-A pGEX-4T-1 with CDS of human AURKA

pcDNA3 ELP3 NT HA

pcDNA3 with CDS of human N-terminal
HA-tagged ELP3 (cloned by Steffi Herold)

pcDNA3 MYCN wt pcDNA3 with CDS of human MYCN wt

pcDNA3 MYCN T58/S62A

pcDNA3 with CDS of human MYCN
T58/S62A
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name

description

pcDNA3 MYCN wt NT HA

pcDNA3 with CDS of human N-terminal
HA-tagged MYCN wt

pcDNA3 MYCN T58/S62A NT HA

pcDNA3 with CDS of human N-terminal
HA-tagged MYCN T58/S62A

pcDNA3 MYCN aa339 stop NT HA

pcDNA3 with CDS of human N-terminal
HA-tagged MYCN aa339 stop C-terminal
deletion mutant

pcDNA3 MYCN aa318 stop NT HA

pcDNA3 with CDS of human N-terminal
HA-tagged MYCN aa318 stop C-terminal
deletion mutant

pcDNA3 MYCN aal97 stop NT HA

pcDNA3 with CDS of human N-terminal
HA-tagged MYCN aal97 stop C-terminal
deletion mutant

pcDNA3 MYCN aal85 stop NT HA

pcDNA3 with CDS of human N-terminal
HA-tagged MYCN aal85 stop C-terminal
deletion mutant

pcDNA3 MYCN aal26 stop NT HA

pcDNA3 with CDS of human N-terminal
HA-tagged MYCN aal26 stop C-terminal
deletion mutant

pcDNA3 MYCN aal09 stop NT HA

pcDNA3 with CDS of human N-terminal
HA-tagged MYCN aal09 stop C-terminal
deletion mutant

pcDNA3 MYCN deltaN1 NT HA

pcDNA3 with CDS of human N-terminal
HA-tagged MYCN deltaN1 N-terminal
deletion mutant

pcDNA3 MYCN deltaN2 NT HA

pcDNA3 with CDS of human N-terminal
HA-tagged MYCN deltaN2 N-terminal
deletion mutant

pWZLblast MYCN wt NT HA

pWZLblast with CDS of human N-terminal
HA-tagged MYCN wt

pWZLblast MYCN T58/S62A NT HA

pWZLblast with CDS of human N-terminal
HA-tagged MYCN T58/S62A

pGEX-6P-1 GST MYCN wt

pGEX-6P-1 with CDS of human MYCN wt

pcDNA3 USP7 wt NT Myc

pcDNA3 with CDS of human USP7 wt
(provided by Stefanie Peter)

pcDNA3 USP7 2238 NT Myc

pcDNA3 with CDS of human USP7 C223S
(provided by Stefanie Peter)

pcDNA3 USP11 wt

pcDNA3 with CDS of human USP11 wt

pcDNA3 USP11 C318A

pcDNA3 with CDS of human USP11 C318A

pcDNA3 USP11 C318S

pcDNA3 with CDS of human USP11 C318S
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2.4.3 Lentiviral packaging vectors

psPAX2

plasmid coding for the lentiviral virion packaging system (HIV gag, pol, rev)

pMD2.g

plasmid coding for the lentiviral envelope (VSV-G env)

2.5 Antibodies

2.5.1 Primary Antibodies

protein type application name

Actin beta m, mono IgGl | WB AC15 (Sigma)

Aurora-A rb, poly WB 3092 (Cell Signaling)
Aurora-A goat, poly P N-20 (Santa Cruz)

pT288 Aurora-A rb, mono WB 2914 (Cell Signaling)
CDC73 rb, poly WB A300-171A (Bethyl)
CDK2 m, mono IgGl | WB M-2 (Santa Cruz)
Cleaved PARP m, mono IgGl | WB F21-852 (BD Pharmingen)
CTCF rb, poly WB 07-729 (Millipore)

CTRY rb, poly WB A301-395A (Bethyl)

GST goat, poly WB 27-4577-50 (GE Healthcare)
HA m, mono IgGl | WB 16B12 (Covance)

MAX rb, poly WB C-17 (Santa Cruz)

pT58 MYC rb, poly WB ab28842 (Abcam)

pS62 MYC rb, poly WB ab51156 (Abcam)
N-MYC m, mono IgG2a | WB, ChIP B8.4.B (Santa Cruz)
N-MYC m, mono IgG1l | IF NCM IT 100 (Santa Cruz)
RAD21 rb, poly" WB, ChIP A300-080A (Bethyl)
SPT5 m, mono WB A-3 (Santa Cruz)
TUBULIN alpha rb, poly WB E-19 (Santa Cruz)
TFIIIC1 m, mono WB, ChIP F-12 (Santa Cruz)
TFIIIC2 m, poly WB ab89113 (Abcam)
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protein type application name

TFIIIC4 rb, poly WB A301-239A (Bethyl)
TFIIICS rb, poly WB, ChIP A301-242A (Bethyl)
TOP2A rb, poly WB A300-054A (Bethyl)
TOP2B rb, poly WB A300-949A (Bethyl)
TOP1 rb, poly WB A302-589A (Bethyl)
USP7 rb, poly WB A300-033A (Bethyl)
USP11 rb, poly WB, ChIP A301-613A (Bethyl)
Vinculin m, mono IgGl | WB hVin-1 (Sigma)

ChlP: chromatin immunoprecipitation; IP: immunoprecipitation; WB: Western blot
mono: monoclonal; poly: polyclonal; m: mouse; rb: rabbit

2.5.2 Secondary Antibodies

name application | description

donkey-anti-rabbit-immunoglobulin coupled

Anti-rabbit-HRP WB with horseradish peroxidase (Amersham,
NA 934)
donkey-anti-mouse-immunoglobulin coupled

Anti-mouse-HRP WB with horseradish peroxidase (Amersham,
NA 931)

mouse-anti-rabbit immunoglobulin coupled
Rabbit TrueBlot WB of IPs with horseradish peroxidase, clone eB182
(Rockland, 18-8816-33)

rat-anti-mouse immunoglobulin coupled
Mouse TrueBlot ULTRA | WB of IPs with horseradish peroxidase, clone eB144

(Rockland, 18-8817-33)

donkey-anti-goat-immunoglobulin coupled

Anti-goat-HRP WB with horseradish peroxidase (Santa Cruz,
sc-2020)
Streptavidin-HRP WB streptavidin horseradish peroxidase

conjugate (Invitrogen, 43-4323)

2.6 Chemicals

All chemicals were purchased from the companies Sigma, Merck, Roth, Invitrogen and

Applichem and used without further purification.
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2.7 Enzymes, standards, beads/sepharose for purification and kits

2.7.1 Enzymes

DNase-free RNaseA

M-MLV reverse transcriptase
Restriction endonucleases
T4-DNA-Ligase

Pfu Polymerase

Phusion Hot Start II Polymerase®

2.7.2 Standards

PageRuler Pre-Stained Protein Ladder

HiMark™ Pre-Stained HMW Protein Standard

1kb DNA Ladder

2.7.3 Beads/sepharose for purification

Glutathione Sepharose™ 4B

Dynabeads® MyOne™ Streptavidin C1
Dynabeads® Protein A/G

Pierce® Anti-HA Agarose and HA Peptide
Protein A Sepharose® 4B

Protein G Sepharose® Fast Flow

2.7.4 Kits

ABsolute gPCR SYBR Green Mix
(Cat.No.: AB-1158/B)

CloneJET PCR Cloning Kit
(Cat.No.: K1236)

Experion DNA Analysis kit 1k

(Cat.No.: 700-7107)

Qiagen
Promega
NEB
Fermentas
Fermentas

Fermentas

Fermentas
Invitrogen

Invitrogen

GE Healthcare
Invitrogen

Life Technologies
Thermo Scientific
Invitrogen

Sigma

Thermo Scientific

Thermo Scientific

BioRad
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Experion RNA HighSense kit

(Cat.No.: 700-7105) BioRad
Experion RNA StdSense kit

(Cat.No.: 700-7103) BioRad
GeneJET Gel Extraction Kit

(Cat.No.: K0692) Thermo Scientific
MinElute® PCR Purification Kit

(Cat.No.: 28004) Qiagen
NEBNext® Poly(A) mRNA magnetic

isolation module (Cat.No.: E7490) NEB
NEBNext® ChIP-Seq Library

(Cat.No.: £6240) NEB
NEBNext® mRNA-Seq Library

(Cat.No.: E6110) NEB
NEBNext® Multiplex Oligos

Index Set 1 and 2 (Cat.No.: E7335) NEB
PureLink® HiPure Plasmid DNA Purification

Kit for MAXiprep (Cat.No.: K210007) Invitrogen
QIAquick® PCR Purification Kit

(Cat.No.: 28104) Qiagen
Qiagen Gel extraction Kit

(Cat.No.: 28704) Qiagen

Quant-iT™ PicoGreen®

dsDNA Kit (Cat.No.: P7589) Invitrogen
RNEasy kit
(Cat.No.: 74106) Qiagen

RNase-free DNase kit
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(Cat.No.: 79254) Qiagen
TNT® Quick Coupled Transcription/Translation

Systems (Cat.No.: L1170) Promega

2.8 Buffers and solutions

Annealing buffer 2x
100 mM HEPES NaOH pH 7.4
200 mM pottassium acetate
4 mM magnesium acetate

Bis-Tris blot buffer 20x
25 mM Bicine
25 mM Bis-Tris
1 mM EDTA
adjusted to pH 7.2
Bis-Tris blot buffer 1x
25% (v/v) methanol
0.1% (v/v) Sodium Bisulfite (of 1 M stock solution)
prepared by diluting Bis-Tris blot buffer 20x
Bis-Tris HCI buffer 3.5x
1.25 M Bis-Tris HCI
adjusted to pH 6.8
Bis-Tris separating gel
8 - 15% (v/v) Acrylamide/Bisacrylamide
28.57% (v/v) Bis-Tris HCI buffer 3.5x pH 6.8
0.05% (w/v) APS
0.05% (v/v) TEMED
Bis-Tris stacking gel
4% (v/v) Acrylamide/Bisacrylamide
28.57% (v/v) Bis-Tris HCI buffer 3.5x pH 6.8
0.05% (w/v) APS
0.05% (v/v) TEMED
Blocking solution milk
5% (w/v) skimmed milk in TBS-T
stirred about 60 min and filtered with filter paper
Blocking solution BSA
3-5% (w/v) BSA in TBS-T
stirred about 60 min and filtered with filter paper
Bradford solution
8.5% (v/v) ortho-phosphoric acid
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4.75% (v/v) ethanol

0.01% (w/v) Coomassie Brilliant Blue G

stirred O/N and filtered with filter paper

and stored at 4 °C wrapped into aluminium foil
BSA PBS

0.5% (w/v) BSA in PBS
ChIP elution buffer

1% (v/v) SDS

0.1 M NaHCO3

prepared fresh in aqua dest
ChIP lysis buffer I

5 mM PIPES pH 8.0

85 mM KCl

0.5% (v/v) NP40

freshly added protease inhibitor mix (Sigma) at 1:1000 dilution
ChlIP lysis buffer 11

50 mM HEPES pH 7.9

140 mM NaCl

1 mM EDTA

1% (v/v)TritonX-100

0,1% (w/v) deoxycholic acid sodium salt

0,1% (v/v) SDS

freshly added protease inhibitor mix (Sigma) at 1:1000 dilution
ChIP wash buffer 1

20 mM Tris HCI1 pH 8.1

150 mM NaCl

2 mM EDTA

0.1% (v/v) SDS

1% (v/v) TritonX-100
ChIP wash buffer 11

20 mM Tris HCI1 pH 8.1

500 mM Na(Cl

2 mM EDTA

0.1% (v/v) SDS

1% (v/v) TritonX-100
ChIP wash buffer III

10 mM Tris HCI pH 8.1

250 mM LiCl

1 mM EDTA

1% (v/v) NP40
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1% (v/v) deoxycholic acid sodium salt
Coomassie solution

50% (v/v) methanol

10% (v/v) acetic acid

0,5% (w/v) Coomassie Brilliant Blue R-250
Coomassie destain

20% (v/v) methanol

10% (v/v) acetic acid

Crystal violet solution

0.1% (w/v) crystal violet

20% (v/v) ethanol
DNA loading buffer 6x

40% (w/v) sucrose

0.2% (w/v) Bromphenol Blue

0.2% (w/v) xylene cyanol

10 mM EDTA pH 8.0
EDTA 0.5 M

0.5 M EDTA

adjusted to pH 8.0 using 10 M NaOH

autoclaved
GST sonification buffer

50 mM Tris pH 8.0

50 mM NaCl

1 mM DTT

0.25 mM PMSF

freshly added protease inhibitor mix (Sigma) at 1:1000 dilution
HBS 2x

280 mM NaCl

1.5 mM NasHPO,4

50 mM HEPES adjusted to pH 7.05 using 1 M NaOH (at 24 °C)

filtered sterile (0.2 pm) and stored at 4 °C
HEGN lysis buffer 2x

40 mM HEPES KOH pH 7.8

20% (v/v) glycerol

0.4 mM EDTA

0.2% (v/v) NP40

2 mM Na-f-glycerophosphat

20 mM NaF

20 mM NayP507

filtered sterile (0.2 pm) and stored at 4 °C
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freshly added 0 - 450 mM KCI and aqua dest ad 1x
and freshly added protease inhibitor mix (Sigma) at 1:100 dilution
and phosphatase inhibitors I and II each at 1:1000 dilution
MES running buffer 20x
4 M Tris
4 M MES
100 mM EDTA
10% (v/v) SDS
MES running buffer 1x
prepared by diluting MES running buffer 20x
with 5 mM sodium bisulfite
stored at 4 °C and heated before use (30 min 56 °C)
NP40 lysis buffer
150 mM NaCl
1% (v/v) NP40
50 mM Tris-HC] pH 8.0
10 mM NaysP507(decahydrate)
100 mM NaF
2 mM Na3zVOy
filtered sterile (0.2 pm) and stored at 4 °C
freshly added protease inhibitor mix (Sigma) at 1:1000 dilution
PBS
137 mM NaCl
2.7 mM KCI
10.1 mM Nao,HPO4
1.76 mM KHyPOy
autoclaved
Plasmid prep buffer 1
TE with RNaseA at 1:1000 dilution
Plasmid prep buffer 2
200 mM NaOH
1% (w/v) SDS
Plasmid prep buffer 3
3.1 M potassium acetate (trihydrate)
adjusted to pH 4.8 using acetic acid
SDS running buffer
25 mM Tris base
250 mM glycine
0.1% (v/v) SDS
SDS sample buffer 3x
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187.5 mM Tris HC1 pH 6.8
30% (v/v) glycerine
6% (v/v) SDS
0.03% (w/v) Bromphenol Blue
2 M B-mercaptoethanol
SDS separating gel
7.5 - 12.5% (v/v) acrylamide/bisacrylamide
375 mM Tris HCI pH 8.8
0.1% (w/v) SDS
0.1% (w/v) APS
0.1% (v/v) TEMED
SDS stacking gel
4% (v/v) acrylamide/bisacrylamide
125 mM Tris HCI pH 6.8
0.1% (w/v) SDS
0.1% (w/v) APS
0.1% (v/v) TEMED
Sodium bisulfite
1 M sodium bisulfite
Stripping buffer
62.5 mM Tris HCI pH 6.8
2% (v/v) SDS
100 mM [-mercaptoethanol (add freshly)
TAE 50x
2 M Tris base
5.7% (v/v) acetic acid
50 mM EDTA pH 8.0
TAE 1x
prepared by diluting TAE 50x
40 mM Tris-acetate pH 8.0
1 mM EDTA
Tank blot buffer SDS 10x
250 mM Tris base
1.5 M glycine
Tank blot buffer SDS 1x

prepared by diluting Tank blot buffer SDS 10x

with 15% (v/v) methanol
TBS 20x

500 mM Tris base

2.8 M NaCl
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adjusted to pH 7.4 using concentrated HCI
TBS-T
prepared by diluting TBS 20x
0.2% (v/v) Tween-20
25 mM Tris pH 7.4
140 mM NaCl
TE
10 mM Tris pH 8.0
1 mM EDTA pH 8.0
autoclaved
TNN lysis buffer
50 mM Tris-HC1 pH 7.4
120 mM NaCl
5 mM EDTA
0.5% (v/v) NP40
10 mM NayP20O7(decahydrate)
100 mM NaF
2 mM Na3zVOy
filtered sterile (0.2 pm) and stored at 4 °C
freshly added protease inhibitor mix (Sigma) at 1:100 dilution
and phosphatase inhibitors I and II each at 1:1000 dilution
Trypsin solution
0.25% trypsin
5 mM EDTA
22.3 mM Tris pH 7.4
125 mM NaCl
Water

sterile injection water from Ampuwa®

2.9 Consumables and equipment

Consumables such as reaction tubes, cell culture and other plastic products were purchased

from Applied Biosystems, Eppendorf, Greiner, Kimberley-Clark, Nunc, Sarstedt, B. Braun,

Schleicher und Schiill, Millipore and VWR international.

2.9.1 Equipment

Chemiluminescence imaging LAS-4000 mini (Fujifilm)

Cell culture incubator BBD 6220 (Heraeus)

Cell counter CASY cell counter (Innovatis)
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Centrifuges

Heating block
Incubator shaker
Microscope for cell culture

Microscope for siRNA screen

PCR thermal cycler

Photometer

Power supply

Quantitation of RNA

Quantitative real-time PCR machine

SDS-PAGE system
Sterile bench
Ultrasonifier
Universal shaker
Vortex mixer
Waterbath

Western blot transfer chamber

2.10 Software

Acrobat™ 9 Pro v9.5.5
Ape plasmid editor v1.17

Bedtools v2.11.2

Galaxy MiniStar (VWR International),
Avanti J-26 XP (Beckman Coulter),
Multifuge 1S-R (Heraeus),

Eppendorf 542 and 5417R (Eppendorf)

Dry Bath System (STARLAB)
Model G25 (New Brunswick Scientific)
Axiovert 40CFL (Zeiss)

Operetta High Content Imaging System
(Perkin Elmer)

Mastercycler pro S (Eppendorf)

Ultrospec™ 3100 pro UV/Visible (Amersham
Biosciences), Spectrofluorometer NanoDrop 3000
(Thermo Scientific)

PowerPac HC (Bio-Rad)

Experion Automated Electrophoresis System
(Bio-Rad), StdSens Experion RNA Chip

MXp3000P qPCR system (Stratagene), StepOne™
Realtime Cycler (Applied Biosystems)

Mini-PROTEAN Tetra Cell (Bio-Rad)
HeraSafe (Heraeus)

W-250 D (Heinemann)

SM-30 (Edmund Biihler GmbH)
Vortex-Genie 2 (Scientific Industries)
ED-5M heating bath (Julabo)

PeQlab

Adobe Inc.
M. Wayne Davis

Quinlan and Hall, 2010
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Bowtie v0.12.7

CLC Sequence Viewer 6
GraphPad Prism v4.0
Tustrator™ v14.0.0
Integrated Genome Browser v8.1
Mac OS X v10.6.8

MACS v1.4.2

Microsoft Office 2008 Mac
Multi Gauge v3.2

MxPro qPCR Software
Photoshop™v11.0.2

R v2.15.2

Samtools v1.4

Scaffold Viewer 4.0
SerialCloner 2-6-1
SeqMiner v1.3.3

StepOne™ Software v2.3

Langmead, 2010
CLC bio
GraphPad Software
Adobe Inc.

Nicol et al., 2009
Apple Inc.

Zhang et al., 2008
Microsoft Inc.
Fujifilm
Stratagene

Adobe Inc.

R Foundation

Li et al., 2009
Proteome Software
SerialBasics

Ye et al., 2011

Applied Biosystems

2.11 Online programs and databases

DAVID Huang et al. 2009a,b
http://david.abce.nciferf.gov/
https://main.g2.bx.psu.edu/

GEO Edgar et al., 2002
http://www.ncbinlm.nih.gov/geo/

JASPAR http://jaspar.genereg.net
pubmed ID: 17512414 (MA0139.1)

and 10497269 (MA0003.2)
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MEME Suite

MSigDB v5.1

Primer3 v0.4.0

pubmed

UCSC Table Browser

Bailey et al., 2009

http://meme-suite.org

Subramanian et al., 2005
http://www.broadinstitute.org/gsea/msigdb/index.jsp
Rozen and Skaletsky, 2000

http://frodo.wi.mit.edu/
http://www.ncbi.nlm.nih.gov/pubmed

Karolchik et al., 2004

http://genome.ucsc.edu/cgi-bin /hgTables?command=start
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3 Methods

3.1 Molecular biology methods
3.1.1 Transfection of bacteria with plasmid DNA and plasmid amplification

To transform circular DNA into bacteria for plasmid amplification, competent bacteria were
thawed on ice and mixed with 100 pg plasmid DNA or 5 yl ligation mix. After 30 min of
incubation on ice, heat shock was performed for 90 s at 42 °C. The bacteria were placed
back on ice for one minute. Then 900 ul LB-medium without any antibiotics was added and
after one hour of shaking (450 rpm) at 37 °C bacteria were plated on LB agar plates and
incubated upside down over night at 37 °C. In the morning the next day plates were stored
at 4 °C until clones were picked, either for Mini preparation in 3 ml of LB-medium or for
MAXi-preparation in 200 ml of LB-medium using the appropriate antibiotic to select for
bacteria that had been successfully transformed. Cultures were incubated shaking 12-24 h

at 30 or 37 °C depending on the plasmid backbone.

3.1.2 Isolation of plasmid DNA from bacteria

A large scale MAXi-preparation of plasmid DNA was performed with the JETSTAR 2.0
Plasmid Purification MAXi Kit according to the manufacturer’s instructions. The purified
plasmid was dissolved in Ampuwa water, diluted to a concentration of 1 mg/ml and stored
at -20 °C. For Mini-preparation, the 3 ml of cultivated bacteria were transferred to a reaction
tube (2x 1.5 ml), spun down (13,000 rpm, 5 min, RT) and resuspended in 200 pl plasmid
prep buffer 1. To lyse the cells 200 yl plasmid prep buffer 2 was added, samples were mixed
by inverting and incubated for 5 min at room temperature (RT). Afterwards 200 pl plasmid
prep buffer 3 was added for neutralisation. Samples were mixed by inverting the tubes and
spun down subsequently (13,000 rpm, 5 min, 4 °C). The supernatant was transferred to
a fresh tube and mixed with 420 yl isopropanol to precipitate the DNA, which was then
pelleted by centrifugation (13,000 rpm, 15 min, 4 °C). The DNA was washed once with 1
ml of 70% Ethanol, then dried and resuspended in 30 yl Ampuwa water.

3.1.3 Nucleic acid quantitation

The concentration of DNA and RNA in solution was determined with Peqglab’s NanoDrop
1000. Purity was determined by assessing the ratio of absorbance at 260 and 280 nm. For
pure DNA, A260/280 is ~1.8, for RNA ~2.

3.1.4 Restriction of plasmid DNA Plasmid

DNA from Mini- or MAXi-preparation (5-10 ul or 1 pg for test-digestions and 5 ug for cloning
reactions) was hydrolysed in a sequence-specific manner with restriction endonucleases from

New England Biolabs (1 pl per 1 pg plasmid DNA) using the recommended reaction buffers
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and Ampuwa water. The digestions were incubated at 37 °C, one hour for sequence-specific

test-digestions and 3 h for plasmid cloning reactions.

3.1.5 Separation of DNA fragments via gel electrophoresis

DNA fragments of different sizes were separated by agarose gel electrophoresis. Depending
on the fragment size, a solution of 0.8-2% agarose was boiled in TAE buffer. 1 mg/ml
ethidium bromide was added and the molten agarose was poured into a gel chamber with
combs to form sample wells in the gel. DNA samples supplemented with DNA loading
buffer were loaded into the wells of the polymerised agarose gel. The size of the nucleotide
fragments was determined using 15 pl of the 1 kb DNA Ladder from Invitrogen which was
separated next to the samples. Gels were run at 120 V for 1.5 h, afterwards DNA fragments
were visualised using a UV transilluminator detecting the DNA via the intercalated ethidium

bromide.

3.1.6 DNA extraction and purification from agarose gels

After separating the DNA by gel electrophoresis the fragment of interest was cut out of the
gel using a scalpel. The DNA was extracted from the gel using the GeneJET Gel Extraction
Kit from Thermo Scientific following the manufacturer’s protocol. Purified DNA was eluted

using 30 ul Ampuwa water.

3.1.7 Ligation of digested purified DNA fragments into digested vector

Digested purified DNA fragments were covalently attached with the accordingly digested
and purified plasmid by means of ligation. Insert and plasmid were incubated in a molar
ration of 3:1 or 1:7 in the ligation mix. Ligation was performed in a volume of 10 pl adjusted
with Ampuwa water and using the T4 DNA ligase from Fermentas. Samples were incubated
over night at 16 °C and at room temperature until transformation into competent bacteria

was performed in the afternoon.

3.1.8 Sequencing of plasmids (LGC)

For full-service sequencing of a plasmid, first the ordering sheet was filled in online on the
LGC homepage (https://shop.lgcgenomics.com/). Then for each sequencing reaction 1 pg
of plasmid was pipetted into an according to the ordering LGC barcode labelled reaction
tube, and 2 pl of the appropriate primer (10 pmol/nl) or nothing, if a primer from the list
of LGC primers was picked during ordering. Sample volumes were adjusted to 14 or 12 pul

of total volume using Ampuwa water and send for sequencing in an LGC envelope.

3.1.9 DNA-Extraction out of Whatman Paper

To extract DNA out of Whatman Paper, the spot with DNA was cut out and put in a
reaction tube with 500 pl TE buffer. After an incubation for one hour at 22 °C and 450 rpm
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in a Thermo-block, the extracted DNA can be frozen at —20 °C or directly subjected to

retransformation in competent bacteria (see methods, section 3.1.1).

3.1.10 Isolation of RNA

For the isolation of total RNA from cultured cells TriFast reagent from Peqlab was used.
Cells were harvested as described in section 3.3.1 and pellets were resuspended in 1 ml
TriFast. Samples were stored at -80 °C or RNA isolation was continued. Samples were
incubated 5 min at room temperature before 200 pl chloroform was added to each sample
and the mixture was vortexed thoroughly for 15 s. After 3 more min of incubation the
solution was separated into aqueous and organic phase by centrifugation (10 min, 14,000
rpm, 4 °C). The upper, aqueous phase was transferred into a fresh reaction tube and the
RNA was precipitated by adding 500 pl of isopropanol, 1 pl glycogen was added to make the
pellet non-transparent and clearly visible. Samples were vortexed for 15 s and incubated for
at least 20 min on ice. Afterwards the precipitated RNA was pelleted (10 min, 14,000 rpm, 4
°C) and washed twice with 1 ml of 75% ethanol. The final pellet was dried, resuspended in 30
nl Ampuwa water, and the RNA concentration was determined by NanoDrop measurement.
Immediately afterwards the RNA was used for cDNA synthesis and the remainder stored
at -80 °C.

3.1.11 cDNA synthesis

To quantify specific mRNAs, the RNA was transcribed into complementary DNA (cDNA)
by reverse transcription, using random hexanucleotide primers. For that, 2 ng total RNA in
a volume of 10 or 20 pl were heated up to 65 °C to dissolve any secondary structures. The
c¢DNA synthesis mix listed below was added and incubated for 10 min at RT, 60 min at 37
°C and 15 min at 70 °C. After cooling the samples down to 4 °C, 450 pl Ampuwa water was
added to each generated cDNA sample. Subsequently cDNA was used for qRT-PCR (see
methods, section 3.1.12) and stored at -20 °C.

¢DNA synthesis mix

10 pl 5x M-MLV (Promega)
5l dNTPs (2.5 mM, Roth)
2 pnl random primer p(dN)6 (2 mg/ml)

0.2 pl Ribolock (Fermentas)

1yl M-MLV reverse transcriptase (200 U/ml, Promega)

ad 40 or 30 pl Ampuwa water
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3.1.12 Polymerase chain reaction (PCR)

The polymerase chain reaction [Mullis et al., 1986] was used to amplify specific regions of
DNA for different purposes as described below.

PCR to amplify cDNA for cloning

To generate new expression vectors the gene of interest was amplified based on existing
expression vectors. The utilisation of specifically designed primers enabled the addition of

new restriction sites and tag-encoding sequences.

Standard PCR setup

5 pl 10x Pfu buffer (Stratagene)

(4 nl of 25 mM MgSOy stock solution for Pfu buffer without MgSOy4)
1pl Pfu polymerase (Stratagene)

100 ng cDNA template

10 pmol  fwd primer

10 pmol  rev primer

3-5 ul DMSO

1ql dNTPs (10 mM)

ad 50 pl Ampuwa water

Standard PCR thermal cycling profile

temperature | time number of cycles
95 °C 2 min 1

95 °C 30 s

53 - 65 °C* 30 s 30

72 °C 2 min/kb amplicon

72 °C 10 min 1

4°C o0

* dependent on GC-content of primers used (Tm — 5 °C)
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PCR based site directed mutagenesis

To mutate single bases in a target DNA construct 5’ and 3° PCR template primers were
chosen encoding the desired target sequence. PCR samples were pipetted according to the
standard PCR setup and amplified using the mutagenesis PCR thermal cycling profile. As
such, a product mostly containing the modified bases was generated. To remove residual
wild type template DNA, the PCR product was digested with the enzyme Dpnl (1 h, 37 °C),
which hydrolyses only methylated DNA. 5 pl sample with 1 jl 6x Loading Buffer were loaded
on an 0.8% agarose gel to check, if the PCR worked. Successfully amplified PCR products
were transformed into competent bacteria and amplified and purified in Mini-preparations as

usual. Minis were sequenced with the appropriate primers to check for correct mutagenesis.

Mutagenesis PCR thermal cycling profile

temperature | time number of cycles
95 °C 30 s 1

95 °C 30 s

55 °C 1 min 30

72 °C 2 min/kb amplicon

72 °C 10 min 1

4°C o0

Quantitative reverse transcriptase PCR (qRT-PCR)

To quantify specific mRNA levels the cDNA synthesised by reverse transcription (see meth-
ods, section 3.1.11) was amplified by qRT-PCR. The measurement was carried out with the
Mx3000P gqPCR system (Stratagene) or the StepOne™ Realtime Cycler (Applied Biosys-
tems). The basis of qRT-PCR is fluorescent monitoring of DNA amplification, from which
target DNA concentrations can be determined from the fractional cycle at which a threshold
amount of amplicon DNA is produced. The calculation of the relative cycle threshold (CT)
value was performed by the software supplied by the manufacturer. For normalisation the
housekeeping gene beta-2-microglobulin was used. All gRT-PCR reactions were performed
in triplicates to calculate the standard deviation according to the Gaussian law of error.
For each reaction 10 pl of ChIP DNA or 1:10 diluted cDNA were pipetted into the wells
of 96-well qRT-PCR plates. Afterwards a mix of 7 pl of ABsolute qRT-PCR SYBR Green
Mix from Thermo Scientific, 2 ul of forward and reverse qRT-PCR primer mix (each 10
pmol/pl) and 1 pl of Ampuwa water was added into each well.
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gRT-PCR thermal cycling profile with meltcurve

temperature time number of cycles
95 °C 15 min | 1

95 °C 15 s

60 °C 20 s 40

72 °C 15s

95 °C 158 1

60 °C l1min |1

60 - 95 °C; stepwise | 15 s 0.3 °C steps

95 °C 158 1

3.1.13 pRSI12-DECIPHER shRNA cloning

The shRNA sequences cloned in pRSI12 are listed in section 2.3.2. For annealing of the
oligonucleotides to get double stranded DNA with the appropriate overhangs 25 ul of 2x
Annealing buffer was mixed with 5 yl of each oligonucleotide, forward and reverse (100 uM
stock solution), and 15 pl Ampuwa water. In the PCR Thermo Cycler samples were first
denatured at 95 °C and then the temperature was step-wise decreased in 3 °C-steps from
95 °C to 87 °C with 3 min of incubation each, followed by a 10 min incubation at 85 °C.
Afterwards the temperature was again step-wise decreased in 3 °C-steps from 82 °C to 25 °C
with 2 min of incubation each, ending with a 12 °C step lasting forever. Annealed oligonuc-
leotides were ligated into the pRSI12-DECIPHER plasmid digested with Bbsl. For ligation

the protocol described in section 3.1.7 was conducted using 2 yl of annealed oligonucleotides.

3.1.14 Phenol/chloroform extraction of DNA

To extract DNA 1 volume of phenol/chloroform /isoamylalcohol (25:24:1) was added to each
sample and samples were vortexed vigorously. After 5 min of centrifugation at 14,000 rpm
and RT two phases were separated, the upper phase was transferred into a fresh reaction
tube and 1 yl glycogene (Glycoblue), 50 ul of 3 M NaAc pH 5.2 and 1 ml of ice cold 100%
ethanol were added. Samples were vortexed and incubated at least 30 min at -20 °C and
centrifuged at 14,000 rpm and 4 °C for 30 min. Pelleted DNA was washed once with 500
ul ice cold 70% ethanol (14,000 rpm, 10 min, 4 °C) and then dried for 5 min at RT before

resuspension in TE buffer or Ampuwa water according to the protocol.

3.1.15 RNA-Seq. Library preparation

For RNA-Seq. another protocol was used to harvest and extract RNA than the one described
in section 3.1.10. To extract RNA the RNEasy kit from Qiagen (Cat.No.: 74106) was used
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following the manufacturers instructions. Importantly cells plated on 10 cm dishes were
scraped in RLT buffer with £-mercaptoethanol without washing with PBS, shock frozen in
liquid nitrogen and stored at -80 °C. The day of RNA extraction the cells frozen in RLT
buffer were thawed and homogenised using a syringe with a 20 G needle (6x passages).
A DNasel on column digestion was performed as described in the manual. After RNA
extraction concentrations were measured by Nandrop and cDNA was prepared as described
in section 3.1.11. Selected targets were investigated by qRT-PCR or Western Blot and if the
experiment worked as expected, an Experion RNA StdSense chip was performed using the
kit from BioRad (Cat.No.:700-7103) to assess the purity of the samples. If the purity was
good (RQI 9-10), RNA-Seq. library preparation was performed following the NEBNext®
Ultra™ RNA Library Prep Kit for Illumina® protocol. The purity of the prepared samples
was accessed using a DNA 1k Experion Chip according to the manufacturers instructions.
Samples for sequencing were adjusted to an equimolare concentration and denatured before

loading on an Illumina flow cell according to the manufacturers instructions.

3.2 Cell biology methods

All cell culture work was performed at a sterile workbench. Cells were cultivated in COq
incubators at 37 °C, 95% relative humidity and 5% COs.

3.2.1 Thawing cells

Frozen cells were stored in cryo vials at -80 °C (short storage) or in liquid nitrogen (long-
term storage). Cells were thawed in the evening by placing the cryo vials into a 37 °C water
bath. As soon as there was only small clump of frozen cell suspension visible, cells were
resuspended with ~700 pl warm (37 °C) Basal medium and transferred onto a 15 cm dish
with 35 ml warm Basal medium (previously prepared and placed in the incubator for ~20
min). In the morning the next day, medium was changed. Cells were passaged twice in

Basal medium before using them in experiments.

3.2.2 Passaging cells

Cells were passaged when culture dishes were nearly confluent. The cultivation medium
was removed and cells were washed with PBS. An appropriate amount of trypsin solution
was added (e.g. 1 ml on a 10 cm dish) and the dishes were incubated for ~5 min in
the incubator to enhance the trypsin-activity. By tilting the dishes the cell detachment
was checked before resuspending the cells in fresh Basal medium stopping the enzymatic
activity of trypsin. Singularised cells were splitted (1/4-1/20 v/v) onto a new dish with
fresh medium or transferred into a 50 ml Falcon tube for counting. For S1 cells counting
was performed using the CASY cell counter following the manufacturer’s protocol. S2 cells
were counted manually with a Neubauer counting chamber. After counting the cells were

seeded for experiments according to their size and proliferation rate in relation to the length
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of the experiment.

3.2.3 Freezing cells

For freezing cells were detached with trypsin solution as described above, resuspended in
fresh medium and then pelleted (5 min, 1200 rpm, 21 °C). The cells were resuspended in 1
ml freezing medium containing DMSO, transferred to a cryo vial and then slowly frozen at
-80 °C using a MrFROSTY freezing container. After 24 h the cells were stored in a liquid

nitrogen storage tank.

3.2.4 Transfection of plasmid DNA
Calcium phosphate method

24 h prior to transfection cells were plated at specific density (SH-EP: 0.3 million; SK-N-BE:
0.5 million; IMR-5, IMR-32: 1.5-2 million per 10 cm dish). Some h (~4 h) before transfection
neuroblastoma cells cultured in RPMI-based medium were washed with PBS and medium
was changed to DMEM-based medium (less medium than usual, e.g. 8 ml on a 10 cm
dish). The reason for changing the medium to DMEM is that RPMI medium interferes
with calcium phosphate mediated transfection. For each transfection two 50 ml Falcon
tubes were prepared, tube A containing 500 ul HBS 2x (pH 7.05) and tube B containing
50 nl CaCly of sterile 2.5 M stock solution and up to 30 pg plasmid DNA of 1 pg/pl
MAXi preparation adjusted to 500 pl total volume using sterile Ampuwa water. After
preparation of the tubes, solution B was slowly dropped into solution A while vortexing
it in the sterile workbench. The transfection solution was vortexed with closed lid for
another 15 s. Immediately afterwards the dish for transfection was taken from the incubator
and the solution was dropped carefully onto the cells. After 14-16 h cells were washed
twice with PBS before changing the medium back to RPMI-based medium and transfection
efficiency, monitored by GFP-encoding plasmid DNA, was checked 24-48 h post transfection.

Transfected cells were harvested 48 h post transfection.

Polyethylenimine (PEI) method

24 h prior to transfection cells were plated at specific density (SH-EP: 0.3 million; SK-N-
BE: 0.5 million; IMR-5, IMR-32: 1.5-2 million per 10 cm dish). Shortly before transfection
cells were washed with PBS and medium was changed to medium with low serum (2%) and
without antibiotics (less medium than usual, e.g. 6 ml on a 10 cm dish). Transfections
were carried out in the afternoon. For each transfection two 1.5 ml reaction tubes were
prepared, tube A containing up to 25 pg plasmid DNA of 1 pg/pnl MAXi preparation in 700
nl Opti-MEM® T and tube B containing PEI transfection reagent in 700 pl Opti-MEM®
I (DNA:PEI ratio of 5:4, 1:1 or 1:3). After incubating the PEI- Opti-MEM® I dilution
for 5 min at RT, solutions from tube A and B were combined by dropping solution from

tube B in tube A. Combined solutions were mixed by inverting the tubes several times and
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incubated for 20 min at RT before dropping the transfection solutions onto the cells. 4 h
later cells were washed once with PBS before changing the medium back to Basal medium
with antibiotics and transfection efficiency, monitored by GFP-encoding plasmid DNA, was

checked 24-48 h post transfection. Transfected cells were harvested 48 h post transfection.

Lipofectamine™ 2000 method

48 h prior to transfection cells were plated at specific density (SH-EP: 0.3 million; SK-N-
BE: 0.5 million; IMR-5, IMR-32: 1.5-2 million per 10 cm dish). 24 h prior to transfection
cells were washed with PBS and medium was changed to medium without antibiotics (less
medium than usual, e.g. 8 ml on a 10 cm dish). Transfections were carried out in the
afternoon. For each transfection two 2 ml reaction tubes were prepared, tube A containing 16
ng plasmid DNA of 1 pg/ul MAXi preparation in 1 ml Opti-MEM® I and tube B containing
40 pl Lipofectamine™ 2000 in 1 ml Opti-MEM® 1. Lipofectamine™ 2000 was gently mixed
before usage and after carefully mixing it with Opti-MEM® I, the mix was incubated 5
min at RT before dropping 1 ml of it in tube A. The combined DNA-Lipofectamine™ 2000
transfection solution was mixed by inverting the tube several times and incubated for 20
min at RT. Afterwards the transfection solution was carefully dropped onto the cells. After
14-16 h cells were washed once with PBS before changing the medium back to Basal medium
with antibiotics and transfection efficiency, monitored by GFP-encoding plasmid DNA, was
checked 24-48 h post transfection. Selection of transfected cells was started 48-72 h post

transfection using the appropriate cytostatic.

siRNA transfection with RNAIMAX

24 h prior to transfection cells were plated at specific density (SH-EP: 0.3 million; SK-N-
BE: 0.5 million; IMR-5, IMR-32: 1.5-2 million per 10 cm dish). On the day of transfection
cells were washed with PBS and medium was changed to medium without antibiotics (less
medium than usual, e.g. 8 ml on a 10 c¢cm dish). Transfections were carried out in the
afternoon. For each transfection two 2 ml reaction tubes were prepared, tube A containing
10 pl siRNA of 20 pM stock solution in 1 ml Opti-MEM® I and tube B containing 20 pl
RNAIMAX in 1 ml Opti-MEM® I. RNAIMAX was gently mixed before usage and after
carefully mixing it with Opti-MEM® I, the mix was incubated 5 min at RT before dropping
1 ml of it in tube A. The combined RNAiMAX transfection solution was mixed by inverting
the tube several times and incubated for 20 min at RT. Afterwards the transfection solution
was carefully dropped onto the cells. After 14-16 h cells were washed once with PBS
before changing the medium back to Basal medium with antibiotics. Transfected cells were

harvested 48 or 72 h post transfection.
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3.2.5 \Viruspreparation and Infection of adherent cells
Retrovirus production

24 h prior to transfection Phoenix/PlatE cells were plated at 4-5 million per 10 cm dish.
Cells were transfected following the protocol for the calcium phosphate method described
above and using 40 pg of the desired plasmid DNA for each transfection. After 14 — 16 h
cells were washed twice with PBS before changing the medium back to 7 ml of DMEM-based
medium and transfection efficiency, monitored by GFP-encoding plasmid DNA, was checked
24-48 h post transfection. 48 h post transfection first viral supernatant was harvested by
taking the 7 ml of medium into a 15 ml Falcon tube. The virus was first frozen in liquid
nitrogen and then stored at -80 °C until infection. Afterwards 7 ml of fresh DMEM-based
medium were carefully added. 66 h post transfection second viral supernatant was harvested
by taking the 7 ml of medium into a 15 ml Falcon tube. The virus was first frozen in liquid

nitrogen and then stored at -80 °C until infection. The dishes were discarded.

Retroviral infection

24 h prior to infection cells were plated at specific density (SH-EP: 0.3 million; SK-N-BE:
0.5 million; IMR-5, IMR-32: 1.5-2 million per 10 cm dish). Before infection the frozen
retroviral supernatant was thawed by putting the 15 ml Falcon tubes into a 37 °C water
bath (~5 min). Subsequently the thawed virus was centrifuged at 1500 rpm for 5 min to
pellet cell debris and filtered sterile in the workbench (0.45 pum filter). After removing the
medium from the dishes for infection, one Falcon tube of sterile filtered viral supernatant
(preferentially first harvest) was poured onto each dish and 4 pg/ml polybrene (5 pl of 4
mg,/ml stock solution) were added. After 14-16 h 5 ml of Basal medium were added per 10
c¢m dish. Selection of infected cells was started 48-72 h post infection using the appropriate

cytostatic.

Lentivirus production

24 h prior to transfection HEK293TN cells were plated at 4.5-5 million per 10 cm dish.
Cells were transfected following the protocol for the PEI method described above using
2.8 ug psPAX2, 1.4 yg pMD2.g of packaging plasmids and 11.1 pg of the desired plasmid
DNA together with 30 nl of PEI for each transfection. After transfection cells were S2
and accordingly incubated and handled in S2 cell culture. After 14-16 h the medium was
changed to 6 ml of DMEM-based medium with antibiotics and normal serum (5%). 38-40
h post transfection first viral supernatant was collected in a 50 ml Falcon tube and 6 ml
medium was added. The collected virus was stored at 4 °C. 42-48 h post transfection
second viral supernatant was collected in the same 50 ml Falcon tube as 8 h before and 6
ml medium was added. 56-58 h post transfection third viral supernatant was collected in a
50 ml Falcon tube and the dishes were discarded. The collected virus filtered sterile (0.45

nm filter), aliquoted in cryo vials, frozen in liquid nitrogen and stored at -80 °C.
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Lentiviral infection

24 h prior to infection cells were plated at specific density (SH-EP: 0.3 million; SK-N-BE: 0.5
million; IMR-5, IMR-32: 1.5-2 million per 10 ¢cm dish). Before infection the frozen lentiviral
supernatant was thawed by putting the cryo vials in 15 ml Falcon tubes into a 37 °C water
bath (~5 min). Subsequently the medium was removed from dishes plated for infection, then
5 ml of Basal medium were added together with 0.02-2 ml of thawed virus (as well as control
without virus!) and 4 pg/ml polybrene (5 pul of 4 mg/ml stock solution) onto each dish.
After 14-16 h the medium was changed to 10 ml Basal medium and 38-40 h post infection
selection of infected cells was started using the appropriate cytostatic. Successful selection
was controlled by a control dish without virus addition, ~24 h after adding the cytostatic all
control cells should have died. Selection was interrupted by washing the infected cells once
with PBS and adding Basal medium without cytostatic. After successful selection infected

cells were used for experiments.

3.2.6 Generation of cell clones

After successful Lipofectamine™ 2000 transfection and retro- or lentiviral infection, cell
clones could be isolated from the genetically modified pool to generate a stable cell line.
The pool of cells was split before or after selection with the appropriate antibiotic in different
ratios ranging from 1:500—-1:20 on 15 cm dishes and the singularised cells were cultivated on
the dish with medium changes (with or without antibiotic) every three days until a clonal
colony was formed, which was visible without the microscope. Each colony was marked on
the dish bottom and then transferred to one well on a 96-Well plate either by scraping it
off using a 200 pl pipette or by trypsinisation using an autoclaved metal ring, which was

dipped in vaseline and placed onto the colony.

3.3 Protein biochemistry methods
3.3.1 Harvesting of cells for Western Blot or RNA isolation

Protein extraction or RNA isolation was performed on ice. First medium was removed from
cells cultured on 10 ¢cm dishes and afterwards cells were washed in ice cold PBS. Then cells
were scraped of the cell culture dish in 700 pl ice cold PBS and transferred into a reaction
tube (cells cultured on one 10 cm dish were usually used for protein and RNA extraction).
After spinning down scraped cells (1500 rpm, 5 min, 4 °C), the supernatant was removed
and the cell pellet was either resuspended in 1 ml TriFast reagent for RNA extraction or
frozen as pellet for protein extraction. Samples were frozen in liquid nitrogen to be stored

at -80 °C or directly subjected to lysis or RNA extraction (see methods, section 3.1.10).
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3.3.2 Protein extraction (NP40 cell lysis)

To isolate total protein cell pellets were resuspended in 25-200 pl NP40 lysis buffer with
freshly added protease inhibitor mix (1:1000) (25 pl if low density, 200 ul if high density).
Subsequently the cells were shock frozen in liquid nitrogen for 30 s and then incubated for 1
min at 37 °C in a water bath using swimming rack. This freezing/thawing step was repeated
twice. Afterwards the samples were incubated for 10 min on ice, then the cell debris were
pelleted (13,000 rpm, 5 min, 4 °C) and the supernatant was transferred into new reaction

tube. Samples were used for SDS-PAGE or frozen in liquid nitrogen and stored at —80 °C.

3.3.3 Determination of protein concentration by the Bradford method

Protein concentrations were determined according to Bradford [1976|. Water and Bradford
solution was mixed in a 1:1 ration and 1 ml was pipetted into each Semi-Cuvette. Sub-
sequently 1 pl of the protein sample was added, each sample was measured in triplicate.
After mixing by pipetting up and down, the absorption was measured at a wavelength of 595
nm using an appropriate reference. The mean absorption from each sample was calculated
and this was compared to a previously obtained standard curve to calculate the protein

concentration.

3.3.4 Harvest and protein extraction for immunoprecipitation (IP)

Harvest, protein extraction and IP were performed on ice. For harvesting culture medium
was removed, cells were washed once with ice cold PBS and scraped in 700 pl or 1-2 ml (15 cm
dish) ice cold PBS, equivalent cells were pooled in 15 ml falcons. After pelleting cells for 10
min at 1500 rpm and 4 °C, the supernatant was aspirated and samples were frozen in liquid
nitrogen to be stored at -80 °C or directly subjected to lysis. Cell lysis for IP was performed
in 1 ml of 1x HEGN lysis buffer with 140 mM KCl (including protease inhibitor mix at
1:100 and phosphatase inhibitor T and IT each at 1:1000 dilution). Following resuspension
in 1x HEGN lysis buffer samples were sonified on ice supplemented with ethanol 4x 5 s at
20% amplitude with a pause of 10 s between each sonification. If cell density was high,
the sonification procedure was performed twice with 1 min pause in between. Samples were
incubated on ice for 30 min and then centrifuged 10 min at 4700 rpm and 4 °C. Supernatants
were transferred from the 15 ml falcons into reaction tubes and centrifuged 10 min at 13,000
rpm and 4 °C to clear lysates from insoluble cell debris. This step was repeated until lysates
were cleared, then the Bradford assay was performed to determine protein concentrations

(see methods, section 3.3.3).

IP using Protein A/G sepharose

For IP 1-2 mg lysate was prepared in 1 ml 1x HEGN lysis buffer with 140 mM KCI, (including
protease inhibitor mix at 1:100 and phosphatase inhibitor T and 1I each at 1:1000 dilution).
An input sample was taken for each IP sample (e.g. 20 pl of 1 mg/ml lysate solution = 2%)



3 Methods 54

and 1/3 volume 3x SDS sample buffer was added. Input control samples were heated for 10
min at 95 °C, cooled down 90 s on ice and stored at -20 °C until SDS-PAGE was performed.
To each IP sample 2-4 pg of antibody (IP antibody or control IP antibody from same
species, or even same subtype) were added and samples were incubated circulating O/N
at 4 °C. For IPs with ethidium bromide treatment 1 pg/ml of ethidium bromide solution
were added. The next day sepharose beads were washed twice with 1 ml 1x HEGN lysis
buffer with 140 mM KCI (5 min, 1700 rpm, 4 °C). For each IP sample 50 pl of protein A
or G (depends on the species antibodies were derived from) sepharose suspension (contains
50% beads = 25 nl) were prepared. During washing steps supernatant was removed using
a 0.5 mm needle and a vacuum pump. After washing, sepharose beads are resuspended in
the IP sample containing antibody and lysate and incubated circulating for 2-3 h at 4 °C.
Then TP samples are centrifuged 5 min at 1700 rpm and the same volume like the input
control sample the day before is taken from the supernatant and further processed like input
control. Remaining supernatant was sucked off completely and samples were washed three
times with 1 ml 1x HEGN lysis buffer with 140 mM KCI (2 min, 1700 rpm, 4 °C) (0.5 mm
needle). To elute immunoprecipitated proteins sepharose beads were resuspended in 50 yl
of 3x SDS sample buffer and IP samples were boiled for 10 min at 95 °C, cooled down on
ice for 90 s and stored at — 20 °C until SDS-PAGE. Before performing SDS-PAGE samples

were boiled another 5 min at 95 °C.

IP using Anti-HA agarose

First 1-2 mg protein lysate was prepared in 1 ml 1x HEGN lysis buffer with 140 mM
KCl (including protease inhibitor mix at 1:100 and phosphatase inhibitor I and II each at
1:1000 dilution) for each IP and an input control sample was taken (1-2%). Second for
each sample 40 pl of Anti-HA Agarose suspension were prepared by washing twice with
1 ml 1x HEGN lysis buffer with 140 mM KCI as described before (see methods, section
3.3.4). Then the agarose was resuspended in the prepared 1 ml of lysate HEGN-solution
and incubated circulating for 4 h or O/N at 4 °C. Afterwards the supernatant control sample
was taken and the IP samples were washed as described before. For elution Anti-HA agarose
was resuspended in 30 ul HA-peptide solution (including protease inhibitor mix at 1:300
dilution) and incubated 15 min at 30 °C with flipping the reaction tubes 3-5 times during
the incubation time. To remove the agarose, samples were centrifuged 5 s at 12,000 rpm
at RT and the supernatant was carefully transferred to Micro Bio-Spin Chromatography
Columns (BioRad #732-6204), which were spun 4 min at 3263 rpm at RT. Then 1/3 volume
of 3x SDS sample buffer was added to the eluat and 50 pl of 2x SDS sample buffer to the
agarose. [P samples were boiled for 10 min at 95 °C, cooled down on ice for 90 s and stored
at =20 °C until SDS-PAGE. Before performing SDS-PAGE samples were boiled another 5
min at 95 °C.
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IP for mass spectrometry (MS) using Anti-HA agarose

HA-tagged N-MYC variants and interacting proteins were purified via Anti-HA agarose
and HA-peptide elution for mass spectrometric analysis similar to the protocol described
before. To avoid keratin contaminations all solutions were used fresh and filtered sterile
and sterile, plugged pipette tips and pipettes were used. The sonification procedure was
carried out 3x with 1 min pause in between. For each IP 10 mg of protein were used, 100
nl Anti-HA agarose and 50 nl HA-peptide solution (including protease inhibitor mix at 1:25
dilution). After elution 37 ul eluat were obtained, 33 pl were supplemented with 11 pl 4x
NuPAGE® LDS sample buffer from Life Technologies for MS and the remaining 3 pl were
loaded on an SDS-gel to verify that the IP was successful. MS was carried out in the group
of Andreas Schlosser at the Rudolf Virchow Center (RVZ) at the University of Wiirzburg.
The samples for MS were reduced by adding NuPAGE® Reducing Agent (DTT) to a final
concentration of ~50 mM and proteins were denatured for 10 min at 70 °C. After cooling
the samples down to RT the alkylating reagent lodoacetamide (IAA) was added to a final
concentration of ~120 mM and samples were incubated for 20 min in the dark at RT before
they were loaded on ready-made NuPAGE® Novex 4-12% Bis-Tris gels (Life Technologies)
with MOPS buffer. The Gel was placed under a sterile workbench and run according to
manufacturer’s instructions. Afterwards the gel was stained for 45 min with Simply Blue™
Safe Stain (Life Technologies) and each gel lane was cut into 15 bands. Cut gel bands
were chopped and destained with 70% acetonitrile in 100 mM NH,HCO3 (pH 8.0). Then
destained gel bands were shrunk with 100% acetonitrile and dried in a vacuum concentrator
(Concentrator 5301, Eppendorf). Dried gel pieces were resuspended and digested in 100 mM
NH,HCO3 (pH 8.0) containing 0.1 pg trypsin (Trypsin Gold, Mass Spectrometry Grade,
Promega) overnight at 37 °C. NanoLL.C-MS/MS analysis was performed on an LTQ-Orbitrap
Velos Pro (Thermo Scientific) equipped with an EASY-Spray Ion Source and coupled to an
EASY-nLC1000 (Thermo Scientific). After the peptides were loaded on a trapping column
(2 cm x 75 pm ID. PepMap C18 3 pm particles, 100 A pore size), they were separated on an
EASY-Spray column (25 ¢cm x 75 pm ID, PepMap C18 2 pm particles, 100 A pore size) with
a 30 min linear gradient from 3% to 30% acetonitrile and 0.1% formic acid. First, MS scans
were acquired in the Orbitrap analyser with a resolution of 30,000 at m/z 400 and second,
MS/MS scans were acquired in the Orbitrap analyser with a resolution of 7,500 at m/z 400
using HCD fragmentation with 30% normalised collision energy. A TOP5 data-dependent
MS/MS method was used and lock mass option was applied for internal calibration in all
runs. For calibration background ions from protonated decamethylcyclopentasiloxane (m/z
371.10124) were used. For raw data processing and for generating peak lists Mascot Distiller
2.4 (Matrix Science) was utilised with standard settings for the Orbitrap Velos (high/high
settings). For database searching Mascot Server 2.4 was used with the following parameters:
a peptide mass tolerance of 8 ppm, an MS/MS mass tolerance of 0.02 Da, an enzyme
setting of “trypsin” with 3 missed cleavage sites allowed for trypsin, a fixed modification of

carbamidomethyl (C) and the following variable modifications: Gln->pyroGlu (N-term. Q)
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and oxidation (M). Afterwards, database searching was performed against UniProt human
database and results were imported into Scaffold Viewer 4.0, in which identified peptides
and proteins were filtered using a peptide probability threshold and a protein probability
threshold of 95%.

IP using Dynabeads® Protein A/G or MyOne™ Streptavidin C1

First for each TP Dynabeads® (10 pl of Dynabeads® per pg antibody) were washed twice
with 1 ml of 5 mg/ml BSA in PBS. Then beads were resuspended in 500 pl of 5 mg/ml BSA
in PBS, antibodies were added (usually 2 ng per IP) and samples were incubated for ~6 h
rotating at 4 °C. Afterwards the supernatant was removed, beads were washed twice with
1 ml of 5 mg/ml BSA in PBS and resuspended in 100 pl of lysis buffer. Then the lysate
was added (usually 1 mg protein lysate in 1 ml of lysis buffer including protease inhibitor
mix at 1:100 and phosphatase inhibitor I and IT each at 1:1000 dilution) and samples were
incubated O/N rotating at 4 °C. The next day beads were washed 3x with 1 ml of lysis buffer,
resuspended in 50 pl of 2x SDS sample buffer boiled for 10 min at 95 °C for elution, cooled
down on ice for 90 s and stored at —20 °C until SDS-PAGE. Before performing SDS-PAGE

samples were boiled another 5 min at 95 °C.

Peptide pull-down using Dynabeads® MyOne™ Streptavidin C1

For each pull-down 10 pl MyOne™ Streptavidin C1 Dynabeads® were transferred into
a low binding reaction tube and washed 4x with 500 ul PBS containing 0.01% Tween-20
using a magnetic rack. Beads were resuspended in 190 pl TBS with 2% BSA (10% stock
in TBS) and 0.05% NP40 (0.5% stock in TBS) and 20 g biotinylated peptide were added.
After an incubation of 30 min circulating at RT, samples were washed 4x with 500 pl PBS
containing 0.01% Tween-20 and resuspended in 1x HEGN lysis buffer with 140 mM KCI
(including protease inhibitor mix at 1:100 and phosphatase inhibitor I and II each at 1:300
dilution). For each pull-down 1-2 mg protein lysate was added leading to a total volume of
500 pl and an input control sample was prepared from the same lysate (2% lysate amount
used for pull-down) as described before. Samples were incubated 2.5 h circulating at 4
°C and subsequently washed 4x with 500 pl lysis buffer (1x HEGN with 140 mM KCl
and protease inhibitor mix 1:100 and phosphatase inhibitors I and IT 1:300). Elution was
performed in 40 pl 1x SDS sample buffer by boiling the samples at 95 °C for 10 min. Then
samples were cooled down on ice for 90 s and stored at — 20 °C until SDS-PAGE. Before
performing SDS-PAGE samples were boiled another 5 min at 95 °C.

3.3.5 SDS polyacrylamide/Bis-Tris gel electrophoresis (SDS-PAGE)

Discontinuous SDS-PAGE (Sodium dodecyl sulfate polyacrylamide gel electrophoresis) was
used to separate proteins according to size [Laemmli, 1970]. Protein lysates were filled up

with lysis buffer to an equal volume and mixed with half the volume of 3x SDS sample
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buffer. Then samples were incubated 5 min at 95 °C, cooled down on ice for 90 s and
spun down as were eluats of immunoprecipitations and peptide pull-downs. The protein
samples were loaded into the wells of an SDS polyacrylamide or a Bis-Tris gel consisting of
a 7.5-15% stacking gel and a 4% resolving gel. The PageRuler Pre-Stained Protein Ladder
or the HiMark™ Pre-Stained HMW Protein Standard was used as a size marker. The
electrophoresis was carried out using a Bio-Rad SDS-PAGE chamber with SDS or MES 1x
running buffer, first at 80 V for 30 min, then at 120 V for 90-120 min.

3.3.6 Western blot

After separating via SDS-PAGE proteins were transferred by electroblotting onto a PVDF
membrane using a tank blot system. A PVDF membrane the size of the SDS/Bis-Tris gel
was incubated in methanol or isopropanol for 1 min and then equilibrated in tank blot buffer
or Bis-Tris blot buffer 1x for another 2 min. Gel and membrane were neatly layered on top of
each other and fixed between Whatman filter papers and one sponge on each side in a West-
ern blot transfer chamber (PeQlab) filled with 1x Tank blot buffer or Bis-Tris blot buffer.
The electrophoretic protein transfer was carried out at 250 mA for 2-4 h depending on pro-
tein size. The membrane with immobilised proteins was blocked in blocking solution gently
shaking for at least 30 min, then cut into pieces if several proteins from the same membrane
were to be visualised. The membrane pieces were incubated overnight with a dilution of
primary antibody in blocking solution in 50 ml falcon tubes on a roller conveyor at 4 °C,
then washed 5x 10 min gently shaking in TBS-T and incubated with secondary antibody in
blocking solution in 50 ml falcon tubes for 90 min on a roller conveyor at RT. After washing
5x 5 min gently shaking in TBS-T, the proteins of interest were visualised via chemilu-
minescence, induced by the horseradish peroxidase coupled to the secondary antibody. To
trigger a specific chemiluminescent signal the Immobilon Western Chemiluminescent HRP
Substrate from Millipore was used according to the manufacturer’s instructions, the signal
was detected with the ImageQuant LAS 4000 imager (Fujifilm Global).

3.3.7 Stripping antibodies from PVDF membranes

To release antibodies from a PVDF membrane covered with immobilised proteins, the mem-
brane was washed once with TBS-T after protein visualisation and then incubated in strip-
ping buffer for 30 min in a glass chamber placed in a 60 °C water bath with rocking. The
membrane was washed 3x 10 min with TBS-T, blocked and incubated with primary and

secondary antibodies as described in section 3.3.6.

3.3.8 TNT® in vitro translation, recombinant protein expression and GST-Assay

For in vitro translation of cDNA constructs cloned into the pcDNA3 plasmid the TNT®
Quick Coupled Transcription/Translation Systems kit from Promega was used following the

manufacturers manual for “Standard Reaction” and supplementing the missing methionine.
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From each reaction 1-10 ul were boiled with 1/3 of volume of 3x SDS sample buffer for
5-10 Min at 95 °C, cooled down on ice for 90 s and stored at —20 °C until SDS-PAGE. For
GST-Assay 10 pl from each reaction were directly added to 200 pl of GST-Aurora-A or
GST-control coupled to Glutathione Sepharose™ 4B beads and incubated for 2 h rotating
at 4 °C in 500 pl 1x HEGN lysis buffer with 200 mM KCI and 0.5 mg/ml BSA. Afterwards
samples were washed 3x with 1 ml of 1x HEGN lysis buffer with 200 mM KCI, resuspended
in 50 pl 2x SDS sample buffer, boiled for 5-10 Min at 95 °C, cooled down on ice for 90 s and
directly loaded on an SDS gel for SDS-PAGE.

For coupling GST-tagged proteins to Glutathione Sepharose™ 4B beads proteins are
cloned into bacterial expression plasmids (pGEX-6P-1) and expressed in competent BL21
bacteria (recombinant protein expression). First a 20 ml clonal pre-culture was inoculated
and incubated shaking O/N at 37 °C, then a main-culture (1 1 for GST-Aurora-A and 200
ml for empty control vector (pGEX-6P-1) was inoculated with 10 ml of pre-culture and
incubated shaking at 37 °C until an OD of 600 nm was reached. GST-protein expression
was induced via addition of 1 pM Isopropyl-B-D-thiogalactopyranosid (IPTG), before a pre-
induction test-aliquot was taken (P0). GST-Aurora-A expression was induced over night
shaking at 16 °C, GST-control expression was induced for 3 h shaking at 37 °C. Afterwards
a post-induction test-aliquot was taken (P1) and samples were transferred into tubes for
centrifugation for 10 min at 4000 rpm and 4 °C. Pellets were resuspended in 5 ml PBS
(including protease inhibitor mix at 1:1000 and 200 pg/ml lysozyme) and divided into 4 ml
aliquots in 15 ml Falcon tubes for sonification. Samples were sonified on ice supplemented
with ethanol 8x 15 s at 20% amplitude with a pause of 59.9 s between each sonification,
40 pl Triton X-100 was added to each tube and tubes were incubated 50 min rotating at
4 °C. Then another test-aliquot was taken (P2) and samples were transferred into tubes
for ultra-centrifugation. After centrifugation (13,000 rpm at 4 °C for 10 min) supernatants
were pooled in one 50 ml Falcon tube for each sample, a test-aliquot was taken (P3) and
the pellets were resuspended in PBS and pooled in one 15 ml Falcon tube for each sample
(GST-Aurora-A 12.5 ml and GST-control 5 ml), a test-aliquot was taken as well (P4). Then
Glutathione Sepharose™ 4B beads were prepared. For each sample 300 pl bead suspension
were washed twice with 1 ml of PBS (3000 rpm, 3 min, 4 °C) and resuspended in 300 pul
PBS. After another centrifugation (4700 rpm, 10 min, 4 °C) GST-Aurora-A and GST-control
supernatants were added to washed Glutathione Sepharose™ 4B beads and incubated O /N
rotating at 4 °C. The next day a test-aliquot was taken (P5) and samples were centrifuged
at 3000 rpm at 4 °C for 3 min, supernatant was removed. Each sample was resuspended
in 1 ml PBS, transferred to a 1.5 ml reaction tube and washed 3x with 1 ml PBS (3000
rpm, 3 min, 4 °C) rotating 5 min at 4 °C in between washing steps. After each washing
step a test-aliquot was taken (P6-8). After washing samples were resuspended in 1 ml of
1x HEGN lysis buffer with 200 mM KCl and frozen at -20 °C in 100 pl aliquots. PO - P8
test —aliquots were supplemented with 3x SDS sample buffer, boiled for 5 - 10 Min at 95
°C, cooled down on ice for 90 s and stored at -20 °C until SDS-PAGE, which was performed
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before using GST-Aurora-A or GST-control coupled to Glutathione Sepharose™ 4B beads

with in vitro translated proteins.

3.3.9 Staining Protein gels with Coomassie Blue

To visualise proteins obtained by recombinant expression (see methods, section 3.3.8) or
purified in IP samples were subjected to SDS-PAGE and the gel was stained in Coomassie
solution for 2 h shanking gently at RT. To remove excess dye the gel was incubated in

Coomassie destain solution with gentle shaking until a clear background was obtained

3.3.10 Chromatin immunoprecipitation (ChlIP)

To TP DNA bound proteins together with their target DNA sequences the proteins are
crosslinked to the DNA via formaldehyde. Cells for ChIP were cultured on 15 ¢cm dished
treated according to the experimental design and before harvest 1% formaldehyde was added
to the medium, then dished were incubated shaking for 10 min at RT. Formaldehyde was
quenched by adding 20 mM glycine and incubating for 5 min shaking at RT. Afterwards
medium was removed, dishes were washed twice with ice cold PBS, cells were scraped off
in 1 ml PBS containing 1:1000 protease inhibitor mix and pooled in 15 ml Falcon tubes.
Harvested cells were pelleted at 1200 rpm and 4 °C for 5 min and either first shock frozen
in liquid nitrogen before being stored at -80 °C or directly lysed. For lysis two different
lysis buffers were used, first cells were swelled in 3 ml ChIP lysis buffer I including 1:1000
protease inhibitor mix dilution incubating for 20 min on ice and in a second step after
centrifuging at 1200 rpm and 4 °C for 5 min cells were resuspended in ChIP lysis buffer 11
including 1:1000 protease inhibitor mix dilution and incubated on ice for 10 min to destroy
all cellular membranes. Afterwards samples were sonified, sonification time and conditions
varied according to the cell line. For IMR-5 cells total sonification time was 20 min with
a sonification interval of 10 s at 20% amplitude followed by 30 s pause. To verify proper
DNA fragmentation, every 5 min a 25 pl aliquot was taken. Sonified samples were stored
on ice at 4 °C, while sonification aliquots were supplemented with 475 pl TE buffer, 160
mM NaCl and 20 pg/ml RNase to revert the crosslinking. After 1 h incubation at 37 °C
and over night shaking at 65 °C, 5 mM EDTA and 200 pg/ml Proteinase K were added and
samples were incubated for 2 h at 45 °C to digest proteins. Subsequently DNA was isolated
performing a phenol/chloroform extraction (see methods, section 3.1.14) and DNA pellets
were resuspended in 25 pl TE buffer. To check DNA fragment size 10 pl of sample was
supplemented with 2 pl of 6x DNA loading buffer and loaded on a 2% agarose gel. When
all DNA was fragmented to ~200 bp fragments, ChIP was started. For each ChIP 15 pl of
Protein A and 15 ul of Protein G Dynabeads® were prepared by washing 3x with 1 ml of
PBS containing 5 mg/ml BSA using a magnetic rack. Washed Dynabeads® for each ChIP
sample were resuspended in 1 ml PBS containing 5 mg/ml BSA, 3 pg of antibodies were
added and samples were incubated O/N rotating at 4 °C. The next day sonified samples

were cleared by centrifugation, first at 4700 rpm and 4 °C for 15 min, then supernatants
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were transferred into 1.5 ml reaction tubes and samples were centrifuged at 13000 rpm and
4 °C for 15 min (this centrifugation step was repeated once). Afterwards Dynabeads® were
washed like the day before and resuspended in 30 pl PBS containing 5 mg/ml BSA. Cleared
chromatin was added to the Dynabeads® (7300 ul of a sample obtained from 80% confluent
6x 15 cm dishes). If different samples were prepared, concentration was determined for each
condition by NanoDrop measurement of the DNA extracted from the 20 min sonification
aliquot and the higher concentrated samples were adjusted according to the lowest using
ChIP lysis buffer II including 1:1000 protease inhibitor mix dilution. For each sample two
1% input samples were taken as a control and kept at 4 °C until DNA extraction together
with ChIP samples. Chromatin was incubated with antibody-coupled Dynabeads® for 6 h
or O/N rotating at 4 °C. ChIP samples were washed using a magnetic rack first 3x with 1
ml ChIP wash buffer I, second 3x with 1 ml ChIP wash buffer IT and third 3x with 1 ml
ChIP wash buffer III (during the third wash step samples were incubated rotating at 4 °C
in between each wash step). Afterwards samples were washed once with 1 ml TE buffer and
transferred into a new 1.5 ml reaction tube during this wash step. Elution was conducted by
resuspending the Dynabeads® in 150 ul ChIP elution buffer and incubating them rotating at
RT for 15 min. Elution procedure was repeated once and eluates were pooled in one fresh 1.5
ml reaction tube. Eluats and input samples (with the same amount of ChIP elution buffer
like ChIPs) were supplemented with 160 mM NaCl and 20 pg/ml RNase and incubated 1 h at
37 °C, then O/N shaking at 65 °C to revert the cross-linking, The next morning 5 mM EDTA
and 200 pg/ml Proteinase K were added and samples were incubated for 2 h at 45 °C to
digest proteins. Subsequently DNA was isolated performing a phenol/chloroform extraction
(see methods, section 3.1.14) and DNA pellets were resuspended in 500 pl Ampuwa water.
DNA was stored at -20 °C until gRT-PCR.

3.3.11 ChIP-sequencing library preparation

For ChlIP-sequencing ChIPs were performed as described in section 3.3.10 using 50 million
cells per IP. Cells were harvested and frozen cross-linked. For lysis all aliquots were pooled
together and then redistributed (50 million cells/tube). Cells were pooled in ChIP lysis
buffer IT and redistributed for sonification (50 million cells/tube in 1.6 ml). During soni-
fication it was taken care of the fact that the sonification needle is not touching the falcon
tube containing the cell lysate. The amount of Dynabeads® and antibodies was increased
to 100 ul of Dynabeads® (total) and 10 pg antibodies per ChIP. Chromatin concentrations
were determined by Bradford Assay and NanoDrop measurement of sonification aliquots
taken after total sonification time and concentrations and volumes were adjusted accord-
ingly. Chromatin was incubated over night with Dynabeads® and antibodies and washing
was performed as usual, except for 15 instead of 5 min incubation on the wheel in ChIP wash
buffer III. Elution was performed using twice 250 pl elution buffer and phenol/chloroform
extraction was performed with one additional washing step. Extracted DNA was resuspen-

ded in 30 ul Ampuwa water and 3 pl (5 ul for IgG) were diluted 1:40 to use in a control
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gRT-PCR. Concentration of extracted DNA was determined via Quant-iT™ PicoGreen®
dsDNA assay from Invitrogen. Two different protocols were used for ChIP-Seq. library pre-
paration. The first one utilises magnetic beads to bind DNA fragments, the second one is
based on column purification (MinElute® /QTAquick® PCR Purification Kits from Qiagen)
and separation of DNA fragments on an agarose gel with subsequent cutting and purifica-
tion of the ~200 bp fragment (Qiagen Gel extraction Kit). Both methods were performed
according to the NEBNext® ChIP-Seq Library Prep Master Mix Set for Illumina protocol.
After the post-PCR purification step purity of samples was analysed using an Experion DNA
1 k Chip according to the manufacturers instructions. Samples for sequencing were adjusted
to an equimolare concentration and denatured before loading on an Illumina flow cell ac-
cording to the manufacturers instructions. First analysis of obtained ChIP-sequencing data
showed that the first protocol used for library preparation yielded much less reads, which
could be mapped to the human genome (version: hgl9), than the second protocol for library
preparation (see methods, section 3.4.1). Accordingly, only results from ChIP-sequencing
of the samples generated using the second protocol described above were further taken into
account for further analyses.

ChlP-sequencing data generated in this thesis are available at GEO under GSE78957.

3.4 Bioinformatic and statistical analysis

Bioinformatic and statistical analyses were performed in Microsoft Excel and R. Data were
presented as mean + standard deviation (SD) or standard error of the mean (SEM) of
at least three biological replicates, unless stated otherwise. In order to test for statistical
significance, first a Shapiro-Wilk-test was conducted to test for normal-distribution of data
at hand. Afterwards a two-sided student’s t-test was applied, if data were distributed
normally. If the data did not fulfill the assumption of normality, non-parametric two-sided
Wilcoxon rank sum tests were applied. Paired data was analysed using a paired t-test
(parametric) or a Wilcoxon signed-rank test (non-parametric). Applied tests are indicated

in the figure legends.

3.4.1 Bioinformatic analysis of ChIP-sequencing data

Bioinformatic analysis of ChIP-sequencing data was performed by Susanne Walz (Compre-
hensive Cancer Center Mainfranken, Core Unit Bioinformatics). Sequencing read data were
processed with the standard Illumina software pipeline CASAVA for base calling and sequen-
cing quality was assessed using the FastQC script. Only high quality reads (PF-Cluster)
were taken into account. Fastq files from 3 out of 4 sequenced input samples were merged to
create a mixed input control as reference. Bowtie v1.1.1 with default parameters was used
to map the reads to the human genome (version: hgl9) and resulting data was normalised to
the sample with the smallest number of mapped reads. For peak calling MACS v1.4.2 was
used and a p-value cut-off of 1.0x10°% was applied. The input sample served as control. Pub-
lished ChIP-sequencing data for CTCF and RAD21 were obtained from ENCODE (CTCF:



3 Methods 62

ENCFF001HXM, RAD21: ENCFF0O0ORFT, control: ENCFFO000RCC) and normalised to
1.0x107 mapped reads. Wiggle files from normalised ChIP-sequencing data were generated
in MACS v1.4.2. For visualisation of wiggle files the Integrated Genome Browser was used
and for heat map generation SegqMINER with default options. To determine overlapping
N-MYC/TFIIIC5 binding sites the intersectBed function from BEDTools was applied with
a minimum overlap of 1 bp and corresponding p-values were calculated using a permutation
test with 1.0x108 iterations and considering only promoter regions for random picking. To
assigne genes to be bound by N-MYC or TFIIIC5, a region of +/-1 kb around a tran-
scriptional start site (T'SS) was taken into account and analysed for the existence of called
N-MYC or TFIIIC5 peaks. For calculation of changes in N-MYC and TFIIIC5 occupancy
upon CD532 treatment at N-MYC/TFIIIC5 peaks tags in a region of 25/250 bp around the
N-MYC peak were counted and p-values were calculated using a two-tailed one-sample Wil-
coxon Signed-rank test. Occupancy changes are illustrated by box and whisker plots. The
horizontal line of the box and whisker plots reflects the median, the boxes span the first and
third quartile and whiskers expand to 1.5x interquartile range of the first and third quartile,
respectively, outliers are shown as individual dots. De novo motif analyses of N-MYC and
TFIIIC) peaks was performed with the MEME Suite using MEME and DREME algorithms
with an input region of +/- 50 bp around the peak summit and default parametres. The
CentriMo tool from the MEME Suite was used to compute occurrences of pre-defined motifs
(E-box: CACGTG, CTCF: MA0139.1 (JASPAR), AP2a: MA0003.2 (JASPAR)) and the
frequency of a motif at a certain position was normalised to the number of input sequences.

To smooth the resulting curves a rolling mean of 20 bp was applied.
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4 Results

4.1 N-MYC interacts directly with Aurora-A

Neuroblastoma with an amplification of the N-MYC encoding gene, MYCN, often show
high expression of Aurora-A [Berwanger et al., 2002]. This suggests a potential functional
relationship between the two proteins, which was validated by Otto et al. [2009] (see in-
troduction, section 1.5). They showed that N-MYC interacts with Aurora-A in exogenous
and endogenous Co-immunoprecipitations (Co-IPs) and that Aurora-A overexpression can
stabilise N-MYC and rescue it from FBXW7-mediated proteasomal degradation. Further-
more, Otto et al. [2009] discovered that the N-MYC T58A/S62A mutant (hereafter called
N-MYC mut), which lacks the phospho-recognition motif essential for FBXW?7 interaction
and subsequent ubiquitination, was not stabilised by Aurora-A overexpression and showed
a reduced interaction with Aurora-A.

However, there were several open questions on the functional relationship between N-MYC
and Aurora-A in M YCN-amplified neuroblastoma. It was not known, whether their interac-
tion is direct or indirect and whether the Aurora-A interaction domain in N-MYC comprises
the FBXW7 phospho-recognition motif in MBI. Also, the questions about the physiological
function of the N-MYC/Aurora-A complex and most importantly, about the underlying
mechanism of the Aurora-A mediated stabilisation of N-MYC remained open.

To address the basic question about the direct interaction of N-MYC and Aurora-A, in vitro
assays were performed utilising recombinant GST-tagged Aurora-A and in vitro translated
N-MYC wt and N-MYC mut (Fig. 4.1 A). In GST pull-down assays N-MYC wt and N-
MYC mut both interacted to the same extend with recombinant Aurora-A, suggesting that
the N-MYC - Aurora-A interaction is direct and independent of other interacting proteins
(Fig. 4.1 B). Since in vitro translated N-MYC wt was phosphorylated at T58 and S62, the
phosphorylation at these sites appears to be irrelevant for the interaction with Aurora-A in
vitro (Fig. 4.1 A).

In contrast, in neuroblastoma cell lines N-MYC interaction with Aurora-A is decreased,
when N-MYC phosphorylation at T58 and S62 is blocked via displacement of the two
residues with alanine (N-MYC mut) [Otto et al., 2009]. This indicates that there are addi-
tional components in the N-MYC/Aurora-A complex in vivo, which preferentially interact
with N-MYC wt, which can be phosphorylated at T58 and S62.

The in vitro studies on the N-MYC/Aurora-A complex were continued in the laboratory
of Richard Bayliss (University of Leeds, UK), while the composition and the physiological

function of the complex in vivo was further investigated.
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Figure 4.1

N-MYC wt and mut directly interact with Aurora-A

(A) Immunoblots of in vitro translated HA-tagged N-MYC wt or T58A/S62A (mut) constructs in pcDNA3 and empty
control vector (-). CDK2 was used as a loading control. Asterisk indicates unspecific bands.

(B) GST pull-down of recombinant GST-tagged Aurora-A. In vitro translated N-MYC proteins and empty control samples
from (A) were incubated with purified recombinant GST-tagged Aurora-A or an GST-only control bound to Glutathione
sepharose. 20% input and eluates of GST-Aurora-A and control pull-downs were analysed by immunoblotting and probed
with the indicated antibodies. CDK2 was used as a loading control.

4.2 Mass spectrometry (MS) on N-MYC protein complexes

To identify additional components in the N-MYC/Aurora-A complex, which mediate N-
MYC stabilisation by Aurora-A in vivo, a mass spectrometric analysis of N-MYC complexes
was conducted. One functional proteomic analysis is published on N-MYC, which was
performed on exogenous FLAG-tagged N-MYC in HeLa cells [Choi et al., 2010]. The list
of N-MYC interacting proteins in this publication comprised 33 proteins, including some
components of the ubiquitin-system, for example HUWE1 and RUVBL1/2, as well as the
deubiquitinating enzyme USP11. Components of the ubiquitin-system are of special interest
for N-MYC interaction, since Aurora-A prevents degradation of N-MYC mediated via the
ubiquitin ligase SCFFBXWT (gee introduction, section 1.5).

4.2.1 Establishment and procedure of MS experiment

The aim of the proteomic analysis was the identification of novel N-MYC interacting pro-
teins, which interact preferentially with N-MYC wt and could be responsible for Aurora-
A-mediated stabilisation. To compare N-MYC wt and N-MYC mut interacting proteins,
three SH-EP cell lines were generated. SH-EP is a neuroblastoma cell line, which does not
express N-MYC, as it has only one silenced copy of the N-MYC encoding gene, but expresses
C-MYC. Accordingly, exogenous N-MYC accounts for all N-MYC expressed in these cells.
For MS one cell line was engineered expressing N-MYC wt and one expressing N-MYC mut,
both tagged with an HA-tag in the N-terminus (NT), and one empty control cell line (Fig.
4.2 A). From generated cell pools clones were selected, which had similar N-MYC expression

levels compared to MY CN-amplified neuroblastoma cells, shown here for IMR-32 cells (Fig.
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4.2 A). This created an experimental setting, which was similar compared to conditions in
MYCN-amplified neuroblastoma. To purify N-MYC complexes, N-MYC and interacting
proteins were immunoprecipitated via the HA-tag and eluted with HA-peptides (Fig. 4.2
B). Conditions for purification were established by assessment of Aurora-A Co-IP in order to
make sure that the conditions chosen enable the purification of proteins, which could be in-
volved in Aurora-A-mediated stabilisation of N-MYC (Fig. 4.2 C). Test experiments showed
that mild buffers with physiological salt concentration yielded higher amounts of purified
N-MYC and co-purified Aurora-A protein than buffers with higher salt concentrations (Fig.
4.2 C, condition 2 and 4).
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endo exo exo NT HA expressing HA-tagged 45
- N-MYC constructs
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¢ SH-EP MYCN wt NT HA
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Vinculin

*conditions for IP washing: 1: 5x with TNN lysis buffer, 3rd step +80 mM NacCl; + last step 1x with PBS
2: 3x with TNN lysis buffer
3: 3x with HEGN lysis buffer, 3rd step +150 mM NaCl
4: 3x with HEGN lysis buffer

Figure 4.2

Purification of N-MYC protein complexes for MS

(A) Immunoblot of stable cell lines used for MS. Cell clones were generated and selected according to N-MYC expression
levels being comparable to levels in MYCN-amplified neuroblastoma cells. HA-tagged N-MYC levels are shown in comparison
to MYCN-amplified IMR-32 cells and SH-EP pools expressing untagged N-MYC. CDK2 was used as a loading control.
endo: endogenous; exo: exogenous; - : empty vector expressing control cell line

(B) Scheme of N-MYC protein complex purification for MS. HA-tagged N-MYC and interacting proteins (represented by
Aurora-A) are purified via HA-agarose beads and subsequently eluted with HA-peptides.

(C) Immunoprecipitation (IP) of N-MYC protein complexes using different conditions for washing. N-MYC complexes were
purified from SH-EP cells shown in (A) expressing HA-tagged N-MYC wt. Aurora-A Co-IP was assayed using 4 different
conditions. Purified proteins were eluted (eluate) and beads were subsequently boiled in loading buffer (beads). 1% input
and IP samples were analysed by immunoblotting and probed with N-MYC and Aurora-A antibodies. Vinculin was used as

a loading control.

After establishment of the purification method, the experiment was performed in a large

scale for MS analysis, which was carried out in the group of Andreas Schlosser at the
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Rudolf Virchow Center (RVZ) at the University of Wiirzburg. Eluted N-MYC complexes
were reduced and alkylated before purified proteins were separated according to their size
via SDS-Gel electrophoresis. Subsequent Coomassie staining revealed no obvious difference
in the band-pattern of stained proteins for all three samples (Fig. 4.3 A). Nevertheless,
western blot analysis from small aliquots of the samples for MS showed the N-MYC IP and
Aurora-A and MAX Co-IPs, verifying the experiment was successful (Fig. 4.3 B).

Accordingly, the samples were further processed and used for NanoLC-MS/MS analysis.
Therefore, the lanes on the dried Coomassie-stained gel were cut into small pieces, the
proteins in the gel were digested by trypsinisation and the resulting peptides were further
cleaved yielding single amino acids. Obtained spectra from peptides and amino acids allowed
the identification of proteins present in MS samples. Processed data was fed into the Scaffold

Viewer illustrating the information on identified peptides and proteins.
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Figure 4.3

HA-IP samples for MS of N-MYC complexes

(A) Coomassie-stained SDS-gel loaded with eluates from HA-IPs of SH-EP cell clones expressing empty control vector,
HA-tagged MYCN wt or mut. For MS each lane was cut into 15 pieces, which were further processed and analysed by
NanoLC-MS/MS.

(B) Immunoblots of remaining HA-IP eluates from (A) and 1% input (100 pg) showing Aurora-A and MAX Co-IP with
N-MYC wt and mut. Vinculin was used as a loading control.

4.2.2 Results of MS analysis on N-MYC protein complexes

MS analysis of N-MYC complexes resulted in a total number of 2515 identified proteins
when all parameters for analysis were set most stringent (Fig. 4.4 A). N-MYC wt and mut
proteins were identified with 125 and 207 total spectra (Fig. 4.4 A) and there was no N-MYC
peptide identified in the empty control sample (data not shown). One feature of the applied
MS technique (see methods, section 3.3.4) is that not only the amino acids of all peptides are
identified, but also modifications of amino acids. Since N-MYC is stabilised by Aurora-A
in mitosis when it is phosphorylated at T58 and S62 [Brockmann et al., 2013, Otto et al.,
2009] (see introduction, section 1.5), the phosphorylation at these residues was quantified

for all N-MYC wt peptides comprising this motif. Interestingly, most peptides identified
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were phosphorylated on both residues (Fig. 4.4 B). The identification of several known C-
MYC interacting proteins, like MAX, TRRAP and p400 [Blackwood and Eisenman, 1991,
McMahon et al., 1998, Fuchs et al., 2001] (Fig. 4.4 A and Appendix A.1), confirmed that
N-MYC IP and subsequent MS analysis were performed successfully. Additionally, a large
number of previously unknown C-MYC interacting proteins was identified (see appendix
A.1). To select for highly confident interaction partners, a list of proteins was generated,
that fulfilled the following two criteria: 1. identification in N-MYC wt or mut sample with
the number of exclusive unique peptides being 3-fold enriched compared to empty control
sample; 2. identification of >4 exclusive unique peptides in N-MYC wt or mut sample.
Application of these criteria yielded a list of 224 N-MYC interacting proteins (see appendix
A.1), which was used to perform Functional Annotation Clustering. This analysis identified
10 clusters with an enrichment score (ES) >3 and a Benjamini-value <0.05 (Table 4.1). As
a control for specificity, the analysis was performed with a list of proteins identified in the
empty control sample and fulfilling the same two criteria described above. The resulting list
comprised only 65 proteins and Functional Annotation Clustering yielded no cluster with
an enrichment score (ES) >3 and a Benjamini-value <0.05 confirming the reliability of the

previous analysis (not shown).

A B
Analysis settings: T58 S62
Protein threshold: 99.0% 56 peptides
Min # of peptides: 2 pep
Peptide threshold: 95%
Total # of identified proteins: 2515 T58 S62
9 peptides
total spectra [excl. un. peptides
N-MYC wt 125 17
N-MYC mut 207 15 T58 S62
MAX (wt/mut)|  30/23 8/7 17 peptides
T58 S62
@ 7 peptides
Figure 4.4

Summary of N-MYC MS results

(A) Experimental overview of N-MYC MS. Shown are settings for analysis using the Scaffold Viewer (version 4.0) and
corresponding total number of identified proteins, as well as the number of total spectra and exclusive unique peptides
(excl. un. peptides) for N-MYC wt and mut protein and for the known C-MYC interacting protein MAX.

(B) Scheme illustrating N-MYC wt phosphorylation at T58 and S62 in MS experiment. Shown are total numbers of
peptides identified with the indicated phosphorylation status.

While the identified clusters for Ribosome biogenesis (#3), Chromatin/acetylation (#4),
Helicase (#8) and RNA transcription, localisation and processing (#6,7,9) are likely to
come up for a POL II transcription factor, the cluster for POL III/TFIIIC was not expected
to be enriched. The transcription factor protein complex TFIIIC is known to be involved

in POL III transcription and consists of 6 subunits, TFIIIC1-6, and there were 5 subunits
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identified in the N-MYC MS (TFIIIC1-5) (see discussion, section 5.4). All TFIIIC subunits
identified were present in the list of the 224 N-MYC interacting proteins described before
(see appendix A.1), except for TFIIIC4, which was identified with 4 peptides in the N-MYC
wt sample and with no peptides in the other two samples.

For selection of candidates to validate the N-MYC interaction, the list of 224 interacting
proteins was shortened by setting more stringent criteria: 1. identification in N-MYC wt or
mut sample with the number of exclusive unique peptides being 4-fold enriched compared
to empty control sample; 2. identification of >7 exclusive unique peptides in N-MYC wt or

mut sample.

Annotation Cluster ES identified proteins
1./2. Cellular localisation | 26.92/17.96 | SMCHD1, POLA1, WDR75
3. Ribosome biogenesis 5.38 GNL2, DDX56, GEMIN5, GNL3L
4. Chromatin/acetylation 5.22 TRRAP, EP400, DMAP1, EPC1
5. WD repeat 4.68 HERC2, WDR43, WDR33, WDR75
6. RNA transcription 4.37 CEBPZ, TFIIIC1, SUPT5H, POLR3A
7. RNA localisation 4.20 THOC1, RANBP2, NUP85, NUP188
8. Helicase/ATPase 3.84 CHD7, RFC1, TOP2A, TOP2B
9. RNA processing 3.76 RBM14, SRRM2, UTP20, DDX46
10. POL HII/TFIIIC 3.67 TFHIC subunit 1-5

Table 4.1

Functional Annotation Clustering for N-MYC interacting proteins identified in MS

For Functional Annotation Clustering a list of 224 N-MYC interacting proteins (shown in Appendix A.1) was fed into
the Functional Annotation Tool from DAVID (Bioinformatics Resources 6.7, NIAID/NIH). Analysis was performed with
check default parameters and medium stringency. Shown are all annotated clusters with an enrichment score (ES) >3 and
Benjamini-value <0.05, as well as examples of identified proteins for each cluster.

Application of these criteria yielded a list of 82 proteins (“Top 82-List”, see appendix A.2),
which still included known MYC interacting proteins, like TRRAP, p400 and HCFC1
[McMahon et al., 1998, Fuchs et al., 2001, Furrer et al., 2010], as well as many proteins
not published to interact with MYC proteins. TFIIIC subunits 1-3 and 5 were still present
in this more stringent list and peptide counts are shown in Table 4.2. Aurora-A was not
present in neither of the two lists generated. It was identified with 2 peptides in empty
control and N-MYC mut sample and three peptides in the N-MYC wt sample. The dis-
crepancy between western blot results and MS peptide counts for Aurora-A could be due to
the hydrophobic nature of the Aurora-A peptides, which can lead to retardation of peptide
detection in MS or lack of detection (Andreas Schlosser, personal communication).

Among the proteins in the “Top 82-List” were several proteins from the ubiquitin-system,
for example MYCBP2, BIRC6 and USP7 (see appendix A.2). The identification of the
deubiquitinating enzyme USP7 (Table 4.2) as an N-MYC interacting protein was highly
interesting, since it is known that C-MYC degradation via SCFFBXWT ig inhibited by
USP28, another deubiquitinating enzyme [Popov et al., 2007]. Deubiquitinating enzymes
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can rescue proteins from degradation by cleaving attached ubiquitin chains targeting the
proteasome. For N-MYC no deubiquitinating enzyme is published to regulate its degrada-
tion via SCFFBXWT7  Ag N-MYC stabilisation by Aurora-A interaction was shown not be
caused by displacement of N-MYC from FBXW?7 or the catalytic activity of Aurora-A [Otto
et al., 2009], the mechanism for Aurora-A-mediated protection of N-MYC from degradation
via SCFFBXWT remained elusive and the interaction of USP7 with N-MYC represented a,

possible explanation for this open question.

number of peptides

rank gene symbol M.W.
- ‘ mut ‘ wt
3 GTFIIC1 239 kDa 4 27 52
11 USP7 126 kDa 4 21 19
13 GTFIICS 60 kDa 0 7 19
20 GTFIHIC3 101 kDa 1 12 17
25 TOP2A 179 kDa 0 6 15
26 TOP2B 183 kDa 1 11 14
27 TOP1 91 kDa 3 7 13
32 CTR9 134 kDa 1 4 13
44 GTFIIC2 101 kDa 0 2 11
54 ELP3 61 kDa 1 2 9
56 SUPT5H 120 kDa 0 4 9
58 CDC73 61 kDa 0 5 9

Table 4.2

Peptide counts for selected identified N-MYC interacting proteins in “Top 82-List”

The list represents a selection of identified proteins included in the “Top 82-List” (shown in Appendix A.2). Shown are rank
number, official gene symbol, Molecular Weight (M.W.) and exclusive unique peptide counts in empty control, mut and
wt sample. The “Top 82-List” is ranked according to the number of exclusive unique peptides first in N-MYC wt sample
and second in N-MYC mut sample.

4.2.3 USP7/11 - candidates for Aurora-A mediated stabilisation of N-MYC

USP7 is a deubiquitinating enzyme belonging to the ubiquitin-specific protease family
(USP), the largest family of deubiquitinating enzymes [Quesada et al., 2004]. It is pub-
lished to be involved in various cellular processes, including the protection of several pro-
teins from degradation by removal of ubiquitin chains targeting the proteasome, e.g. from
TIP60 [Dar et al., 2013]. Additionally, USP7 was shown to interact with USP11 and the two
USPs were described to stabilise the polycomb repressive complex 1 components BMI-1 and
MEL-18 via deubiquitination [Maertens et al., 2010]. Furthermore, as mentioned in section
4.2, USP11 was identified in MS as an N-MYC interacting protein by Choi et al. [2010].
Accordingly, the interaction of N-MYC with both, USP7 and USP11, was investigated in

immunoprecipitation experiments from neuroblastoma cell lines.
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To validate USPT interaction with N-MYC, HA-IPs were performed utilising the HA-tagged
N-MYC expressing cell lines used in MS. USP7 was specifically eluted with N-MYC wt and
mut, but there was also a weak USP7 signal detected in the empty control sample, reflecting
the USP7 peptide counts in MS (Fig. 4.5 A). Vice versa, N-MYC was co-purified with
USPT in exogenous IPs from transiently transfected SH-EP cells (Fig. 4.5 B). Furthermore,
endogenous IPs from MYCN-amplified IMR-5 cells showed the USP7 interaction with N-
MYC, confirming the interaction of endogenous N-MYC with endogenous USP7 (Fig. 4.5
C).
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Figure 4.5

USP?7 interacts with N-MYC

(A) Immunoprecipitation of N-MYC protein complexes from the stable SH-EP cell lines used for MS, expressing either
N-terminally HA-tagged MYCN wt (wt) or mut (mut) or empty control vector (-). The experiment was performed in the
same way as for MS, but in a smaller scale. 1.3% input, the same amount of supernatant (sup.) and eluate were analysed
by immunoblotting and probed with the indicated antibodies. Vinculin was used as a loading control.

(B) Immunoprecipitation from SH-EP cells transfected with Myc-tagged USP7 and MYCN wt (wt) or empty control
expression (-) plasmids. Cells were harvested after 48 h and USP7 protein complexes were immunoprecipitated with USP7
antibodies, precipitation with IgG was used as a control (Ctr). 1% input and IP samples were analysed by immunoblotting
and probed with the indicated antibodies. CDK2 was used as a loading control.

(€) Immunoprecipitation from MYCN-amplified IMR-5 cells. N-MYC protein complexes were immunoprecipitated with
N-MYC antibodies, precipitation with 1gG was used as a control (Ctr). 0.75% input and IP samples were analysed by
immunoblotting and probed with the indicated antibodies.

After successful validation of the the N-MYC - USP7 interaction, first, USP7 interaction
with USP11 was confirmed in MYCN-amplified neuroblastoma cells [Maertens et al., 2010]
(Fig. 4.6 A). Second, USP11 interaction with N-MYC was shown in transient transfection
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experiments in SH-EP cells (Fig. 4.6 B). Surprisingly, N-MYC mut showed a much stronger
interaction than N-MYC wt and this hold true in both directions, in N-MYC and USP11 IPs
(Fig. 4.6 B). Third, endogenous IPs in MY CN-amplified neuroblastoma cells treated with
or without ethidium bromide were performed. Ethidium bromide intercalates in double-
stranded DNA and interferes with protein-binding to the DNA. Accordingly, treatment
with ethidium bromide can clarify, if interactions observed in Co-IP experiments are due to
the fact that the proteins in question bind close to each other to DNA or if the interaction is
mediated via protein-protein contacts [Schroter et al., 1985|. Here, USP11 was co-purified
with endogenous N-MYC regardless of ethidium bromide treatment, showing that contacts
between N-MYC and USP11 are mediated via protein-protein interactions and that the
endogenous proteins interact with each other in MYCN-amplified neuroblastoma cells (Fig.
4.6 C).
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Figure 4.6

USP11 interacts with N-MYC

(A) Immunoprecipitation from MYCN-amplified IMR-5 cells. USP11 protein complexes were immunoprecipitated with
USP11 antibodies, precipitation with IgG was used as a control (Ctr). 0.75% input and IP samples were analysed by
immunoblotting and probed with the indicated antibodies.

(B) Immunoprecipitation from SH-EP cells transfected with USP11 and either MYCN wt (wt) or mut (mut) expression
plasmids or an empty control vector (-). Cells were harvested after 48 h and protein complexes were immunoprecipitated
with USP11 or N-MYC antibodies, precipitation with IgG was used as a control (Ctr). 1% input and IP samples were
analysed by immunoblotting and probed with the indicated antibodies. CDK2 was used as a loading control.

(C) Immunoprecipitation from MYCN-amplified IMR-32 cells treated with or without ethidium bromide (EtBr). N-MYC
protein complexes were immunoprecipitated with N-MYC antibodies, precipitation with IgG was used as a control (Ctr).
1% input and IP samples were analysed by immunoblotting and probed with the indicated antibodies. Actin was used as
a loading control.

Both, USP7 and USP11, showed no preference for interaction with N-MYC wt. USP7
was co-purified equally well with N-MYC wt and N-MYC mut (Fig 4.5.A), whereas USP11
immunoprecipitation experiments revealed a preference for interaction with N-MYC mut
(Fig. 4.6 B). These findings indicate that USP7 and USP11 are not recruited by Aurora-A
to deubiquitinate and stabilise N-MYC wt.

Indeed knockdown experiments showed, that USP7 knockdown via three different shRNAs
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had no clear effect on N-MYC levels, although all three shRNAs tested, decreased USP7
mRNA expression and protein levels (Fig. 4.7 AB). With shUSP7-3, N-MYC levels de-
creased compared to control cells, but since MYCN mRNA levels were decreased to more
than 50%, the reduction of N-MYC was likely to be caused by a regulation of MYCN
mRNA expression, instead of a regulation on protein level (Fig. 4.7 AB). Also, shUSP7-3
induced the least pronounced decrease of USP7, on protein and mRNA level, indicating an
off-target effect of this specific StRNA (see discussion, section 5.3). Aurora-A was not af-
fected upon USP7 knockdown, except for shUSP7-2, which showed a decrease of Aurora-A
protein and mRNA levels compared to control cells, accordingly, N-MYC levels were slightly
decreased as well (Fig. 4.7 AB). In shScr treated cells N-MYC protein decreased, whereas
MYCN, AURKA and USP7 mRNA expression increased (see discussion, section 5.3) (Fig.
4.7 A,B). While USP7 depletion had no clear effect on N-MYC levels, it strongly affected
cell proliferation and induced cleaved PARP levels, suggesting cell cycle arrest and apoptosis
induction (Fig. 4.7 A,C). The cellular effects of USP7 knockdown were further investigated
by Johannes Dirks [Thesis from J. Dirks, soon to be published|.
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Figure 4.7

USP7 knockdown does not directly affect N-MYC protein levels

(A) Immunoblots of MYCN-amplified IMR-32 cells expressing three different shRNAs targeting USP7 mRNA (shUSP7
#1,2,3), empty pLKO vector (empty) or an scrambled shRNA (shScr) as non-targeting control. Cells were selected for
shRNA expression and harvested 7 days after infection. Immunoblots were probed with the indicated antibodies. CDK2
was used as a loading control.

(B) MYCN, AURKA and USP7 mRNA expression from cells in (A) was analysed by qRT-PCR. Expression was normalised
to beta-2-microglobulin. Data are represented as mean of technical triplicates. Error bars indicate standard deviation.

(C) Phase contrast images from cells in (A). Scale bar represents 200 pm.

To exclude an USP7-independent role of USP11 in Aurora-A-mediated stabilisation of N-
MYC, USP11 overexpression and knockdown experiments were performed.

Transfection of different amounts of USP11 expression plasmids in SH-EP cells together with
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N-MYC wt or mut resulted in a concentration-dependent increase in N-MYC wt and N-
MYC mut protein, suggesting N-MYC stabilisation via USP11-mediated deubiquitination
(Fig. 4.8 A). But, side-by-side comparison of transfection effects of USP11 wt and the
catalytically inactive mutant of USP11 C318S [Al-Salihi et al., 2012] revealed that exogenous
N-MYC protein levels increased independently of the catalytic activity of USP11 (Fig. 4.8
B). USP11 knockdown using specific siRNAs did not decrease N-MYC levels of MYCN-
amplified neuroblastoma cells, although USP11 protein levels were clearly decreased 48 h
post transfection (Fig. 4.8 C). Extension of the time from 48 to 72 h post transfection or
increase of the amount of siRNA, did not result in a reduction of N-MYC as well (Fig. 4.8
C, D). Knockdown experiments using three different shRNAs targeting USP11 confirmed
that USP11 depletion does not regulate N-MYC levels (data not shown). In summary, the
increase of ectopically expressed N-MYC upon USP11 overexpression, indicating N-MYC
stabilisation by USP11, was not confirmed in USP1I knockdown experiments.
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USP11 overexpression increases exogenous N-MYC levels, but siRNA-mediated knockdown of USP11 does not
affect endogenous N-MYC

(A), (B) Transient overexpression of USP11 in SH-EP cells. In (A) cells were transfected with indicated amounts of USP11
wt expression plasmids together with MYCN wt, MYCN mut or empty control plasmids. In (B) Cells were transfected with
USP11 wt or catalytic inactive mutant USP11 C318S expression plasmid together with MYCN wt, MYCN mut or empty
control plasmids. Cells were harvested 48 h after transfection. Immunoblots were probed with the indicated antibodies.
Actin was used as a loading control.

(C), (D) Knockdown of USP11 in IMR-5 cells using specific siRNAs. In (C) cells were transfected with two different
concentrations of siUSP11, 20 pg (+) or 40 ug (++), or non-targeting control (siCtr) and harvested after 48 h. In (B)
cells were transfected with 20 pg of siUSP11 or siCtr and harvested 48 h or 72 h after transfection. Immunoblots were
probed with the indicated antibodies. Actin was used as a loading control.

To conclude, although N-MYC interaction with USP7 and USP11 was validated, a direct
involvement of USP7/11 in Aurora-A-mediated stabilisation of N-MYC wt could not be
shown. The argument of USP7/11 showing no preference for interaction with N-MYC wt,
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which, in contrast to N-MYC mut, can be stabilised by Aurora-A (Fig. 4.5 and 4.6), was
strengthened in USP7/11 knockdown experiments. Knockdown of USP7 and USP11 did
not clearly affect N-MYC protein levels. Accordingly, the functional relevance of the N-
MYC - USP7/11 interaction was not further investigated. It remains open, if there is a

deubiquitinating enzyme, which is recruited by Aurora-A to mediate N-MYC stabilisation.

4.2.4 Validation of a novel group of N-MYC interacting proteins identified in MS

In addition to USP7, other novel N-MYC interacting proteins were identified in MS and
validated in IP experiments. Proteins selected for validation were involved in structural
organisation of chromatin or transcriptional elongation and showed a clear preference for
interaction with N-MYC wt, suggesting a possible role for Aurora-A-mediated stabilisation
of N-MYC (peptide counts are shown in section 4.2.2, Table 4.2).

The decision to focus the validation on structural chromatin-binding proteins was due to
the identification of 5 out of 6 subunits of the TFIIIC POL III transcription factor (see
results, section 4.2.2). Several more recent publications on TFIIIC show that the complex
plays a role in chromatin organisation (see discussion, section 5.4). Importantly, there was
no existing record on C- or N-MYC function in architectural organisation of chromatin
and on interaction of C- and N-MYC with TFIIIC. The interaction of another POL III
transcription factor, TFIIIB, and C-MYC was reported before [Gomez-Roman et al., 2003]
(see introduction, section 1.3.2).

In order to validate the interaction of TFIIIC with N-MYC, immunoprecipitation experi-
ments from neuroblastoma cell lines were performed. On the one hand the same cell lines
as in the MS experiment (see results, section 4.2.1) were used (not shown) and on the other
hand the interaction was tested in endogenous IPs from MYCN-amplified neuroblastoma
cells (Fig. 4.9 A, C). TFIIIC subunit 5 (TFIIIC5) was chosen for validation experiments,
since in comparison to subunit 1 and 2, antibodies directed against this subunit yielded the
best results in immunoprecipitation experiments and subsequent western blotting. N-MYC
IPs from MYCN-amplified IMR-5 cells confirmed the interaction of endogenous N-MYC
with TFIIIC5 (Fig. 4.9 A). Interestingly, TFIIIC5 was also co-purified in Aurora-A IPs
(Fig. 4.9 A). Since most N-MYC wt peptides identified in MS were phosphorylated at
T58 and S62 (Fig. 4.4), it was assumed that proteins like TFIIIC5, detected with higher
peptide counts in the N-MYC wt sample, preferentially interact with pT58/pS62 N-MYC.
To test, whether this assumption hold true, SH-EP cells were transiently transfected with
N-MYC wt, N-MYC mut or empty control vector and N-MYC was immunoprecipitated
from transfected cells (Fig. 4.9 B). In line with TFIIIC5 peptide counts in MS, TFIIIC5
was co-purified from N-MYC wt expressing cells, whereas there was no enrichment in IPs
from N-MYC mut expressing cells compared to control cells (Fig. 4.9 B). As expected, the
same was true for Aurora-A, which showed a strong preference for interaction with N-MYC
wt like TFIIIC5 (Fig. 4.9 B). To ensure that the co-purification of TFIIIC5 in N-MYC

IPs was not a result of binding of the two proteins to adjacent DNA sequences, endogenous
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IPs were performed in the presence or absence of ethidium bromide (described in results,
section 4.2.3) (Fig. 4.9 C). Ethidium bromide treatment did not influence TFIIIC5 Co-IP
with N-MYC, confirming IP results were based on protein-protein interactions (Fig. 4.9 C).
Furthermore, TFIIIC5 IPs from MYCN-amplified IMR-32 cells showed that also N-MYC
was co-purified with TFIIIC5 regardless of ethidium bromide treatment (Fig. 4.9 C). In
summary, IP experiments clearly confirmed N-MYC s interaction with TFIIIC subunit 5.
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N-MYC interacts with a novel group of proteins involved in architectural organisation of chromatin

(A) Immunoprecipitation from MYCN-amplified IMR-5 cells. N-MYC and Aurora-A protein complexes were immunoprecip-
itated with N-MYC or Aurora-A antibodies, precipitation with IgG was used as a control (Ctr). 0.67% input and IP samples
were analysed by immunoblotting and probed with the indicated antibodies. Vinculin was used as a loading control.

(B) Immunoprecipitation from SH-EP cells transfected with either MYCN wt (wt) or mut (mut) expression plasmids or an
empty control vector (-). Cells were harvested 48 h after transfection and protein complexes were immunoprecipitated with
N-MYC antibodies. 3% input and IP samples were analysed by immunoblotting and probed with the indicated antibodies.
Vinculin was used as a loading control.

(C) Immunoprecipitation from MYCN-amplified IMR-5 cells (left panel) and IMR-32 cells (right panel) treated with or
without ethidium bromide (EtBr). N-MYC and TFIIIC5 protein complexes were immunoprecipitated with N-MYC or
TFIHIC5 antibodies, precipitation with 1gG was used as a control (Ctr). 1% input and IP samples were analysed by
immunoblotting and probed with the indicated antibodies. Vinculin was used as a loading control.

Besides TFITIC5 the interaction of N-MYC with two DNA topoisomerases detected in N-
MYC MS, TOP2A and TOP2B (Table 4.2), was assayed in IP experiments. Topoisomerases
catalyse the process of winding DNA and for example are able to release the tension, which
occurs upon transcription of DNA [Kouzine et al., 2014]. An interaction of MYC proteins
with topoisomerases was not reported before, but would be highly interesting, for example
in regard of MYC s function as a “general amplifier” (see introduction, section 1.2). To
confirm the interaction of N-MYC and TOP2A /B, immunoblots from endogenous N-MYC
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IPs from MYCN-amplified IMR-5 cells treated with or without ethidium bromide were
probed with TOP2A /B antibodies. Immunoblotting showed that TOP2A (Fig. 4.9 C)
and TOP2B (not shown) are co-purified with N-MYC independent of ethidium bromide
treatment. In addition, TOP2A was co-purified in TFIIIC5 IPs regardless of ethidium
bromide treatment (Fig. 4.9 C). The third topoisomerase listed in the “Top 82-List”, TOP1
(see appendices A.1, A.2 and Table 4.2), was not validated for N-MYC interaction, since
in all experiments high background signals were detected with TOP1 antibodies in control
IPs (data not shown). Thus, the interaction of N-MYC with TFIIIC5 and TOP2A/B was
validated and suggests the existence of a quaternary complex of comprising N-MYC, Aurora-
A, TFIIIC5 and TOP2A in neuroblastoma cells. A complex of N-MYC/Aurora-A with
TFIIIC and topoisomerases was not described before and the function of this hypothetical
complex remains to be determined.

Since TFIIIC was shown to be involved in the organisation of chromatin architecture
(see discussion, section 5.4.1), the N-MYC/TFIIIC complex could function in chromatin-
organisation. To test this hypothesis, N-MYC interaction with important regulators of
chromatin compaction, cohesion and compartmentalisation [Jeppsson et al., 2014], namely
condensins and cohesins, was assayed, since TFIIIC associates with condensin and cohesin
(see discussion, section 5.4.1). While the interaction of N-MYC with the condensin IT sub-
unit hCAP-D3 (see appendix A.1, rank 212) and cohesin loading factor NIPBL (not detected
in MS) was not observed in any of the performed immunoprecipitation experiments (not
shown), the interaction with cohesin subunit RAD21 (identified with 0/3/3 exclusive unique
peptide counts in empty/mut/wt MS sample) was clearly shown in endogenous N-MYC IPs
(Fig. 4.9 A). Moreover, exogenous N-MYC IPs showed that RAD21 interacts, like TFIIIC5,
preferentially with N-MYC wt (Fig. 4.9 B). An interaction of RAD21 and Aurora-A was
not observed (Fig. 4.9 A). Hence, the N-MYC/TFIIIC complex could be associated with
cohesin, which can tether two DNA strands together resulting in chromatin loops, which can
for example separate an enhancer from its promoter or bring them close together [Wendt
et al., 2008, Sofueva et al., 2013, Schaaf et al., 2013] (see discussion, section 5.4.1).

In addition, a second group of proteins was selected for validation comprising proteins
involved in elongation of RNA transcripts. N-MYC interaction with ELP3, a catalytic sub-
unit of the histone acetyltransferase elongator complex, the DRB sensitivity- inducing factor
(DSIF) complex component SPT5 and the RNA polymerase Il-associated factor (PAF1C)
complex components CTR9 and CDC73 was assayed (Table 4.2). Neither N-MYC, nor
C-MYC proteins are described to be associated with ELP3, DSIF or PAF1C, which all
function in transcriptional elongation, while MYC proteins are known to function in tran-
scriptional initiation of RNA POL II transcribed genes and in release of paused POL II (see
introduction, section 1.3.1). In immunoprecipitation experiments from transiently transfec-
ted SH-EP cells the interaction of N-MYC with overexpressed HA-tagged ELP3 was shown
(Fig. 4.10). Furthermore, endogenous SPT5, CTR9 and CDC73 were co-purified with exo-
genous N-MYC, validating MS results (Fig. 4.10). Importantly, also C-MYC associates
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with SPT5, CTR9 and CDC73 (Laura Jaenicke, personal communication). The function of
MYC together with DSIF and PAF1C was further investigated by Laura Jaenicke [Jaenicke
et al., 2016].
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Figure 4.10

N-MYC interacts with a novel group of proteins involved in transcriptional elongation

Immunoprecipitation from SH-EP cells transfected with HA-tagged ELP3 and either MYCN wt (wt) or mut (mut) ex-
pression plasmids or an empty control vector (-). Cells were harvested 48 h after transfection and protein complexes were
immunoprecipitated with N-MYC antibodies. 1% input and IP samples were analysed by immunoblotting and probed with
the indicated antibodies. Actin was used as a loading control. Asterisk marks band corresponding to CTR9 protein.

Since in exogenous N-MYC IPs TFIIIC5 was co-purified from N-MYC wt expressing cells
and not from N-MYC mut expressing cells (Fig. 4.9 B) and MS peptide counts supported
this observation showing a higher number of peptides recovered from N-MYC wt expressing
cells than from N-MYC mut expressing cells (Table 4.2), it was likely that interaction of
TFIICS with N-MYC depends on its phosphorylation at T58 and S62.

To determine, if TFIIIC5 and also TOP2A interact with N-MYC MBI covering the residues
T58 and S62 and if their interaction displays a preference for N-MYC phosphorylated at
T58 and/or S62, pull-down assays with differently phosphorylated N-MYC peptides (aa28-
89) were conducted. Indeed, TFIIIC5 interacted with MBI of N-MYC and showed, like
Aurora-A, a preference for interaction with peptides phosphorylated at both residues, T58
and S62, confirming MS and IP results (Fig. 4.11 A, B). TOP2A was shown to interact with
N-MYC peptides, but the preference for interaction with double phosphorylated peptides
was not as clear as for TFIIIC5 (Fig. 4.11 A,B).

In summary, N-MYC interactions with a group of proteins involved in chromatin organ-
isation and with proteins functioning in transcriptional elongation, which were identified
in MS analysis of N-MYC complexes, were successfully validated. Furthermore, results of
pull-down assays with N-MYC peptides clearly demonstrated that TFIIIC5 interacts with
MBI in a phosphorylation-dependent manner, suggesting that N-MYC and TFIIIC inter-
act directly. TFIIIC5H was also shown to interact with Aurora-A, which might suggest an

involvement in N-MYC stabilisation by Aurora-A (see discussion, section 5.4).
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Figure 4.11

TFIIC interacts preferentially with N-MYC peptides phosphorylated at T58 and S62

(A) Pull-down of indicated proteins with N-MYC peptides (aa28-89) covering MBI, which are not phosphorylated (no
phos.), phosphorylated at T58 (pT58) or S62 (pS62) or on both sites (pT58/562). Biotinylated peptides were coupled to
streptavidin magnetic beads and incubated with whole cell lysates from SH-EP cells. Streptavidin beads without coupled
MBI peptides were used as a control (DMSO). 1% input and pull-down samples were analysed by immunoblotting and
probed with the indicated antibodies. CDK2 was used as a control for interaction specificity.

(B) Quantification of N-MYC peptide pull-down experiments as in (A). Shown is the quantification of two independent
experiments as shown in (A) for TFIIIC5 and the quantification of the experiment shown in (A) for TOP2A. Binding of
analysed proteins to the indicated N-MYC peptides was quantified and is given as relative binding compared to 1 % input,
which was set as 100%. Error bars indicate standard error of the mean.

4.3 Global analysis of N-MYC and TFIIIC binding to chromatin

N-MYC and TFIIIC are transcription factors that bind to defined sites throughout the
genome, regulating transcription of distinct groups of genes. N-MYC is known to occupy
canonical and non-canonical E-box elements, as well as additional sites, which are character-
ised by histone marks for open chromatin (see introduction, section 1.2); TFIIIC binds to A-
and B-box elements in the promoter of POL III transcribed genes and is essential for tran-
scription of type I and II genes [Donze, 2012] (see discussion, section 5.4.1). More recently,
TFIIIC was shown to bind to additional sites in the genome, termed ETC sites, which are
not occupied by POL III and are characterised by a B-box motif or a motif similar to a B-box
(ETC-motif) [Moqtaderi et al., 2010] (see discussion, section 5.4.1). To find out, if N-MYC
and TFIIIC bind to joint sites throughout the genome, chromatin-immunoprecipitation
coupled with high-throughput-sequencing (ChIP-sequencing) experiments were conducted
using antibodies directed against N-MYC and TFIIIC5. In order to determine, whether
N-MYC and TFIIIC binding to chromatin is dependent on N-MYC protein levels and/or
Aurora-A, ChIP-sequencing was performed with IMR-5 cells treated with the Aurora-A
inhibitor CD532, which does not only inhibit Aurora-A kinase activity, but also induces a
decrease of N-MYC protein levels [Gustafson et al., 2014].

4.3.1 The Aurora-A inhibitor CD532 affects TFIIIC occupancy

Before preparing samples for ChIP-sequencing, the effect of CD532 treatment on protein
levels and N-MYC and TFIIIC5 binding to their target genes was assessed in MYCN-
amplified neuroblastoma cells. Therefore, samples from CD532 or DMSO treated IMR-5

cells were analysed by immunoblotting and in individual ChIP experiments.
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CD532 treatment of MYCN-amplified IMR-5 cells resulted already after 4 h in a strong
reduction of N-MYC levels and a concomitant decrease of Aurora-A levels (Fig. 4.12 A).
The reason for the decrease of N-MYC is that CD532 binding to Aurora-A distorts the
Aurora-A structure resulting in a conformation, which is incompatible with N-MY C binding
and stabilisation [Gustafson et al., 2014|. The CD532-induced reduction of Aurora-A levels
was not reported previously, but is consistent with the strong distortion of the Aurora-
A conformation, which is likely to induce proteasomal degradation of Aurora-A after a
certain period of time (Richard Bayliss, personal communication). After 4 h of CD532
treatment Aurora-A levels were obviously decreased, but not as strong as N-MYC levels
(Fig. 4.12 A), while after 12 h of treatment there were only traces of detectable Aurora-A
and N-MYC protein left (data not shown). TFIIIC protein levels were unaffected upon
CD532 treatment and this was valid for all TFIIIC subunits tested (Fig. 4.12 A). On the
contrary, CD532 induced changes in TFIIIC chromatin occupancy. ChIP experiments using
antibodies directed against TFIIIC) showed an enhancement of TFIIIC) binding to POL III
type II genes, namely tRNAs, in CD532 treated cells compared to DMSO treated cells (Fig.
4.12 B). As expected, in N-MYC ChIP experiments N-MYC binding to the transcriptional
start site (TSS) of classical C-MYC target genes, shown here for NPM1 and NCL, was
decreased after CD532 treatment, although to a lesser extend than N-MYC protein levels
were decreased (Fig. 4.12 A, B).
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Figure 4.12

CD532 treatment leads to a reduction of N-MYC and an induction of TFIIIC occupancy

(A) Immunoblots from MYCN-amplified IMR-5 cells treated for 4 h with 1 yM CD532 or DMSO as a control. Immunoblots
were probed with the indicated antibodies. Vinculin was used as a loading control.

(B) ChIP experiment using N-MYC, TFIIIC5 or IgG control antibodies. Precipitated and purified DNA was analysed by
gRT-PCR, for N-MYC ChIPs using primers amplifying a region at the TSS of two C-MYC target genes, NCL and NPM1,
and for TFIIIC5 ChIPs using primers amplifying two POL Il target genes, tRNA7Leu and tRNA119Ala. Amplification of
an intergenic control region (neg. region) is shown as a control for specificity. Cells were treated like in (A). Data are
represented as mean of technical triplicates. Error bars indicate standard deviation.
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4.3.2 N-MYC and TFHIC bind to joint sites throughout the genome

For global analysis of N-MYC and TFIIIC occupancy in the presence or absence of CD532
IMR-5 cells were treated for 4 h with CD532 or DMSO as a control, creating a condition
in which N-MYC levels were decreased to more than 50% and Aurora-A levels were only
slightly decreased compared to DMSO control (Fig. 4.12 A). To this end, ChIPs with N-
MYC, TFIIIC5 and control IgG antibodies were performed followed by deep sequencing.
The bioinformatical analyses of deep-sequencing data were performed by Susanne Walz
(Comprehensive Cancer Center Mainfranken, Core Unit Bioinformatics).

ChIP-sequencing of N-MYC and TFIIIC5 samples generated more than 1.5x107 reads and
around 97% of reads could be mapped to the human genome, while input samples had less
reads and were combined to yield around 1.08x107 reads (Table 4.3). Accordingly, all other

samples were normalised to 1.08x107 reads for further analyses.

total reads aligned reads % aligned ‘ called peaks ‘ FDR <0.25 FDR <0.1

Input 10,848,661 10,599,069 97.74 reference n.a. n.a.

N-MYC_DMSO 19,123,497 18,629,085 97.41 15,403 15,387 15,363

N-MYC_CD532 20,917,297 19,934,744 95.30 17,436 17,436 17,426

TFIIC5_DMSO 15,711,908 15,234,044 96.96 7,273 7,273 7,273

TFIIC5_CD532 18,892,914 18,421,768 97.51 35,736 35,736 35,736
Table 4.3

Statistics of ChlP-sequencing results

Statistical overview for N-MYC and TFIIIC5 ChlP-sequencing results. Shown are read numbers, aligned reads and %
alignment to the human genome (hgl9). Input samples were combined and all other samples were normalised to 1.08x107
reads. For peak calling with MACS, an equal mixture of 3 out of 4 input samples was taken as reference control. Called
peak numbers for N-MYC peaks changed only slightly upon application of different false discovery rate (FDR) cut-offs, the
number of called TFIIIC5 peaks did not change. Accordingly, all called peaks were taken into account for further analyses.
n.a.: not applicable

First, N-MYC and TFIIIC5 occupancy within a window of 5 kb around the TSS of all
annotated human POL II genes was assessed. Surprisingly, like N-MYC, TFIIIC5 was bound
to the TSS of hundreds of POL II transcribed genes (Fig. 4.13 A). Peak calling identified
6,924 N-MYC-bound and 2,117 TFIIIC5-bound POL II promoters in DMSO treated cells
(Fig. 4.13 B).

Upon CD532 treatment TFIIIC5 occupancy of POL II promoters was enhanced, confirming
results from individual ChIPs and showing that CD532 effects on TFIIIC5 occupancy are
not restricted to tRNA genes (Fig. 4.12 B, 4.13 A). The CD532-mediated increase of
TFIIIC5 binding to POL II promoters was not only reflecting in tag density, but also in
the number of called peaks (Fig. 4.13 A, B). Strikingly, not only the number of TFIIIC5
peaks in POL II promoters increased, but also the total number of TFIIIC5 binding sites
increased around 5-fold with CD532 treatment. At tRNA genes TFIIIC5 binding displayed
only minor changes in tag density and peak number upon CD532 treatment, since TFIIICH
already occupied roughly all actively transcribed tRNAs in DMSO treated cells [Canella
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et al., 2010, Dittmar et al., 2006] (Fig. 4.13 B, 4.14).
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Figure 4.13

ChiIP-sequencing identifies N-MYC and TFIIIC binding sites at POL Il and POL Ill promoters

(A) Heat map documenting the distribution of tag densities obtained by ChIP-sequencing in a window of +/- 5 kb around
all annotated human RefSeq TSS (hgl9). Shown are normalised input, N-MYC and TFIIIC5 ChlP-sequencing samples
from IMR-5 cells treated with 1 pM CD532 for 4 h or DMSO as a control. Tag densities of all samples are sorted according
to N-MYC binding in DMSO treated cells (50 bp resolution).

(B) Localisation of 15,403 N-MYC and 7,273 TFIIIC5 binding sites in DMSO treated cells. Promoters are defined as +/-
1 kb around the TSS.

For N-MYC CD532 treatment induced no obvious decrease of occupancy at the TSS of POL
IT genes, although this was expected from individual ChIP experiments (Fig. 4.12, 4.13 A).
The number of N-MYC peaks at POL II promoters was slightly lower in CD532 treated cells
compared to DMSO treated cells (Fig. 4.13 B). Importantly, N-MYC peaks were also called
at tRNA promoters, showing that like C-MYC, N-MYC also binds to POL III promoters
[Gomez-Roman et al., 2003] (Fig. 4.13 B). N-MYC peaks displayed a lower tag density at
tRNAs compared to TFIIIC5 and the number of called peaks for N-MYC was not as high
as for TFIIIC5 (Fig. 4.13 B, 4.14). Nevertheless, the distribution of N-MYC tags at all
TFIIIC5 peaks in tRNA promoters showed the same pattern as TFIIIC5, indicating that
N-MYC, like TFIIIC5, binds to most tRNA promoters (Fig. 4.14).



4 Results 82

TFIICS N-MYC
CD532 - - * -

input

558 TFIIIC5 peaks in tRNAs

10 kb

Figure 4.14
N-MYC binds together with TFIIIC to tRNA promoters

Heat map documenting the distribution of tag densities obtained by ChIP-sequencing in a window of +/- 5 kb around
558 TFIIIC5 peaks in tRNA promoters. Shown are normalised input, N-MYC and TFIIC5 ChIP-sequencing samples from

IMR-5 cells treated with 1 pM CD532 for 4 h or DMSO as a control. Tag densities of all samples are sorted according to
TFIC5 binding in DMSO treated cells (50 bp resolution).

To identify joint N-MYC/TFIIIC binding sites the intersectBed function from BEDTools
was used and binding sites were defined as overlapping, if N-MYC and TFIIIC5 peaks had a
minimal overlap of 1 bp. This analysis identified 2,053 overlapping binding sites for N-MYC
and TFIIIC5 in DMSO treated cells and the number of overlapping binding sites increased
around 4-fold (7,994) in CD532 treated cells (Fig. 4.15 A).
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Figure 4.15

N-MYC and TFIIIC binding sites overlap at POL Il and POL Ill promoters and inter-/intragenic sites

(A) Venn diagram showing the overlap of genome-wide N-MYC and TFIIIC5 binding sites in IMR-5 cells treated with 1
wM CD532 for 4 h or DMSO as a control. p-values were calculated using a permutation test with 1.0x106 iterations.

(B) Localisation of 2,053 N-MYC/TFIHIC5 binding sites in DMSO treated cells (left panel) and 7,994 binding sites in
CD532 treated cells (right panel). Promoters are defined as +/- 1 kb around the TSS.
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Permutation tests showed that the overlap of N-MYC and TFIIIC5 binding sites is highly
significant in DMSO and CD532 treated cells (Fig. 4.15 A). To classify N-MYC/TFIIIC5
binding sites, a region of +/- 1 kb around the T'SS of POL II transcribed genes and tRNA
genes was taken into account and analysed for the existence of called N-MYC or TFIIIC5
peaks. Most overlapping N-MYC/TFIIIC5 binding sites were located either at POL II
promoters (3,946) or at inter- and intragenic regions (3,885) and the number of tRNA
genes identified to be bound by N-MYC and TFIIIC5 (163) was similar to the number
bound by N-MYC alone (Fig. 4.13 B, 4.15 B). Hence, the localisation of overlapping N-
MYC and TFIIIC5 binding sites revealed that not only tRNA promoters are occupied
by both, N-MYC and TFIIIC transcription factors, but also a large number of POL II
promoters. Furthermore, overlapping N-MYC and TFIIIC binding sites are located in
intergenic regions, pointing to additional functions of N-MYC/TFIIIC complexes in other
processes than transcription.

The knowledge that N-MYC and TFIIIC5 occupy overlapping sites raised the question,
whether the two proteins bind to the same sites or whether binding occurs to adjacent
sites. In order to visualise binding strength of N-MYC and TFIIIC5 at overlapping binding
sites, the distribution of ChIP-sequencing tags from all samples were plotted in a window
of 10 kb around all N-MYC or TFIIIC5 peaks in DMSO treated cells (Fig. 4.16). At both,
N-MYC (Fig. 4.16, left panel) and TFIIIC5 (Fig. 4.16, right panel) peaks, tag density of
all samples peaked in the center of the N-MYC/TFIIIC5 peak and tags were distributed
+/- 1 kb around the peak center. The CD532-mediated increase in TFIIIC5 occupancy was
clearly visible at N-MYC and TFIIIC5 peaks, resulting in higher tag number in the peak
center and in the surrounding region of +/- 1 kb at N-MYC peaks and in an even broader
region at TFIIIC5 peaks (Fig. 4.16). Given that N-MYC and TFIIIC5 interact with each
other and N-MYC and TFIIIC5 peaks overlap, it is likely that they bind to the same sites
as a complex (Fig. 4.9, 4.16).
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Figure 4.16

N-MYC and TFIIIC binding sites largely overlap with each other

Tag density plots centered to N-MYC (left panel) and TFIIIC5 (right panel) peaks. Tags were analysed for all peaks in
DMSO treated cells, 15,403 peaks for N-MYC and 7,273 peaks for TFIIIC5. Tag densities were quantified with a resolution
of 50 bp in regions of +/- 5 kb around the N-MYC or TFIIIC5 peak summits, respectively.
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Since analysis of ChIP-sequencing data showed that N-MYC and TFIIIC5 bind to adjacent
sites in POL IT promoters (Fig. 4.15 B) and that the distribution of N-MYC and TFIIIC5 tag
density shows the same pattern (Fig. 4.16), it was investigated, if N-MYC/TFIIIC5 binding
sites have a certain orientation in respect of the T'SS. Therefore, average tag density of N-
MYC and TFIIIC5 around the TSS of all POL II transcribed genes, which were bound by
N-MYC and TFIIIC5, was plotted in a resolution of 5 bp (Fig. 4.17). In this representation
N-MY C was located close to the TSS of POL II promoters, while TFIIIC5 binding appeared
broader and was shifted on average slightly 5’ of N-MYC, suggesting that N-MYC/TFIIIC5
sites have a defined orientation in POL II promoters (Fig. 4.17).
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Figure 4.17

At POL Il promoters N-MYC/TFIIC binding sites have a defined orientation

Tag density distribution around the TSS of 3,946 POL Il genes with N-MYC/TFIIIC5 binding sites in CD532 treated cells.
Tag densities were quantified with a resolution of 5 bp in a region of +/- 1.5 kb around the TSS.

To quantify CD532-mediated effects on N-MYC and TFIIIC5 binding, first, changes in tag
number in CD532 versus DMSO treated cells were plotted for all N-MYC and TFIIIC5
peaks. Whereas the previous analyses revealed no clear decrease for N-MYC, neither visu-
ally in tag density plots and heat maps, nor numerical in peak numbers, quantification of
the overall N-MYC tag density at all N-MYC and TFIIIC5 peaks showed that CD532 treat-
ment induced a significant decrease in N-MYC binding (Fig. 4.18 A). This indicates that
although N-MYC occupancy changes significantly upon CD532 treatment, CD532-induced
changes are not very strong and are not visible in non-quantitative representations, such
as heat maps. In addition, in tag density plots, which show the average occupancy, strong
CD532 effects on N-MYC occupancy at specific sites can be masked by weak effects on
N-MYC occupancy at other sites. However, CD532 treatment does not result in a decrease
of N-MYC binding below background, since the total number of N-MYC binding sites does
not decrease with CD532 and the peak calling software MACS identifies peaks by calcu-
lating the significant local enrichment compared to background binding in input samples
(see discussion, section 5.5.1). Also for TFIIIC5 changes in occupancy were highly sig-
nificant at all N-MYC and TFIIIC5 peaks (Fig. 4.18 A). Quantification of N-MYC and
TFIIIC5 tag density at overlapping binding sites showed similar results, CD532 treatment
induced a significant decrease of N-MY C occupancy, while TFIIIC5 occupancy significantly
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increased (Fig. 4.18 B). Importantly, the CD532-mediated decrease of N-MYC was even
more prominent at N-MYC/TFIIIC5 binding sites and this hold true for binding sites in
POL II promoters, tRNA promoters and intergenic regions (Fig. 4.18 B). The strongest

increase of TFIIIC5 occupancy was evident at tRNA promoters with the median displaying
a logoFC >1 (Fig. 4.18 B).
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Figure 4.18

N-MYC and TFIIIC occupancy is significantly regulated upon CD532 treatment

(A) Box plots showing changes in N-MYC and TFIIIC5 occupancy in response to CD532 treatment. Fold changes (logyFC)
of occupancy in CD532 versus DMSO treated cells were calculated for all N-MYC and TFIIIC5 peaks counting tags in a
region of 250 bp around each peak. p-values were calculated using a two-tailed one-sample Wilcoxon Signed-rank test.
(B) Box plots showing changes in N-MYC and TFIIIC5 occupancy at overlapping binding sites located in POL Il promoters
(1,165 in DMSO treated cells), tRNA promoters (151 in DMSO treated cells) or inter-/intragenic regions (737 in DMSO
treated cells) in response to CD532. Fold changes (logoFC) of occupancy in CD532 versus DMSO treated cells were
calculated for all N-MYC/TFIIIC5 peaks counting tags in a region of 25 bp around each peak. p-values were calculated
using a two-tailed one-sample Wilcoxon Signed-rank test.

In summary, analysis of ChIP-sequencing data on N-MYC and TFIIIC5 identified a large
number of overlapping binding sites, which are located either at inter- and intragenic sites,
or in promoters of POL II and POL III target genes. This shows that N-MYC and TFIIIC

are bound to the same sites at their own target genes and wice versa, suggesting that
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they form a complex at POL II and POL III promoters. TFIIIC binding to thousands
of POL II promoters was not shown before and implicates additional, unknown functions
of TFIIIC. Furthermore, the existence of overlapping binding sites at intergenic regions
indicates that N-MYC/TFIIIC complexes could be involved in chromatin organisation, as
it was shown for TFIIIC (see discussion, section 5.4) [Moqgtaderi et al., 2010]. CD532
treatment appears to have opposing effects on N-MYC and TFIIIC occupancy, while N-
MYC occupancy decreases, TFIIIC occupancy increases at sites, which are already occupied
by TFIIIC, and at additional sites throughout the genome.

4.3.3 N-MYC/TFIIIC binding sites are enriched for the CTCF motif

For further characterisation of N-MYC/TFIIIC5 binding sites a de novo motif search was
performed using MEME and DREME algorithms. Therefore, N-MYC/TFIIIC5 bound se-
quences from the three classes of binding sites were analysed individually, taking into account
a region of +/- 50 bp around the peak summit. As expected, E-boxes were identified in N-
MY C-only binding sites at POL II promoters and intergenic sites (see introduction, section
1.2) (Fig. 4.19 A). In TFIIIC5-only binding sites at POL III promoters A- and B-boxes
were discovered in around 50% of binding sites and also at POL II promoters and intergenic
sites TFIIIC5 binding sites often coincided with B-box elements, which was expected from

what is published in literature (see discussion, section 5.4) (Fig. 4.19 A).
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Figure 4.19

N-MYC/TFIIIC binding sites are characterised by the presence of a CTCF motif

(A) De novo motif search in N-MYC- and/or TFIIIC5-bound regions in DMSO treated cells. In N-MYC/TFIIIC5 binding
sites both peak regions were analysed, for each peak a region of +/- 50 bp around the peak summit was taken into account.
Promoters are defined as +/- 1 kb around the TSS. Percentages illustrate the number of sites in which the respective motif
was found.

(B) The CTCF motif identified by de novo search shows a high similarity to a published CTCF binding motif (JASPAR
MAO0139.1). The identified motif was tested for similarity with motifs in the JASPAR database using the TOMTOM tool
from the MEME Suite. The alignment with the CTCF motif from JASPAR yielded the smallest g-value [Gupta et al.,
2007].

Interestingly, at N-MYC/TFIIIC5 binding sites in POL II promoters and intergenic sites
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the most predominant motif was not an E-box or a B-box element, but a motif highly similar
to the CTCF motif (Fig. 4.19 A |B).

Next we asked, whether the CTCF motif was localised in the vicinity or the center of
N-MYC/TFIIIC5 binding sites, since a central enrichment would strongly indicate that N-
MYC and TFIIICS bind to this motif instead of binding to an E-box or a B-box element
close by. Accordingly, the central enrichment of E-box and CTCF motifs was determined
in N-MYC-only and N-MYC/TFIIIC5 binding sites using the CentriMo tool. The Ap2a
motif was used as a control for specificity, since it is highly similar to the CTCF motif
(JASPAR MAO0003.2). Surprisingly, the CTCF motif was indeed enriched in the center of
both, N-MYC-only peaks and N-MYC/TFIIIC5 binding sites, in POL II promoters and
intergenic sites (Fig. 4.20). Interestingly, the enrichment varied between the two motifs for
N-MYC-only and N-MYC/TFIIIC5 binding sites, in comparison to the CTCF motif the
E-box element was less frequent at N-MYC/TFIIIC5 binding sites, while the CTCF motif
was less frequent at N-MYC-only bound sites (Fig. 4.20). The differences in frequency were
observed at POL II promoters and at intergenic binding sites (Fig. 4.20). These data imply,
that there is either an E-box element or a CTCF motif located at N-MYC/TFIIIC5 binding
sites and that they are enriched for CTCF motifs, whereas N-MYC-only bound sites are

enriched for E-boxes.

POL Il promoters intergenic sites

E-value E-value
. N - 3.3x10°11 +— 8- 2 .- 1.3x10-10
5 i — 96x10211 % Ay — 221024
% 47 i w22x1070 X : .-~ 9.0x10-159
g P — 25x105%% & — 1.3x107657
g : - 5.1x100 2, -+ 6.0x100
g g% — 88x107
(] ()]
2 2
i) ©
[5] [0
14 14

O_
I [ I
-300 0 300
Distance to N-MYC peak center [bp] Distance to N-MYC peak center [bp]
=== N-MYC/TFIliICS | _ == N-MYC/TFIIICS === N-MYC/TFIIC5
E-box CTCF AP2a
= N-MYC-only = N-MYC-only = N-MYC-only

Figure 4.20

Both, E-box and CTCF motifs, are localised in the center of N-MYC peaks

Central enrichment of E-box and CTCF motifs. The CentriMo tool was used to calculate the occurrence of the predefined
canonical E-box motif (CACGTG) and CTCF motif (MA0139.1) within a window of +/- 350 bp around the N-MYC peak
center at N-MYC/TFIIIC5 binding sites and N-MYC-only binding sites in POL |l promoters (left) or intergenic sites (right).
The AP2a motif (MA0003.2) was used as a control for specificity. The frequency of a motif at a certain position was
normalised to the number of input sequences and a rolling mean of 20 bp was applied for smoothing the curves. e-values
were calculated using a binominal test and normalised to the number motifs in the database.

The CCCTC-binding factor (CTCF), a zinc finger transcription factor, is known to bind
to the CTCF motif and to co-localise with cohesin complexes (see discussion, section 5.4),
hence N-MYC/TFIIIC5 binding sites were aligned with published ChIP-sequencing data
on CTCF and the cohesin subunit RAD21. Published data sets were obtained from the
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ENCODE data base and selected ChIP-sequencing experiments were performed in another,
non- M YCN-amplified neuroblastoma cell line, SK-N-SH. A heat map of N-MYC/TFIIIC5
binding sites revealed that CTCF occupies the same sites as N-MYC/TFIIIC5 and the
cohesin subunit RAD21, which was shown to interact with N-MYC (Fig. 4.9, 4.21). CTCF
and RAD21 binding strength was similar for sites, which showed strong (upper part of heat
map in Fig. 4.21) or weak (lower part of heat map in Fig. 4.21) N-MYC/TFIIIC5 occupancy
(Fig. 4.21). This results suggested that N-MYC/TFIIIC5 binding sites are also bound by
CTCF /cohesin. At that time, it was unclear, whether N-MYC/TFIIIC5 and CTCF /cohesin
bind together or whether either of two protein complexes binds to N-MYC/TFIIIC5 binding

sites.
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Figure 4.21

N-MYC/TFIIIC binding sites can be occupied by CTCF and cohesin

Heat map documenting occupancy of N-MYC, TFIIIC5, RAD21 and CTCF at 7,994 N-MYC/TFIIC5 binding sites in
CD532 treated cells. Samples were normalised to the same number of mapped reads, peaks were centered to the N-MYC
peak and sorted according to N-MYC binding in DMSO treated cells. Shown are tag densities in a window of +/- 5 kb
around the N-MYC peak summit (50 bp resolution). RAD21, CTCF and corresponding control ChlP-sequencing data from
SK-N-SH cells were obtained from ENCODE (CTCF: ENCFF001HXM, RAD21: ENCFFO00RFT, control: ENCFFO00RCC).

Inspection of individual POL II genes (Fig. 4.22) and intergenic regions (data not shown)
confirmed the co-localisation of N-MYC, TFIIIC5, CTCF and RAD21 peaks. Furthermore,
most N-MYC/TFIIIC5 binding sites comprised a CTCF motif, but no E-box (Fig. 4.22),
supporting the data from motif analyses (Fig. 4.19, 4.20).

Conclusively, the analysis of N-MYC and TFIIIC5 ChIP-sequencing data revealed that N-
MYC/TFIIIC5 binding sites are enriched for a consensus CTCF binding motif and utilisa-
tion of published ChIP-sequencing data showed that CTCF and the cohesin subunit RAD21
can occupy N-MYC/TFIIIC5 bound sites.
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N-MYC/TFIIIC binding sites at POL Il promoters show altered binding preference

Illustration of DNA-binding of indicated proteins at the TSS of the POL Il genes METAP1 and MRPS2. Reads from
normalised ChlP-sequencing samples were visualised with the Integrated Genome Browser software. RAD21, CTCF and
corresponding control ChIP-sequencing data is from the same source as in Fig. 4.21. The presence of CTCF (green), B-box
(blue) and E-box (red) motifs is indicated by colored bars below the ChIP-sequencing tracks. The gene structure is indicated
at the bottom of each panel, exons are represented by vertical lines and arrows indicate the direction of transcription.

4.3.4 Cohesin binds to N-MYC/TFIIIC occupied sites and its occupancy is regulated
by CD532

N-MYC and TFIIIC binding to sites comprising a CTCF motif and potential co-binding
of CTCF and cohesin to these sites represented an unexpected and interesting finding, as
it suggests a role of the N-MYC/TFIIIC complex in regulation of chromatin architecture.
CTCF was demonstrated to function as an insulator, separating actively transcribed from
repressed areas of chromatin, and it was shown to exert its function in a complex with co-
hesin, which is a ring-shaped complex that holds together two DNA strands (see discussion,
section 5.4). Moreover, TFIIIC was also implicated to act as an insulator when bound to
tRNA genes [Raab et al., 2012]. In addition, intergenic TFIIIC binding sites, which are not
co-occupied by POL III, were shown to be associated with cohesins and to be located close
to CTCF binding sites (see discussion, section 5.4).

To substantiate the link between N-MYC/TFIIIC5 binding sites and CTCF/cohesin func-
tion, the interaction of the protein complexes was investigated. N-MYC interaction with
cohesin subunit RAD21 was shown before (Fig. 4.9 A, B), but RAD21 interaction with
TFIIIC was not tested and is also not shown in literature. Hence it was investigated, if
TFIIIC5 and RAD21 interact with each other. Furthermore, the interaction of N-MYC
and TFIIIC with CTCF was assessed. As for ChIP experiments, MYCN-amplified IMR-5
cells were treated for 4 h with CD532 or DMSO as a control and used for immunoprecipita-
tion experiments. In endogenous TFIIIC5 IPs, RAD21 was co-purified regardless of CD532
treatment (Fig. 4.23 A). Vice versa, in RAD21 IPs TFIIIC5 was not co-purified, while the
interaction of CTCF and RAD21 was verified (Fig. 23 A) [Rubio et al., 2008]. Importantly,
neither TFIIIC5 (Fig. 23 A), nor N-MYC (not shown) IPs resulted in a co-purification of
CTCF. These results indicate that CTCF motifs in N-MYC/TFIIIC5 binding sites are either
bound by CTCF /cohesin complexes or by N-MYC/TFIIIC complexes that can interact with
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RAD21 interacts with N-MYC/TFIIIC independent of CD532 treatment and occupies N-MYC/TFIIIC binding sites
in POL Il promoters

(A) Immunoprecipitation from MYCN-amplified IMR-5 cells treated for 4 h with 1 yM CD532 or DMSO as a control.
TFIIC5 protein complexes were immunoprecipitated with TFIIIC5 antibodies, precipitation with IgG was used as a control
(Ctr). 1% input and IP samples were analysed by immunoblotting and probed with the indicated antibodies.

(B) ChIP experiment using N-MYC, RAD21, TFIIIC5 or IgG control antibodies. Precipitated and purified DNA was analysed
by qRT-PCR using primers amplifying a region at the TSS of two POL Il target genes, PPRCI and GALTNI14, and an
intergenic control region (neg. region). IMR-5 cells were treated like in (A). Data are represented as mean of technical
triplicates. Error bars indicate standard deviation.

In order to confirm that RAD21 binds to the same sites as N-MYC and TFIIIC in MYCN-
amplified IMR-5 cells and to determine CD532-mediated effects on RAD21 occupancy, ChIP
experiments were performed from IMR-5 cells treated with or without CD532. ChIP experi-
ments did not only show that the three proteins were bound to the same region in the T'SS of
POL II genes, exemplified here by PPRC! and GALNT14, but also that CD532 treatment
increased the occupancy of both, TFIIIC5 and RAD21, while N-MYC occupancy was de-
creased (Fig. 4.23 B). These results indicate a co-occupancy of cohesin and N-MYC/TFIIIC
and a CD532-dependent regulation of cohesin occupancy. This observation was validated
in additional ChIP experiments using primers for binding sites in promoters of several POL
IT genes and of tRNA119Ala, as well as in an intergenic region (Fig. 4.24 B). All sites in-
vestigated showed the same trend for TFIIIC5, RAD21 and N-MYC changes in occupancy
upon CD532 treatment, except for RAD21 occupancy at tRNAs (Fig. 4.24 B). Since it is
known that cohesin does not bind to tRNA genes, it was expected that RAD21 occupancy
remained unchanged upon CD532 treatment.

In agreement with literature, CD532 did not only affect N-MYC and Aurora-A protein
levels, but also inhibited the kinase activity of Aurora-A, which is indicated by the de-
crease of Aurora-A autophosphorylation at T288 [Gustafson et al., 2014] (Fig. 4.24 A).
To determine the relevance of Aurora-A kinase function for TFIIIC, RAD21 and N-MYC
binding, IMR-5 cells were treated with two additional Aurora-A inhibitors, MK-5108 and
MLN®&8237. MK-5108 is a purely catalytic Aurora-A inhibitor, which does not change the
Aurora-A conformation upon binding [Shimomura et al., 2010]. MLN8237 is a catalytic
Aurora-A inhibitor, which slightly distorts the Aurora-A conformation upon binding, pre-

venting the N-MYC interaction and stabilisation [Brockmann et al., 2013] (see introduction,
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section 1.5).
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In contrast to Aurora-A inhibitors MK-5108 and MLN8237, CD532 increases RAD21 and TFIIIC occupancy

(A) Immunoblots of IMR-5 cells treated with CD532 for 4 h, and MK-5108 or MLN8237 for 4 h and 24 h and DMSO as a
control. Vinculin was used as a loading control.

(B) Summary of ChIP experiments performed with cells shown in (A), documenting changes of occupancy for TFIIIC5,
RAD21 and N-MYC at the indicated loci. Data are normalised to DMSO treated control cells and are represented as mean
of 3 or 4 (targets of TFIIIC5 and RAD21 ChIPs in CD532 treated cells) independent experiments. Error bars indicate
standard error of the mean.
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MK-5108 and MLN8237 treatment completely abolished Aurora-A autophosphorylation at
T288 already after 4 h, while there was still residual Aurora-A kinase activity left upon
4 h of CD532 treatment (Fig. 4.24 A). After 24 h of MLN8237 treatment N-MYC levels
decreased as published by Brockmann et al. [2013] (Fig. 4.24 A). For ChIP experiments
the 24 h period of treatment was chosen for MK-5108 and MLN8237 to include the effect
of MLN8237 on N-MYC. Surprisingly, neither MK-5108, nor MLN8237 led to an increase
of TFITIC5 and RAD21 occupancy and both had no strong effect on N-MYC occupancy at
all sites tested (Fig. 4.24 B).

In summary, ChIP results for the three different Aurora-A inhibitors led to the conclusion
that neither the inhibition of Aurora-A kinase activity, nor the decrease of N-MYC levels
is the sole determinant that induces an increase of TFIIIC and RAD21 occupancy upon

CD532 treatment, suggesting that the change of Aurora-A levels is a relevant factor.
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5 Discussion

MYC proteins are involved in a large variety of cellular processes, ranging from protein
synthesis and cell-cycle progression to induction of apoptosis and metabolic reprogramming
upon certain stimuli [Dang et al., 2006]. N-MYC belongs to the human MYC protein
family and is a bona fide oncogene that is overexpressed in several tumour entities. Import-
antly, MYCN expression levels correlate with a poor prognosis for patients [Beltran, 2014].
In many cases amplification of the N-MYC encoding gene is the reason for high expres-
sion levels, for example in neuroblastoma [Huang and Weiss, 2013]. For MYCN-amplified
neuroblastoma it was shown that N-MYC interacts with the protein kinase Aurora-A and
that interaction with Aurora-A interferes with proteasomal degradation of N-MYC by an
unknown mechanism [Otto et al., 2009]. Accordingly, the objective of this thesis was to
unravel the mechanism of Aurora-A-mediated stabilisation of N-MYC. Therefore, a proteo-
mic analysis of N-MYC protein complexes was conducted, aiming to identify novel N-MYC
interaction partners. The identification of N-MYC interacting proteins does not only enable
the determination of proteins, which could be involved in N-MYC stabilisation by Aurora-A,
but also allows the detection of interacting proteins that could be targets for therapy of tu-
mours with high N-MYC protein levels. In addition, a proteomic analysis always bears the
potential to find novel interaction partners of a protein of interest, enabling the identification

of previously unknown protein functions.

5.1 Characterisation of the N-MYC/Aurora-A complex

Otto et al. discovered the interaction of N-MYC and Aurora-A in a synthetic lethal screen
aiming to identify potential therapeutic targets for MYCN-amplified neuroblastoma [Otto
et al., 2009]. They showed that Aurora-A rescues N-MYC from proteasomal degradation
via the SCFFBXW7 ubiquitin ligase complex, but how Aurora-A prevents degradation of N-
MYC remained unclear. Importantly, they found that neither displacement of N-MYC from
the F-box protein FBXW7, which is the part of the SCFFBXW7 complex that recognises
N-MYC, nor the catalytic activity of Aurora-A play a role in Aurora-A-mediated stabilisa-
tion of N-MYC [Otto et al., 2009]. Ubiquitination assays indicated an Aurora-A-mediated
change in N-MY C-attached ubiquitin chains from K48- to K11- or K63-linked polyubiquitin
chains that do not target the proteasome [Otto et al., 2009]. However, N-MYC interaction
with a candidate ubiquitin-conjugating enzyme, UBE2N, which was shown to interact with
Aurora-A and which directs the synthesis of K63-linked polyubiquitin chains, was not de-
tected in immunoprecipitation experiments [Ewart-Toland et al., 2003, Otto et al., 2009].
Furthermore, the structure of the N-MYC/Aurora-A complex was not solved and it was
unclear whether N-MYC and Aurora-A interact directly and whether interaction is medi-
ated via a specific domain of N-MYC and/or Aurora-A. The only information about the
interaction of the two proteins present at that time originated from an N-MYC mutant,

which displayed a decrease in interaction with Aurora-A and which was not stabilised by
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Aurora-A [Otto et al., 2009]. This N-MYC mutant was mutated at T58 and S62 (N-MYC
T58A/S62A=N-MYC mut), the two phosphorylation sites that have to be phosphorylated
by cyclin B1/CDK1 and GSK-3% in order to enable N-MYC recognition and degradation
via the SCFFBXW7 ubiquitin ligase (see introduction, section 1.4).

In wvitro binding assays with recombinant Aurora-A and in vitro translated N-MYC showed
that N-MYC and Aurora-A interact directly (Fig. 4.1). In contrast to in vivo studies, in vitro
pull-down assays with Aurora-A showed the same results for N-MYC wt and N-MYC mut
(Fig. 4.1). In wvitro studies utilising several N-terminal N-MYC peptides and recombinant
Aurora-A (Aurora-A kinase domain, aal22-403) confirmed the direct interaction of N-MYC
and Aurora-A and the N-MYC residues 28-89 were identified as the minimal Aurora-A
binding region (Richards et al., in revision'). Furthermore, in vitro pull-down assays with
differently phosphorylated N-MYC peptides confirmed that the N-MYC and Aurora-A in-
teraction does not depend on phosphorylation of N-MYC on residues T58 and/or S62 in
vitro', as it was shown in cellular immunoprecipitation experiments and pull-down assays in
vivo [Otto et al., 2009] (Fig. 4.9, 4.11).

Recently, the laboratory of Richard Bayliss (University of Leeds, UK) accomplished the
crystallography on an N-terminal region of N-MYC (aa61-89) with the Aurora-A kinase

domain!

. Since the N-terminal interaction surface between the N-MYC peptide used for
crystallography (aa28-89) and Aurora-A was not observed in the crystal structure (aa28-60),
the relevance of N-MYC residues T58 and S62 for the interaction with Aurora-A remains
open. Nevertheless, solving a part of the structure of the N-MYC/Aurora-A complex is an
important first step for the characterisation of the complex and represents a valuable tool
for generating potent inhibitors, which disrupt the interaction of N-MYC and Aurora-A.
The structure of Aurora-A when bound to the Aurora-A inhibitor MLLN8054 was published
before and provided a basis for the development of inhibitors specifically disrupting the
N-MYC/Aurora-A complex [Dodson et al., 2010, Gustafson et al., 2014]. MLN8054 induces
a twist in the conformation of Aurora-A and interferes with Aurora-A-mediated stabil-
isation of N-MYC [Brockmann et al., 2013] (see introduction, section 1.5). The crystal
structure of the N-MYC/Aurora-A complex represents a structural basis for comparison
of the Aurora-A structure when Aurora-A is bound to MLN8054 with the N-MYC-bound
structure. Comparison revealed that in a complex with MLN8054 the Aurora-A affinity
for N-MYC is reduced'. This explains why MLN8054 treatment results in both, Aurora-A
inhibition and induction of N-MYC degradation, and the same was true for the improved
variant MLN8237 [Brockmann et al., 2013|. The ability of MLN8054/8237 to disrupt the
N-MYC/Aurora-A complex is even stronger for another drug, CD532, which was developed
with the aim to disrupt the N-MYC/Aurora-A complex more efficiently then MLN8237 by
inducing a stronger distortion of the Aurora-A structure |Gustafson et al., 2014]. Whereas

phase II clinical trials for MLN8237 have been successfully accomplished, initial studies in

! Data on N-MYC - Aurora-A interaction obtained from in vitro assays and crystallography was submitted
for publication in PNAS and the publication is currently in revision, see also the following pages.
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mice showed that the CD532 compound is highly toxic and needs to be optimised to enable
use in clinical trials (Clay W. Gustafson, personal communication). The crystal structure
of the N-MYC/Aurora-A complex at hand reveals N-MYC - Aurora-A contacts within the
kinase domain and allows the development of optimised compounds disrupting selectively
the N-MYC/Aurora-A interaction surface'. Interestingly, in vitro assays demonstrated that
in a complex with N-MYC Aurora-A is kinetically active!, but substrate specificity ap-
pears to be altered (Mark W. Richards, personal communication), indicating an additional,
previously unknown biological function of the N-MYC/Aurora-A complex, presumably in

cooperation with other interacting proteins.

5.2 N-MYC interacts with proteins involved in diverse cellular processes

The identity of proteins that are co-purified with a protein of interest can be revealed by
mass spectrometric analysis. The principle of mass spectrometry (MS) was discovered in the
second half of the 19th century and is based on the separation of ions in a magnetic or electric
field according to their mass to charge ratio. Today s mass spectrometers are still based on
the same principle, but recent advances in technology have increased specificity and potency
of proteomic analysis, enabling specific detection of multiple protein modifications, a more
reliable and quantifiable identification of recovered peptides, as well as multidimensional
analysis of selected proteomes by combining information on several parameters [Larance
and Lamond, 2015]. While there is a lot of information available on the human C-MYC
interactome originating from several MS analyses [Agrawal et al., 2010, Dominguez-Sola
et al., 2007, Koch et al., 2007], only one proteomic analysis of N-MYC complexes is published
until now [Choi et al., 2010]. The existing MS analysis of N-MYC protein complexes was
performed in HeL.a cells, a cancer cell line, which displays very high C-MYC levels, but lacks
endogenous N-MYC expression. Since HeLa cells do not originate from neuronal precursor
cells [Scherer et al., 1953], the list of identified proteins might lack cell-type specific proteins
that are for example important regulators of N-MYC stability. Furthermore, the published
list of N-MYC interacting proteins included only 33 proteins [Choi et al., 2010]. Thus,
judging from what is known on N-MYC protein function (see introduction, section 1.2) and
published C-MYC interaction data [Agrawal et al., 2010, Choi et al., 2010, Koch et al.,
2007, it reflects only a small fraction of N-MYC interacting proteins.

Therefore, a new proteomic analysis was conducted in a neuroblastoma cell line that was
engineered to express N-MYC wt and N-MYC mut at levels similar to oncogenic N-MYC
levels in MYCN-amplified neuroblastoma (see results, section 4.2). In neuroblastoma cells
N-MYC wt is stabilised by Aurora-A, while N-MYC mut is not stabilised by Aurora-A
[Otto et al., 2009]. Hence, the comparison of the N-MYC wt interactome with N-MYC
mut interaction partners allows the identification of proteins exclusively or preferentially
interacting with N-MYC wt. These N-MYC wt specific interaction partners are candidates
for functional components in the mechanism that leads to Aurora-A-mediated stabilisation

of N-MYC wt. Proteomic analysis identified hundreds of proteins specifically interacting
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with N-MYC wt and/or N-MYC mut, but yielded very low peptide counts for Aurora-A,
showing no enrichment compared to the empty control cell line (see results, section 4.2). On
the contrary, Aurora-A Co-IP with N-MYC was detected by western blotting in the identical
samples, which were subjected to MS analysis (Fig. 4.3), and Aurora-A was listed among the
33 proteins identified to interact with N-MYC in HeLa cells, though also with a low number
of peptides [Choi et al., 2010|. There are several reasons for the discrepancy between results
from western blotting and MS analysis of N-MYC complexes from neuroblastoma cells. One
reason for the low number of identified Aurora-A peptides and the lack of specific enrichment
in the sample of N-MYC wt expressing cells could be the hydrophobic nature of Aurora-A
peptides, leading to retardation of peptide detection in MS or lack of detection (Andreas
Schlosser, personal communication) (see results, section 4.2). In addition, in comparison
to western blotting MS analysis is a multi-step process that encompasses several reactions,
which could change the amount of detected peptides of a specific protein (see methods,
section 3.3.4).

Besides Aurora-A, a large number of proteins was detected in MS analysis, in total 2515
proteins were identified. Setting a threshold for the number of detected peptides and the
enrichment over empty control cells yielded a list of 224 highly confident interaction partners
(see results, section 4.2 and appendix A.1). Functional Annotation Clustering revealed that
these N-MYC interacting proteins were functional components of several cellular processes,
which are among the processes known to involve MYC protein function (see introduction,
section 1.2). The most significantly enriched functional clusters included for example clusters
for proteins involved in chromatin acetylation and POL II transcription (Table 4.1). In
contrast, the identification of a cluster for the POL III transcription factor complex TFTIIC
among the most significantly enriched clusters was very surprising, since N-MYC was not
known to interact with TFIIIC (see discussion, section 5.4). The relevance of N-MYC
interaction with TFIIIC and additional novel N-MYC interaction partners and implications
for MYC biology will be discussed in section 5.4.

The MS detection of three different peptides that are specific for a certain protein (exclus-
ive unique peptides) is sufficient for reliable identification of a protein (Andreas Schlosser,
personal communication). However, in case of MS analysis of samples from immunoprecip-
itation experiments the identification of proteins that were co-purified with a protein of
interest needs to be validated in additional immunoprecipitation experiments to ensure re-
liability of the discovered specific interaction. There are two experimental reasons why
validation is required: on the one hand side, although IP samples were eluted, samples can
be contaminated with proteins that were unspecifically co-purified, on the other hand side,
proteins from previous runs can contaminate the MS instrument and be detected in later
runs. The detection of a large number of proteins in the empty control cell line, which
is devoid of specific N-MYC interaction partners, since it does not express any N-MYC,
undermines the need of validation (see appendix A.1, A.2).

Accordingly, the identity of selected N-MYC interacting proteins identified by MS analysis
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was validated by immunoprecipitation experiments and subsequent immunoblotting. There-
fore, more stringent criteria were applied to the list of 224 proteins identified to interact with
N-MYC, yielding a list of 82 proteins, which was used to select novel interaction partners

for validation (see results, section 4.2, and appendix A.2).

5.3 Two deubiquitinating enzymes, USP7 and USP11, interact with
N-MYC

Since proteomic analysis of N-MYC complexes aimed to find components of the N-MYC/
Aurora-A complex that play a role in Aurora-A-mediated stabilisation of N-MYC, the list of
identified interaction partners was searched for proteins belonging to the ubiquitin system.
Components from the ubiquitin system, which are known to have the ability to rescue a tar-
get protein from proteasomal degradation are deubiquitinating enzymes (see results, section
4.2). For example, the deubiquitinating enzyme USP28 removes ubiquitin chains targeting
the proteasome, which were attached to C-MYC via the ubiquitin ligase SCFFBXWT [Popov
et al., 2007]. In contrast to C-MYC, N-MYC does not interact with USP28 and there is
no deubiquitinating enzyme known to prevent degradation via SCFFBXWT (Nikita Popov,
personal communication). In order to identify deubiquitinating enzymes targeting N-MYC,
an siRNA screen was performed in parallel to MS analysis. In the siRNA screen all known
human deubiquitinating enzymes were targeted by 4 individual siRNAs and the effect of
knockdown on N-MYC protein levels was monitored by measuring immunofluorescence (IF)
intensity from N-MYC, which was detected using IF-labeled secondary antibodies. Screen-
ing was performed by Ursula Eilers und Christina Schiilein-Vélk using a Operetta High
Content Imaging System in the Microscopy Core Unit of the Biocenter at the University
of Wiirzburg. Evaluation of two independent experiments identified 5 candidates: USP7,
USP17, USP37, USP39 and PSMD14. Among these the three deubiquitinating enzymes
USP7, USP17 and USP37 represented potential candidates to regulate N-MYC stability, as
they are known to be localised in the cytoplasm and/or nucleus and to be involved in several
cellular processes [Fraile et al., 2012]. The other two candidates were unlikely to be involved
in the mechanism of Aurora-A-mediated N-MYC stabilisation, given that, although USP39
is classified as a deubiquitinating enzyme, it is deprived of its enzymatic activity, playing
a role in mRNA splicing [van Leuken et al., 2008], and PSMD14 is a component of the
26S proteasome [Spataro et al., 1997]. MS analysis identified one out of these 5 candid-
ates, USP7, which represented the only deubiquitinating enzyme in the “Top 82-List” of
N-MYC interacting proteins (see appendix A.2). In addition to USP7, USP11 was selected
for validation, since it interacts with USP7, sharing common targets for deubiquitination
[Maertens et al., 2010]. A second reason was that USP11 was included in the published
list of 33 proteins from MS analysis on N-MYC complexes in HeLa cells [Choi et al., 2010].
Immunoprecipitation experiments confirmed the interaction of exogenous N-MYC, as well
as endogenous N-MYC proteins with USP7 and USP11 (Fig. 4.5, 4.6). If N-MYC would be

stabilised by a mechanism, which involves Aurora-A-mediated recruitment of USP7 and/or
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USP11 and subsequent N-MYC deubiquitination, knockdown of USP7 and USP11 should
decrease N-MYC levels (Fig. 5.1). However, in contrast to results from the siRNA screen,
shRNA-mediated knockdown of USP7 mRNA in MYCN-amplified neuroblastoma cells did
not result in a clear decrease of N-MYC on protein level (Fig. 4.7). USP7 mRNA was
targeted by three different shRNAs that induced a decrease of USP7 to more than 50%
on mRNA and protein level. While shUSP7-1 was most efficient, shUSP7-8 showed the
least pronounced decrease of USP7 mRNA and protein, though levels were still decreased
to more than 50% (Fig. 4.7). Only expression of the least efficient shRNA, shUSP7-3,
resulted in a clear reduction of N-MYC protein levels compared to controls. This obser-
vation could indicate that secondary effects play a role for USP7-mediated stabilisation
of N-MYC, which include mechanisms that are only relevant if a certain USP7 protein
level is reached. A similar mechanism was demonstrated to play a role in USP28-mediated
stabilisation of C-MYC. USP28 does not only prevent SCFYBXWT pediated degradation
of C-MYC and additional substrates of SCFFBXW?7 but also interferes with degradation
of the SCFFBXWT component FBXW?7. Until a certain USP28 protein level is reached
FBXWTY7 is preferentially deubiquitinated and stabilised by USP28, above this level USP28
also stabilises FBXWT7 substrates [Schuelein-Voelk et al., 2014]. What contradicts this inter-
pretation of USP7 knockdown experiments, is the concomitant decrease of N-MYC mRNA
levels to more than 50% upon knockdown of USP7 by shUSP7-3 (Fig. 4.7). The decrease
of MYCN mRNA could be the reason for the decrease of N-MYC protein and could be
due to off-target effects from this specific ShRNA. Knockdown of a selected target mRNA
via transfection of siIRNAs or expression of shRNAs can trigger off-target effects that can
be sequence-specific, for example caused by imperfect hybridisation with unintended target
mRNAs, or non-specific, inducing immune or toxicity related cellular responses [Singh et al.,
2011]. Since shRNAs are delivered as cDNA sequences in expression plasmids, expressed in
the nucleus and processed by the endogenous miRNA machinery, they are less likely to trig-
ger non-specific off-target effects compared to siRNAs. The induction of sequence-specific
off-target effects by imperfect hybridisation of shUSP7-3 with MYCN mRNA was tested
by sequence alignment using the BLAST tool from NIH and yielded a maximal overlap
with the human transcriptome of 8 from 19 nucleotides in the shRNA sequence. Although
this corresponds to a sequence similarity of less than 50%, it is possible that shUSP7-3
targets MYCN mRNA, as shRNAs with even less than 7 complementary nucleotides were
demonstrated to induce off-target effects by suppressing unintended target mRNAs [Jack-
son et al., 2006]. The USP7 knockdown effects were controlled by transfection of an empty
control plasmid, as well as a non-targeting control sequence (shScr) (Fig. 4.7). Even though
the selected non-targeting control showed no effects in several experiments in other neuro-
blastoma cell lines (Jiajia Xu, personal communication), shScr led to a decrease of N-MYC
protein levels in MYCN-amplified IMR-5 (not shown) and IMR-32 cells (Fig. 4.7), whereas
MYCN, AURKA and USP7 mRNA expression increased. The increase of MYCN mRNA

levels in contrast to the decrease of N-MYC protein levels and the increased expression of
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all assayed mRNAs, compared to cells transfected with empty control plasmid, indicated
non-sequence specific effects upon transcription and expression of sequences in the backbone
of the shRNA expression vector used (pLKO.1). Expression of shScr also resulted in effects
on proliferation, though these effects were much weaker compared to the effects upon USP7
knockdown (Fig. 4.7). Knockdown of USP7 resulted in a strong decrease of proliferation
of MYCN-amplified neuroblastoma cells, in an arrest of cells in G1 phase of the cell cycle
and in induction of neuronal differentiation (Fig. 4.7 and Thesis from J. Dirks, soon to
be published). However, the effects of USP7 knockdown on N-MYC remained unclear and

revealed no direct connection between N-MYC protein levels and USP7 function.
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Figure 5.1

Proposed mechanism of Aurora-A-mediated stabilisation of N-MYC

Scheme illustrating a possible mechanism for Aurora-A-mediated N-MYC stabilisation. Aurora-A interacts with N-MYC
and recruits a deubiquitinating enzyme (DUB). The DUB cleaves off ubiquitin chains, which were conjugated to N-MYC via
the ubiquitin ligase complex SCFFBXW7 Removal of attached ubiquitin chains targeting the proteasome inhibits N-MYC
recognition and degradation via the proteasome system.

USP11 knockdown experiments did not induce a decrease of N-MYC, neither upon siRNA-
mediated knockdown using a pool of 4 siRNAs (Fig. 4.8), nor with three different shRNAs
(not shown). On the contrary, USP11 overexpression in SH-EP cells affected levels of
co-transfected N-MYC. Transfection of different amounts of USP1! expression plasmids
induced levels of exogenous N-MYC wt and N-MYC mut in a concentration-dependent
manner (Fig. 4.8). Overexpression experiments were performed in SH-EP cells that do not
endogenously express N-MYC, because N-MYC levels in MYCN-amplified neuroblastoma
cells are already extremely high. For this reason N-MYC levels of MYCN-amplified IMR-
5 and IMR-32 cells were not increased upon USP11 overexpression (not shown). It was
demonstrated in several studies that overexpression of a deubiquitinating enzyme can en-
hance deubiquitination and stabilisation of a target protein, as it was shown for example
for USP7-mediated deubiquitination of TIP60 [Dar et al., 2013]. Accordingly, USP11 over-
expression results indicate USP11-mediated deubiquitination of N-MYC. However, results
were the same for N-MYC wt and N-MYC mut, whereas Aurora-A-mediated stabilisation
was shown to be specific for N-MYC wt, suggesting an Aurora-A-independent function of
USP11. Whether deubiquitination by USP11 induces the observed increase in N-MYC levels
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was tested in additional overexpression experiments. Since deubiquitination is a catalytic
reaction that involves the proteolytic cleavage of covalently attached ubiquitin moieties from
a target protein, the integrity of the catalytic domain of deubiquitinating enzymes is vital
for catalysing the proteolytic cleavage reaction [Hu et al., 2002]. USP7 and USP11 both
belong to the USP protein family of deubiquitinating enzymes, which is characterised by
a conserved three domain architecture and a catalytic triad of three amino acids, which is
essential for their catalytic activity [Hu et al., 2002, Quesada et al., 2004]. Mutation of the
cysteine residue in the catalytic triad abolishes the catalytic function of USP proteins [Dar
et al., 2013, Hu et al., 2002, Maertens et al., 2010]. For USP11 it was shown that mutation
of the cysteine (C) residue 318 to serine (S) (C318S) inhibits its catalytic activity [Al-Salihi
et al., 2012]. Overexpression of catalytically inactive USP11 C318S resulted in a similar
increase of N-MYC levels than overexpression of USP11 wt (Fig. 4.8). This observation is
not in agreement with a catalytic role of USP11 in N-MYC stabilisation and hints to an
indirect mechanism, which results in an increase of N-MYC levels upon USP11 overexpres-
sion. Transient overexpression experiments create a non-physiological condition and can
show unspecific effects, as for example a general increase of expression of all co-transfected
proteins (Bjorn von Eyss, personal communication). To exclude this possibility, as well as
promoter effects from the MYCN expression plasmid, the effect of USP11 overexpression on
levels of co-transfected green fluorescent protein (GFP) integrated into the same expression
plasmid was determined. GFP levels remained constant with increasing amounts of USP11
protein levels, showing that the increase of N-MYC levels was specific (not shown). For
USPT overexpression effects on N-MYC were similar ag for USP11. Ectopic N-MYC wt and
N-MYC mut levels increased in a concentration-dependent manner upon overexpression of
USP7 wt, but overexpression of catalytically inactive USP7 C223S had only minor effects
on N-MYC levels [Thesis from J. Dirks, soon to be published|.

Taken together, there is little evidence for a catalytic role of USP7 and USP11 in the
regulation of N-MYC stability and no evidence for an involvement in the mechanism of
Aurora-A-mediated stabilisation of N-MYC. Nevertheless, N-MYC interaction with both,
USPT and USP11, was revealed by MS analysis of N-MYC complexes and verified in multiple
immunoprecipitation experiments on exogenous and endogenous proteins. Importantly, the
interaction with USP11 appeared to be stronger for N-MYC mut than for N-MYC wt,
supporting an Aurora-A-independent mechanism (Fig. 4.6). It is possible that members
of the USP protein family have a redundant function in N-MYC stabilisation. Although
USP7 and USP11 show no obvious similarities in their primary sequence apart from the
catalytic domains, which are common in all USP protein family members, they were both
shown to deubiquitinate the polycomb repressive complex 1 components BMI-1 and MEL-18
[Maertens et al., 2010, Nijman et al., 2005]. To ensure that redundancy of USP7 and USP11
function is not the reason for missing effects on N-MYC protein levels upon knockdown,
both proteins should be targeted in parallel using specific shRNA sequences expressed under

promoters with different selection markers. However, the results have to be regarded with
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caution, since knockdown of either protein already severely effects proliferation (for cellular
effects upon USP11 knockdown see master thesis from Svenja Wolf, 2015), making it hard
to distinguish direct knockdown effects from secondary cellular effects.

To this end, the functional relationship of N-MYC and USP7/11 remained open and was
further investigated by RNA-sequencing of neuroblastoma cells that were depleted either
of N-MYC or of USP11. RNA-sequencing was performed in order to test the hypothesis
that N-MYC and USP7/11 interact with each other to regulate the expression of polycomb
repressive complex 1/2 target genes. N-MYC function is connected with polycomb repress-
ive complexes, as it was shown to interact with polycomb repressive complex 2 component
EZH2 and to induce transcriptional repression together with polycomb complexes [Corvetta
et al., 2013|. Accordingly, N-MYC could interact with USP7/11 in order to induce deu-
biquitination and stabilisation of polycomb repressive complex 1 components BMI-1 and
MEL-18, supporting the repression of common target genes [Maertens et al., 2010]. But
since RNA-sequencing did not identify more than 10 genes, which were regulated upon
knockdown of both, N-MYC and USP11, analysis was not continued, leaving the question
about the functional relevance for N-MYC interaction with USP7 and USP11 open.

5.4 ldentification of novel N-MYC interaction partners implicates
previously undefined MYC protein functions

Besides known interaction partners of MYC proteins, such as TRRAP [McMahon et al.,
1998], MS analysis revealed N-MYC interactions with several proteins that were not shown
to interact with MYC proteins previously (see appendices, A.1, A.2). Importantly, some
of these novel N-MYC interacting proteins displayed higher peptide counts for N-MYC wt
compared to N-MYC mut, which carries two alanine mutations in MBI, at T58 and 562,
preventing phosphorylation at these residues. Accordingly, MS recovery of more peptides in
the N-MYC wt sample than in the N-MYC mut sample suggests that the interaction with
N-MYC depends on the integrity of MBI and indicates that identified N-MYC interacting
proteins interact with N-MYC in a phosphorylation-dependent manner. There are several
proteins known to interact with MBI, such as FBXW7 and TRUSS, which represent the
substrate recognition subunits of the E3 ubiquitin ligase complexes SCFFBXWT and DBB1-
CULA4, respectively, as well as several kinases and phosphatases, for example GSK-3f and
PP2A (Fig. 1.1). Apart from its role in regulating MYC protein stability, MBI is also
important for MYC function as a transcription factor. MBI and MBII are both located in
the transregulatory domain (TRD) in the N-terminus of MYC proteins and were shown to
be required for transformation by MYC, forming a platform for the interaction with proteins
involved in transcriptional activation and repression by MYC transcription factors [Dang,
2012, Kato et al., 1990, Lee et al., 1996]. The importance of this domain for MYC biology
is undermined by the finding that most mutations occur in this domain, specifically the
T58 residue in MBI is often mutated in several cancer entities. The mutation of T58 to

alanine results not only in higher MYC protein stability, but also in increased transforming
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capacity, disabling MYC-induced apoptosis [Tansey, 2014|. In addition, in neuroblastoma
cells a preferential interaction of identified N-MYC interacting proteins with N-MYC wt is
a prerequisite for participation in the mechanism of Aurora-A-mediated stabilisation of N-
MYC, which is specific for N-MYC wt [Otto et al., 2009]. Several novel N-MYC interacting
proteins with higher peptide counts in the N-MYC wt sample were chosen for validation
experiments. The most promising candidates for validation were components of the TFIIIC
complex, which is a GTF for POL Ill-mediated transcription, since 5 out of 6 subunits were
identified and all subunits showed higher peptide counts for N-MYC wt. Furthermore, one
of the most significant clusters in a functional annotation clustering analysis of identified
N-MYC interacting proteins was a cluster for POL III/TFIIIC (see results, section 4.2.2
and Table 4.1).

5.4.1 N-MYC interacts with TFIIIC that functions not only in POL Il transcription,
but also in organisation of chromatin structure

The TFIIIC complex is not published to interact with MY C proteins, but 4 TFIIIC subunits
have been identified in a previous MS analysis of C-MYC protein complexes from trans-
formed human cell lines [Koch et al., 2007]. Whereas the interaction of C-MYC and TFIIIC
subunits was not validated in immunoprecipitation experiments, the interaction of C-MYC
with TFIIIB, another POL III GTF, was shown in immunoprecipitations from HelLa cells
| Gomez-Roman et al., 2003].

TFIIIC represents a large protein complex and comprises 6 subunits, which are conserved
from yeast to human [Dumay-Odelot et al., 2007, Geiduschek and Kassavetis, 2001]. The
mechanism of POL III-mediated transcription differs among its target genes, which are
classified into three distinct groups (see introduction, section 1.3.2). TFIIIC was demon-
strated to be required for transcription of type I and type II genes, which, compared to
type III genes, do not have a promoter sequence upstream of the TSS and lack a TATA box
[Dumay-Odelot et al., 2007, Geiduschek and Kassavetis, 2001, Willis, 1993|. At type I target
genes TFIIIC binding is mediated by TFIIIA, which binds first to the intermediate element
(IE) in the internal control region (ICR) in the promoter and then recruits the TFIIIC
complex that induces recruitment of TFIIIB and POL III [Lassar et al., 1983, Schramm
and Hernandez, 2002]. At type II genes, which comprise mainly tRNA encoding genes,
TFIIIC binds directly to A- and B-box elements in the promoter and initiates assembly of
the pre-initiation complex for POL IIl-mediated transcription [Geiduschek and Kassavetis,
2001, Schramm and Hernandez, 2002, Willis, 1993]. Importantly, the TFIIIC complex has
HAT activity and is able to relieve nucleosome-mediated repression of POL III transcrip-
tion [Hsieh et al., 1999, Kundu et al., 1999]. Although no specific functional relationship
is reported for MYC proteins and TFIIIC, a more general connection of POL IIl-mediated
transcription and MYC transcription factors was demonstrated in multiple studies, showing
that MYC induces POL III transcription by several mechanisms (see introduction, section
1.3.2).



5 Discussion 103

Here, N-MYC interaction with TFIIIC was validated in numerous immunoprecipitation ex-
periments, which showed the interaction of TFIIIC subunit 5 (TFIIIC5) with endogenous
N-MYC, as well as with exogenous N-MYC, displaying a clear preference for N-MYC wt
compared to N-MYC mut (Fig. 4.9). Furthermore, TFIIIC5 also interacts with Aurora-A,
indicating that N-MYC functions with TFIIIC in a complex with Aurora-A (Fig. 4.9).
Whether TFIIIC and N-MYC interact directly was not investigated so far, but N-MYC
peptide pull-down assays demonstrated the interaction of TFIIIC5 with short N-MYC pep-
tides covering aa28-89 (Fig. 4.11). These peptides comprised MBI with the residues T58
and S62 that have to be phosphorylated to enable N-MYC recognition by the SCFFBXW7
E3 ligase complex, which mediates N-MYC degradation in mitosis and which is opposed by
Aurora-A (see introduction, section 1.5). Pull-down assays with N-MYC peptides that were
not phosphorylated or phosphorylated at T58 and/or S62 revealed a preference of TFIIIC5
interaction with N-MYC peptides, which are phosphorylated at both residues, supporting
the results from immunoprecipitation experiments with exogenous N-MYC wt and N-MYC
mut (Fig. 4.9, 4.11). Like TFIIIC5, Aurora-A interacts preferentially with N-MYC pep-
tides phosphorylated at T58 and S62 and it was shown that in comparison to N-MYC mut
Aurora-A stabilises selectively N-MYC wt, which can be phosphorylated at T58 and S62
(see introduction, section 1.5). These findings indicate that both, Aurora-A and the TFIIIC
complex, interact with N-MYC in a phosphorylation-dependent manner, making contacts
with MBI. Resolving the crystal structure of the N-MYC/TFIIIC complex, would enable
the identification of the interaction surface between N-MYC and TFIIIC. Combined with
the knowledge from the structure of the N-MYC/Aurora-A complex the resolution of the N-
MYC/TFIIIC structure could answer the question, whether N-MYC, Aurora-A and TFIIIC
can form a trimeric complex. Further studies need to be performed in order to determine, if
a trimeric complex of N-MYC, Aurora-A and TFIIIC could function in Aurora-A mediated
stabilisation of N-MYC, such as knockdown and overexpression experiments (see discussion,
section 5.3). But conduction of these experiments would be difficult due to the fact that
TFIIIC is a complex consisting of multiple subunits.

TFIIIC is involved in several additional mechanisms apart from its essential role in POL III
transcription. Importantly, TFIIIC binds to thousands of genomic sites that are not bound
by POL III and are characterised by the presence of a B-box element or a similar motif,
which was named “extra TFIIIC” (ETC) loci [Mogtaderi et al., 2010] (Fig. 5.2). These
TFIIIC-only binding sites were first discovered in yeast and were given different names, the
term ETC (extra TFIIIC) site will be used in the following [Donze, 2012, Moqgtaderi and
Struhl, 2004, Noma et al., 2006]. Most research on TFIIIC was performed in yeast, but more
recently several studies have been conducted in mammals, mainly using human cell lines.
The first study demonstrating a function of TFIIIC besides its role in POL IIl-mediated
transcription was performed in yeast and revealed that transposon integration is directed
by tDNAs and requires binding of TFIIIC and TFIIIB, whereas the process is inhibited by
POL III [Chalker and Sandmeyer, 1990, Connolly and Sandmeyer, 1997, Kirchner et al.,
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1995] (Fig. 5.2). The integration of retrotransposons is promoted by HDACs, which in-
teract with TFIIIC [Mou et al., 2006, Venters et al., 2011]. One class of retrotransposons
are SINEs, which are bound by POL III and general POL III transcription factors in yeast
and human, since they display similar features as a tRNA promoter, comprising an A- and
a B-box element [Carriere et al., 2012, Roy-Engel, 2012|. The function of SINEs is poorly
understood [Roy-Engel, 2012]. Interestingly, in cells from the murine somatosensory cortex
it was demonstrated that TFIIIC binding to SINE elements induces relocation of activity-
dependent neuronal genes to transcription factories, where their transcription is enhanced,
while knockdown of TFIIIC induced differentiation, linking TFIIIC function with neuronal
differentiation [Crepaldi et al., 2013]. TFIIIC binds DNA with very high affinity and re-
mains bound to DNA in all phases of the cell cycle, inducing exclusion of nucleosomes from
TFIIIC-bound sites [Jansen and Verstrepen, 2011, Jourdain et al., 2003, Roberts et al., 2003]
(Fig. 5.2). In addition, the nucleosome-remodeling complex RSC was shown to associate
with tDNAs [Ng et al., 2002] (Fig. 5.2). Different classes of TFIIIC binding sites, tDNAs,
SINEs and ETC sites, have been implicated to function in spatial organisation of chromatin
[Kirkland et al., 2013|. TFIIIC-bound sites separate actively transcribed from repressed
areas of chromatin (insulation/barrier function) and bring together areas of actively tran-
scribed chromatin [Crepaldi et al., 2013, Kirkland et al., 2013, Van Bortle et al., 2014]. First
evidence for a barrier function of TFIIIC originates from studies in yeast, which revealed
that TFIIIC occupied loci prevent the spread of heterochromatin [Donze et al., 1999, Donze
and Kamakaka, 2001]. Furthermore, in yeast and in human cells tDNAs were shown to func-
tion in insulation, interfering with enhancer-promoter interactions in a TFIIIC-dependent
manner [Raab et al., 2012, Simms et al., 2008]. Analysis of the three-dimensional organisa-
tion of an exemplary genomic locus, comprising several tDNAs and ETC sites, by circular
chromosome conformation capture (4C) identified intra-chromosomal interactions among
tDNAs and ETC-sites [Raab et al., 2012]. Another protein, which is well known to func-
tion as an insulator in vertebrates, is the transcriptional repressor CTCF. CTCF binds to
boundaries of different chromatin domains and induces loop formation, which is stabilised
by the cohesin complex, separating actively transcribed from repressed areas [Cuddapah
et al., 2009, Handoko et al., 2011, Parelho et al., 2008, Vietri Rudan and Hadjur, 2015,
Wendst et al., 2008]. Cohesin is a ring-shaped protein complex that comprises two structural
maintenance of chromosomes (SMC) complexes, SMCla and SMC3, which can encompass
one or two DNA stands, forming a ring that is closed by two additional subunits, RAD21
and SA1/2 [Jeppsson, Kanno, Shirahige, and Sjogren, 2014]. Importantly, the function of
TFIIIC in three-dimensional organisation of chromatin domains appears to be analogous to
the function of CTCF, since cohesin was shown to co-localise with TFIIIC [Carriere et al.,
2012]. In yeast, TFIIIC binding sites are associated with the cohesin-related condensin
complex [D’Ambrosio et al., 2008]. Genome-wide mapping of TFIIIC, CTCF, cohesin and
condensin binding sites uncovered the co-localisation of all 4 protein complexes at the bor-

der of distinct topological associated domains, connecting the different complexes in their
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function in organisation of chromatin architecture [Van Bortle et al., 2014].
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Figure 5.2

Extra-transcriptional functions of TFIIIC

Scheme illustrating additional processes involving TFIIIC function besides its role in POL Il transcription. TFIIC exerts
these extra-transcriptional functions upon binding to B-box elements and to a motif similar to a B-box, named “extra
TFHIC" (ETC) motif. TFHIC itself has HAT activity and induces histone (brown circle) acetylation (ac). Adapted from
Donze, 2012.

Judging from what is known about extra-transcriptional functions of TFIIIC, validation of
N-MY C interaction with TFIIIC not only implicates a role of TFIIIC in MYC-mediated in-
duction of POL III transcription in addition to TFIIIB, but also suggests that MYC proteins
could function in the spatial organisation of actively transcribed and repressed chromatin
domains in the nucleus. Importantly, validation experiments did not only confirm N-MYC
interaction with TFIIIC, but also with the topoisomerases TOP2A and TOP2B. In addition,
immunoprecipitation experiments revealed that TFIIIC5 also interacts with TOP2A (Fig
4.9). Furthermore, TOP2A displayed a preference for the interaction with phosphorylated
N-MYC peptides, though less pronounced compared to TFIIIC5 (Fig. 4.11). The inter-
action of DNA topoisomerases with members of the MYC transcription factor family was
not shown before, but is in agreement with their function in facilitating transcription by re-
leasing the tension, which occurs upon transcription of DNA [Kouzine et al., 2014]. Hence,
it is possible that N-MYC function in transcription is supported by its interaction with
topoisomerases. The phosphorylation-dependent interaction of both, TFITIC5 and TOP2A,
with MBI of N-MYC, opens the possibility that TFIIIC and TOP2A form a complex with
Aurora-A and N-MYC that is phosphorylated at T58 and S62. This hypothesis is supported
by the finding that TFIIIC5 also interacts with Aurora-A (Fig. 4.9). Since N-MYC, TFIIIC
and TOP2A are DNA-binding proteins, it is likely that the complex comprises N-MYC as a
heterodimer with MAX and is bound to DNA. However, the functional relevance of this com-
plex remains to be elucidated (Fig. 5.3). To assess a participation of the complex in spatial
organisation of chromatin, N-MYC interaction with components known to be involved in
this process was determined in immunoprecipitation experiments (see results, section 4.2.2).
Strikingly, N-MYC interaction with the cohesin subunit RAD21 was shown in exogenous
N-MYC IPs, as well as in endogenous N-MYC IPs, revealing a preferential interaction of
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RAD21 with N-MYC wt, as it was shown for TFIIIC5 and Aurora-A (Fig. 4.9). Though, in
contrast to TFIIIC5, RAD21 was not co-purified with Aurora-A (Fig. 4.9). The discovery
of an interaction of N-MYC with the cohesin subunit RAD21 strengthens the theory that
N-MYC protein complexes comprising TFIIIC could function in the organisation of specific

areas of chromatin, as it was shown for TFIIIC.
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Figure 5.3

N-MYC protein complexes identified by MS analysis

Scheme summarising N-MYC interactions with proteins identified in MS analysis of N-MYC protein complexes. On the
one hand side, proteins validated for interaction with N-MYC are involved in structural organisation of chromatin, but their
function with N-MYC remains to be elucidated (left). On the other hand side, novel N-MYC interacting proteins suggest
an extension of MYC protein functions in transcription to the step of elongation (right).

5.4.2 N-MYC interacts with elongation factors for POL Il transcription

Among the novel N-MYC interacting proteins, which were identified in MS analysis and
displayed higher peptide counts for N-MYC wt, were several proteins that are known to
function at the step of elongation of POL II-mediated transcription (see results, section
4.2.2). Although MYC proteins exert multiple functions in induction of transcription by
POL II and are involved in pause-release of promoter proximal paused POL II (see intro-
duction, section 1.3.1), an interaction with the elongation factors ELP3, DSIF and PAF1C
was not reported. MS analysis of N-MYC protein complexes identified peptides from ELP3,
the DSIF component SPT5 and two subunits of the PAF1C complex, CTR9 and CDCT73.
Importantly, the interaction with N-MYC was validated in subsequent immunoprecipita-
tion experiments, suggesting a previously unknown function of MYC transcription factors
in elongation (Fig. 4.10). The interaction of SPT5, CTR9 and CDC73 with MYC proteins
was shown for C-MYC as well [Thesis from L.A. Jaenicke, 2015], supporting the theory of a
novel and conserved function of MYC proteins together with DSIF and PAF1C (Fig. 5.2).
DSIF comprises two subunits, SPT4 and SPT5, and has a dual role in the regulation of
transcriptional elongation. Initially it functions as a negative elongation factor stimulating
promoter proximal pausing of POL II, but upon phosphorylation by p-TEFbD it is trans-
formed into a positive elongation factor [Kwak and Lis, 2013, Yamada et al., 2006]. PAF1C

is a multiprotein complex and is involved not only in elongation, but also in RNA processing
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and modification of histones [Sims et al., 2004|. Like for DSIF, a dual role in the regulation
of transcriptional elongation was suggested for PAF1C, being converted from a negative
factor, which inhibits pause-release of POL II, into a positive elongation factor [Bai et al.,
2010, Chen et al., 2015a]. Studies on C-MYC function with PAF1C revealed a homology of
MBI with the CTD of POL II, which is bound by PAF1C when the CTD is phosphorylated
at S2 and S5 residues, and suggested that MYC proteins can form a platform for transient
recruitment of PAF1C, regulating the assembly of elongation-competent POL II [Jaenicke
et al., 2016, Qiu et al., 2012|. Furthermore, C-MYC interaction with the PAF1C subunits
CTR9 and CDC73, as well as the DSIF subunit SP'T5 is induced by phosphorylation of the
MBI residues T58 and S62 and complex formation is enhanced upon proteasomal inhibi-
tion, leading to an accumulation of C-MYC phosphorylated at T58 and S62. Accumulation
of C-MYC/PAF1C complexes negatively regulates elongation and decreases transcription
of MYC target genes |Jaenicke et al., 2016]. A proposed mechanism for C-MYC/PAF1C
function involves the recruitment of the co-activator complex TRRAP that interacts with
MBII and induces histone acetylation, which is required for recruitment of p-TEFb (see
introduction, section 1.3.1). The phosphorylation of the repetitive CTD of POL II at S2
residues by p-TEFb is necessary in order to enable the transfer of PAF1C from C-MYC onto
POL 1II, turning it into a positive elongation factor. Inhibition of C-MYC degradation can
result in the accumulation of C-MYC complexes bound to ubiquitin ligases. Since ubiquitin
ligases that interact with MBII prevent C-MYC interaction with TRRAP, histone acetyla-
tion and POL II CTD phosphorylation can be blocked and disable PAF1C binding to POL
11, freezing PAF1C in its state as a negative elongation factor [Jaenicke et al., 2016].

Although counts for ELP3, SPT5, CDC73 and CTR9 recovered in MS analysis of N-MYC
complexes suggested a preference for the interaction with N-MYC wt (Table 4.2), valida-
tion experiments using SH-EP cells transfected with either N-MYC wt or N-MYC mut did
not confirm a stronger interaction with N-MYC wt compared to N-MYC mut (Fig. 4.10).
In contrast, endogenous C-MYC immunoprecipitation experiments and peptide pull-down
assays using the same N-MYC peptides as in Fig. 4.11, which comprise aa28-89 that are
congerved for C- and N-MYC, did show a phosphorylation-dependent interaction of SPT5,
CDC73 and CTRY [Thesis from L.A. Jaenicke, 2015, Jaenicke et al., 2016]. On the one
hand side, these findings indicate that results display a high variability among different
experiments and several validation experiments are needed to confirm a relative statement
about the interaction of proteins with one another. On the other hand side, the discrepancy
of results highlights the fact that the MS analysis performed here is not quantitative and
can only reveal protein interactions, which have to be confirmed in further experiments. In
addition, the peptide counts, which were taken as a measurement to evaluate the discovered
interactions, are exclusive unique peptide counts that only reflect reliability of protein iden-
tification and do not represent a quantitative statement. In order to improve MS analysis,
enabling a quantitative statement, immunoprecipitation experiments for MS samples would

have to be performed at least in triplicates. Another approach, which allows quantifica-
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tion of MS results, is the metabolic labeling of proteins by a method called “stable isotope
labeling by amino acids in cell culture” (SILAC) [Carneiro et al., 2016]. In a SILAC experi-
ment different samples are labeled in cell culture by supplementing an unique stable isotope
to the medium, enabling mixing of different samples for MS analysis in order to analyse
the samples in the same run. However, this method does not resolve differences that arise
from purification of a protein complex for MS analysis. Purification needs to be performed
previous to the combination of different samples in order to distinguish the composition of
protein complexes of cells differing in expression of a certain protein, as it is the case for

comparison of N-MYC wt and N-MYC mut interacting proteins.

5.5 ChiIP-sequencing reveals joint N-MYC/TFIIIC binding sites

The discovery of the interaction between N-MYC and the POL III GTF TFIIIC opens
several questions, including the questions, whether the N-MYC/TFIIIC complex is bound
to DNA and whether certain DNA elements exist that are bound by both, N-MYC and
TFIIC (Fig. 5.3). In order to answer these questions and to get information about a
possible function of the complex, N-MYC and TFIIIC binding to chromatin was analysed
by ChIP-sequencing using antibodies directed against N-MYC and TFIIIC5.

ChIP-sequencing analyses revealed hundreds of overlapping N-MYC and TFIIIC5 binding
sites throughout the genome. Classification of N-MYC/TFIIIC5 binding sites according to
their localisation in respect of their proximity to POL II target genes and tDNAs, showed
that N-MYC and TFIIIC5 occupied both, POL IT and POL III target genes, as well as inter-
and intragenic regions (Fig. 4.15). Strikingly, a large number of N-MYC/TFIIIC5 binding
sites was localised in the promoter region of POL II target genes (Fig. 4.13, 4.15), which
was not expected from literature on TFITIC (see discussion, section 5.4). In contrast, it
was shown before that MY C transcription factors bind to the promoter of tDNAs, inducing
their transcription (see introduction, section 1.3.2). A connection of POL IT and POL IIT
transcription has been suggested in several studies, showing that actively transcribed POL
IT and POL IIT target genes are often in adjacent or overlapping chromatin areas, sharing
histone marks for open chromatin and proteins involved in induction of transcription, such as
the transcription factors ETS1 and STAT1 [Alla and Cairns, 2014, Barski et al., 2010, Oler
et al., 2010, Raha et al., 2010]. Tag density profiles of N-MYC and TFIIIC5 indicated that
their binding sites are indeed overlapping and not only in close proximity to one another,
as the tag density pattern was similar and binding peaked in the same region (Fig. 4.16).
Analysis of N-MYC and TFIIIC5 tag density using a higher resolution and taking into
account only N-MYC/TFIILIC5 binding sites in POL II promoters supported the observation
that N-MYC and TFIIIC5 binding sites largely overlap and revealed that on average N-MYC
occupancy peaks close to the TSS, whereas TFIIICH occupancy peaks not at the TSS, but
slightly 5’ of N-MYC (Fig. 4.17). The results from tag density plots indicate that N-MYC
and TFIIIC5 can bind together to the same sites and that N-MYC/TFIIIC5 binding sites at

POL 1II promoters have a defined orientation. However, these findings have to be regarded
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with caution, since tag density of all binding sites are averaged in order to create such plots
and variations in the distance of N-MYC and TFIIIC5 peaks to one another and to the
TSS can remain unrecognised. Inspection of individual binding sites in POL II promoters
revealed differences in the proximity of N-MYC and TFIIIC5 peaks, ranging from largely
overlapping peaks to a distance of 100-200 bp in between, but N-MYC binding was rarely
observed 5’ of TFIIIC5 (not shown).

5.5.1 N-MYC and Aurora-A regulate TFIIIC binding to chromatin

Samples for ChIP-sequencing were prepared from MY(CN-amplified neuroblastoma cells,
which were treated with or without the Aurora-A inhibitor CD532 for 4 h, in order to in-
vestigate, whether the TFIIIC interaction partners N-MYC and Aurora-A regulate TFIIIC
binding to chromatin. CD532 interferes with Aurora-A mediated stabilisation of N-MYC
and in contrast to MLN8237 it bears the advantage of inducing a strong decrease in N-MYC
protein levels already after a short time of treatment, reducing the chance to cause secondary
effects [Gustafson et al., 2014|. In addition, CD532 binding to the Aurora-A kinase domain
not only inhibits the kinase activity of Aurora-A, but also changes the Aurora-A conforma-
tion leading to a strong distortion of the three-dimensional structure, presumably inducing
degradation of Aurora-A (see results, section 4.3.1 and discussion, section 5.1). Accordingly,
DMSO treated control samples from MY CN-amplified neuroblastoma cells, which have high
N-MYC and Aurora-A levels, were compared to samples, which were treated with CD532,
inducing a strong decreases of N-MYC levels, a less pronounced decrease in Aurora-A levels
and inhibition of Aurora-A kinase activity.

Upon CD532 treatment the total number of TFIIIC5 peaks obtained from analysis of ChIP-
sequencing data on TFIIIC5 was increased around 5-fold (Table 4.3). Furthermore, an
increase of TFIIIC5 occupancy was obvious in a heat map displaying N-MYC and TFIIIC5
occupancy of all annotated genes, as well as in tag density plots and box plots, visualising
average changes in occupancy upon CD532 treatment (Fig. 4.13, 4.16, 4.18). These findings
reveal an overall increase of TFIIIC5 occupancy when N-MYC and Aurora-A levels are
decreased and Aurora-A kinase activity is inhibited, indicating that N-MYC and/or Aurora-
A negatively regulate TFIIIC5 binding to chromatin. The increased number of TFIIIC5
binding sites and inspection of individual binding sites, not only confirmed a global increase
of TFIIIC5 occupancy, but also revealed that TFTIIC5 binds to additional sites upon CD532
treatment that are not occupied in DMSO treated cells. Most novel TFIIIC5 binding sites
were located in intergenic regions, though also the number of TFIIIC5 binding sites in POL
II promoters increased around 2-fold, while TFIIIC5 binding sites in POL III promoters
displayed only small changes, since in DMSO treated cells nearly all actively transcribed
tDNAs are already occupied by TFIIIC5 (Fig. 4.13).

As expected from the CD532-mediated decrease of N-MYC protein levels, N-MYC occu-
pancy decreased with CD532. Interestingly, the decrease of N-MYC binding was most
pronounced at N-MYC/TFIIIC5 binding sites (Fig. 4.18). However, the total number of
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called N-MYC peaks did not change much and the CD532-induced decrease was not ap-
parent in tag density plots and heat maps (Fig. 4.13, 4.14, 4.16). Accordingly, N-MYC
occupancy changes did not reflect the strong decrease of N-MYC protein levels, which were
decreased to more than 50% upon CD532 treatment (Fig. 4.12). On the one hand side, this
has a technical reason, since CD532-induced changes on N-MYC occupancy are not very
strong, N-MYC binding does not decrease below background and effects are not obvious in
non-quantitative representations, such as heat maps (see results, section 4.3.1). In addition,
ChIP experiments for sequencing have not been performed in triplicates and efficiency of
individual ChIPs were not controlled by using an internal spiking control [Bonhoure et al.,
2014]. Hence, it can not be excluded that the N-MYC ChIP from CD532 treated cells
was more efficient compared to the ChIP from DMSO treated cells. On the other hand
side, the different degree of N-MYC reduction on protein level compared to the decrease in
DNA occupancy can be explained by the fact that MYCN-amplified neuroblastoma cells
have oncogenic N-MYC levels. Overexpression of MYC proteins can not only induce MYC
binding to low affinity sites and invasion of sites with open chromatin marks, but also lead
to saturation of all binding sites, leaving a free nuclear pool of MYC proteins, which is not
bound to DNA and could compensate a decrease in MYC protein levels [Fernandez et al.,
2003, Lin et al., 2012, Nie et al., 2012].

Interestingly, the number of N-MYC/TFIIIC5 binding sites increased significantly upon
CD532 treatment, showing a strong increase of overlapping N-MYC and TFIIIC5 peaks in
POL II promoters and intergenic regions (Fig. 4.15). Nevertheless, CD532 induces a de-
crease of N-MYC occupancy at joint binding sites, whereas TFIIIC5 occupancy is increased
(Fig. 4.18). These findings hint to a more complex functional relationship of N-MYC,
TFIIIC and Aurora-A, which is not explained simply by antagonistic binding of N-MYC
and TFIIIC. Comparison of CD532 effects on N-MYC and TFIIIC5 occupancy with effects
of two additional Aurora-A inhibitors revealed a clear difference in their influence on N-
MYC and TFIIIC5 binding to DNA and this was consistent for all sites tested (Fig. 4.24).
In contrast to CD532, the purely catalytic Aurora-A inhibitor MK-5108, which does not
affect Aurora-A-mediated stabilisation of N-MYC, did not lead to an increase of TFIIIC5
occupancy and did not clearly affect N-MYC occupancy. The same was true for the second
Aurora-A inhibitor, MLN8237, which does not only inhibit Aurora-A kinase activity, but
also interferes with N-MYC stabilisation by Aurora-A [Brockmann et al., 2013]. These ob-
servations clearly indicate that inhibition of Aurora-A kinase activity alone does not regulate
TFIIIC5 and/or N-MYC occupancy, especially, since with MK-5108 and MLN8237 Aurora-
A kinase activity was not detectable, indicated by the lack of Aurora-A autophosphorylation
at T288, whereas with CD532 residual kinase activity remained (Fig. 4.24). Compared to
CD532, MLN8237 treatment decreased N-MYC protein levels to a lesser extend. However,
this small difference in N-MYC levels does not explain the strong difference for CD532 and
MLNS8237 in their effects on N-MYC and TFIIIC5 occupancy. Conclusively, these observa-

tions suggest that the decrease of Aurora-A protein levels upon CD532 treatment plays a
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role in CD3532-mediated changes in TFIIIC5 and N-MYC binding to chromatin. The com-
bination of Aurora-A inhibition and the decrease of N-MYC and Aurora-A protein levels
appears to account for CD532-specific effects on N-MYC and TFIIIC5, but the underlying
mechanism remains to be elucidated. Since CD532 was developed only recently and its
effects have not been studied extensively, it is possible that CD532 has unknown secondary
effects, which influence N-MYC and TFIIIC5 occupancy. Importantly, for ChIP-sequencing
a 4 h time point of CD532 treatment was chosen, at which no changes in cell morphology
were observed, while at later time points cells showed morphological changes. First cells
were flatting and developed protrusions, and after 10-12 h of CD532 treatment most cells
died (Olga Sumara, personal communication). In contrast, upon MLN8237 treatment, using
the same concentration as for CD532, cells did not show such strong changes in morphology
and instead of dying, most cells displayed a delay in progression through G1 and G2 phase
of the cell cycle [Brockmann et al., 2013]. Apart from direct inhibition of Aurora-A kinase
activity, MLN8237 effects became obvious only after 24 h, when cells completed one round
of the cell cycle and N-MYC protein levels were decreased (Fig. 4.24). The MLN8237-
induced delay in G2 phase is specific for Aurora-A inhibition, since Aurora-A is required
for multiple steps in mitosis (see introduction, section 1.5). A delay in G1 phase of the cell
cycle can be explained by the MLN&8237-mediated decrease of N-MYC protein levels, which
induces expression of the negative cell cycle regulator p21 |[Brockmann et al., 2013]. Why
N-MYC protein levels decrease much more rapidly with CD532 is not completely clear, as
with MLN8237 it was shown that most N-MYC is degraded via the E3 ubiquitin ligase
SCFFBXW7, which recognises N-MYC only in mitosis when it is phosphorylated at T58

and S62 (see introduction, section 1.4).

5.5.2 N-MYC/TFIIC binding sites overlap with CTCF/cohesin binding sites

In order to find out, whether N-MYC/TFIIIC binding sites are characterised by the pres-
ence of a distinct DNA element, de novo motif analysis was conducted on N-MYC- and
TFIIIC5-only and N-MYC/TFIIIC5 binding sites (Fig. 4.19). Apart from the motifs,
which are known to be bound by N-MYC and TFIIIC, such as E- and A-/B-box elements,
respectively, an additional motif was identified that has not been described to be bound by
MYC transcription factors or TFIIIC (see introduction, section 1.2 and discussion, section
5.4). Surprisingly, this motif was the predominant motif for N-MYC/TFIIIC5 binding sites
in POL II promoters and at intergenic regions, as well as at intergenic N-MYC-only binding
sites (Fig. 4.19). Based on the similarity to a published motif, it was identified as a CTCF
motif, which is a motif known to be bound by the CTCF zinc finger transcription factor
(Fig. 4.19). Strikingly, CTCF motifs and E-box elements, have been both identified at
N-MYC-only and N-MYC/TFIIIC5 binding sites, although displaying a different frequency.
Therefore, the localisation of the respective motif within the N-MYC peak was determ-
ined using the peak summit of all N-MYC peaks in POL II promoters and intergenic sites
(Fig. 4.20). Like E-box elements, the CTCF motif occurs in the center of N-MYC peaks,
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suggesting that either an E-box element or a CTCF motif is present at N-MYC binding
sites. Indeed, further analysis revealed that CTCF motifs and E-boxes in N-MYC peaks are
mutually exclusive (Susanne Walz, personal communication). Interestingly, E-box elements
were more frequent at N-MYC-only binding sites, whereas CTCF motifs were more frequent
at N-MYC/TFIIIC5 binding sites, hinting to a specific enrichment of N-MYC/TFIIIC5 at
sites that comprise a CTCF motif (Fig. 4.20). Binding of MYC proteins to E-box sequences
requires dimerisation with MAX, resulting in formation of stable heterodimers, which make
base-specific contacts with E-box motifs located within the major groove of DNA [Black-
well et al.; 1990, Blackwood and Eisenman, 1991, Nair and Burley, 2003]. Unlike CTCF,
MYC transcription factors do not comprise zinc finger motifs, which mediate CTCF binding
to DNA [Liu et al., 2015]. Accordingly, N-MYC binding to the CTCF motif suggests the
interaction of N-MYC with another protein that recognises the CTCF motif in the DNA.
Although TFIIIC is a multiprotein complex, it does not comprise a protein with a zinc fin-
ger recognition motif, indicating that an additional protein is present at N-MYC/TFIIIC5
binding sites comprising a CTCF motif. For N-MYC/TFIIIC5 binding sites at intergenic
regions the structural maintenance of chromosomes flexible hinge domain-containing protein
1 (SMCHD1) could mediate binding to the CTCF motif, since the epigenetic regulator was
shown to bind to cis-regulatory elements, which coincide with CTCF binding sites [Chen
et al., 2015b]. Additionally, SMCHD1 was identified as an N-MYC interacting protein in
MS analysis (see appendices A.1, A.2).

The identification of a CTCF motif in N-MYC/TFIIIC5 binding sites supports the idea that
N-MYC and TFIIIC could function together in spatial organisation of chromatin domains,
as it was shown for TFIIIC (see discussion, section 5.4). TFIIIC binding sites were shown to
co-localise with cohesin binding sites, as it was shown for the majority of intergenic CTCF
binding sites [Carriere et al., 2012, Ong and Corces, 2014, Van Bortle et al., 2014]. Further-
more, some binding sites of CTCF located near tDNAs, SINEs and ETC sites, suggesting
that TFIIIC and CTCF cooperate in chromatin organisational processes [Ong and Corces,
2014|. Alignment of ChIP-sequencing data of N-MYC/TFIIIC5 binding sites with published
ChIP-sequencing data on CTCF and the cohesin subunit RAD21 from ChIPs in another
neuroblastoma cell line, revealed that CTCF and RAD21 are bound to N-MYC/TFIIIC5
binding sites (Fig. 4.21, 4.22). Inspection of individual sites uncovered a large number of
sites, which were occupied by N-MYC, TFIIIC5, CTCF and RAD21 and did not comprise
an E-box, but a CTCF motif, confirming results from motif analyses of N-MYC/TFIIIC5
binding sites (Fig. 4.22). Immunoprecipitation experiments in MYCN-amplified neuro-
blastoma, cells demonstrated that both, N-MYC and TFIIIC5 interact with the cohesin
subunit RAD21 and the interaction of RAD21 with CTCF was confirmed (Fig. 4.9, 4.23)
[Rubio et al., 2008]. In contrast, neither N-MYC, nor TFIIIC5 showed an interaction with
CTCF (not shown), indicating that cohesin forms a complex either with N-MYC/TFIIIC5
or with CTCF. This theory is supported by the finding that SMCHD1 and CTCF can act in

opposing ways: while SMCHD1 binding was shown to induce repression of the transcription
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of clustered protocadherin (Pcdh) genes, CTCF binding is associated with transcriptional
activation [Chen et al., 2015b]. Combining this information leads to a hypothetical model,
in which CTCF motifs are either bound by CTCF /cohesin or by N-MYC/TFIIIC/cohesin,
exhibiting different effects on chromatin structure.

Cohesin binding to N-MYC/TFIIIC5 binding sites was validated in individual ChIP exper-
iments, showing that the cohesin subunit RAD21 binds to the same sites as N-MYC and
TFIIIC5 in POL II promoters and in intergenic regions (Fig. 4.23, 4.24). Interestingly,
CD532 treatment induced an increase of RAD21 occupancy at all sites tested, as it was
shown for TFIIIC5. This observation indicates that N-MYC and Aurora-A are functionally
connected with cohesin and that TFIIIC and cohesin function together.

The picture emerging from these findings suggests a functional connection of N-MYC/Aurora-
A with TFIIIC/cohesin, which was not described so far. The architecture of the complex
of N-MYC/Aurora-A together with TFIIIC/cohesin remains to be determined. On the one
hand side, the complex could assemble at CTCF motifs upstream of the TSS of POL II
genes and in intergenic regions (Fig. 5.4 A). On the other hand side, the components of
the complex could bind to different DNA strands, which could be linked together by co-
hesin (Fig. 5.4 B). The enrichment of the CTCF motif in N-MYC binding sites can be
due to loop formation and connection of two separate DNA strands, as it was shown for
enhancer-promoter interactions [Van Bortle and Corces, 2012|. Transcription factors, such
as MYC proteins, are known to bind to enhancer regions distant from promoters, which
induce activation of transcription of target promoters upon interaction by recruitment of
additional transcription factors and opening of the chromatin [Tansey, 2014|. Importantly,
cohesin assists both, activating enhancer-promoter interactions and transcription inhibiting
insulator interactions mediated by CTCF |Raab and Kamakaka, 2010]. Several genome-wide
studies investigated enhancer-promoter and insulator interactions via chromatin interaction
analysis with paired-end-tag sequencing (ChIA-PET), but the results are hardly reprodu-
cible, as ChIA-PET experiments are difficult to analyse and to interpret due to very high
background signals [Handoko et al., 2011, Kieffer-Kwon et al., 2013, Li et al., 2010, 2012].
Accordingly, the existing picture of short- and long-range interactions is still largely incom-

plete.
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Figure 5.4

Proposed models for the architecture of N-MYC/TFIIIC binding sites

(A) Scheme illustrating the proposed composition of N-MYC/TFIIIC binding sites at POL Il promoters (left) and intergenic
sites (right).

(B) Scheme illustrating an alternative architecture of N-MYC/TFIIIC binding sites. N-MYC binds to a POL Il promoter
region and TFIIIC binds to an intergenic region. N-MYC/TFIIIC interaction induces loop formation of chromatin, which is
supported by cohesin interaction.

5.6 Cell cycle-dependent organisation of transcription by regulation of
chromatin architecture - a novel function of MYC proteins?

The DNA-binding complex consisting of N-MYC, TFIIIC and cohesin discovered here, which
associates presumably with Aurora-A and topoisomerases, such as TOP2A, could be bound
to POL II promoters and/or intergenic sites that make contacts with promoter regions
(Fig. 5.4). In order to obtain a clearer picture of composition and hierarchy of this novel
MYC protein complex, single or multiple components should be removed using specific
shRNAs or siRNA pools targeting a certain component. Subsequently, sh/siRNA treated
MYCN-amplified neuroblastoma cells should be analysed in immunoprecipitation and ChIP
experiments using antibodies that recognise individual complex components and subunits,
for example different subunits of TFIIIC. Information obtained from these experiments
would shed light on the complex composition and the questions about dependency and
hierarchy of interactions: which interaction depends on the interaction of another protein,
which protein recruits another complex component and which component mediates DNA-
binding?

Initial ChIP experiments with MY CN-amplified IMR-5 cells expressing an inducible shRNA
targeting TFIIIC5 demonstrated that N-MYC binding to N-MYC/TFIIIC5 binding sites

at POL II promoters and intergenic regions was unaffected when TFIIIC5 binding was de-
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creased to around 50%, whereas at the same sites RAD21 binding clearly decreased upon
knockdown of TFIIIC5 (Cathy Mak, personal communication). These results indicate that
RAD21 is recruited in a TFIIIC5-dependent manner to N-MYC/TFIIIC5 binding sites,
while N-MYC binding is independent of TFIIIC5. The functional relationship of two pro-
teins can be specific for distinct DNA binding sites, therefore, a global analysis of DNA
binding profiles by ChIP-sequencing is required to determine how DNA occupancy of a
protein of interest is affected in certain conditions, such as knockdown of a specific protein.
ChIP-sequencing on N-MYC, TFIIIC5 and RAD21 upon depletion of one out of the three
proteins at once, would allow to distinguish the effects caused by knockdown of one protein
and to get to know how they affect each other in terms of chromatin occupancy. In general
the interpretation of knockdown effects is difficult when the depletion of a protein is not
complete, as it was the case here for TFIIIC5 knockdown, since it remains open, whether
a certain level of the protein is sufficient to induce a distinct function or whether the pro-
tein is not required. Accordingly, it can not be ruled out that N-MYC binding to distinct
genomic regions depends on TFIIIC5, but requires only a low level of TFIIIC5. Utilisation
of the clustered, regularly interspaced, short palindromic repeat (CRISPR) technology, a
more recent approach than shRNA technology, would circumvent the drawbacks of resid-
ual protein translation upon shRNA-mediated knockdown. Since the CRISPR technique
enables depletion of the encoding DNA sequence of a protein of interest via RNA-guided
nucleases, such as Cas9 [Sander and Joung, 2014]. However, deletion of the TFIIIC5 encod-
ing locus using CRISPR technology should be lethal, since TFIIIC function is essential for
POL III-mediated transcription of type I and II genes, including tDNAs that are needed for
translation of all mRNAs (see discussion, section 5.4.1). Since cohesin plays an important
role during mitosis, mediating sister chromatid cohesion, depletion of a cohesin subunit is
likely to cause severe mitotic defects [Nasmyth and Haering, 2009]. Accordingly, depletion
of RAD21 has been studied only in non-cycling cells to investigate non-mitotic functions
in three-dimensional organisation of chromatin [Seitan et al., 2013, Sofueva et al., 2013].
Depletion of the DNA-unloading factor of cohesin, WAPL, has been studied in cycling cells
and was shown to induce chromatin condensation in interphase and severe mitotic defects
[Tedeschi et al., 2013]. N-MYC depletion would strongly affect proliferation and cell viabil-
ity, since MYCN-amplified tumours depend on N-MYC expression [Otto et al., 2009]. But
due to the high N-MYC expression levels in M YCN-amplified neuroblastoma cells, it is hard
to achieve a good knockdown with si/shRNAs. Short-term treatment with an inhibitor that
specifically targets a distinct protein, for example CD532, which is specific for Aurora-A
compared to Aurora-B and -C, circumvents secondary effects upon knockdown of an essen-
tial protein |Gustafson et al., 2014]. Since it can not be excluded that treatment with the
small molecule inhibitor CD532 induces unspecific effects, for example on proteins that were
not included in tests for specificity during drug development, the best approach would be
to reproduce ChIP-sequencing studies on short-term CD532-treated cells and to analyse N-
MYC, TFIIIC5 and RAD21 DNA binding profiles from cells expressing an inducible shRNA
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targeting MYCN, TFIIIC5 or RAD21.

To elucidate the function of the N-MYC/Aurora-A complex with TFIIIC/cohesin in tran-
scription, RN A-sequencing experiments were performed on MYCN-amplified IMR-5 cells,
which have been transfected either with siRNAs targeting AURKA, TFIIIC5 or RAD21, or
which were treated with CD532 for 4 or 8 h. Upon siRNA-mediated knockdown Aurora-A,
TFIIIC5 and RAD21 protein levels were decreased to more than 50%, but residual pro-
tein was detected for all three proteins (Gabriele Buechel, personal communication). Since
TFIIIC is required for transcription of tRNA encoding genes, severe defects were expected
upon TFIIIC5 knockdown in proliferating cells (see discussion, section 5.4). Surprisingly,
cells treated with siTFIIICS were vital and showed no morphological changes (Gabriele
Buechel, personal communication). In contrast, cells treated with siAURKA and siRAD21
mostly detached and started to die 48 h post transfection, which is expected from what is
known about their important roles during mitosis [Nasmyth and Haering, 2009] (for Aurora-
A functions, see introduction, section 1.5). Strikingly, analysis of the transcriptome of cells
depleted of Aurora-A, TFIIIC5 or RAD21 and of CD532 treated cells uncovered a high
similarity in expression changes. Most genes whose expression was downregulated in one
condition, also decreased in the other 4 conditions. Notably, CD532 treatment resulted in a
strong increase of expression of a large set of genes, which was not observed for cells treated
with the three different siRNA pools. Gene set enrichment analysis (GSEA) showed that
in comparison to control cells genes involved in DNA replication, S phase progression, as
well as E2F target genes were downregulated in all 5 conditions (Susanne Walz, personal
communication). Importantly, utilisation of ChIP-sequencing data on N-MYC and TFIIIC5
uncovered that these genes were bound by N-MYC and TFIIIC5 and that their occupancy
was regulated upon CD532 treatment as shown before (see discussion, section 5.5.1). Fur-
thermore, comparison with published expression data on N-MYC depleted neuroblastoma
cells revealed that the same sets of genes were downregulated upon MYCN knockdown
[Valentijn et al., 2012| (Susanne Walz, personal communication). In addition, GSEA re-
vealed that the group of genes, which showed an upregulation of transcription upon CD532
treatment, encoded proteins involved in POL I-dependent transcription and protein trans-
lation. Although the genes encoding transcripts that were upregulated by CD532 displayed
N-MYC and TFIIIC5 binding in ChIP-sequencing analysis, they were not identified upon
alignment with genes regulated by N-MYC depletion (Susanne Walz, personal communica-
tion). While the transcripts upregulated by CD532 are known to be transcribed in G1 phase
of the cell cycle, downregulated transcripts of E2F target genes and genes encoding pro-
teins involved in DNA replication and S phase progression are mainly transcribed in early
S phase of the cell cycle [Bertoli et al., 2013, Chaudhry et al., 2002]. The CD532-mediated
increase of transcription in G1 phase was not surprising, since BrdU propidium iodide (PI)
fluorescence activated cell sorting (FACS) analysis of unsychronised cells that were treated
for 4 or 12 h with CD532 led to a decrease in BrdU-positive cells and an accumulation

of BrdU-negative cells in S phase, showing that CD532 arrests cells in S phase and pre-
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vents progression in S phase (Gabriele Buechel, personal communication). The inhibition
of S phase entry by CDb32 was shown before, and supports the strong decreasing effect of
CD532 on N-MYC protein levels, which prevents S phase entry, inducing a G1 arrest in
the cell cycle [Brockmann et al., 2013, Gustafson et al., 2014]. Proximity ligation assays
(PLAs) of MYCN-amplified IMR-5 cells, which were synchronised via a double-thymidine
block, demonstrated that N-MYC and Aurora-A interact preferentially in S phase, whereas
N-MYC and TFIIIC5 interact with each other throughout the cell cycle (Evon Poon, per-
sonal communication). Interestingly, N-MYC interaction with RAD21 is specific for G1
phase of the cell cycle (Isabelle Roschert, personal communication).

Putting together the information obtained by ChIP-sequencing, RNA-sequencing and inter-
action studies yields a flexible model, which is based on an equilibrium between two distinct
complexes that assemble in a cell cycle-dependent manner (Fig. 5.5). In G1 phase of the cell
cycle N-MYC forms a complex together with TFIIIC and cohesin that binds to promoter-
close regions, inducing transcription via multiple mechanisms. N-MYC alone can enhance
transcription, for example by recruitment of positive co-factors (see introduction, section
1.3.1). In addition, recruitment of TOP2A/B releases the tension in the DNA, enabling
progression of transcription. TFIIIC can acetylate histones and recruit cohesin, which can
mediate loop formation with an enhancer region (see discussion, section 5.4). However,
there are several transcription factors and co-factors that induce transcription in G1 phase
in a similar manner and it is likely that upon depletion of N-MYC, TFIIIC5 or RAD21 an
alternative mechanism takes over. On the contrary, in S phase of the cell cycle cohesin gets
acetylated and becomes less flexible, which leads to specific changes in chromatin architec-
ture |Gerlich et al., 2006, Seitan et al., 2013, Sofueva et al., 2013]. The S phase-specific
interaction of N-MYC and Aurora-A and the specific downregulation of transcription of
genes transcribed in S phase upon knockdown of MYCN, TFIIIC5 RAD21 and AURKA
indicates a functional relationship, which is important specifically in S phase. Since cohesin
is more stably associated with DNA in S phase, it is likely that transcription is inhibited
upon stable binding of cohesin close to promoters. In a hypothetical model association of
Aurora-A with N-MYC would lead to dissociation of the N-MYC/TFIIIC complex from
the DNA and interfere with TFIIIC-mediated cohesin recruitment to promoter-close sites,
allowing transcription in S phase (Fig. 5.5). The observation that the TFIIIC2 subunit of
TFIIIC is phosphorylated by Aurora-A could represent a mechanistic explanation for the
question of how Aurora-A prevents DNA binding of the N-MYC/TFIIIC complex (Mark W.
Richards, personal communication). The effects of CD532 treatment support this idea, since
the CD532-mediated decrease of N-MYC and Aurora-A, as well as inhibition of Aurora-A
kinase activity would result in an increase of TFIIIC binding to chromatin and cohesin
recruitment. Importantly, Aurora-A is kinetically active when it is bound to N-MYC (see
discussion, section 5.1), whereas it is in an inactive conformation when it is not in a complex
with N-MYC or another activating protein, such as TPX2 [Bayliss et al., 2003] (Fig. 5.5).

However, it remains open, why TFIIIC5 occupancy was not affected upon treatment with
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the catalytic Aurora-A inhibitor MK-5108 and with MLN8237 (Fig. 4.24). Additionally, it
is unclear, why a large number of genes transcribed in G1 phase of the cell cycle is selectively
induced upon CD532 treatment.

In order to support the hypothesis of a dual function of the N-MYC/TFIIIC complex,
immunoprecipitation and ChIP experiments from synchronised cells should be performed to
confirm cell cycle-specific interactions and chromatin associations. In addition, reproducing
the results for different TFIIIC subunits, would support the observations. Importantly,
the N-MYC/Aurora-A-dependent results should be confirmed using an N-MYC mutant
deficient in Aurora-A interaction instead of CD532. Furthermore, it should be assessed,
whether the findings can be reproduced for C-MYC. While the interaction of N-MYC with
DSIF and PAF1C was validated for C-MYC (see discussion, section 5.4.2), the interaction
of C-MYC with TFIIIC was not tested yet. It has been proposed previously that MYC
proteins can induce loop formation of chromatin, for example by linking rDNA promoters
with terminator sequences, enhancing re-initiation of transcription [Shiue et al., 2009, Zeller
et al., 2006]. ChIA-PET analysis for N-MYC, TFIIIC5 and RAD21 from cells depleted of
one of the three proteins, would help to understand how N-MYC functions together with
TFIIIC/cohesin complex in the three-dimensional organisation of chromatin. Initial analysis
of N-MYC- and TFIIIC5-mediated looping by ChIA-PET experiments not only confirmed
TFIIIC-mediated looping, especially among tDNAs [Raab et al., 2012], but also identified

several loops emerging from N-MYC binding sites (Chia-Lin Wei, personal communication).

RAD21/ RAD21/
cohesin cohesin
Figure 5.5

Proposed model for N-MYC/TFIIIC complex function

Scheme illustrating a proposed dual function of N-MYC/TFIIIC in regulating transcription of POL Il target genes. Before
S phase the equilibrium is shifted to an DNA-binding N-MYC/TFIIIC complex, which binds to promoter-close regions
(left). The N-MYC/TFIIC complex can induce transcription for example by recruiting cohesin complexes, which can
stabilise enhancer-promoter interactions. In S phase N-MYC/TFIIIC associates with Aurora-A and dissociates from the
DNA, inhibiting recruitment of cohesin to promoter-close regions (right). Aurora-A is kinetically active (indicated by the
blue color), since it adopts an active conformation in a complex with N-MYC. It is possible that Aurora-A phosphorylates
TFIIC and this could prevent TFIIIC binding to chromatin. In order to allow transcription in S phase the equilibrium has
to be shifted to the right, or otherwise cohesin binding to promoter-close regions would prevent transcription.

The picture emerging from the results presented here suggests a novel function of MYC

proteins together with TFIIIC/cohesin in cell cycle-dependent organisation of transcription
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by regulating chromatin architecture. The functional role of Aurora-A in the complex needs
to be studied in more detail and it has to be determined, whether Aurora-A-mediated
stabilisation of N-MYC is a secondary effect of N-MYC/TFIIIC complex formation and
whether N-MYC phosphorylation is relevant for its function with TFIIIC.
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Lists of proteins identified in N-MYC MS

Shown are rank number, official gene symbol, Molecular Weight (M.W.) and exclusive unique
peptide counts in empty control (-), N-MYC mut (mut) and N-MYC wt (wt) sample. Lists
are ranked according to the number of exclusive unique peptides, first in N-MYC wt sample

and second in N-MYC mut sample.

A.1 List of 224 N-MYC interacting proteins

rank | gene symbol M.W. - mut wt
1 TRRAP 438 kDa | 6 167 144
2 EP400 340 kDa | O 69 69
3 GTFIIIC1 239 kDa | 4 27 52
4 UBR4 576 kDa | 9 7 41
5 RADS50 155 kDa | 10 13 30
6 SMCHD1 226 kDa | 6 23 30
7 POLR2B 133 kDa | 8 24 27
8 RANBP2 358 kDa | 5 7 27
9 RANBP2 358 kDa | 4 6 26
10 NUP153 154 kDa | 7 15 23
11 ASPM 410 kDa | 0 3 23
12 PARP1 113 kDa | 6 25 22
13 NUP93 93 kDa 7 17 21
14 HCFC1 209 kDa | 4 11 21
15 UTP20 318 kDa | 2 5 21
16 OPA1l 116 kDa | 6 8 19
17 U2SURP 118 kDa | 5 12 19
18 Usp7 126 kDa | 4 21 19
19 RBM14 69 kDa 4 4 19
20 GTFILICH 60 kDa 0 7 19
21 MYCN 50 kDa 0 15 19
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rank | gene symbol M.W. - mut wt
22 DMAP1 53 kDa 0 11 19
23 NUP205 228 kDa | 6 12 18
24 PBRM1 187 kDa | 1 6 18
25 BPTF 325 kDa | 0 11 18
26 MYCBP2 510 kDa | 0 0 18
27 SLC25A13 74 kDa 4 9 17
28 CEBPZ 121 kDa | 4 13 17
29 GEMIN5 169 kDa | 3 8 17
30 GTFIIIC3 101 kDa | 1 12 17
31 MYCN 50 kDa 0 15 17
32 NUP133 129 kDa | 5 10 16
33 BIRC6 530 kDa | 3 1 16
34 DDX46 117 kDa | 2 5 16
35 ANLN 124 kDa | 1 1 16
36 TOP2A 179 kDa | 0 6 15
37 DDX23 96 kDa 4 3 14
38 TOP2B 183 kDa | 1 11 14
39 TPO1 91 kDa 3 7 13
40 SRRM2 300 kDa | 3 8 13
41 IQGAP3 179 kDa | 1 13 13
42 PLK1 68 kDa 2 9 13
43 SRPR 70 kDa 2 8 13
44 CTR9 134 kDa | 1 4 13
45 HERC2 527 kDa | 0 0 13
46 NOL6 127 kDa | 6 18 12
47 SQSTM1 48 kDa 4 9 12
48 TCOF1 152 kDa | 4 1 12
49 ACIN1 147 kDa | 3 4 12
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rank | gene symbol M.W. - mut wt
50 ACACA 260 kDa | 3 0 12
51 GNL2 84 kDa 3 3 12
52 LRPAP1 41 kDa 3 4 12
53 RAT14 107 kDa | 0 45 12
54 DMAP1 53 kDa 0 9 12
55 BAZ1A 179 kDa | 0 6 12
56 RFC1 128 kDa | 0 6 12
57 UBR2 171 kDa | 0 5 12
58 ATXN2L 110 kDa | 3 6 11
59 SRSF9 26 kDa 3 4 11
60 ADNP 124 kDa | 2 3 11
61 GTFIIIC2 101 kDa | 0 2 11
62 HK2 99 kDa 3 8 10
63 WDHD1 126 kDa | 3 6 10
64 UTP14A 82 kDa 3 6 10
65 PTPRF 212 kDa | 2 4 10
66 BCR 143 kDa | 0 9 10
67 MKI67 359 kDa | 0 2 10
68 SACS 521 kDa | 0 0 10
69 SAFB2 107 kDa | 3 4 9
70 MTA1 79 kDa 3 5 9
71 LRRFIP2 82 kDa 3 4 9
72 MAPB1 271 kDa | 3 15 9
73 MAPB1 271 kDa | 3 15 9
74 GFPT1 77 kDa 3 4 9
75 EIF3M 43 kDa 3 5 9
76 LSG1 75 kDa 2 6 9
7 DDX56 62 kDa 2 2 9
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rank | gene symbol M.W. - mut wt
78 CTBP2 56 kDa 1 5 9
79 HECTD1 289 kDa |1 1 9
80 ESF1 99 kDa 1 3 9
81 MCMBP 73 kDa 1 2 9
82 ELP3 61 kDa 1 2 9
83 POLR3A 154 kDa | 0 9 9
84 SUPT5H 120 kDa | 0 4 9
85 CHD7 336 kDa | O 1 9
86 CDC73 61 kDa 0 5 9
87 GNL3L 66 kDa 0 3 9
88 MYO9B 229 kDa | 0 0 9
89 HDAC1 55 kDa 2 1 8
90 WDRA43 75 kDa 2 5 8
91 RAB3GAP2 156 kDa | 2 9 8
92 THOC1 76 kDa 2 2 8
93 DIMT1 35 kDa 2 4 8
94 POLA1 166 kDa | 2 3 8
95 AP3B1 121 kDa | 2 3 8
96 P4HA1 61 kDa 2 2 8
97 NUP85 75 kDa 2 6 8
98 PTPRF 212 kDa | 2 4 8
99 NOL10 75 kDa 2 6 8
100 PAWR 37 kDa 1 4 8
101 WDR33 146 kDa | 1 5 8
102 MAX 18 kDa 0 7 8
103 USF2 36 kDa 0 3 8
104 EPC1 91 kDa 0 3 8
105 TBL1XR1 41 kDa 2 5 7
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rank | gene symbol M.W. - mut wt
106 PPIH 19 kDa 2 2 7
107 AXL 97 kDa 2 5 7
108 TBC1D4 140 kDa | 2 4 7
109 SDAD1 80 kDa 2 2 7
110 SEC23IP 90 kDa 2 4 7
111 SUPT6H 199 kDa | 2 3 7
112 CALU 38 kDa 1 2 7
113 TBL2 46 kDa 1 3 7
114 PHF6 41 kDa 1 2 7
115 FARI1 59 kDa 1 4 7
116 WDRT75 95 kDa 1 3 7
117 TRIP12 226 kDa |1 4 7
118 AKAPSL 72 kDa 1 2 7
119 MRPS26 24 kDa 0 2 7
120 POGZ 154 kDa | 0 6 7
121 NUP188 182 kDa | 0 6 7
122 KIF14 186 kDa | 0 5 7
123 UNC84A 108 kDa | 0 5 7
124 PAF1 60 kDa 0 2 7
125 BRAT1 88 kDa 0 0 7
126 SREBF1 115 kDa | 0 0 7
127 METAP2 53 kDa 0 0 7
128 THOC2 183 kDa | 0 6 6
129 THOC2 183 kDa | 0 0 6
130 SON 248 kDa | 3 10 6
131 EPB41L2 42 kDa 3 14 6
132 IKBIP 43 kDa 2 3 6
133 RABSA 24 kDa 1 1 6
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rank | gene symbol M.W. mut wt
134 ERLIN2 38 kDa 0 6
135 DDX41 70 kDa 3 6
136 ME2 65 kDa 5 6
137 TRMT1 69 kDa 1 6
138 MRPL17 20 kDa 2 6
139 CDC42BPB 194 kDa 8 6
140 AATF 63 kDa 6 6
141 CBX3 21 kDa 4 6
142 ZYX 52 kDa 5 6
143 XPOT 110 kDa 2 6
144 CCDC86 40 kDa 3 6
145 PUS1 42 kDa 2 6
146 NOCAL 58 kDa 0 6
147 POR 77 kDa 0 6
148 BRIX1 41 kDa 5 6
149 CHERP 104 kDa 4 6
150 COPS2 52 kDa 1 6
151 TXN 9 kDa 1 6
152 FUSIP1 21 kDa 1 6
153 CHORDC1 35 kDa 1 6
154 EIF3J 29 kDa 0 6
155 AP3M1 47 kDa 2 6
156 SMARCE1 39 kDa 1 6
157 NUP214 153 kDa 0 6
158 DKFZP586J0619 266 kDa 2 6
159 YME1L1 76 kDa 0 6
160 SMSC5 129 kDa 3 6
161 PDLIM5 64 kDa 5 6
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rank | gene symbol M.W. - mut wt
162 MBTD1 71 kDa 0 3 6
163 RIF1 272 kDa | 0 1 6
164 MED14 161 kDa | 0 2 6
165 SAMDI1 56 kDa 0 2 6
166 EDC4 152 kDa | 0 3 6
167 CHAF1B 61 kDa 0 1 6
168 NOMI1 96 kDa 0 2 6
169 USP19 150 kDa | 0 1 6
170 WHSC1 152 kDa | 0 1 6
171 PCM1 228 kDa | 0 0 6
172 ZNF384 54 kDa 0 0 6
173 NBAS 255 kDa | 0 0 6
174 SAP18 18 kDa 1 3 5
175 CTBP2 56 kDa 1 2 5
176 MRPS28 21 kDa 1 1 5
177 COX5B 14 kDa 1 1 5
178 WDRA4 45 kDa 1 1 5
179 HSPBP1 39 kDa 1 2 5
180 DDX20 92 kDa 1 1 5
181 RPF2 36 kDa 1 1 5
182 STMN1 17 kDa 1 0 5
183 MRPS25 20 kDa 1 1 5
184 DPM1 30 kDa 1 2 5
185 MTHFD2 38 kDa 1 5 5
186 QKI 37 kDa 1 3 5
187 RCL1 41 kDa 1 1 5
188 AUP1 46 kDa 1 3 5
189 TWISTNB 37 kDa 1 0 5
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rank | gene symbol M.W. - mut wt
190 DDX51 72 kDa 1 3 5
191 ZCCHCS 51 kDa 1 1 5
192 ANAPC1 217 kDa |1 1 5
193 TRMT2A 71 kDa 1 0 5
194 TOE1 57 kDa 1 2 5
195 DHX57 156 kDa | 1 1 5
196 CD2AP 71 kDa 1 0 5
197 NOA1 78 kDa 1 0 5
198 LRRC40 68 kDa 1 0 5
199 DDX10 101 kDa | 0 0 5
200 UTP15 58 kDa 0 2 5
201 IGF2R 274 kDa | 0 3 5
202 YEATS4 27 kDa 0 4 5
203 RRP15 31 kDa 0 2 5
204 GALNT7 75 kDa 0 1 5
205 SDF4 42 kDa 0 0 5
206 FAM208A 171 kDa | 0 2 5
207 NCAPG2 102 kDa | 0 0 5
208 FIP1L1 66 kDa 0 0 5
209 CD3EAP 55 kDa 0 0 5
210 DNAJB6 29 kDa 0 5 4
211 LTN1 201 kDa | 0 8 4
212 NCAPD3 169 kDa | 0 7 4
213 MRPL44 38 kDa 2 7 3
214 JUP 82 kDa 2 9 0
215 IKBKAP 150 kDa | 1 8 3
216 DSP 332 kDa | 0 8 0
217 PELO 43 kDa 1 6 3
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rank | gene symbol M.W. mut wt
218 UFL1 90 kDa 6 2
219 PICALM 70 kDa 6 1
220 THOC?2 183 kDa 6 0
221 DIAPHS3 129 kDa 5 3
222 LAMC1 178 kDa 5 3
223 ASCC3 251 kDa 5 2
224 BRDS8 95 kDa 5 2
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A.2 “Top 82-List” of N-MYC interacting proteins

rank | gene symbol M.W. - mut wt
1 TRRAP 438 kDa | 6 167 144
2 EP400 340 kDa | 0 69 69
3 GTFIIIC1 239 kDa | 4 27 52
4 UBRA4 576 kDa | 9 7 41
5 SMCHD1 226 kDa | 6 23 30
6 RANBP2 358 kDa | 4 6 26
7 ASPM 410 kDa | 0 3 23
8 PARP1 113 kDa | 6 25 22
9 HCFC1 209 kDa | 4 11 21
10 UTP20 318 kDa | 2 5 21
11 USP7 126 kDa | 4 21 19
12 RBM14 69 kDa 4 4 19
13 GTFIIICH 60 kDa 0 7 19
14 PBRM1 187 kDa | 1 6 18
15 BPTF 325 kDa | 0 11 18
16 MYCBP2 510 kDa | 0 0 18
17 SLC25A13 74 kDa 4 9 17
18 CEBPZ 121 kDa | 4 13 17
19 GEMINb 169 kDa | 3 8 17
20 GTFIIIC3 101 kDa | 1 12 17
21 MYCN 50 kDa 0 15 17
22 BIRCG6 530 kDa | 3 1 16
23 DDX46 117 kDa | 2 5 16
24 ANLN 124 kDa | 1 1 16
25 TOP2A 179 kDa | 0 6 15
26 TOP2B 183 kDa | 1 11 14
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rank | gene symbol M.W. - mut wt
27 TOP1 91 kDa 3 7 13
28 SRRM2 300 kDa | 3 8 13
29 IQGAP3 179 kDa | 1 13 13
30 PLK1 68 kDa 2 9 13
31 SRPR 70 kDa 2 8 13
32 CTRY 134 kDa | 1 4 13
33 HERC2 527 kDa | 0 0 13
34 ACIN1 147 kDa | 3 4 12
35 ACACA 260 kDa | 3 0 12
36 GNL2 84 kDa 3 3 12
37 LRPAP1 41 kDa 3 4 12
38 RATI14 107 kDa | 0 45 12
39 DMAP1 53 kDa 0 9 12
40 BAZ1A 179 kDa | 0 6 12
41 RFC1 128 kDa | 0 6 12
42 UBR2 171 kDa | 0 5 12
43 ADNP 124 kDa | 2 3 11
44 GTFIIIC2 101 kDa | 0 2 11
45 BCR 143 kDa | 0 9 10
46 MKI67 359 kDa | 0 2 10
47 SACS 521 kDa | 0 0 10
48 MAP1B 271 kDa | 3 15 9

49 LSG1 75 kDa 2 6 9

50 DDX56 62 kDa 2 2 9

51 HECTD1 289 kDa |1 1 9

52 ESF1 99 kDa 1 3 9

53 MCMBP 73 kDa 1 2 9

54 ELP3 61 kDa 1 2 9
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rank | gene symbol M.W. - mut wt
55 POLR3A 154 kDa | 0 9 9
56 SUPT5H 120 kDa | 0 4 9
57 CHD7 336 kDa | 0 1 9
58 CDC73 61 kDa 0 5 9
59 GNL3L 66 kDa 0 3 9
60 MYO9B 229 kDa | 0 0 9
61 HDAC1 55 kDa 2 1 8
62 WDRA43 75 kDa 2 5 8
63 RAB3GAP2 156 kDa | 2 9 8
64 THOC1I 76 kDa 2 2 8
65 DIMT1 35 kDa 2 4 8
66 POLA1 166 kDa | 2 3 8
67 AP3B1 121 kDa | 2 3 8
68 P4HA1 61 kDa 2 2 8
69 NUP85 75 kDa 2 6 8
70 PTPRF 212 kDa | 2 4 8
71 NOL10 75 kDa 2 6 8
72 PAWR 37 kDa 1 4 8
73 WDR33 146 kDa | 1 5 8
74 MAX 18 kDa 0 7 8
75 USF2 36 kDa 0 3 8
76 EPC1 91 kDa 0 3 8
77 EPB41L2 42 kDa 3 14 6
78 JUP 82 kDa 2 9 0
79 CDC42BPB 194 kDa | 2 8 6
80 LTN1 201 kDa | O 8 4
81 IKBKAP 150 kDa | 1 8 3
82 DSP 332 kDa | 0 8 0
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Appendix B

List of abbreviations
B.1 Prefixes

p Pico- (10712)
n Nano- (107)
1 Micro- (107)
m Milli- (10-3)
¢ Centi- (1072)
k Kilo- (10%)

B.2 Units

A ampere

Da dalton

g gram

h hour

1 liter

m meter

M mol/1

min minute

OD optical density

s second

U unit

v /v volume per volume
w/v weight per volume

°C degree celsius

B.3 Proteins, protein domains and other biomolecules

A alanine

ATP adenosine-triphosphate

aa amino acid

AKT RAC-alpha serine/threonine-protein kinase
bp basepair(s)

C cytosine

cDNA complementary DNA

CDK cyclin-dependent kinase

CTD C-terminal domain

DNA deoxyribonucleic acid

dNTPs deoxyribonucleoside-5'-triphosphate (dATP, dCTG, dGTP, dTTP)
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FBXWT7 F-box and WD repeat domain containing 7

GFP green fluorescent protein

GST glutathione-S-transferase

GTF general transcription factor

HRP horseradish peroxidase

HUWE1 HECT, UBA and WWE domain containing 1
MB Myc-box

MIZ1 E3 SUMO-protein ligase PIAS2; old name: Msx-interacting zinc finger protein
mRNA messenger RNA

POL RNA polymerase

PP2A protein phosphatase 2A

PSMD14 proteasome 26S subunit, non-ATPase 14
pT58/S62 phosphorylated aa T58/562

RNA ribonucleic acid

RUVBL1/2 RuvB-like 1/2

S serine

shRNA short hairpin RNA

SINE short interspersed nuclear element

siRNA small interfering RNA

T threonine

TF transcription factor

tRINA transfer RNA

TRRAP transactivation/ transformation-associated protein
TRUSS (TRPC4AP) transient receptor potential cation channel subfamily C member 4
associated protein

UBE2N Ubiquitin-conjugating enzyme E2 N

USP ubiquitin-specific-protease

B.4 Chemicals and solutions

APS ammoniumpersulfate

aqua dest destilled water

H>0O water

DMEM Dulbeccos Modified Eagle-Medium
DMSO dimethylsulfoxide

DTT dithiothreitol

EDTA ethylendiamintetraacetate

FBS fetal bovine serum

PBS phosphate-buffered saline

PVDF polyvinylidenfluoride

SCF SKP1-CUL1-F-box containing complex
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SDS sodium dodecyl sulfate

TAE Tris-acetate-EDTA

TBS Tris-buffered saline

TBS-T Tris-buffered saline with Tween-20

TE Tris-EDTA-buffer

TEMED N N N’ N’-tetramethylethylendiamine
Tris Tris-(hydroxymethyl)-aminomethan

TSS transcriptional start site

Ub ubiquitin

B.5 Other abbreviations

CID Collisional-induced Dissociation

ChIP Chromatin immunoprecipitation

Co-IP Co-precipitation of a protein interacting with the precipitated one

ECL enhanced chemoluminescence

E. coli Escherichia coli

FLAG polypeptide protein tag

G1/G2 phase Gap 1/2 phase of the cell cycle

HA polypeptide protein tag derived from the Human influenza hemagglutinin protein

HPLC high performance liquid chromatography
Fig. Figure

Inc. Incorporated

IP immunoprecipitation

LC liquid chromatography

M phase mitotic phase of the cell cycle
MS mass spectrometry

nt nucleotides

PAGE polyacrylamide-gelelectrophoresis
PCR polymerase chain reaction

qPCR quantitative PCR

qRT-PCR quantitative real time PCR
rpm rotations per minute

RT room temperature

S1 security level 1

S2 security level 1

S phase synthetic phase of the cell cycle
O/N over night; 16-20 h

UV ultraviolet

wt wild type
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