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Introduction

1 Introduction

1.1 Neuroblastoma

1.1.1 Clinical features of neuroblastoma

Neuroblastoma, the most common extracranial solid tumour in children, is derived from
primordial neural crest cells that ultimately inhabit the sympathetic ganglia and adrenal medulla.
It is associated with quite different patterns of clinical behaviour: life-threatening progression,
maturation to ganglio-neuroblastoma or ganglioneuroma and spontaneous regression, so it is

enigmatic and unpredictable (Westermann and Schwab, 2002).

Neuroblastomas have heterogeneous clinical hallmarks. At diagnosis, the age and stage are used
to predict the development of disease. Tumour progression can vary widely according to
anatomic stage and age. Generally, children diagnosed before the age of 1 year with localized
disease are curable with surgery and almost no adjuvant therapy. Some of these tumours undergo
spontaneous regression or differentiate to benign tumours. There is one distinct subset of infant
patients who present an unique pattern of extensive disseminated disease but who reliably have
spontaneous disease regression (stage 4S) (D'Angio et al., 1971). In contrast, the high-risk
clinical prognostic factors of age over 18 months and advanced stage are closely associated with
unfavorable biologic risk factors, including dedifferentiated histopathology, tumour
amplification of the MYCN oncogene, and loss of heterozygosity of 1p and 11q, or other partial
chromosome deletions (Mueller and Matthay, 2009). The 5-year event-free survival (EFS) rate
for high-risk neuroblastoma is less than 50% (Cohn et al., 2009). Until recently, the best
outcome reported for high-risk neuroblastoma was achieved with intensive combination
induction chemotherapy and surgery, followed by myeloablative therapy with hematopoietic
stem cell rescue, and then differentiation therapy with isotretinoin (Matthay et al., 1999), the first

tumour-targeted therapy with demonstrated activity in neuroblastoma (Matthay et al., 2012).

1.1.2 Genetics of neuroblastoma

The majority of neuroblastoma cell lines show double minute chromosomes (DMs) or

homogeneously staining regions (HSRs). Both cytogenetic characterizations represent DNA
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amplification and deletions of the short arm of chromosome 1. Both gain and loss of genetic

material are common during neuroblastoma evolution (Castel et al., 2007).

DNA content is significantly linked to tumour stage in infants. Diploidy occurs much more
frequent in advanced tumour stages being associated with advanced tumour growth and
significantly reduced survival probability while hyperdiploidy is mainly observed in low stage

tumours of younger patients with a favorable clinical outcomes (Look et al., 1984).

In an analysis of 298 infants, hyperdiploidy mostly is closely associated with lower stage of
disease and long-term survival whereas diploidy is always linked to advanced stages and
treatment failure treatment. Additionally, in children of 12-24 months of age, diploidy predicted
early failure of chemotherapy whereas half of the children with hyperdiploidy achieved long-
term disease-free survival. Unfortunately, the DNA content lost its prognostic significance for

patients over 2 years of age (Look et al., 1991).

There are four ploidy levels in neuroblastoma: near-diploid, near-triploid, near-tetraploid and
near pentaploid tumours (Kaneko et al., 1987). Structural abnormalities and MYCN amplification
are frequent in near-diploid and near-tetraploid tumours, most commonly involving chromosome
1p deletion. The near-triploid tumours are characterized by three almost complete haploid sets of
chromosomes, with few structural abnormalities and were predominantly found in infants with
favorable outcome. According to the clinical data, the near-pentaploid tumour patients like the
near-triploid tumour patients had favorable clinical and biological factors and high survival rates.
In contrast, patients who had either near-diploid or near-tetraploid tumours are always with
unfavorable prognostic factors. These patients had always poor outcomes (Kaneko et al., 1987;

Hayashi et al., 1989).

Segmental alterations play an important role in prognosis in neuroblastoma. A number of
segmental chromosomal alterations have been reported, including deletions of chromosomes 1p,
3p, 4p and 11q, which are thought to harbour tumour suppressor genes, and gains of
chromosomes 1q, 2p and 17q, harbouring putative oncogenes. A large number of these
segmental alterations have been shown to be of prognostic impact in univariate analyses

(Schleiermacher et al., 2012).

Apart from the frequently occurring segmental chromosome alterations such as 17q gains and

1p, 3p and 11q deletions, the discoveries of rare focal genomic imbalances targeting anaplastic

lymphoma kinase (ALK) provided new insights into the pathogenesis of advanced

neuroblastoma. ALK was originally identified as a fusion kinase in a subtype of non-Hodgkin's

lymphoma (NPM-ALK) and more recently in adenocarcinoma of the lung (EML4-ALK). It is a
2
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frequent target of genetic alteration in advanced neuroblastoma. Downregulation of ALK
through RNA interference suppresses proliferation of neuroblastoma cells harbouring mutated
ALK (Chen et al., 2008). Preclinical data support an oncogene addiction of neuroblastoma cells
to mutated ALK and demonstrate that ALK inhibitory therapy strongly combats tumour models.
Most recently, pediatric phase I testing has been completed for the first approved ALK inhibitor,
Crizotinib, showing encouraging antitumoural results in neuroblastoma patient (Schulte et al.,

2013).

1.1.2.1 MYCN-amplification in neuroblastoma

Amplified MYCN in neuroblastomas is a typical example of a proto-oncogene amplification. The
amplification is present as either a homogeneously stained region or double minutes (Schwab et
al., 1983). Double minutes means an extrachromosomal amplification of MYCN and
homogeneously stained regions are located on different chromosomes, but not on 2p24 its
resident site. Amplification ranges from 50 to 100 folds are generally observed in tumour, but
the amplification of MYCN in neuroblastoma can range from 10 to 500 folds (Schwab et al.,
2003).

There are no mutations found in MYCN coding sequence (Stanton et al., 1986). The
tumourigenesis is probably initiated by increased expression of the wild-type protein by the
amplification. Enhanced expression of wild-type N-Myc is able to transform cells experimentally

(Schweigerer et al., 1990).

The proportion of tumours with amplified MYCN is about 20-30%, with variations between
different studies. Amplified MYCN is found in stage 1, 2, 3, 4s, but not significant in stage 4
(Figure 1). In stage 4, MYCN amplification is not an important prognostic marker. In some
studies, a significant difference has also been found in children with stage 4 tumours with a poor

prognosis (Schwab et al., 2003).
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Figure 1: Stage-related overall survival by MYCN amplification in 1706 patients with neuroblastoma
(Schwab et al., 2003).

Stage 1-3 disease (left). Stage 4s disease (middle). Stage 4 disease (right). p=0.01 for all curves.

1.2 N-Mye

1.2.1 N-Myec protein

N-Myc is a member of the Myc protein family, which are best known for their potent oncogenic
activities and association with large numbers of human cancers. Research on Myc family protein
reveals their transcriptional function and oncogenic activities. Myc proteins have broad effects
on transcription, stimulating a large amount of genes contributing in the tumourigenesis (Hurlin,

2005).

MYCN was identified in 1983 in human neuroblastoma as an amplified gene homologous to v-
myc but distinct from c-Myc (Kohl et al., 1983; Schwab et al., 1983). Both c-Myc and N-Myc are
structurally highly homologous. They both heterodimerize with MAX at consensus E-box
sequences (CACGTG) and have conserved regions for DNA-protein and protein-protein

interactions.

N-Myc is distinct from c-Myc. Although a Mycn knock-in can compensate for a c-Myc
knockout, knockout of either c-Myc or Mycn results in embryonic lethality at approximately
E10.5-E11.5 (Charron et al., 1992; Davis et al., 1993; Sawai et al., 1993). Expression of N-Myc
is tissue-specific during early developmental stages, unlike expression of c-Myc, which is more
general. In mouse embryo ranging from 6.5 to 16.5 days of gestation, Mycn, but not c-Myc, is

highly expressed. Once somitogenesis and neurulation have commenced, the MYCN gene

4
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becomes increasingly restricted in its distribution of expression. Although c-Myc transcripts are
present in many tissues at low levels, they are notably reduced or absent in neuroepithelium. A
tissue like central nervous system (CNS) undergoing considerable proliferation retains high
levels of MYCN mRNA. MYCN transcript levels are highest in the CNS, cranial and spinal
ganglia in the peripheral nervous system (PNS) and heart. In the developing brain, there is a
notable absence of N-Myc expression in the roof plate neuroepithelium overlying the
mesencephalon. MYCN transcripts are also found in several epithelial cell types during
embryogenesis including developing gut, kidney and lung. The forming gut comprises two cell
types of endodermal origin: epithelial cells lining the inner lumen of the intestine and the
surrounding mesenchyme. MYCN transcripts are found in the inner cells corresponding to the
lumen whereas c-Myc transcripts are present in the surrounding mesenchyme. MYCN transcripts
are also present in the luminal cells of branching lung epithelium that later form bronchioles
whereas c-Myc transcripts are confined to the surrounding connective mesenchymal cells

(Stanton et al., 1992).

MYCN is highly expressed in immature cells of newborn mice and reduced in differentiated adult
tissues, which is consistent with the finding that differentiation of neuroblastoma cells is
associated with reduced MYCN expression (Matsumoto et al., 1989; Cinatl et al., 1993). A
decrease in MYCN expression precedes the retinoic acid (RA)-induced morphological
differentiation in human neuroblastoma. Retinoic acid can inhibit neuroblastoma cell growth and
clonability and induce extensive neurite outgrowth. They found a decreased level of MYCN
expression within 6 hours of RA treatment which proceeded both cell cycle arrest and
morphological differentiation (Thiele et al., 1985). N-Myc can directly block differentiation
pathways and maintain pluripotency (Wakamatsu et al., 1997; Kang et al., 2006). Mice with
conditional deletion of MYCN in neural progenitor cells show decreased brain size and a
substantial increase in neuronal differentiation compared to control mice. The reason is that
cyclin-dependent kinase inhibitor p27, which plays a role in differentiation and is normally
degraded by E3 ubiquitin ligase SKP2, a N-Myc transcriptional target, is increased in MYCN null

neural progenitor cells (Casaccia-Bonnefil et al., 1997; Gomez-Casares et al., 2013).

N-Myc and c-Myc have roles in maintaining pluripotency, which were proved in a study of
medulloblastoma (Nakagawa et al., 2010; Varlakhanova et al., 2010). When MYCN or c-Myc
were misexpressed in cerebellar granule neural precursors (GNPs) dependent on SHH signalling
for survival, N-Myc promotes an expected SHH-driven malignancy, whereas c-Myc transforms

these cells to a SHH-independent lineage (Kawauchi et al., 2012; Pei et al., 2012; Roussel and



Introduction

Robinson, 2013). These data show that N-Myc can transform cells in a committed lineage while
c-Myc enable to reprogram to a distinct lineage. Additionally, c-Myc can drive cancer stem cell
functionality and enable reprogramming down a distinct lineage. It is likely that N-Myc has this
function as well. Swartling et al showed that co-expression of SOX9 with MYCN in cerebellar
stem and progenitor cells could drive self-renewal, whereas neither SOX9 nor MYCN could drive

self-renewal individually (Swartling et al., 2012).

1.2.2 N-Myec in neuroblastoma

1.2.2.1 Proliferation and cell cycle

Promoting proliferation and cell cycle progression are the best characterized tumourigenic effect
of N-Myc. Myc proteins have been implicated in progression through G1 to S-phase of the cell
cycle by cooperating with RAS to induce Cyclin D/CDK4 or Cyclin E/CDK2 complexes that
phosphorylate and inactivate Rb proteins, activating E2F transcription factors to induce S-phase
(Farrell and Sears, 2014). RAS signalling stabilizes Myc proteins by activating AKT, which
phosphorylates and blocks glycogen synthase kinase 3B (GSK-38)-mediated degradation of Myc
protein. This can further lead to cell cycle progression. Therefore, Yaari et al reported that
blockade of RAS signalling can induce growth arrest in MYCN-amplified neuroblastoma cells
(Yaari et al., 2005). mTOR signals, downstream of the RAS/PI3K/AKT pathway, have essential
functions in translational control, impacting metabolism, proliferation and tumourigenesis.
Allosteric blockade of mTOR with rapamycin or CCI-779 displayed a more pronounced
antiproliferative effect in MYCN-amplified than in MYCN-nonamplified neuroblastoma tumours.
Additionally, allosteric mTOR inhibitors also suppressed expression of Cyclin D1 (Johnsen et
al., 2008).

Specifically, MYCN-amplified neuroblastoma cells show an inability to arrest in G1 in response
to irradiation and DNA damage, possibly via down-regulation of p53 induced nuclear protein 1
(TP53INP1) and up-regulation of both CDK4 and SKP2, allowing CDK2 to escape p2l
inhibition (Tweddle et al., 2001; Bell et al., 2007; Ma et al., 2010; Muth et al., 2010; Gogolin et
al., 2013).

Furthermore, N-Myc upregulation of checkpoint kinase 1 (CHKI1) which is an important
regulator of S-phase and G2/M checkpoints, has been suggested as a mechanism through which

MYCN-amplified neuroblastoma becomes refractory to standard chemotherapy (Cole et al.,
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2011). Inhibition of CHKI1 promoted chemosensitization in various types of tumour cells

(Blasina et al., 2008; Zhang et al., 2009).

Generally, N-Myc directly represses expression of anti-proliferative proteins and stimulates
genes that drive proliferation. N-Myc represses Dickkopf-1, which disrupts the WNT/B-catenin
signalling pathway (Koppen et al., 2007), CDKLS5 which arrests cells between GO/G1 phase
(Valli et al.,, 2012). Additionally, minichromosome maintenance (MCM) gene is also a
downstream target of N-Myc, which is responsible for DNA elongation and unwinding during

the replication process (Koppen et al., 2007).

1.2.2.2 Apoptosis

N-Myc activates both proliferation and apoptosis (Evan et al., 1992). Loss of caspase-8 function
in neuroblastoma has been thought to be a mechanism of apoptosis evasion in MYCN-amplified
neuroblastoma (Teitz et al., 2000; Gonzalez-Gomez et al., 2003; Iolascon et al., 2003). Multiple
groups have reported methylation of the promoter of caspase-8 (Casciano et al., 2004; Banelli et
al., 2005; Lazcoz et al., 2006), although Fulda et al did not find correlation between caspase-8
expression and risk in neuroblastoma (Fulda et al., 2006). Loss of caspase-8 promotes resistance

to tumour necrosis factor-related ligand-induced apoptosis (Eggert et al., 2001).

Additionally, MYCN-amplified neuroblastoma could survive via constitutive activation of
prosurvival signalling cascades, such as tropomyosin receptor kinase B (TRKB). TRKB
expression levels are low in MYCN-nonamplified neuroblastoma but high in MYCN-amplified
neuroblastoma (Nakagawara et al., 1994). Activation of TRKB is implicated in resistance to
chemotherapy and can up-regulate MYCN mRNA (Ho et al., 2002; Dewitt et al., 2014).
However, N-Myc appears to down-regulate tropomyosin receptor kinase A (TRKA) which is
normally found in low-risk neuroblastoma, recruiting HDACI to the TRKA promoter to induce a

repressed chromatin state (Iraci et al., 2011).

Moreover, N-Myc induces p53-dependent apoptosis (Elson et al., 1995; Chesler et al., 2008).
p53 mutations are not often found in neuroblastoma suggesting that N-Myc perhaps cooperates
with a p53 suppressor like MDM2. Contrastly, p5S3 mutations or mutations in p53-dependent
apoptosis pathway occur commonly in neuroblastoma at relapse which is consistent with the
opinion that these mutations driving therapy-resistant disease and probably arise in response to

cytotoxic chemotherapy (Slack et al., 2005).
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MDM?2 is an E3 ubiquitin ligase that targets p53 and also stabilizes the MYCN mRNA by
binding to the 3’UTR of MYCN (Gu et al., 2012). N-Myc can promote transcription of MDM?2
and p53 (Figure 2), which presents conflicting sensitivities to chemotherapy in MYCN-amplified
neuroblastoma. Usually, MYCN-amplified neuroblastomas respond initially to chemotherapy and
pS3 apoptosis is induced. Then, these tumours relapse and become resistant through

chemotherapy-induced p53 mutations (Slack et al., 2005; Chen et al., 2010).
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Figure 2: Amplified MYCN marks chemoresistance in patients with neuroblastoma (Huang and Weiss, 2013).

(A, B) Amplified MYCN results in elevated transcription of MDM2 and p53. High levels of p53 sensitize tumours to
apoptosis.

(C) Patients initially respond to chemotherapy as p53 triggers apoptosis.

(D) At relapse, tumours show mutation in p53 or p53 pathways, resulting in therapy resistance.
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1.2.2.3 Self-renewal and pluripotency

Neuroblastoma is thought to arise from neural crest cells, which possess the characteristics of
self-renewal and multipotency. N-Myc is likely involved in the regulation of both traits, as N-
Myc can substitute for c-Myc in reprogramming fibroblasts into induced pluripotent stem cells
(iPS) cells. Both c-Myc and N-Myc promote a stem-like state, likely because of blockade of
differentiation pathways and expression of self-renewal and pluripotency factors (Nakagawa et

al., 2010).

Upregulation of endodermal and mesodermal markers of differentiation such as BMP4, GATAG®6,
as well as activators of lymphocytic differentiation such as STAT1, EFR1, ELK3 were found in
c-Myc and Mycn deleted mouse ESCs suggesting that Myc proteins repress differentiation
pathways. Additionally, N-Myc up-regulates expression of the polycomb and self-renewal
protein BMII in neuroblastoma by directly binding to the E-Box sites within the promoter of
BMII (Ochiai et al., 2010; Varlakhanova et al., 2010; Huang et al., 2011). Furthermore, N-Myc
mediated expression of DLL3, a Notchl ligand, has been described as a mechanism to maintain
neural stem cell fate (Zhao et al., 2009). Lastly, the finding that MYCN-amplified neuroblastoma
cell lines tend to undergo symmetric cell division whereas MYCN-nonamplified lines
preferentially divided asymmetrically is a further support for N-Myc promoting self-renewal

(Izumi and Kaneko, 2012).

N-Myc also up-regulates the pluripotency genes KLF2, KLF4 and LIN28B. Conversely, c-Myc
and Mycn knock-out mESCs also lost expression of the pluripotency marker SSEA-1, although
other markers like NANOG, OCT4 and REX-1 were not affected significantly (Varlakhanova et
al., 2010).

1.2.2.4 Metastasis

Metastasis occurs in about 50% of neuroblastoma patients at diagnosis (Maris et al., 2007) with
frequent spread to bone marrow (70%), bone (55%), lymph nodes (30%), liver (30%) and brain
(18%) (DuBois et al., 1999). MYCN level correlates with invasive and metastatic behavior. N-
Myc contributes to all aspects of metastasis: adhesion, motility, invasion and degradation of

surrounding matrices (Zaizen et al., 1993; Benard, 1995; Goodman et al., 1997).

As mentioned above, caspase-8 has been associated mostly with promoting apoptosis, caspase-8
has also a paradoxical role in both promoting and inhibiting metastasis in neuroblastoma
depending on cellular context. It has been observed that incidence of spontaneous metastasis is

9
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significantly higher in primary neuroblastoma tumours without caspase-8. NB7 neuroblastoma
cell lines with ectopic expression of caspase-8 eventually lost expression of caspase-8 at site of
dissemination (Stupack et al., 2006). The lack of caspase-8 triggered integrin-mediated death, a
mechanism of apoptosis in cells that have detached from the extracellular matrix and unligated
their integrins (Stupack et al., 2001). In the TH-MYCN mouse model of neuroblastoma, deletion
of caspase-8 did not affect apoptosis, but instead, increased significantly the incidence of
metastasis specifically to the bone marrow, possibly caused by upregulation of genes involved in
epithelia-mesenchymal-transition (EMT), decreased cell adhesion and increased fibrosis (Teitz et

al., 2013).

Additionally, N-Myc-directed downregulation of integrins a1 and 81 promotes detachment from
the extracellular matrix and allow cells to migrate and invade (van Golen et al., 2003; Tanaka
and Fukuzawa, 2008). The miR-9 directly targets and suppresses E-cadherin mRNA leading to
increased cell motility and invasiveness. Expression of miR-9 is activated by c-Myc and N-Myc,
both of which directly bind to the miR-9-3 locus. In human cancer, miR-9 levels correlate with

MYCN amplification, tumour grade and metastatic status (Ma et al., 2010).

1.2.3 Targeting N-Myc in neuroblastoma

A targeted molecular approach to therapy for the treatment of specific cancers has been widely
used (Traxler et al., 2001). However, the pharmacologic inactivation of N-Myc must be achieved
in the presence of a background of high-level overexpression associated with gene amplification.
Therefore, the ability to target MYCN with antisense (AS) oligonucleotides in vitro and in vivo
was examined by Brukhart et al. They found that IMR-32 cells treated with AS oligonucleotides
displayed reduced MYCN protein and cell proliferation relative to controls; transgenic mice
treated with AS oligonucleotides had lower tumour incidence compared to control mice
(Burkhart et al., 2003). Although antisense inhibition of MYCN expression in vitro was shown to
decrease neuroblastoma proliferation and promote neuronal differentiation, major clinical
limitation of conventional antisense oligonucleotides is that they are rapidly degraded by

nucleases (Negroni et al., 1991).

However, the development of inhibitors targeting N-Myc is very challenging, as N-Myc protein
is a basic helix-loop-helix zipper protein without obvious surfaces for small molecule binding.
There are four suggestions for direct or indirect targeting N-Myc reviewed in Weiss and Huang

(Huang and Weiss, 2013).
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First, epigenetic regulatory proteins like acetyl-lysine binding motif bromodomains, which
activate N-Myc could be targeted. Acetylation marks are placed in the regions of active
transcription facilitated by histone acetyltransferases. The recognition of acetylation marks is
mediated by bromodomains, e.g BRD2-4 which are the members of bromodomain and
extraterminal subfamily (BET). BRD 2-4 mediate the interactions with chromatin-remodeling
complex SWI/SNF and pTEFb (Puissant et al., 2013; Sabo and Amati, 2014). N-Myc recruits
pTEFb to release RNA polymerase Il promoting transcription. BRD2-4 inhibitor JQ1 was shown
to block Myc targets and a Myc-dependent malignancy (Delmore et al., 2011). JQ1 also
suppresses the growth of MYCN-amplified neuroblastoma. Mice treated with JQ1 show a
significant increase in survival rate. The treated tumours showed increased apoptosis and
decreased proliferation. N-Myc can silence tumour suppressor genes by elevating expression of
HDAC, suggesting a possible therapeutic option of HDAC inhibitors. Using HDAC inhibitors in
TH-MYCN model of neuroblastoma has obtained promising results in several preclinical studies

(Delmore et al., 2011; Puissant et al., 2013).

Second, N-Myc is degraded by the proteasome after a series of sequential phosphorylation
events, so targeting regulators of protein stability is also an option. Initially, N-Myc is
phosphorylated at S62 by CDK1 (Sjostrom et al., 2005). Then, N-Myc is phosphorylated at T58
via GSK-38 (Pulverer et al., 1994), and dephosphorylation of S62 via PP2A a phosphatase
sensitizes T58 phosphorylated N-Myc to bind FBW7 resulting in ubiquitination and proteasomal
degradation (Sears et al., 2000; Welcker et al., 2004; Yada et al., 2004). PI3K drives an
inhibitory phosphorylation on GSK-38, thereby, inhibition of PIK3 could indirectly promote the
N-Myc phosphorylation (Figure 3) (Gustafson and Weiss, 2010). Aurora A from a shRNA
screen of genes highly expressed in MYCN-amplified tumours was proved important for N-Myc
stabilization. Aurora A binds to N-Myc and prevents FBW7-mediated proteasomal degradation
of N-Myc. Aurora A has a ligand binding sites for small molecule inhibitors, so targeting Aurora
A became a strategy to treat MYCN-amplified tumours. However, the ability of Aurora A to
stabilize N-Myc has been shown to be independent of kinase activity (Otto et al., 2009).
Brockmann et al showed that two Aurora A inhibitors, MLN8054 and MLN8237 (currently in
phase 2 clinical evaluations for childhood neuroblastoma), disrupt the Aurora A/N-Myc complex
and promote degradation of N-Myc mediated by the FBW7 ubiquitin ligase. Disruption of
Aurora A/N-Myc complex inhibits N-Myc-dependent transcription, correlating with tumour
regression and prolonged survival in a mouse model of MYCN-driven neuroblastoma. Aurora A
forms a complex with N-Myc and leads to N-Myc stabilization so that N-Myc does not get
phosphorylated by Cyclin B/CDK1 and degraded during mitosis suggesting a stabilizing activity
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of Aurora A recruitment. Both inhibitors are allosteric drugs, disrupt the Aurora A/N-Myc
complex and inhibit the kinase activity of Aurora A to promote entry into mitosis (Brockmann et

al., 2013).

Translation

Apoptosns ‘
MYCN degradation

¥ \ ------------uo-u.o.--...:
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‘B 7| MYCN-mediated |
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Figure 3: Therapeutic strategies to target MYCN in neuroblastoma. Possible strategies to treat MYCN-
amplified neuroblastoma patients include (Huang and Weiss, 2013).

(A) blocking MYCN-dependent transcription with BET-bromodomain inhibitors,
(B) inhibiting HDAC:s,
(C) antagonizing proteins involved in stabilizing MYCN protein,

(D) suppressing MDM2 (which stabilizes MYCN mRNA and disrupts p53-mediated apoptosis), and (E) inducing
differentiation.

Third, targeting p53-dependent apoptosis is also an option for therapy. Inhibition of MDM?2 is
supposed to have two effects on MYCN-amplified neuroblastoma. First, MYCN mRNA is
destabilized via MDM2 silencing because MDM?2 binding to 3’UTR of MYCN could stabilize
MYCN mRNA (Gu et al., 2012). Second, p53 is increased with decreased MDM2 level, which
increases the possibility of p53-dependent apoptosis.

Fourth, neuroblastoma is originated from immature neural crest cells, so they are less

differentiated and more proliferative. Triggering differentiation in these cells could reduce
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proliferation and increase apoptosis. So targeting differentiation is also an option for therapy

(Huang and Weiss, 2013).

1.3 Synthetic lethality

1.3.1 The concept of synthetic lethality

The development of safe and effective anticancer drugs is still a challenge. Most of the
chemotherapeutic agents used today have low therapeutic indices and narrow therapeutic
windows. Most anticancer drugs in use were discovered based on their ability to kill rapidly
dividing cancer cells in vitro. Many of these drugs also injure rapidly dividing normal cells, such
as bone-marrow haematopoietic precursors and gastrointestinal mucosal epithelial cells.
Additionally, many of these drugs are toxic to normal cells that are not rapidly dividing, e.g.
doxorubicin (toxic to the heart), bleomycin (toxic to the lung) and cytarabine (toxic to the
cerebellum) (Kaelin, 2005). So the dose-settings of these drugs become quite important and
difficult to avoid organ damage. Altogether, it is imperative to develop anticancer drugs that can
kill cancer cells at clinically achievable concentrations with therapeutic indices that are higher
than those of classic cytotoxic agents. There are two ways to design new anticancer drug. The
first is to find drug targets that are essential for the viability of cancer cells but not present in
normal cells. The second is to achieve enhanced cancer-cell selectivity. This implies the
requirement for a particular target, which is enhanced in the context of cancer cells compared to
normal cells. The requirement for a particular target might be increased because of changes that

are significant to the cancer cell, e.g. genetic changes (Kaelin, 2005).

Therefore, a conceptual framework for the development of cancer-specific cytotoxic agents
mentioned above is provided by synthetic lethality (Hartwell et al., 1997; Friend and Oliff, 1998;
Kaelin, 1999). Two genes A and B are synthetic lethal if mutation of either gene alone is
compatible with viability while the simultaneous mutation of both genes causes death (Figure 4)
(Guarente, 1993; Friend and Oliff, 1998; Hartman et al., 2001; Kamb, 2003). This means that
simultaneous mutations of two genes impair cellular fitness more than mutation of either gene
alone. Gene A4 can buffer the consequence of defects in gene B and vice-versa, whereas this
buffering effect is lost when both genes are mutated (Hartman et al., 2001; Kamb, 2003; Sharom

et al., 2004). Loss-of-function alleles are most commonly described by synthetic lethal
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interactions, but gain-of-function alleles can also be involved. The concept of synthetic lethality
is a good approach to choose anticancer drug targets. For example, the protein product of a gene
synthetic lethal to known cancer-causing mutations, which is druggable, could be potentially an
excellent target for anticancer therapy. Many cancer-related mutations carry a loss of function,
so it is quite unclear how to pharmacologically approach these cancer cells containing mutation
of tumour suppressor genes. Therefore, targeting a protein that is synthetic lethal to such loss-of-
function protein is quite efficient. Moreover, the selectivity of drug by inhibiting protein, which
is important for cellular homeostasis is quite difficult to achieve. If 4 and B are synthetic lethal,
inhibition of B should selectively kill cancer cells with 4 mutation. Ideally, inhibition of B
should have no effect on normal cells while even partial inhibition of B in cancer would cause
death because of mutant 4. In the cancer cell context, a mutation may increase the dependency of
B for cell fitness so that keeping B activity below a certain threshold selectively impairs cells

with A mutation (Kaelin, 2005).

Gene A Gene B
A B Viable
a B Viable
A b Viable
a b Lethal

Figure 4: The concept of synthetic lethality

Two genes 4 and B are synthetic lethal if mutation of either gene alone is compatible with viability but simultaneous
mutation of both genes causes death.

1.3.2 Myc synthetic lethal genes

In 2004 Wang et al showed that the agonists of the TRAIL death receptor DR5 potently induce
apoptosis in human cells overexpressing the Myc oncogene, both in vifro and as tumour

xenografts in vivo. Myc sensitizes cells to DRS in a p53-independent manner by up-regulating
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DRS5 cell surface levels and stimulating autocatalytic processing of procaspase-8. These results
identify a mechanism by which Myc sensitizes cells to apoptosis and validate DRS agonists as

potential Myc-selective cancer therapeutics (Wang et al., 2004).

In 2005 Rottmann et al published that they identified glycogen synthase kinase 3B (GSK38) by
screening a kinase-directed library of small inhibitory RNAs whose inactivation potentiates
TNF-related apoptosis-inducing ligand (TRAIL) death receptor-mediated apoptosis specifically
in Myc-overexpressing cells. Knockdown of GSK38 prevents phosphorylation of Myc on T58,
thereby inhibiting recognition of Myc by the E3 ubiquitin ligase FBW7. Attenuating the GSK38-
FBW7 axis results in stabilization of Myc, upregulation of surface levels of TNF-related
apoptosis-inducing ligand death receptor 5 (DRS), the potentiation of DRS induced apoptosis in
vitro and in vivo. These results identify GSK38 and FBW?7 as potential cancer therapeutic targets
and Myc as a critical substrate in the GSK3B survival-signalling pathway (Rottmann et al.,

2005).

Molenaar et al detected in 2009 a synthetic lethal relationship between CDK2 inhibition and N-
Myc indicating CDK2 inhibitors as potential MYCN-selective cancer therapeutics. They found
after CDK2 silencing MYCN-induced apoptosis was accompanied by nuclear stabilization of

p53. Silencing of p53 rescued the cells from Myc-driven apoptosis (Molenaar et al., 2009).

In the following year Yang et al reported that a circumscribed exposure to the aurora kinase
inhibitor VX-680 selectively killed cells overexpressing Myc. This synthetic lethal interaction
results from inhibition of Aurora B kinase, with consequent disabling the chromosomal
passenger protein complex (CPPC) and ensuing DNA replication in the absence of cell division,
executed by sequential apoptosis and autophagy, not reliant on the tumour suppressor p53 (Yang

etal., 2010).

In 2012 Liu et al published that oncogenic levels of Myc established a dependence on AMPK-
related kinase 5 (ARKS) for maintaining metabolic homeostasis and for cell survival. ARKS is
an upstream regulator of AMPK and limits protein synthesis via inhibition of the mammalian
target of rapamycin (mTORCI1) signalling pathway. ARKS also maintains expression of
mitochondrial respiratory chain complexes and respiratory capacity, which is required for
efficient glutamine metabolism. Inhibition of ARKS leads to a collapse of cellular ATP levels in
cells expressing deregulated Myc, inducing multiple pro-apoptotic responses as a secondary
consequence. Depletion of ARKS prolongs survival in Myc-driven mouse models of
hepatocellular carcinoma demonstrating that targeting cellular energy homeostasis is a valid

therapeutic strategy to eliminate tumour cells with deregulated Myc (Liu et al., 2012).
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Also in 2012 Kessler et al identified a SAE1/2 mediated SUMOylation pathway supporting the
Myc oncogenic program via a genome-wide RNA interference screen to search for Myc
synthetic lethal genes. They uncovered a role for SUMO-activating enzyme SAE1/2. Loss of
SAE1/2 enzymatic activity drives synthetic lethality with Myc. Inactivation of SAE2 leads to
mitotic catastrophe and cell death upon Myc hyperactivation. Mechanistically, SAE2 inhibition
switches a transcriptional subprogram of Myc from being activated to repressed. A subset of
these SUMOylation-dependent Myc switches is required for mitotic spindle function and support
the Myc oncogenic program. They also showed that SAE2 was required for growth of Myc-
dependent tumours in mice. Gene expression analysis of Myc-high human breast cancers
suggests that low SAE1/2 abundance in the tumours correlates with longer metastasis-free

survival of the patients (Kessler et al., 2012).

Targeting CDK1 but not CDK4/6 or CDK2 is selectively lethal to Myc-dependent human breast
cancer cells. Myc-dependent breast cancer cells were not sensitive to CDK4/6 inhibitor
PD332991. Cell cycle arrest induced by Myc knockdown was accompanied by a decrease in
CDK2 activity, but inactivation of CDK2 did not selectively affect the viability of Myc-
dependent breast cancer cells. Contrastly, CDK1 inactivation significantly induced apoptosis and
reduced viability of Myc-dependent cells but not of Myc-independent cells. This selective
induction of apoptosis by CDK1 inhibitors was associated with upregulation of the pro-apoptotic

molecule BIM and p53-independent (Kang et al., 2014).

Romero et al reported in small cell lung cancers (SCLC) a tumour specific inactivation of MAX
disrupted Myc-SWI/SNF programs and was synthetic lethal with BRG1. MAX inactivation is
mutually exclusive with alterations of Myc and BRGI. BRGI codes for an ATPase of
switch/sucrose nonfermentable (SWI/SNF) complex. They demonstrated that BRG1 regulated
the expression of MAX through direct recruitment to the MAX promoter, and that depletion of
BRG1 strongly hindered cell growth, specifically in MAX-deficient cells, leading to a synthetic

lethal interaction (Romero et al., 2014).

1.3.3 Synthetic lethality in the clinic

The only clinical application of synthetic lethality so far is the use of poly (ADP-ribose)
polymerase (PARP) inhibitors in patients with mammary tumours carrying a BRCA1 or BRCA2
mutation (Farmer et al., 2005). PARP is involved in base excision repair (BER), which is
responsible for the repair of breaks that frequently occur in single strand DNA. PARP can detect
single strand breaks, catalyze the formation of poly (ADP-ribose) polymers and recruit a number
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of substrates for DNA repair. If PARP activity is inhibited, single-strand DNA breaks are not
repaired and these single-strand DNA breaks lead to replication forks stalling or collapse. In
normal cells, the consequence of PARP inhibition can be compensated by homologous
recombination which repairs the resultant double-strand breaks. Homologous recombination
needs functional BRCA1 and BRCA2. In patient with BRCA1 and BRCA2 mutation, this kind
of homologous recombination can not occur to compensate the effect of PARP inhibition which

leads to tumour cell deaths and spares the normal cells (Rehman et al., 2010).
1.4 Objectives of the thesis

Expression of MYCN gene is deregulated in several human neuroendocrine tumours. In
neuroblastoma, amplification of the MYCN gene predicts poor prognosis and resistance to
therapy. The inability to target the N-Myc protein directly necessitates the search for alternative

targets.

This project aims at identifying genes, which are specifically required for growth and survival of
cells that express high levels of N-Myc using high-throughput genome-wide shRNA screening
combined with next generation sequencing. The identification and analysis of these genes will
shed light on functional interaction partners of N-Myc and uncover mechanism of synthetic

lethal interaction with N-Myc.
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2 Materials

2.1 Strains and cell lines

2.1.1 Human cell lines

HEK293T

Human embryonic kidney cell line (ATCC)

SHEP

MYCN-nonamplified human neuroblastoma cell line, original from bone marrow, provided by

Manfred Schwab

SKN-AS

MYCN-nonamplified human neuroblastoma cell line, original from bone marrow, provided by

Manfred Schwab

NB69

MYCN-nonamplified human neuroblastoma cell line, original from lung liver sternum, provided

by Angelika Eggert

IMRS5

MYCN-amplified human neuroblastoma cell line, provided by Angelika Eggert

IMR32
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MYCN-amplified human neuroblastoma cell line, original from abdomen, provided by Manfred

Schwab

SMS-KCN

MYCN-amplified human neuroblastoma cell line, original from adrenal, provided by Angelika

Eggert

Kelly

MYCN-amplified human neuroblastoma cell line

SHEP-N-MycER

SHEP cell line stably expresses MycER with neomycin resistance, stably expresses murine

ecotrophic receptor with hygromycin resistance.
2.1.2 Bacterial strains

XL1 blue

Escherichia coli, recAl, endAl, gyrA96, thi-1, hsdR17 supE44, relAl, lac [F'proAB
laclqZ M15Tn10 (Tetr)]; for generation and amplification of plasmids

2.2 Cultivation media and supplements

2.2.1 Media for mammalian cell culture

Basal medium DMEM containing L-glutamine (584 mg/ml) was purchased by Sigma.

Fetal bovine serum (FBS; from PAA) was heat-inactivated for 30 min at 56 °C before use.

19



Materials

Basal medium

DMEM 10% (v/v) FBS 1% (v/v) penicillin/ streptomycin (100,000 U/ml; from PAA)

Freezing medium

90% (v/v) FBS 10% (v/v) DMSO

2.2.2 Antibiotics for mammalian cell culture

For selection of transfected or infected cells they were treated with the antibiotics given below.

A resistance to neomycine was selected with G418, a bleomycine resistance with zeocine.

Blasticidin S (InvivoGen) 5-10 mg/ml
G418 (PAA) 800 mg/ml
Puromycin (InvivoGen) 2 mg/ml
Hygromycin (Merck) 100 mg/ml
Zeocin (InvivoGen) 50-500 mg/ml

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
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1.2% (w/v) Bacto-Agar autoclaved, cooled down to 50 °C before adding ampicillin, 20 ml
poured into 10 cm dishes, antibiotics depending on the resistance marker on the corresponding

DNA plasmid, the following antibiotics were added to the LB-medium or LB-agar:
Ampicillin 100 mg/ml
Kanamycin 100 mg/ml

Chloramphenicol 25 mg/ml

2.3 Nucleic acids

2.3.1 Primers
DNA-primers were synthesized either by Sigma (f, fw, for = forward; r, rv, rev = reverse).

Primers for quantitative QRT-PCR were designed with the Universal Probe Library by Roche

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

Table 1: List of Primers

Name Amplication | Sequence 5'-3'

CGCACCGGTATGTCGAATCTGAGCAAA

Mncul3 age f cloning
- GGCAC

CGCACTAGTTTATGCTACATATGTGTAT

Mncul3 spe r cloning
ACTTTGCGATCCTC

CGCACTAGTATTCTTGTCGTCATCGTCC
TTGTAATCGATGTCATGATCTTTATAAT
CACCGTCATGGTCTTTGTAGTCTGCTAC
ATATGTGTATACTTTGCGATCCTC

Mncul3 3xFLAG spe r | cloning

CGCACTAGTATTCTTCTCGAACTGTGGA
Mncul3_strepll spe r cloning TGTGACCATGCTACATATGTGTATACTT

CGCACTAGTATTCTTCTCGAACTGTGGA
Mncul3_strepll spe r cloning TGFGACCATGCTACATATGTGTATACTT
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CGCACCGGTATGAGCATTTGGGACCTTC

xj mec3 _age AN30f cloning
TGAAAAATGC
. . CGCACCGGTATGGTACGGTATGGGTGTA
xj_mc3 _age ANI150f cloning
TTAGGGATCATC
TCTCAGAGTCATCAGAAACACTTTTATT
Xj_mc3 A24r cloning TGTGACCATTGCCTTATCCAATATTGTTT
CTACTTC
. . ACAAATAAAAGTGTTTCTGATGACTCTG
Xxj_mc3 A24f cloning
AGA
TCTTTCAGGGATATCTGTCTCTTGTTGA
xj_ me3 A roclr cloning
ATAGTGGAGACTTGCAGTATGTGCTT
. . ATTCAACAAGAGACAGATATCCCTGAA
xj me3 A roclf cloning
AGA
) . CGCACTAGTTTATCCTTCAATACGTTTCT
xj mc3 _spe AC20r cloning
TAATAACAACTGGACTT
cul3 seq left sequencing | AAGAATCCTGTTGACTATATCCAGGGC
_ . AGATGCTCATATCCCTAAACATTCCTTC
cul3 seq right sequencing c
cul3 seq right 2 sequencing | TTGATGATCATTCCAAGCTTGATTTAG
) ) TCATTAACATCTGGCAAGCATTTCTTAT
cul3 seq right3 sequencing
TG
pLKO seq primer sequencing | GACTATCATATGCTTACCGT
pGIPZ seq primer sequencing | GCATTAAAGCAGCGTATC
KW _SFFV seq sequencing CTTCTGCTTCCCGAGCTCTA
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KW _SFFV seq

sequencing | CTTCTGCTTCCCGAGCTCTA
for pRRL

2.3.2 Oligos for pLKO cloning

Table 2: List of oligos for pLKO cloning

Name

Sequence 5'-3'

GTP da 1849 f

CCGGTGAAGAATGCTCAGAAGAACTCGAGTTCTTCTGAG
CATTCTTCATTTTTG

GTP da 1849 r

AATTCAAAAATGAAGAATGCTCAGAAGAACTCGAGTTCT
TCTGAGCATTCTTCA

GTP dk 1040 f

CCGGGACTGAGGAAGGTGTTATTACTCGAGTAATAACAC
CTTCCTCAGTCTTTTTG

GTP dk 1040 r

AATTCAAAAAGACTGAGGAAGGTGTTATTACTCGAGTAA
TAACACCTTCCTCAGTC

GTP dk 1375 f

CCGGGCCATAATATAGCTGATTATCTCGAGATAATCAGCT
ATATTATGGCTTTTTG

GTP dk 1375 r

AATTCAAAAAGCCATAATATAGCTGATTATCTCGAGATA
ATCAGCTATATTATGGC

EXO dk 318 f

CCGGGCCCTAGTGAACTGTCAATACTCGAGTATTGACAG
TTCACTAGGGCTTTTTG

EXO dk 318 r

AATTCAAAAAGCCCTAGTGAACTGTCAATACTCGAGTAT
TGACAGTTCACTAGGGC
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CCGGCCACCCATGTCCAGAATAAACTCGAGTTTATTCTGG

EXO dk 857 f
ACATGGGTGGTTTTTG
AATTCAAAAACCACCCATGTCCAGAATAAACTCGAGTTT
EXO dk 857 r
- ATTCTGGACATGGGTGG
CCGGGCCACCCATGTCCAGAATAACTCGAGTTATTCTGG
EXO dk 856 f
- ACATGGGTGGCTTTTTG
AATTCAAAAAGCCACCCATGTCCAGAATAACTCGAGTTA
EXO dk 856 r

TTCTGGACATGGGTGGC

CSE_dk 1339 f

CCGGCAGGAATCTTCTCTGGTTATCTCGAGATAACCAGA
GAAGATTCCTGTTTTTG

CSE_dk 1339 r

AATTCAAAAACAGGAATCTTCTCTGGTTATCTCGAGATAA
CCAGAGAAGATTCCTG

CSE dk 585 f

CCGGCGTACAGCACATTCATTATTCTCGAG
AATAATGAATGTGCTGTACGTTTTTG

CSE dk 585 r

AATTCAAAAACGTACAGCACATTCATTATTCTCGAGAAT
AATGAATGTGCTGTACG

CSE_da_2666_f

CCGGTGGCATAACCAAATTACTACTCGAGTAGTAATTTG
GTTATGCCATTTTTG

CSE_da_2666_r

AATTCAAAAATGGCATAACCAAATTACTACTCGAGTAGT
AATTTGGTTATGCCA

DDX da 491 f

CCGGAGTATAAAGAAGATCCGCTCTCGAGAGCGGATCTT
CTTTATACT TTTTTG

DDX da 491 r

AATTCAAAAAAGTATAAAGAAGATCCGCTCTCGAGAGCG
GATCTTCTTTATACT
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DDX dk 793 f

CCGGCACGAGGACTGGTCCATTATCTCGAGATAATGGAC
CAGTCCTCGTGTTTTTG

DDX dk 793 r

AATTCAAAAACACGAGGACTGGTCCATTATCTCGAGATA
ATGGACCAGTCCTCGTG

DDX dk 1781 f

CCGGGCATACAGGAGGTGCTTAATCTCGAGATTAAGCAC
CTCCTGTATGCTTTTTG

DDX dk 1781 r

AATTCAAAAAGCATACAGGAGGTGCTTAATCTCGAGATT
AAGCACCTCCTGTATGC

CCGGGCCTTACCCGTGTGAGAATACTCGAGTATTCTCACA

RBB dk 158 f
CGGGTAAGGCTTTTTG
AATTCAAAAAGCCTTACCCGTGTGAGAATACTCGAGTAT
RBB dk 158 r
- TCTCACACGGGTAAGGC
RBB ir 1321 f CCGGAAGACTCCTCCTCAAGAAGAATTCTCGAGAATTCTT
ir
- - CTTGAGGAGGAGTCTTTTTTTG
RBB ir 1321 AATTCAAAAAAAGACTCCTCCTCAAGAAGAATTCTCGAG
ir r
- - AATTCTTCTTGAGGAGGAGTCTT
CCGGAAGGAGCAGAAGACATAGACGTTCTCGAGAACGTC
RBB ir 2961 f
TATGTCTTCTGCTCCTTTTTTTG
AATTCAAAAAAAGGAGCAGAAGACATAGACGTTCTCGAG
RBB ir 2961 r

AACGTCTATGTCTTCTGCTCCTT

RPS t1 dk 940 f

CCGGCCAGCACTTGTATTGATTATCTCGAGATAATCAATA
CAAGTGCTGGTTTTTG

RPS t1 dk 940 r

AATTCAAAAACCAGCACTTGTATTGATTATCTCGAGATAA
TCAATACAAGTGCTGG
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RPS t1 dk 941 f

CCGGCAGCACTTGTATTGATTATTCTCGAGAATAATCAAT
ACAAGTGCTGTTTTTG

RPS t1 dk 941 r

AATTCAAAAACAGCACTTGTATTGATTATTCTCGAGAATA
ATCAATACAAGTGCTG

CCGGCTAACAAGCCGCAACGTAAACTCGAGTTTACGTTG

RPS dk 268 f
I CGGCTTGTTAGTTTTTG
AATTCAAAAACTAACAAGCCGCAACGTAAACTCGAGTTT
RPS dk 268 r
I ACGTTGCGGCTTGTTAG
RPS dk 30 f CCGGCGGATGCAAGCGTGCTATATCTCGAGATATAGCAC
- GCTTGCATCCGTTTTTG
RPS dk 30 AATTCAAAAACGGATGCAAGCGTGCTATATATATAGCAC
T
- GCTTGCATCCG
RPS dk 32 £ CCGGGATGCAAGCGTGCTATATAACTCGAGTTATATAGC
- ACGCTTGCATCTTTTTG
RPS dk 32 AATTCAAAAAGATGCAAGCGTGCTATATAACTCGAGTTA
T
- TATAGCACGCTTGCATC
CCGGAAGGTGGCCCTCTTGGATGTGTTCTCGAGAACACA
MCM ir 2351 f

TCCAAGAGGGCCACCTTTTTTTG

MCM ir 2351 r

AATTCAAAAAAAGGTGGCCCTCTTGGATGTGTTCTCGAG
AACACATCCAAGAGGGCCACCTT

MCM dk 2751 f

CCGGGGGAGAGGACAATGACTATTCTCGAGAATAGTCAT
TGTCCTCTCCCTTTTTG

MCM dk 2751 r

AATTCAAAAAGGGAGAGGACAATGACTATTCTCGAGAAT
AGTCATTGTCCTCTCCC
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MCM _dk 2054 f

CCGGGGTCCAGTATGCTTACTTTACTCGAGTAAAGTAAGC
ATACTGGACCTTTTTG

MCM _dk 2054 r

AATTCAAAAAGGTCCAGTATGCTTACTTTACTCGAGTAAA
GTAAGCATACTGGACC

NAE! dk 1148 f

CCGGGGGTAATCATGTTGCCAAATCTCGAGATTTGGCAA
CATGATTACCCTTTTTG

NAE! dk 1148 r

AATTCAAAAAGGGTAATCATGTTGCCAAATCTCGAGATT
TGGCAACATGATTACCC

NAE! dk 199 f

CCGGCAGGAACTGAAATTCTTAAACTCGAGTTTAAGAAT
TTCAGTTCCTGTTTTTG

NAE! dk 199 r

AATTCAAAAACAGGAACTGAAATTCTTAAACTCGAGTTT
AAGAATTTCAGTTCCTG

NAE! dk 1469 f

CCGGCCTTCAGGAATATGGTTTATCTCGAGATAAACCATA
TTCCTGAAGGTTTTTG

NAE! dk 1469 r

AATTCAAAAACCTTCAGGAATATGGTTTATCTCGAGATA
AACCATATTCCTGAAGG

NAE! dk 922 f

CCGGCAAGCAGTATTGAAGATATACTCGAGTATATCTTC
AATACTGCTTGTTTTTG

NAE! dk 922 r

AATTCAAAAACAAGCAGTATTGAAGATATACTCGAGTAT
ATCTTCAATACTGCTTG

CUL5_dk 1205 _f

CCGGGTAAGAGAATCCTATGTTAACTCGAGTTAACATAG
GATTCTCTTACTTTTTG

CUL5_dk 1205 r

AATTCAAAAAGTAAGAGAATCCTATGTTAACTCGAGTTA
ACATAGGATTCTCTTAC
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CUL5 dk 71 f

CCGGGGACAATGCACCTCCCTTAACTCGAGTTAAGGGAG
GTGCATTGTCCTTTTTG

CULS dk 71 r

AATTCAAAAAGGACAATGCACCTCCCTTAACTCGAGTTA
AGGGAGGTGCATTGTCC

CUL5 dk 1360 f

CCGGGAAATATGCAGATGCTAAATCTCGAGATTTAGCAT
CTGCATATTTCTTTTTG

CUL5_dk 1360 r

AATTCAAAAAGAAATATGCAGATGCTAAATCTCGAGATT
TAGCATCTGCATATTTC

CUL5_dk 1606 f

CCGGCTTGGAGGAACATATCATTACTCGAGTAATGATAT
GTTCCTCCAAGTTTTTG

CUL5_dk 1606 r

AATTCAAAAACTTGGAGGAACATATCATTACTCGAGTAA
TGATATGTTCCTCCAAG

CCGGCAAGGAGACTTCTCACAAATCTCGAGATTTGTGAG

CUL3 1694 f
- AAGTCTCCTTGTTTTTG
UL 1604 AATTCAAAAACAAGGAGACTTCTCACAAATCTCGAGATT
r
- TGTGAGAAGTCTCCTTG
CCGGGCCAGATACTATTCTGAATACTCGAGTATTCAGAAT
CUL3 5884 f
AGTATCTGGCTTTTTG
UL S84 AATTCAAAAAGCCAGATACTATTCTGAATACTCGAGTATT
r
- CAGAATAGTATCTGGC
CULs 559 CCGGGCTCTATAGAAATGCATATACTCGAGTATATGCATT
- TCTATAGAGCTTTTTG
AATTCAAAAAGCTCTATAGAAATGCATATACTCGAGTAT
CUL3 552 r

ATGCATTTCTATAGAGC
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CCGGCGGCAAACTCTATTGGATATCTCGAGATATCCAAT

CUL3_868 f
AGAGTTTGCCGTTTTTG
CULS 868 AATTCAAAAACGGCAAACTCTATTGGATATCTCGAGATA
T
- TCCAATAGAGTTTGCCG
CCGGGCAGGACTCCTTTGAGATTTCTCGAGAAATCTCAA
PWP2 1521 f
- AGGAGTCCTGCTTTTTG
wpa 1531 AATTCAAAAAGCAGGACTCCTTTGAGATTTCTCGAGAAA
r
i TCTCAAAGGAGTCCTGC
owpa 101 £ CCGGGCAATAGAGTCACTGTATTTCTCGAGAAATACAGT
- GACTCTATTGCTTTTTG
wha 101 AATTCAAAAAGCAATAGAGTCACTGTATTTCTCGAGAAA
r
i TACAGTGACTCTATTGC
wWpa 031 £ CCGGGGCCAAGTACTTCTTCAATACTCGAGTATTGAAGA
i AGTACTTGGCCTTTTTG
I AATTCAAAAAGGCCAAGTACTTCTTCAATACTCGAGTATT
r
- GAAGAAGTACTTGGCC
CCGGGAAGGAGCTGGACAAGATTACTCGAGTAATCTTGT
PWP2 1863 f
CCAGCTCCTTCTTTTTG
AATTCAAAAAGAAGGAGCTGGACAAGATTACTCGAGTAA
PWP2 1863 r
- TCTTGTCCAGCTCCTTC
CCGGCGATGAGTTTAGTGTGTAAACTCGAGTTTACACACT
KIF11 4840 f
- AAACTCATCGTTTTTG
AATTCAAAAACGATGAGTTTAGTGTGTAAACTCGAGTTT
KIF11 4840 r

ACACACTAAACTCATCG
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CCGGGGATGAAGTCTATCAAATTTCTCGAGAAATTTGAT

KIF11 929 f
AGACTTCATCCTTTTTG
KIF11 92 AATTCAAAAAGGATGAAGTCTATCAAATTTCTCGAGAAA
Tr
- TTTGATAGACTTCATCC
CIFLL 1287 ¢ CCGGCGTACAAGAACATCTATAATCTCGAGATTATAGAT
- GTTCTTGTACGTTTTTG
KIFIT 1287 AATTCAAAAACGTACAAGAACATCTATAATCTCGAGATT
Tr
- ATAGATGTTCTTGTACG
CIFLL 1345 ¢ CCGGCTCTGAGTACATTGGAATATCTCGAGATATTCCAAT
- GTACTCAGAGTTTTTG
AATTCAAAAACTCTGAGTACATTGGAATATCTCGAGATA
KIF11 1345 r

TTCCAATGTACTCAGAG

ALDOA da 804 f

CCGGTGAGTGACCACCACATCTACTCGAGTAGATGTGGT
GGTCACTCATTTTTG

ALDOA da 804 r

AATTCAAAAATGAGTGACCACCACATCTACTCGAGTAGA
TGTGGTGGTCACTCA

ALDOA da 1164 f

CCGGTTGCCTGTCAAGGAAAGTACTCGAGTACTTTCCTTG
ACAGGCAATTTTTG

ALDOA da 1164 r

AATTCAAAAATTGCCTGTCAAGGAAAGTACTCGAGTACT
TTCCTTGACAGGCAA

ALDOA da 995 f

CCGGTCCATCAACCTCAATGCCACTCGAGTGGCATTGAG
GTTGATGGATTTTTG

ALDOA da 995 r

AATTCAAAAATCCATCAACCTCAATGCCACTCGAGTGGC
ATTGAGGTTGATGGA
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PIK3 da 1011 f

CCGGGGTTAAGGGAAATAAACTTCTCGAGAAGTTTATTT
CCCTTAACCTTTTTG

PIK3 da 1011 r

AATTCAAAAAGGTTAAGGGAAATAAACTTCTCGAGAAGT
TTATTTCCCTTAACC

PIK3 da 1408 f

CCGGGAAGAAATGTTGAATCCAACTCGAGTTGGATTCAA
CATTTCTTCTTTTTG

PIK3 da 1408 r

AATTCAAAAAGAAGAAATGTTGAATCCAACTCGAGTTGG
ATTCAACATTTCTTC

PIK3 da 1563 f

CCGGTGATAGTGCTAATGTGTCACTCGAGTGACACATTA
GCACTATCATTTTTG

PIK3 da 1563 r

AATTCAAAAATGATAGTGCTAATGTGTCACTCGAGTGAC
ACATTAGCACTATCA

MCL1 dk 748 f

CCGGGATTATCTCTCGGTACCTTCTCGAGAAGGTACCGAG
AGATAATCTTTTTG

MCL1 dk 748 r

AATTCAAAAAGATTATCTCTCGGTACCTTCTCGAGAAGGT
ACCGAGAGATAATC

MCL1 dk 911 f

CCGGGTTCTTCCATGTAGAGGACCTCGAGGTCCTCTACAT
GGAAGAACTTTTTG

MCL1 dk 911 r

AATTCAAAAAGTTCTTCCATGTAGAGGACCTCGAGGTCCT
CTACATGGAAGAAC

MCL1 dk 222 f

CCGGAAAGAAACGCGGTAATCGGCTCGAGCCGATTACCG
CGTTTCTTTTTTTTG

MCL1 dk 222 r

AATTCAAAAAAAAGAAACGCGGTAATCGGCTCGAGCCGA
TTACCGCGTTTCTTT
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SENP1 1051 f

CCGGCAGGGAAACAGTTTACTATACTCGAGTATAGTAAA
CTGTTTCCCTGTTTTTG

SENP1 1051 r

AATTCAAAAACAGGGAAACAGTTTACTATACTCGAGTAT
AGTAAACTGTTTCCCTG

SENP1 2927 f

CCGGCCTCCAGGACCTTTCCTATTCTCGAGAATAGGAAA
GGTCCTGGAGGTTTTTG

SENP1 2927 r

AATTCAAAAACCTCCAGGACCTTTCCTATTCTCGAGAATA
GGAAAGGTCCTGGAGG

SENP1 3058 _f

CCGGCAAGCAGTCCTTTCCGTAAACTCGAGTTTACGGAA
AGGACTGCTTGTTTTTG

SENP1 3058 r

AATTCAAAAACAAGCAGTCCTTTCCGTAAACTCGAGTTTA
CGGAAAGGACTGCTTG

CDK11A dk 2586 f

CCGGGTAAATTTGTAGAATTAAATCTCGAGATTTAATTCT
ACAAATTTACTTTTTG

CDKI11A dk 2586 r

AATTCAAAAAGTAAATTTGTAGAATTAAATCTCGAGATTT
AATTCTACAAATTTAC

CDKI11A da 306 f

CCGGGTATAGAAGAGAAGACTCACTCGAGTGAGTCTTCT
CTTCTATACTTTTTG

CDKI11A da 306 r

AATTCAAAAAGTATAGAAGAGAAGACTCACTCGAGTGAG
TCTTCTCTTCTATAC

CDK11A da 324 f

CCGGAATGGAAGACAGAGGAGAACTCGAGTTCTCCTCTG
TCTTCCATTTTTTTG

CDK11A da 324 r

AATTCAAAAAAATGGAAGACAGAGGAGAACTCGAGTTCT
CCTCTGTCTTCCATT
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CDKI11A da 520 f

CCGGAGACAGAAGAGAAGGGAAACTCGAGAGACAGAAG
AGAAGGGAAATTTTTG

CDK11A da 520 r

AATTCAAAAAAGACAGAAGAGAAGGGAAACTCGAGAGA
CAGAAGAGAAGGGAAA

USP7 da 1942 f

CCGGTGACATGTACGATGAAGAACTCGAGTTCTTCATCGT
ACATGTCATTTTTG

USP7 da 1942 r

AATTCAAAAATGACATGTACGATGAAGAACTCGAGTTCT
TCATCGTACATGTCA

USP7_da 2099 f

CCGGCGACCAGCAATGTTAGATACTCGAGTATCTAACAT
TGCTGGTCGTTTTTG

USP7_da 2099 r

AATTCAAAAACGACCAGCAATGTTAGATACTCGAGTATC
TAACATTGCTGGTCG

USP7_da_2103_f

CCGGCAGCAATGTTAGATAATGACTCGAGTCATTATCTA
ACATTGCTGTTTTTG

USP7_da_ 2103 r

AATTCAAAAACAGCAATGTTAGATAATGACTCGAGTCAT
TATCTAACATTGCTG

USP7 da 3141 f

CCGGACATAGACAAAGAGAATGACTCGAGTCATTCTCTT
TGTCTATGTTTTTTG

USP7 da 3141 r

AATTCAAAAAACATAGACAAAGAGAATGACTCGAGTCAT
TCTCTTTGTCTATGT

TORIAIP1 2328 f

CCGGCACTAAGTTTCCTGAGTTATCTCGAGATAACTCAGG
AAACTTAGTGTTTTTG

TORIAIP1 2328 r

AATTCAAAAACACTAAGTTTCCTGAGTTATCTCGAGATAA
CTCAGGAAACTTAGTG
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TORIAIP1 2434 f

CCGGCCTATAGGAACATAAGTAATCTCGAGATTACTTAT
GTTCCTATAGGTTTTTG

TORIAIP1 2434 r

AATTCAAAAACCTATAGGAACATAAGTAATCTCGAGATT
ACTTATGTTCCTATAGG

TORIAIP1 2621 f

CCGGGGTGGATTCCGTTGGGATTTCTCGAGAAATCCCAA
CGGAATCCACCTTTTTG

TORIAIP1 2621 r

AATTCAAAAAGGTGGATTCCGTTGGGATTTCTCGAGAAA
TCCCAACGGAATCCACC

TORIAIP1 3479 f

CCGGGTGGTAGTAGAGTGGTTTAACTCGAGTTAAACCAC
TCTACTACCACTTTTTG

TORIAIP1 3479 r

AATTCAAAAAGTGGTAGTAGAGTGGTTTAACTCGAGTTA
AACCACTCTACTACCAC

CCGGCCTCCAGGCCTGTTGCTATACTCGAGTATAGCAACA

PKM2 2400 f
- GGCCTGGAGGTTTTTG
AATTCAAAAACCTCCAGGCCTGTTGCTATACTCGAGTATA
PKM2 2400 r
- GCAACAGGCCTGGAGG
CCGGGCCATCTACCACTTGCAATTCTCGAGAATTGCAAGT
PKM2 1403 f
GGTAGATGGCTTTTTG
AATTCAAAAAGCCATCTACCACTTGCAATTCTCGAGAATT
PKM2 1403 r
- GCAAGTGGTAGATGGC
CCGGCCATCTACCACTTGCAATTACTCGAGTAATTGCAAG
PKM2 1404 f
- TGGTAGATGGTTTTTG
AATTCAAAAACCATCTACCACTTGCAATTACTCGAGTAAT
PKM2 1404 r

TGCAAGTGGTAGATGG
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PKM2 2423 f

CCGGCCTACCTGTATGTCAATAAACTCGAGTTTATTGACA
TACAGGTAGGTTTTTG

PKM2 2423 r

AATTCAAAAACCTACCTGTATGTCAATAAACTCGAGTTTA
TTGACATACAGGTAGG

MYCN dk 1754 f

CCGGCAAACATTGTGTTGACATTACTCGAGTAATGTCAAC
ACAATGTTTGTTTTTG

MYCN dk 1754 r

AATTCAAAAACAAACATTGTGTTGACATTACTCGAGTAA
TGTCAACACAATGTTTG

MYCN dk 2083 f

CCGGGGTGCATAGAACTGGGTAAACTCGAGTTTACCCAG
TTCTATGCACCTTTTTG

MYCN dk 2083 r

AATTCAAAAAGGTGCATAGAACTGGGTAAACTCGAGTTT
ACCCAGTTCTATGCACC

scramble plko f

CCGGAGGCTCGCATGTATACAGACTCGAGTCTGTATACA
TGCGAGCCTTTTTTG

scramble plko r

AATTCAAAAAAGGCTCGCATGTATACAGACTCGAGTCTG
TATACATGCGAGCCT

shRLuc pLKO f

CCGGGTAGCGCGGTGTATTATACCTCGAGGTATAATACA
CCGCGCTACTTTTTG

shRLuc pLKO r

AATTCAAAAAGTAGCGCGGTGTATTATACCTCGAGGTAT
AATACACCGCGCTAC

THOC!1 358 f

CCGGGGATCAGTGTGACACAATATCTCGAGATATTGTGT
CACACTGATCCTTTTTG

THOC!1 358 r

AATTCAAAAAGGATCAGTGTGACACAATATCTCGAGATA
TTGTGTCACACTGATCC

35




Materials

THOC1 1164 f

CCGGCAAAGATGGTAGAGCATATACTCGAGTATATGCTC
TACCATCTTTGTTTTTG

THOC1 1164 r

AATTCAAAAACAAAGATGGTAGAGCATATACTCGAGTAT
ATGCTCTACCATCTTTG

THOC1 1569 f

CCGGCAACCAACCAGCAGTTTAAACTCGAGTTTAAACTG
CTGGTTGGTTGTTTTTG

THOC1 1569 r

AATTCAAAAACAACCAACCAGCAGTTTAAACTCGAGTTT
AAACTGCTGGTTGGTTG

PIK3 ir 612 f

CCGGCTGCCAGGACGTGTTTAGCTCTCGAGAGCTAAACA
CGTCCTGGCAGTTTTTG

PIK3 ir 612 r

AATTCAAAAACTGCCAGGACGTGTTTAGCTCTCGAGAGC
TAAACACGTCCTGGCAG

PIK3 ir 1998 f

CCGGTCGGAGGATAGGGCAGTTTCCTCGAGGAAACTGCC
CTATCCTCCGATTTTTG

PIK3 ir 1998 r

AATTCAAAAATCGGAGGATAGGGCAGTTTCCTCGAGGAA
ACTGCCCTATCCTCCGA

PIK3 ir 2349 f

CCGGGCCTTTGTGGCTGGTATACACTCGAGTGTATACCAG
CCACAAAGGCTTTTTG

PIK3 ir 2349 r

AATTCAAAAAGCCTTTGTGGCTGGTATACACTCGAGTGTA
TACCAGCCACAAAGGC

UBE2M da 729 f

CCGGAGACGTGTGATATCAGCTTCTCGAGAAGCTGATAT
CACACGTCTTTTTTG

UBE2M da 729 r

AATTCAAAAAAGACGTGTGATATCAGCTTCTCGAGAAGC
TGATATCACACGTCT
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UBE2M da 737 f

CCGGGATATCAGCTTCTCAGATCCTCGAGGATCTGAGAA
GCTGATATCTTTTTG

UBE2M da 737 r

AATTCAAAAAGATATCAGCTTCTCAGATCCTCGAGGATCT
GAGAAGCTGATATC

UBE2M da 804 f

CCGGTCTACAAGAGTGGGAAGTTCTCGAGAACTTCCCAC
TCTTGTAGATTTTTG

UBE2M da 804 r

AATTCAAAAATCTACAAGAGTGGGAAGTTCTCGAGAACT
TCCCACTCTTGTAGA

ccnel 1270 f

CCGGCACAGAGACAGCTTGGATTTCTCGAGAAATCCAAG
CTGTCTCTGTGTTTTTG

ccnel 1270 r

AATTCAAAAACACAGAGACAGCTTGGATTTCTCGAGAAA
TCCAAGCTGTCTCTGTG

L1177t CCGG GTTCCATTTGCCATGGTTATCTCGAG
ccne

- - ATAACCATGGCAAATGGAACTTTTTG

L1177 AATTCAAAAA GTTCCATTTGCCATGGTTATCTCGAG
ccne r

- - ATAACCATGGCAAATGGAAC

CCGG CACAGAGACAGCTTGGATTTCTCGAG

ccnel 1099 f

AAATCCAAGCTGTCTCTGTGTTTTTG

ccnel 1099 r

AATTCAAAAA CACAGAGACAGCTTGGATTTCTCGAG
AAATCCAAGCTGTCTCTGTG

ccne2 661 f

CCGG GCTTCAACTCATTGGAATTCTCGAG
AATTCCAATGAGTTGAAGCTTTTTG

ccne2 661 r

AATTCAAAAA GCTTCAACTCATTGGAATTCTCGAG
AATTCCAATGAGTTGAAGC
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5 1003 CCGG CCTCCATTGAAGTGGTTAACTCGAG
ccne
N B TTAACCACTTCAATGGAGGTTTTTG
AATTCAAAAA CCTCCATTGAAGTGGTTAACTCGAG
ccne2 1023 r
- - TTAACCACTTCAATGGAGG
TCEBL 512 f CCGGCCTGTATGCAGTTGAACTATCTCGAGATAGTTCAAC
- TGCATACAGGTTTTTG
TCEBL 512 AATTCAAAAACCTGTATGCAGTTGAACTATCTCGAGATA
r
- GTTCAACTGCATACAGG
TCEBL 161 f CCGGGGCCATGAATTTATTGTAAACTCGAGTTTACAATAA
- ATTCATGGCCTTTTTG
TCEBI 161 AATTCAAAAAGGCCATGAATTTATTGTAAACTCGAGTTTA
r
- CAATAAATTCATGGCC
CCGGCGAACTTCTTAGATTGTTAACTCGAGTTAACAATCT
TCEB1 405 f
- AAGAAGTTCGTTTTTG
AATTCAAAAACGAACTTCTTAGATTGTTAACTCGAGTTAA
TCEBI1 405 r

CAATCTAAGAAGTTCG

nupl153 4098 f

CCGGGCAGGATCCTCCTTTGTATTCTCGAGAATACAAAG
GAGGATCCTGCTTTTTG

nupl53 4098 r

AATTCAAAAAGCAGGATCCTCCTTTGTATTCTCGAGAATA
CAAAGGAGGATCCTGC

nupl53 1759 f

CCGGCTGGCAGTCCCATGTTTAAACTCGAGTTTAAACATG
GGACTGCCAGTTTTTG

nupl53 1759 r

AATTCAAAAACTGGCAGTCCCATGTTTAAACTCGAGTTTA
AACATGGGACTGCCAG
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nupl53 2092 f

CCGGCAACAAGCCCAGTAGTTTATCTCGAGATAAACTAC
TGGGCTTGTTGTTTTTG

nupl53 2092 r

AATTCAAAAACAACAAGCCCAGTAGTTTATCTCGAGATA
AACTACTGGGCTTGTTG

CCGGCTGGTACCTGACAGTGTAAACTCGAGTTTACACTGT

eny2 294 f
CAGGTACCAGTTTTTG

5 204 AATTCAAAAACTGGTACCTGACAGTGTAAACTCGAGTTT
en r

Y ACACTGTCAGGTACCAG

5 155 ¢ CCGGGTTGCTGAGAGCTAAATTAACTCGAGTTAATTTAGC
en

Y- TCTCAGCAACTTTTTG

5 155 AATTCAAAAAGTTGCTGAGAGCTAAATTAACTCGAGTTA
en r

Y ATTTAGCTCTCAGCAAC

5 359 ¢ CCGGCAGCCTTTAAGATTGAATTACTCGAGTAATTCAATC
en

Y TTAAAGGCTGTTTTTG

5 350 AATTCAAAAACAGCCTTTAAGATTGAATTACTCGAGTAA
en r

Y TTCAATCTTAAAGGCTG
1 1989 £ CCGGGTGAGAGAGGATTTATTTAACTCGAGTTAAATAAA
e

B B TCCTCTCTCACTTTTTG
1 1989 AATTCAAAAAGTGAGAGAGGATTTATTTAACTCGAGTTA
e r

- - AATAAATCCTCTCTCAC
1 1987 ¢ CCGGCGGTGAGAGAGGATTTATTTCTCGAGAAATAAATC
e

B B CTCTCTCACCGTTTTTG
1 1987 AATTCAAAAACGGTGAGAGAGGATTTATTTCTCGAGAAA
ell T

TAAATCCTCTCTCACCG
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CCGGCAGGCAGGGAGAACAGAAATCTCGAGATTTCTGTT

ell 3260 f
CTCCCTGCCTGTTTTTG

1 3260 AATTCAAAAACAGGCAGGGAGAACAGAAATCTCGAGATT
e r

- B TCTGTTCTCCCTGCCTG
lary7 549 £ CCGGGCCAGAGCATTGAGAAGTTCTCGAGAACTTCTCAA
a

Pt TGCTCTGGCTTTTTG
laro7 549 AATTCAAAAAGCCAGAGCATTGAGAAGTTCTCGAGAACT
a r

P TCTCAATGCTCTGGC
lary7 570 £ CCGGGCTGTTGTAGAGCTTGATTCTCGAGAATCAAGCTCT
a

P ACAACAGCTTTTTG
laro7 570 AATTCAAAAAGCTGTTGTAGAGCTTGATTCTCGAGAATC
a r

P2 AAGCTCTACAACAGC
lar7 1386 f CCGGGGAGAAGAAGTTATACCATCTCGAGATGGTATAAC
a

P - TTCTTCTCCTTTTTG

AATTCAAAAAGGAGAAGAAGTTATACCATCTCGAGATGG

larp7 1386 r

TATAACTTCTTCTCC

ncapg2 497 f

CCGGGCCCTACTGGAATGTGTTATCTCGAGATAACACATT
CCAGTAGGGCTTTTTG

ncapg2 497 r

AATTCAAAAAGCCCTACTGGAATGTGTTATCTCGAGATA
ACACATTCCAGTAGGGC

ncapg2 240 f

CCGGCTTTCAGCCTAAATGAATTACTCGAGTAATTCATTT
AGGCTGAAAGTTTTTG

ncapg2 240 r

AATTCAAAAACTTTCAGCCTAAATGAATTACTCGAGTAAT
TCATTTAGGCTGAAAG
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ncapg2 297 f

CCGGGGCAAAGGCTGAAGAATTTACTCGAGTAAATTCTT
CAGCCTTTGCCTTTTTG

ncapg2 297 r

AATTCAAAAAGGCAAAGGCTGAAGAATTTACTCGAGTAA
ATTCTTCAGCCTTTGCC

CCGGCAAAGAGCCTTCTCTTTAATCTCGAGATTAAAGAG

nipbl 609 f
AAGGCTCTTTGTTTTTG

bl 609 AATTCAAAAACAAAGAGCCTTCTCTTTAATCTCGAGATTA
ni T

PR AAGAGAAGGCTCTTTG

bl 6035 f CCGGGCTGAACAGTATTATGATATCTCGAGATATCATAAT
ni1

PP ACTGTTCAGCTTTTTG

bl 6035 AATTCAAAAAGCTGAACAGTATTATGATATCTCGAGATA
ni T

PRI TCATAATACTGTTCAGC

bl 9206 £ CCGGGTTGGAAATTAGTCTGTTAACTCGAGTTAACAGACT
ni1

- B AATTTCCAACTTTTTG

bl 9206 AATTCAAAAAGTTGGAAATTAGTCTGTTAACTCGAGTTA
ni T

PP ACAGACTAATTTCCAAC

bl 9308 CCGGGGCAGAATCTCCTGGATATACTCGAGTATATCCAG
ni1

PP GAGATTCTGCCTTTTTG

bl 9328 AATTCAAAAAGGCAGAATCTCCTGGATATACTCGAGTAT
ni T

PR ATCCAGGAGATTCTGCC

bl 1610 £ CCGGCCAGCAAGAGGATATGATTTCTCGAGAAATCATAT
ni1

PRLR CCTCTTGCTGGTTTTTG

AATTCAAAAACCAGCAAGAGGATATGATTTCTCGAGAAA

nipbl 1612 r

TCATATCCTCTTGCTGG
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nipbl 5036 f

CCGGGCAGAAGAAGATTCAAATAACTCGAGTTATTTGAA
TCTTCTTCTGCTTTTTG

nipbl 5036 r

AATTCAAAAAGCAGAAGAAGATTCAAATAACTCGAGTTA
TTTGAATCTTCTTCTGC

ncapg2 297 f

CCGGGGCAAAGGCTGAAGAATTTACTCGAGTAAATTCTT
CAGCCTTTGCCTTTTTG

ncapg2 297 r

AATTCAAAAAGGCAAAGGCTGAAGAATTTACTCGAGTAA
ATTCTTCAGCCTTTGCC

ncapg2 745 f

CCGGGGAGGAAAGTGGAGAAATTACTCGAGTAATTTCTC
CACTTTCCTCCTTTTTG

ncapg2 745 r

AATTCAAAAAGGAGGAAAGTGGAGAAATTACTCGAGTA
ATTTCTCCACTTTCCTCC

ncapg2 922 f

CCGGGGTATACATTGCAGAAATTTCTCGAGAAATTTCTGC
AATGTATACCTTTTTG

ncapg2 922 r

AATTCAAAAAGGTATACATTGCAGAAATTTCTCGAGAAA
TTTCTGCAATGTATACC

2.4 Plasmids

2.4.1 Empty vectors

Table 3: List of empty vectors

pLKO | Mammalian Expression, Lentiviral, RNAi, human U6 promoter
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pGIPZ | Mammalian Expression, Lentiviral, RNAi, CMV promoter (Lars Zender)

pRRL Mammalian Expression, Lentiviral, RNAi, human U6 promoter (Addgene)

2.4.2 Expression vectors
pLKO lentiviral vector was used for all the shRNA expression with RNA polymerase III-

dependent promoter and puromycin resistance. pRRL lentiviral vector was used for

overexpressing of murine CUL3.

Table 4: List of expression vectors

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with a
pLKO sh scramble ‘
non-targeting shRNA

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

pLKO shnael-1 )
RNA targeting NAE1

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

pLKO shnael-2 )
RNA targeting NAE1

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

pLKO shnael-3 )
RNA targeting NAE1

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

pLKO sh cul5-1 .
RNA targeting CULS

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

pLKO _sh cul5-2 _
RNA targeting CULS

pLKO_sh cul5-3 Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh
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RNA targeting CULS

pLKO sh cul3-1

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting CUL3

pLKO _sh cul3-2

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting CUL3

pLKO sh cul3-3

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting CUL3

pLKO _sh tceb-1

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting TCEB

pLKO _sh tceb-2

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting TCEB

pLKO _sh tceb-3

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting TCEB

pLKO shell-1

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting ELL

pLKO shell-2

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting ELL

pLKO sh ell-3

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting ELL

pLKO sh eny2-1

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting ENY2

pLKO sh eny2-2

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting ENY2

pLKO sh eny2-3

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh
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RNA targeting ENY2

pLKO shnupl153-1

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting NUP153

pLKO sh nup153-2

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting NUP153

pLKO sh nup153-3

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting NUP153

pLKO sh larp7-1

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting LARP7

pLKO sh larp7-2

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting LARP7

pLKO sh larp7-3

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting LARP7

pLKO_sh nipbl-1

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting NIPBL

pLKO _sh nipbl-2

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting NIPBL

pLKO _sh nipbl-3

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting NIPBL

pLKO sh ncapg2-1

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting NCAPG2

pLKO_sh ncapg2-2

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

RNA targeting NCAPG2

pLKO_sh ncapg2-3

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh
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RNA targeting NCAPG2

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

pLKO sh thocl-1
RNA targeting THOCI

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

pLKO sh thocl-2 )
RNA targeting THOC1

Mammalian Expression, Lentiviral, RNAi,human U6 promoter with sh

pLKO sh thocl-3 .
RNA targeting THOC1

_ Mammalian Expression, Lentiviral, RNAihuman U6 promoter with
pRRL murine cul3 ) )
overexpression of murine CUL3 CDS

2.4.3 Packaging plasmids for producing lentivirus

The packaging plasmids were obtained from Manfred Gessler.

Table 5: List of packaging plasmids

psPAX2 packaging vector containing all required genes for packaging

pMD2-VsVg | envelope plasmid encoding for the VsVg surface protein resulting in a higher

virus stability

2.4.4 Lentiviral shRNA library

The pGIPZ lentiviral shRNAmir Library (releases 6.1-6.12) is based on pGIPZ vector with RNA
polymerase II-dependent CMV promoter, turbo-GFP to track shARNAmir expression, IRES-puro
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as a mammalian selectable marker.

The GIPZ lentiviral shRNAmir library was kindly provided by Lars Zender, which was
developed by Open Biosystems in collaboration with Greg Hannon (Cold Spring Harbor Lab)
and Steve Elledge (Harvard). This library combines the design advantages of microRNA-adapted
shRNA (shRNAmir) with the pGIPZ lentiviral vector to create a RNAi trigger capable of

producing RNAI in most cell types including primary and non-dividing cells.

Two pools were used for screening. Pooll was constructed with numbers 4801-14389 and pool2

was constructed with 44100-53800 (without the constructs with number 46000-47000).

2.5 Antibodies

WB: western blot; IP: Immunoprecipitation; IF; Immunofluorescence; ChIP: chromatin

immunoprecipation
Mono: monoclonal; poly: polyclonal

H: human; M: mouse; R: rabbit; MK: monkey

2.5.1 First antibodies

Table 6: List of primary antibodies

. . . . . | Antibody -
Protein Species reactivity Application Description
type
RNA POL2 M,R, H WB, IP R poly IgG N-20 santa cruz
M mono
CUL3 M, R, H WB, ChIP CUL3-9 sigma
IgG1
A302-173A  bethyl
CULS M, H WB R poly IgG
lab
M mono
NAE1 H WB AB56420 abcam
IgG2a
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Histon H2B M,R,H WB R poly IgG ab1790 abcam
r-H2Ax (ser139) | H, M, R, MK WB,IF R poly IgG 2577 cell signaling
M mono
Vincullin H, M, R, MK WB v913 sigma
IgG1
M mono
B-actin M, R, H, Rabbit WB AC-15 sigma
IgG1
sc-12462-R santa
a-Tubulin mammalian WB R poly IgG
cruz
produced by
HELLS H WB R poly IgG .
Dr.Bjorn von Eyss
CHK2 M, R, H WB R ploy igGl | ab8108 abcam
M-20/sc#542  santa
ER-a M, R, H WB R poly IgG
cruz
M mono
p53 H WB Do-1 santa cruz
IgG2a
p-pS3(serl5) H, M, R, MK WB R poly IgG 9284 cell signaling
CHK1 H WB G poly IgG sc-7234 santa cruz
pl4ARF H,M WB R ploy igGl | NB200-111 Novus
cleaved PARP
H WB R 51-9000017 BD
(Asp214)
cyclin E H, M, R WB R ploy igG1l | M-20 santa cruz
NEDDS8 H, M, R, MK WB R 2745 cell signaling
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p21 H WB R poly IgG N-20 santa cruz
p21 H WB R poly IgG sc-397 santa cruz
p-CHKI(Ser 345) | H, M, R, MK WB R poly IgG 2341 cell signaling
p-CHK2(Thr68) H, MK WB R poly IgG 2661 cell signaling
THOCI1 H, M WB M poly IgG ab487 abcam
M mono | MAB38062
p-ATM(Ser1981) | H,M WB
IgGlk millipore
c-myc M,R,H WB R poly IgG ab32072 abcam
M mono
n-myc H WB sc-53993 santa cruz
IgG2a
M mono
RPA32 H WB sc-53496 santa cruz
IgG1
p-RPA32 (Ser33) | H WB R poly IgG A300-246A Bethyl
p-RPA32
H WB R poly IgG A300-245A Bethyl
(Serd/Ser8)
2.5.2 Second antibodies
Table 7: List of secondary antibodies
Name Application | Description
a-rabbit-HRP WB

donkey-anti-rabbit-immunoglobulin

coupled  with
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horseradish peroxidase (Amersham, NA 934)

donkey-anti-mouse-immunglobulin ~ coupled  with
a-mouse-HRP WB )
horseradish peroxidase (Amersham, NA 931)

donkey-anti-goat-immunoglobulin coupled with
a-goat-HRP WB ) )
horseradish peroxidase (santa cruz)

goat-anti-rabbit-immunglobulin conjugated with Alexa

Fluor 488

a-rabbit-Alexa488 | IF

goat-anti-rabbit-immunglobulin conjugated with Alexa

Fluor 488

a-rabbit-Alexa647 | IF

2.6 Chemicals

All chemicals were purchased from the companies Sigma, Merck, Roth, Acors Organics, Active

Biochem, Invitrogen and Applichem and used without further purification.

2.7 Media

2.7.1 Bacterial culture media

LB-medium

1% (w/v) Bactotrypton 0,5% (w/v) yeast extract 1% (w/v) NaCl

LB-Amp-medium
LB-Medium with100 pg/ml ampicillin

LB-Amp-agar
LB-medium with 1.2% (w/v) bacto-Agar, cool down after heating at 50°C, add 100 pg/ml

ampicillin, pour 20 ml on a 10 cm-dish.
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2.7.2 Media and chemicals for mammalian cells

Neuroblastoma cells: RPMI-1640 (Sigma), 10% (v/v) FBS (Sigma), 1% (v/v)
Penicillin/Streptomycin (100.000 U/ml, Invitrogene)

HEK 293T: DMEM (Sigma), 10% (v/v) FBS (Sigma), 1% (v/v) penicillin/streptomycin (100.000
U/ml, Sigma)

Freez medium 90% (v/v) FBS, 10% (v/v) DMSO

The chemicals following are used for selecting the infected cells and keeping the resistance in

the cells.

4-Hydroxytamoxifen (Sigma) 200 nM in ethanol

Cycloheximid (Sigma) 50 pg/ml in ethanol

G418 (PAA) 500 pg/ml

Hygromycin B (Merck) 100 pg/ml

Puromycin (Invivogen) 1 pg/ml

MLN4924 (Active Biochem)

2.8 Buffers and solutions

Annealing buffer
10 mM Tris, pH 7.5-8.0, 50 mM NaCl, | mM EDTA

AnnexinV binding buffer
10 mM HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CacCl,

Bacterial lysis buffer
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50 mM NaCl, 50 mM Tris base, 5 mM EDTA

Bacterial wash buffer

50 mM Tris base, 5 mM EDTA, adjust to pH 8 with 6 M HCI, 1:1000 proteinase inhibitors
(freshly added)

Blocking solution for PVDF membrane

5% (w/v) skim milk powder in TBS-T

Crystal violet solution

0.1% (w/v) crystal violet, 20% (v/v) ethanol

DNA loading buffer

40% (w/v) saccharose (pH 8.0), 0.2% (w/v) bromphenol blue, 0.2% (w/v) xylene cyanol, 10 mM
EDTA

PBS

137 mM NacCl, 2.7 mM KCI, 10.1 mM Na,HPO,, 1.76 mM KH,PO, autoclaved

PI-FACS-buffer

38 mM sodium citrate, 54 mM propidium iodide, 24 mg/ml RNAse A

SDS sample buffer (3x)

187.5 mM Tris (pH 6.8), 30% (v/v) glycerine, 6% SDS (sodium dodecyl sulfate), 0.03%, (w/v)
bromphenol blue, 2 M B-mercaptoethanol
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TBS (20x)

500 mM Tris Base, 2.8 M NaCl, adjusted to pH 7.4

TBS-T

0.2% Tween-20, 25 mM Tris, 140 mM NaCl, adjusted to pH 7.4

TBS-T

0.2% Tween-20, 25mM Tris, 140mM NaCl, adjusted to pH 7.4

TE

10 mM Tris, 1 mM EDTA, adjusted to pH 8.0

TAE

40 mM Tris, 0.114% (v/v) acetic acid, | mM EDTA, adjusted to pH 8.0

Trypsin solution

0.25% trypsin, 5 mM EDTA, 22.3 mM Tris pH 7.4, 125 mM NaCl

Bradford-solution 8.5% (v/v) Ortho-phosphoric acid

4.75% (v/v) ethanol, 0.01 (w/v) Coomassie Brilliant Blue G-250, filtered with filterpaper

5x high-MW running buffer
250 mM MOPs, 250 mM Tris, 5 mM EDTA, 0.5% SDS, add sodium bisulfite to 5 mM fresh
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10% Bis-Tris gel
4x Bis-Tris buffer 2.5 ml, 30% acrylamid 3.3 ml, 10% APS 50ul, VE water 4.2 ml, TEMED 5 ul

BCA
Reagent a: Reagent b is 50:1, Reagent a: bicinchoninic acid, Reagent b: 4% CuSO4 5H,O

20x Transfer buffer
500 mM bis-tris, 500 mM Bicine, pH 7.2

1x Transfer buffer

25 mM bis-tris, 25 mM bis-tris, 20% Ethanol
Nuclear extraction buffer
20 mM HEPES-KOH pH 7.9, 400 mM NacCl, 1.5 mM MgCl2, 0.5 mM DTT, 0.2 mM EDTA,

15% glycrol

Cytoplasm extraction buffer

10 mM HEPES pH7.9, 1.5 mM MgCl2, 10 mM KCI, 0.5 mM DTT, 0.05% NP40

RIPA buffer

50 mM HEPES pH7.9, 140 mM NacCl, 1| mM EDTA, 1% Triton x-100, 0.1% Na-deoxycholate,
0.1% SDS

DNAzol reagent for isolating DNA from more than 10 cells

Trizol for isolating RNA

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 Schuell, Millipore and VWR international.
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Chemiluminescence imaging

LAS-4000 mini (Fujifilm)

Cell culture incubator

BBD 6220 (Heraeus)

Cell counter

CASY cell counter (Innovatis)

Centrifuges

Galaxy MiniStar (VWR International)
Eppendorf 5417 R (Eppendorf)
Eppendorf 542 (Eppendorf)
Multifuge 1S-R (Heraeus)

Avanti J-26 XP (Beckman Coulter)

Fluorcytometer

BD FACS Canto II (BD Biosciences)

Heating block

Dry Bath System (STARLAB)

Incubator shaker
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Model G25 (New Brunswick Scientific)

[llumina Genome Analyzer IIx

Microscope for immunofluorescence

PerkinElmer Operetta® High Content Imaging System

Microscope for cell culture

Axiovert 40CFL (Zeiss)

Nucleic acid analysis

Experion™ Automated Electrophoresis System (BIO-RAD)

PCR thermal cycler

Mastercycler pro S (Eppendorf)

Power supply

PowerPac HC (BIO-RAD)

Sterile bench

HeraSafe (Heracus)

Ultrasonifier
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W-250 D (Heinemann)

Universal shaker

SM-30 (Edmund Buehler GmbH)

UV fluorescent table

Maxi UV fluorescent table (PEQLAB)

UV filtered lamp

VL-6.MC with 312nm and 254nm (Vilber Lourmat)

Western blot transfer chamber

PEQLAB

2.10 Software

Ape plasmid editor

M. Wayne Davis

Bowtie (version 0.12.8)

Johns Hopkins University

Convert the .sam file into a .bam file

Samtools (version 0.1.18) (Li et al., 2009)
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Convert the .bam file into a .bed file

Bedtools (version 2.17.0) (Quinlan and Hall, 2010)

GraphPad Prism

GraphPad Software

MxPro qPCR Software

Stratagene

Multi Gauge

Fujifilm

Mac OS X

Apple Inc.

Mlustrator ™, PhotoshopTM, Acrobat™

Adobe Inc.

R

Created by Ross Thaka and Robert Gentleman
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2.11 Dataset

Reference dataset used for the alignments

The human transcriptome “homo_sapiens.GRCh37.74.cDNA.all”
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3 Methods

3.1 Molecular biology methods

3.1.1 Transfection of bacteria with plasmid DNA and plasmid amplification

Circular DNA can be transformed into bacteria to amplify the plasmid. Competent bacteria were
thawed on ice and mixed with 200 ng plasmid DNA or ligation mix, then incubated on ice for 10
min followed by a 45 s heat shock at 42 °C. The bacteria were plated on an LB agar plate to pick
clones from the next day or directly cultivated in 200 ml LB medium to amplify the plasmid on a
larger scale. Both procedures were conducted at 37 °C using the appropriate antibiotic to select

for bacteria that had been successfully transformed.
3.1.2 Isolation of plasmid DNA from bacteria

A large-scale purification of plasmid DNA was performed with the Plasmid Purifcation Maxi Kit
(Invitrogen) according to the manufacturer's instructions. The purified plasmid was dissolved in
B. Braun water, diluted to a concentration of 1 pg/ul and stored at -20 °C. For the isolation of
small amounts of plasmid (mini prep), 2 ml of cultivated bacteria were transferred to a reaction
tube, spun down and resuspended in 200 pl plasmid prep buffer 1 to lyse the cells. After a five-
minute incubation at room temperature 200 pl plasmid prep buffer 2 was added to denature the
protein components, these were spun down subsequently (8000 rpm, 5 min, 4 °C). The
supernatant was vigorously mixed with 200 pl isopropanol to precipitate the DNA, which was
then pelleted through centrifugation (8000 rpm, 10 min, 4 °C). The DNA was washed one with
70% Ethanol, then dried and resuspended in 50 pl B. Braun water.

3.1.3 Nucleid acid quantitation

The concentration of DNA and RNA in solution was determined with 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.

60



Methods

3.1.4 Sequence specific hydrolysis of DNA (restriction digest)

DNA was hydrolyzed in a sequence-specific manner with restriction endonucleases (Fermentas)
using the recommended reaction buffers. The digestions were set up according to the table below

and incubated at 37 °C for 1 h.

Table 8: Restriction digest mix

2 ug DNA

1l restriction endonuclease 1

1wl restriction endonuclease 2 (if applicable)
2ul 10 x reaction buffer

Ad to 20 pul | aqua bidest.

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 1-3% agarose was boiled in TAE buffer. The size of the
nucleotide fragments was determined using 1.5 pl of the 1 kb DNA Ladder. The gel was run at
120 V for one hour.

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

with a scalpel. The DNA was extracted from the gel using the Gel Extraction Kit (Fermentas)

following the manufacturer’s protocol.

3.1.7 Ligation of DNA fragments

Insert and plasmid were incubated in a molar ration of 3:1 in the ligation mix according to the

table below and incubated for 2 h at RT or overnight at 16 °C.
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Table 9: Ligation mix

100ng linearized plasmid

X ng DNA fragment (insert)

2 ul T4 DNA ligase buffer (Fermentas)
Il T4 DNA ligase (Fermentas)

ad to 20 pl aqua bidest.

3.1.8 Isolation of genomic DNA from mammalian cells with DNAzol reagent

1-3x107 cells were pelleted. 1 ml reagent (for 100 ul pellet) was added to lyse the cells by gently
pipetting with a wide bore pipette tip. Centrifuged 10 minutes at 10000 rcf 4°C. The resulting
viscous supernatant was transferred to a fresh tube to get rid of RNA. 0.5ml 100% ethanol was
added, mixed by inversion and stored at RT for 1-3 minutes (a cloudy precipitate would be seen
at this step). The DNA precipitate was transferred by spooling with a pipette tip into a clean
tube. The precipitate was washed twice with 1 ml 75% ethanol by inverting the tube 3-6 times.
Centrifuged 1 minute at 1000 rcf and 4°C and the ethanol was removed by pipetting. After
second wash, the big DNA precipitate was transferred carefully into a new tube with fresh 8§ mM
NaOH already prepared. This step should be done within only 5-15 seconds. DNA was dissolved
by slowly pipetting.

3.1.9 Isolation of RNA

For the isolation of total RNA from cultured cells TriFast reagent (Peqlab) was used. Cells were
pelleted by centrifugation (5 min, 1500 rpm, 4 °C) and resuspended in 1 ml TriFast. After 5
minutes 200 ml chloroform was added and the mixture was vortexed for 15 seconds. After 10
minutes of incubation the solution was separated into aqueous and organic phase by
centrifugation (10 min, 11400 rpm, RT). The upper aqueous phase was transferred into a new
reaction tube, and the RNA was precipitated by adding an equal volume of isopropanol. The
samples were stored at -20 °C for 30 minutes, then centrifuged (10 min, 11400 rpm, 4 °C) and
the pellet was washed in 75% Ethanol and dried, then resuspended in 20 pl B. Braun water,
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frozen at -20 °C, then thawed again and the RNA concentration was determined by NanoDrop

measurement..

3.1.10 DNAse digestion and cDNA synthesis

To remove any residual traces of DNA from the RNA preparations, a DNAse digestion was
performed on the total RNA isolated from the cells. 2 mg of RNA were diluted in 8 ml of B.
Braun water and mixed with 1 ml of 10x digestion buffer containing MgCl,, 1 ml of RNAse-free
DNAse (Qiagen) and 0.2 ml of RNAse inhibitor Ribolock (Fermentas). This mix was incubated
for 30 minutes at 37 °C, then 1 ml of 25 mM EDTA was added and incubated at 65 °C for 10
minutes to stop the digestion. To quantify specific mRNAs, the RNA was then transcribed into
complementary DNA (cDNA) by reverse transcription, using random hexanucleotide primers.
For that, 2 mg total RNA in a volume of 10 ml were heated up to 65 °C. The cDNA synthesis
mix according to the table below was added and incubated for 10 min at RT, 50 min at 37 °C and

15 min at 70 °C.

Table 10: mix of cDNA synthesis

10 ul 5 x First Strand Buffer (Invitrogen)

Sul dNTPs (2.5 mM, Roth)

2ul random primer p (dN)6 (2 mg/ml)

0.2 ul Ribolock (Fermentas)

Il M-MLYV reverse transcriptase (200 U/ml, Promega)
ad to 40 ul | B. Braun water

3.1.11 Polymerase chain reaction (PCR)

PCR to amplify cDNA for cloning

To generate new expression vectors the gene of interest was amplified based on existing

expression vectors, which allowed the addition of new restriction sites.
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Table 11: standard PCR setup

10 ul 5 x phusion polymerase buffer H (Fermentas)

1l Phusion High Fidelity Polymerase (Fermentas)

100 ng cDNA template

10 pmol forward primer
10 pmol reverse primer
1l DMSO

1wl dNTPs (10mM)

ad to 50 pul | B. Braun water

PCR based site directed mutagenesis

To mutate single base in a PCR template primers were chosen as such to fit the desired target

sequence. As such, a product mostly containing the modified bases was generated.

Table 12: Standard PCR thermal cycling profile

Temperature Time
98 °C 1 min
98 °C
30 sec
53-65 °C (template
60 sec 30 cycles
dependent)
3 min
68 °C
72 °C 10 min
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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.

Table 13: Mutagenesis PCR setup

10 ul 5 x Phusion buffer H (Fermentas)

1l Phusion High Fidelity Polymerase (Fermentas)
100 ng cDNA template

0.25 pmol forward primer

0.25 pmol reverse primer

Il dNTPs (10 mM)

ad to 50 pl B. Braun water

Table 14: Mutagenesis PCR thermal cycling profile

Temperature Time

98 °C I min

98 °C 30 sec

55°C 60 sec 18 cycles
72 °C 2 min

72 °C 10 min

Quantitative reverse transcriptase PCR (qQRT-PCR)

To quantify specific mRNA levels the cDNA synthesized by reverse transcription was amplified
by real time PCR. The qPCR SYBR Green Mix (Thermo Scientific) was used to set up a reaction
mix as described in the table below. Finally, 10 ml of a 1:10 dilution of cDNA was added to each

well, the measurement was carried out with the Mx3000P qPCR system (Stratagene).
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Table 15: qRT PCR setup

Sul SYBR Green Mix (Thermo Scientific)
0.6 ul 0.6 pul forward primer (10 pmol/ ml)
0.6 ul 0.6 ul reverse primer (10 pmol/ ml)
1l cDNA

ad to 20 ul | B. Braun water

Table 16: qRT PCR thermal cycling profile

Temperature Time
95°C
95 °C 30 sec

60 °C (template dependent) | 20 sec

38 cycles

72 °C 15-60 sec (primer dependent)
95 °C I min
60 °C 30 sec
95 °C 30 sec

The basis of real time PCR is fluorescent monitoring of DNA amplification, from which target
DNA concentration can be determined from the fractional cycle at which a threshold amount of
amplicon DNA is produced. The calculation was performed using the relative CT method
(Applied Biosystems User Bulletin 2); the housekeeping gene beta-2-microglobulin (2M) was

used for normalization. The measurements were performed in triplicates to calculate the standard

deviation according to the Gaussian law of error.
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3.2 Cell biology methods

All cell culture work was performed at a sterile workbench. Cells were cultivated in CO;

incubators at 37 °C, 95% relative humidity and 5% CO,.
3.2.1 Passaging of cells

Adherent cells were passaged before completely covering the surface to avoid contact inhibition
of growth. The cultivation medium was removed and the cells were washed with PBS. An
appropriate amount of trypsin solution was added and incubated for 5 minutes at 37 °C to detach
the cells. By resuspending the cells in fresh medium the enzymatic activity of trypsin was
stopped and a single cell solution was generated. For S2 cells the cell count was determined with
a Neubauer counting chamber, for S1 cells with the CASY cell counter. The cells were then
plated for experiments according to their size and proliferation rate in relation to the length of the

experiment.
3.2.2 Freezing and thawing cells

For long-term freezer storage cells were detached with trypsin solution as described above,
resuspended in fresh medium and then pelleted (5 min, 1200 rpm, RT). 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 Mr FROSTY freezing container. After 24 h the cells were stored
in a liquid nitrogen storage tank. To thaw cells stored in cryo vials these were quickly heated up

in a 37 °C water bath, then transferred onto a 10 cm dish containing 10 ml fresh medium.
3.2.3 Production of lentivirus

6x10°HEK 293T cells were seeded in a 10 cm dish one day before transfection. The cells were
starved for 2 hours with 2% serum before transfection. Packaging vector psPAX.2, envelope
vector pMD2G and the gene of interest in a lentiviral vector, such as pRRL, pLKO, pGIPZ were
first incubated 15 min with PEI (mass : volume =1:1) at RT. Then the mixture of DNA and PEI
were added to cells drop by drop. The medium was replaced by full medium after 4 hours. First
harvest was at 24 hours after changing medium, than the second and third harvests were done

every 12 hours. The virus was filtered with 45 um filter and stored at -80°C.
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Table 17: Transfection setup with pLKO

pLKO Sug
psPAX.2 2.5 g
pMD2G 1.25 pg
PEI 8.75 ul

Table 18: Transfection setup with pGIPZ

pGIPZ 3.5 ug
psPAX.2 | 2.7 pg
pMD2G 1.8 ng
PEI 8l

Table 19: Transfection setup with pRRL

pRRL Sug
psPAX.2 2.5 ng
pMD2G 1.25 pg
PEI 8.75 ul

3.2.4 Infection of mammalian cells with lentivirus

Lentivirus can efficiently mediate integration of transgenes in dividing and non-dividing cells.
HEK 293T cells were used to generate lentivector particles by transfecting them with separate
plasmids coding for the virion packaging system, the envelope, and the gene of interest. The
structural and enzymatic components of the virion came from HIV-1, the envelope from

vesicular stomatitis virus (VSV), using a second generation lentivirus packaging system.
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Cells were seeded one day before infection. The high titer lentivirus was 1:7 diluted in pure
medium for infection and supplied with 8 ng/ul polybrene. After 3-5 hours, the virus was
removed and replaced by full medium. Appropriate antibiotic was used for selection 2 days after

infection.

3.2.5 Colony formation Assay

The proliferation behavior of cells was determined by colony assay. Cells were infected with
different genes of interest and a control and selected with antibiotics if necessary. After
selection, the cells from each condition were counted and a defined number was plated on 6 cm
dishes using medium without the selection agent. The cells were grown for 5 to 6 days until 80%
confluent. Formaldehyde was directly added to medium to a final concentration of 3.7%. The
cells were incubated with formaldehyde for 15 min at RT. After aspirating the formaldehyde the
crystal violet was added to the cells and stay for half an hour, the superfluous dye was washed

away with desalted water and the cell culture dishes were dried at room temperature.

3.2.6 Propidium iodide staining for flow cytometry (PI FACS)

FACS (fluorescence-activated cell sorting) was used to analyze cells based on detection of a
fluorescent intercalating agent. The cell cycle stage was determined by measuring fluorescence
emission of the intercalating dye propidium iodide (PI), which relates to the DNA content as
follows: GO/G1 (2N), S (>2N, <4N) and G2/M (4N). Polyploid cells (>4N) and apoptotic or

necrotic cells (subG1, <2N) could thus be identified as well.

Cells should not be confluent for checking cell cycle and were harvested by trypsinisation
including floating cells from the medium supernatant. After resuspension in 1 ml cold PBS the
cells were fixed by adding 4 ml ice-cold absolute ethanol while vortexing. The cells were stored
at least one night at -20 °C, then washed with PBS and resuspended in FACS buffer containing
propidium iodide solution. After at least 1 hour of staining in the dark at RT the cells were
transferred into FACS tubes and measured with the BD FACSCanto II with the following
measurement settings: excitation wavelength of 488nm using a 556 nm longpass- and a 585/42
nm bandpassfilter for propidium idodide (emission at 617 nm). The cell cycle distribution was

analysed using the BD FACSDiva 6.1.2 software and flowjo 8.8.6.
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3.2.7 AnnexinV/Propidium iodide assay for apoptosis (AV/PI FACS)

Cells from a 6-well dish were harvested by trypsinisation including the floating dead cells to a
15ml falcon and always kept on ice. The plate was washed with PBS adding to harvested cells.
The cells were pelleted by centrifugation (300 g, 4 °C). The supernatant is aspirated down to the
last 50 pl and vortex gently to loosen cell pellets. 100 pl AnnexinV binding buffer was added to
the cell and vortex again to suspend cells. Then, 5 pl AnnexinV-488 was added to each falcon
and incubate 15 minutes at RT. After incubation 300 pl chilled AnnexinV binding buffer was
added to the falcon to stop the staining. 5 pl of PI stock solution (1 mg/ml) was added to each

tube immediately prior to placement on the FACS.

3.2.8 Bromodeoxyuridine/Propidium iodide assay for apoptosis (BrdU/PI
FACS)

BrdU is added directly to the culture medium to achieve a final concentration of 10 uM. The
cells were incubated for 60 minutes in the CO, incubator. The cells were trypsinized and washed
with PBS and spun down at 1500rpm for 5 minutes at 4 °C. The pellet was resuspended in 1 ml
cold PBS. Cells should be added slowly, a few drops at a time, into the 4 ml ethanol while

maintaining a vortex and stored at -20°C to fix the cells.

On the day of FACS cells were centrifuged at 2000 rpm for 10 minutes at 4 °C. The supernatant
was aspirated carefully. The cells were washed once with 5 ml PBS and spun down at 1500 rpm
for 10 minutes at 4 °C. 1 ml of 2 N HCl/Triton X-100 was slowly added to the cells, a few drops
at a time, while maintaining a vortex and incubated at RT for an additional 30 minutes, gently
vortexed every 10 minutes. This denatures the DNA to produce single-stranded molecules. The
cells were centrifuged at 2000 rpm for 10 minutes. Supernatant was aspirated and the cells were
resuspended in 1 ml of 0.1 M Na,B407.10H,0, pH 8.5, to neutralize the acid. The cells were
centrifuged at 2000rpm for 10 minutes. The supernatant was aspirated and the cells resuspended
with 100 pl of 0.5% Tween 20/ 1%BSA/ PBS. 20 ul BrdU-FITC antibody was added and
incubated in dark for 30 minutes. Cells were centrifuged at 2000 rpm for 5 minutes at 4°C and
the supernatant was aspirated. The cells were washed once with 200 pl 0.5% Tween 20/ 1%BSA/
PBS. Pellet was resuspended with 38mM sodium citrate (400 pl) supplied with 54 uM propidium
iodide (15 pl) and 24 pg/ml RNaseA (1 pl from stock solution) and incubated for 30 minutes at
37 °C in the dark. Cells were transferred into FACS tube mix with pipette and continue with
FACS measurement (PI : FL2-A LIN, BrdU : FL1-H Log).
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3.3 Protein biochemistry methods

3.3.1 Cell lysis for Western blot

To isolate total protein cells were washed in ice cold PBS, scraped of the cell culture dish and
pelleted (1500 rpm, 5 min, 4 °C). The cell pellet was either frozen in liquid nitrogen to be stored
at -80 °C or directly lysed by resuspending cells in TNN-, NP40-, RIPA-r or SDS sample buffer
with freshly added proteinase inhibitors (1:1000) or phosphatase inhibitor (1:100). The cells
were incubated for 30 minutes on ice, then the cell debris was pelleted (14000 rpm, 10 min, 4
°C) and the supernatant transferred to a fresh tube. Alternatively, cells grown in 24- or 6-well
plates were lysed directly in hot SDS sample buffer, transferred to a reaction tube and boiled for

15 minutes. The lysates were then used for Western blot analysis or stored at -20 °C.
3.3.2 Protein determination by the Bradford method

Protein concentrations were determined according to Bradford (Bradford, 1976). 100 pl 0.15 M
NaCl was pipetted into cuvette, 1 pl of the protein sample solution was added and mixed with
900 pl Bradford dye reagent. After vortex the absorption was measured at a wavelength of 595
nm using an appropriate reference. The measured values were compared to a previously obtained

calibration curve to calculate the protein concentration of the sample solution.
3.3.3 Protein determination by the BCA (Bicinchoninic acid assay)

The BCA Protein Assay is a detergent-compatible formulation based on bicinchoninic acid
(BCA) for the colorimetric detection and quantitation of total protein. 200 pl mixture of
bicinchoninic acid and CuSO,4 (50:1) was pipetted into a 96-well plate. 3 pl protein lysate was
added to the mixture. After incubation 30 minutes at 37 °C, the absorption was measured at 550
nm (instead of 632 nm) using an appropriate reference. The measured values were compared to a

previously obtained standard curve to calculate the protein concentration of the sample solution.
3.3.4 SDS polyacrylamide gel electrophoresis (SDS-PAGE) with Bis-Tris gels

Bis-Tris SDS-PAGE (Sodium dodecyl sulfate polyacrylamide gel electrophoresis) was used to

separate proteins according to size (Laemmli et al., 1970). Protein lysates as described in 3.3.1
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were filled up with lysis buffer to an equal volume and mixed with half the volume of 3 x SDS
sample buffer. These samples were incubated for 5 minutes at 95 °C and spun down afterwards.
The protein samples were then transferred into the wells of an SDS polyacrylamide gel
consisting of a 7.5-15% stacking gel and a 4% resolving gel. The PageRuler Pre-Stained Protein

Ladder (Fermentas) was used for monitoring the running.

3.3.5 Western blot

Proteins were separated by SDS-PAGE (3.3.3), followed by blotting onto a PVDF membrane
using a transfer blot system. A PVDF membrane the size of the SDS gel was incubated first in
methanol for at least 30s. Gel was first calibrated in transfer blot buffer for 10 minutes on a
shaker. Gel and membrane were neatly layered on top of each other and fixed between Whatman
filter papers in a Western blot transfer chamber (Peqlab). The electrophoretic protein transfer
was carried out at 250 mA for 3 h. All following incubation steps were performed with gentle
shaking. The membrane with immobilized proteins was blocked in blocking solution 5% milk
solved in TBS-T for at least 30 min, then cut into pieces if several proteins from the same
membrane were to be visualized. The membrane pieces were incubated overnight with a dilution
of primary antibody in blocking solution, then washed (3 x 10 min in TBS-T), incubated with
secondary antibody in blocking solution for 1 hour at RT, then again washed (3 x 10 min in
TBS-T). Finally, the proteins of interest were visualized via chemiluminescence, 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.

3.3.6 Indirect immunofluorescence imaged by confocal fluorescence

microscope (Leica)

Cells were cultivated and transfected on cover slips to be processed for indirect
immunofluorescence. To fix the cells they were incubated in 3.7% paraformaldehyde or
methanol for 15 min at RT after an initial wash with ice cold PBS. To permeabilized the cells
they were washed with PBS/ 0.1M glycin (3x 10min, RT) and PBS/ 0.1% NP-40 (3x 10min,
RT), to be blocked with PBS/ 0.5 % NP-40/ 5 % FCS (blocking buffer) for 45 min at 37 °C. The
cover slips were transferred into a wet chamber with the cells facing upward and 40 pl of

primary antibody diluted in blocking buffer was pipetted on top. After an incubation time of 45
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min at 37 °C the cells were washed three times with blocking buffer. Next the cells were
incubated with a 40 pl dilution of secondary antibody and Hoechst nuclear stain (1:5000) in
blocking solution, again for 45 min at 37 °C in the dark. Unbound antibody was removed by
washing three times with blocking buffer. Finally the cover slips were washed with distilled
water and mounted on a glass slide using a small drop of mounting medium, the slides could be

stored in the dark at 4 °C before analyzing them with the fluorescence microscope.

3.3.7 Indirect immunofluorescence imaged by high content fluorescence

microscope

If the staining is imaged and quantified by high content fluorescence microscope the cells were

plated in 96-well plate and fixed on the plate. The following procedure is the same as 3.3.6

3.3.8 UV treatment of cells

Before irradiation of attached cells, the medium supernatant was completely removed. The cells
were irradiated for 60 s at 254nm after which the medium was restored. Cells on 6 cm or 10 cm
dishes were treated with a dose of 500 J/m2 UV-B all at the same time and then harvested at

different time points by trypsinisation, including floating cells in the medium supernatant.
3.3.9 Histone extraction

Cells were harvested and washed twice with ice-cold PBS. PBS can be supplemented with 5 mM
Sodium Butyrate to retain levels of histone acetylation. Cells were resuspended in Triton
Extraction Buffer (TEB: PBS containing 0.5% Triton X-100 (v/v), 2 mM PMSF, 0.02% (w/v)
NaN3) at a cell density of 107 cells per ml. Cells were lysed on ice for 10 minutes with gentle
stirring and spun down at 2000 rpm for 10 minutes at 4 °C. Supernatant was removed and
discarded. The cells were washed in half the volume of TEB and centrifuged like before. The
pellet was resuspended in 0.2 N HCI at a cell density of 4x107 cells per ml to acid extract the
histones over night at 4 °C. Centrifuged samples at 2000rpm for 10 minutes at 4 °C. The
supernatant was removed and the protein content was determined using the Bradford assay.

Aliquots were stored at -20°C.
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3.3.10 Nuclear fractionation

Buffer A (10 mM HEPES, 1.5 mM MgCI2, 10 mM KCI, 0.5 mM DTT, 0.05% NP40 pH 7.9)
was prepared with adding cocktail of usual inhibitors from frozen stock and stored on ice. 500 pl
of buffer A was added per large petri dish on ice and scraped thoroughly. The lysate was left on
ice for 10 minutes and centrifuged at 4°C at 3000 rpm for 10 minutes. Supernatant was removed
and kept (this will contain everything except large plasma membrane pieces, DNA, nucleoli).
Pellet was resuspended in 374 ul of buffer B (5 mM HEPES, 1.5 mM MgCl2, 0.2 mM EDTA,
0.5mM DTT, 26% glycerol (v/v), pH 7.9) on ice and 26 pul of 4.6 M NacCl to give 300 mM NaCl
(high salt helps lyse membrans and forces DNA into solution) was added. The extract was
homogenized with 20 full strokes in Dounce or glass homogenizer on ice if necessary. The extact
was left on ice for 30 minutes. Centrifuged at 24,000 rcf for 20 minutes at 4 °C. Supernatant was

aliquoted and stored at -80 °C.

3.3.11 Chromatin immunoprecipitation (ChIP)

Chromatin preparation

Cells were plated on five 15 cm dishes. Formaldehyde was added to the medium to a final
concentration 1% to crosslink the protein to DNA and incubated for 10 minutes at RT. 1 ml 1 M
glycine was added to medium for 5 min at RT on a shaker to stop the formaldehyde. The
medium was removed and cells were washed twice with ice cold PBS. 1 ml ice cold PBS
containing protease inhibitor cocktail was added to the cells. The cells were scraped off the plate
to 15 ml falcon and pelleted at 1200 rpm, 4 °C, then resuspend in 3 ml lysis buffer 1 (5 mM
PIPES pH 8, 85 mM KClI, 0.5% NP40) containing protease inhibitors, incubated on ice for 20
minutes. The cells were centrifuged at 1200 rpm for 5 min at 4 °C, resuspend in 2 ml lysis buffer
2 (RIPA buffer: 50 mM HEPES pH 7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton-X-100, 0,1%
Nadeoxycholate, 0,1% SDS), incubated on ice for 10 minutes. Cell lysate was sonicated in a
program according to your requirement. After sonication the cell lysate was transferred to an
tube and centrifuged at max speed for 15 minutes at 4 °C. The supernatant (chromatin) was
transferred to a new tube, kept at 4 °C for a few days or frozen in liquid nitrogen and stored at -

80 °C.

Check fragment size after sonication
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25 pl chromatin was added to 475 pl TE buffer used for checking fragment. NaCl to a final
concentration of 160 mM and RNAse A to a final concentration of 20 pg/ml were added to the
chromatin. The chromatin was incubated at 37 °C for 1 hour for reverting the crosslink. EDTA to
a final concentration of 5 mM and Proteinase K to 200 pg/ml were added to chromatin, then
incubate for 2 h at 45 °C. 300 pl chloroform/ phenol/ isoamyalcohol (25:24:1) was added to the
DNA and vortex well. The sample was centrifuged for 5 minutes at max speed at RT. The upper
phase was transferred to a new reaction tube. 1 pl glycoblue, 50 pul 3 M NaAc pH 5.2, 1 ml ice
cold 100% ethanol were added to the sample and incubated for 30 minutes at -20 °C, then
centrifuge at max speed at 4 °C for 30 min. The supernatant was removed. The pellet was
washed with 500 pl ice cold 70% ethanol, centrifuged at max speed for 10 minutes at 4 °C and
dried at RT, resuspended in 25 pl TE. 10 pl sample was loaded on 2% agarose gel.

Chromatin immunoprecipitation

30 pl dynabeads was used for antibody, washed 3 times with 1ml BSA-PBS (5 mg/ml). 1 ml
BSA-PBS and 3 pg antibody were added to the beads and incubated overnight at 4 °C on
rotating wheel. The beads were washed for 3 times with 1 ml BSA-PBS and resuspended in 30
ul BSA-PBS. Appropriate amount of chromatin was added to the beads and keep 1% chromatin
as input. The beads were incubated at 4 °C for 6 hours on rotating wheel and washed with wash
buffer I (20 mM Tris HCI pH 8,1, 150 mM NaCl , 2 mM EDTA, 0,1% SDS, 1% Triton-X-100),
wash buffer IT (10 mM Tris HCI pH 8,1, 500 mM NaCl, 2 mM EDTA, 0,1% SDS, 1% Triton X-
100), wash buffer III (10 mM Tris HCI pH 8 , 250 mM LiCl, 1 mM EDTA, 1% NP40, 1%
sodium deoxycholate) for 3 times by incubating each time for 5 minutes at 4°C, respectively.
The beads were denn washed once with TE buffer. The chromatin was eluted twice with 250 pl
elution buffer (50 mM Tris pH 7.5, 1 mM EDTA, add freshly SDS to a final concentration 1%)

by incubating at RT on rotating wheel for 15 minutes. The two eluates were merged.

16 ul 5 M NaCl and 1 pl RNase A (10 mg/ml) were added to eluate and incubated 1 hour at 37
°C and 6 hours at 65 °C. Afterwards 7 ul 0.5 M EDTA and 10 pl proteinase K (10 mg/ml) were
added to the eluate and the eluate was incubated 2 hours at 45 °C. The DNA was purified with

phenol/ chloroform.
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3.4 Screening of pGIPZ Lentiviral library

3.4.1 Preparation of pooled plasmids

The lentiviral library was obtained from Lars Zender as 60 pools, each of which contains 1000
individual plasmids. To prepare plasmid DNA it is important to take care of sufficient colonies
on agar plates after bacterial transformation. For 1000 individual plasmids the number of
colonies being inoculated for an overnight culture has to be, due to variations of individual

plasmid concentrations, 10,000 or higher (the higher the better).

The bacteria competence had to be checked first: 1 pg of plasmid DNA should create more than
10° colonies. To check, dilute DNA and/or bacteria to get information on competence and total

yield of bacteria.
3.4.1.1 Transformation of suitable bacterial strain

1 pg of plasmid DNA was added to 200 pl of freshly thaw DH5a competent cells and incubated
for 30 minutes on ice. After a 2 minutes heat shock at 42 °C 800 pl of LB medium was added to
the cells. The bacteria were incubated for 45 minutes at 37 °C. After incubation the bacteria were
spun down at 6000 rpm for 3 minutes in an eppendorf centrifuge. Supernatant was then reduced
to 500 pl. The pellet was resuspended and bacterial suspension was plated out in LB agar plates
containing 100 ul/ml ampicillin. Colonies were grown overnight at 37 °C. At the next day the

plates should yield more than 10,000 colonies.
3.4.1.2 Overnight culture

Bacteria were transferred into 200 ml of LB-Amp medium. The bacterial culture was incubated

overnight on a rotary shaker at 37 °C.
3.4.1.3 Plasmid preparation

Bacteria were harvested by centrifugation at 8000 rpm for 30 minutes at 4 °C in a sorvall or
Beckman centrifuge. Plasmid DNA was prepared from bacteria with maxi prep kit (Jetstar)

according to the supplier’s protocol.
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3.4.2 Preparation of lentiviruses

HEK 293T cells were grown in DMEM medium containing 10% FCS and 1%
penicillin/streptomycin on 10 cm plates. At the day of transfection cells should be grown to

50%-70% confluence. Cells were transfected with the following vectors:

pGIPZ library vector containing mammalian puromycin resistance gene, GFP, sh

RNA coding sequences driven by CMV promoter
psPAX2 packaging vector containing all required genes for packaging

pMD2-VsVg envelope plasmid encoding for the VsVg surface protein resulting in a
higher virus stability

Total 8 pg of plasmids were incubated with 16 ul polyethyleneimin (PEI) for 15 minutes then
transfected to HEK 293T cells (3.5 ng of pGIPZ, 2.7 ng of psPAX2, and 1.8 pg of pMD2-
VsVg). The DNA ratio/amounts were adapted from a protocol of Manfred Gessler. Fluorophore
expression was checked 24 hours after transfection. The transfection efficiency was determined
to be close to 100% as seen by GFP expression, but the fluorescense only proofs the presence

and functionally of the library vector but not the generation of viruses.

Virus containing supernatant was harvested 36 hours, 48 hours and 72 hours post transfection.

Supernatant was passed through a 0.22 pm filter to get rid of cell debris and stored at -80°C.

3.4.3 Checking the virus titer

Since the virus expresses GFP, the titer can be easily determined by FACS analysis. This has to
be done for each cell line you want to infect, since some cell lines are more difficult to infect

than others.

Dilute virus (example, 5-fold 20-fold 100-fold diluted) in DMEM supplemented with 8 pg/ml
polybrene (sequabrene’, Sigma). Polybrene is a cation that is often pre-incubated with the virus
particles to give it a net positive charge, which helps to counteract the negatively-charged cell
surface membrane. Cells were infected at 50% confluency with diluted virus solutions. One plate

was kept uninfected as negative control.
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6 plates of HEK cells were used to produce lentiviruses. As library vector a pool of 10000
individual pGIPZ plasmids were used. After 24 hours post-infection, the virus was harvested

every 12 hours up to 72 hours. The viruses harvested at different time points were combined.

A 10 cm plate of SHEP-N-MycER cells at 50% confluency were infected by adding the diluted
virus solutions quantitatively. 48 hours after infection cells were fixed with 3.7% formaldehyde
and subjected to FACS analysis. Green cells appeared dependent on the dilution of the virus with

a frequency of 0.5, 1.5 or 7.5%, respectively.
3.4.4 Infecting SHEP-N-MycER cells with pool of 10000 individual viruses

Ideally there should be an equal distribution of all individual plasmids in such a pool. In reality
there can be a big difference between one individual plasmid being the most under- or over-
represented. If one plasmid is underrepresented more than 10 times if compared to the average,
you would not find this plasmid anymore if you would analyze 10> sequences. Since nothing is
known about the quality of the pools received from Lars Zender in terms of distribution of
individual clones. Finally, 10’ sequences should be obtained by high-throughput sequencing
using a Genome analyzer IIx (Illumina). This important number 10’ should be kept throughout

the experiment.

As a start a huge number of lentiviruses were generated. The aim is to have sufficient virus to
obtain 107 green cells after infection. To avoid multiple infections the multiplicity of infection
(MOI) should be kept quite low (0.1). Therefore, 10° cells have to be infected to achieve 10’
infected cells. To generate a 10000-pool 10 of the 1000 pools were combined. It is important to
have the correct concentrations of each 1000 pool and it should be done with one and the same
pipet. 5 pg of each 1000 pool were combined (pool 51-150, pool 461-560) and the concentration
determined. Viruses were generated and the titer determined in SHEP-N-MycER cells (see
3.4.3). 15 cm plates with these cells at 50% confluency were infected with the virus pool. SHEP-
N-MycER cells at confluency in 15 cm plates are 1.2x10". 6x10° cells (50% of confluency is
6x10°, to keep MOI 0.1, 6x10° cells were infected) were seeded for infection for the next day. To
keep redundancy 1000, minimal 17 plates were required. Two days after infection puromycin
was added (1 pg/ml final concentration) to select the infected cells for 2 days. After 2 days
selection all positive cells (should at least 10" cells) from 17 plates were combined and
distributed to 3 plates (redundancy). The cells were grown to confluency (1.2x10"), split (while

splitting always first combine and split to keep redundancy!!) 1:3 into new 15cm plates, now
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there were 9 plates altogether. Every 3 plates (1.2x107 altogether) was one unit kept for the
redundancy 1000. So until now there were 3 units. One unit was kept as control, one was treated
with ethanol and one was treated with 100 nM tamoxifen. Until the 3 units were grown to
confluency, they were split 1:3 (at least 9 plates in all). One unit (3 plates) was used for

propagation. The other two (6 plates) were used for isolating genomic DNA.
3.4.5 PCR amplification of shRNA coding sequences

Since shRNA coding sequences were introduced into the genome via the same vector, they can
be amplified in an equal distribution by flanking primers. The shRNA coding sequences were
embedded in a sequence coding for the mir30 micro RNA. To avoid primer annealing the mir30
sequence in the human genome (chromosome 6) the sense primer was designed to anneal outside
of the mir30 sequence on the pGIPZ vector. The antisense primer anneals within the mir30
sequence but the vector sequence is interrupted by an EcoRI site, which is not present in the
original mir30 sequence. This design was chosen to keep the resulting PCR-product below
300bp. Both sense and antisense primer were introduced a grafting sequence being required for

cluster formation on an illumina single read sequencing flow cell.

To keep the redundancy of 1000 copies of each individual clone, the genomic DNA of 107 cells
was required for the first PCR step. The genomic DNA of one cell contains one shRNA.

Bp (660g/mol) x 6.4x10° (diploid human cell) = 7 pg DNA/ cell
Using 10 cells: 70 pg of genomic DNA had to be subjected to PCR

Typically 1 pg of genomic DNA was used in 50 pl PCR reactions. Therefore up to 70 reactions

had to be performed. The amount of PCR product being produced was much lower:
Bp (660g/mol) x 300bp (fragment length) =3.3x 10" g

At 10" sequences: 3.3pg of PCR product are required to keep the redundancy.

Table 20: PCR mix

98°C 1min
30 cycles
64°C 1min
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72°C 1min

The PCR reactions of the 70 reactions were pooled and the DNA precipitated using 1/10 vol of 3
M NaAc pH 5.2 and an equal volume of isopropanol. After centrifugation the pellet was washed
once with 70% ethanol, again centrifuged and the supernatant discarded. The pellet was air dried
and resolved in 150 ul TE buffer pH 7.6. 30 pl of 6x agarose loading dye was added and the
mixture loaded onto a 1.8% LMP agarose gel. After electrophoresis the bands were excised and

the DNA extracted by columns. The DNA concentration was determined.

3.5 Sequencing DNA template

The DNA sample preparation part used the single-read cluster generation kit v2 on the cluster
station according to the illumina standard protocol. The DNA template was prepared at a
concentration of 10 nM in Tris-Cl 10 mM, pH 8.5 and denatured with 2 N NaOH to a final DNA
concentration of 1 nM, diluted with pre-chilled hybridization buffer to a volume of 1000 ul to
concentration of 5 pM and 8 pM. The DNA samples were ready in an eight-tube strip and loaded
to the cluster station for cluster amplification, linearization, blocking and primer hybridization.
Afterwards the sequencing reagents were prepared and the flow cell with clusters was transferred
and loaded on to genome analyzer following the reagent preparation instructions described in
using the SBS sequencing kit v3 36 cycles on the genome analyzer and the standard sequencing

protocol described in the sequencing user guide.

Table 21: Flow cell 2011.01.19

Lane 1 2 3 4 5 6 7 8

Sample EU LU LS EU phix | LU LS

Concentration | SpM [ 5pM |5pM | 8pM | 8pM | 8§pM | 8 pM
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Table 22: Flow cell 2011.02.11

Lane 1 2 3 4 5 6 7 8

Sample EU LU LS EU LU LS phix

Concentration | SpM | 5pM |5pM | 8pM |8pM |8pM | 8pM

3.6 Sequencing data analysis

The sequencing data converting, alignment, statistical analyses were done by Mark Onyango and

Carsten Ade.

A total of 18290 unique shRNAmir constructs cloned in the lentiviral RNAi vector pGIPZ were
used to carry out two negative selection screens in SHEP-N-MycER cells. Both screens were
done in an equal format, one with a pool of 9589 and the other one with a pool of 8701

constructs. Both screens were done in two biological replicates.

To guarantee a sufficient redundancy for all sequenced shRNAs, at least 8 million reads were
generated by next generation sequencing (Illumina GAIIx) for each sample. The raw-sequences
were filtered for high quality reads using the Illumina CASAVA software. For each sample, all
reads with a reliable quality score were extracted and written in a FASTQ file. To allow for a
combined analysis of the changes in frequency of all screened shRNAs, the sequencing data
generated for corresponding conditions (EU, LU or LS) of corresponding biological replicates
(replicate 1 or replicate 2) of both screens were combined in joint FASTQ files. Adjusting the
sizes of all initial FASTQ files prior to their fusion guaranteed that subsequent normalizations of
the joint dataset do not result in an unequal weighting of the sequencing data generated in the

separate screens.

The alignment of FASQ files was performed in Bowtie tool. The criteria used for the alignment
to the reference was the default settings except for discarding all shRNAs that did not align
100%, only 0 mismatch was allowed. After the data was aligned, a custom tool designed by
Mark Onyango was used to create the count matrix (Onyango et al., 2013). The tool creates a

matrix with the target shRNAs as rows and the individual samples/replicates as columns. Each
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alignment in the alignment file was counted and summed up in the count matrix. The count
matrix was then used to run DESeq analysis tool with the default routine under R environment,
calculating the different sequencing depth to get the size factors. The variance in the data was
then calculated. The differential expression was analyzed using a cutoff value of 0.05 for the p-

value which is quite standard.

To identify annotated and protein encoding target genes, all 18290 constructs were mapped
against the most recent human transcriptome (GRCh37) resulting in 13406 unique combinations
of shRNA sequences and target genes. This new list of shRNA-sequences was used as a
reference for the alignment of the raw-sequences generated for each sample. Based on these
alignments, the abundances of all shRNAs targeting annotated genes were determined for each

condition.
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4 Results

4.1 Genome-wide lentiviral shRNA screen

4.1.1 Work flow of screen

For screening, we used the neuroblastoma cell line SHEP with an inducible N-MycER construct
that can be activated by tamoxifen (4-OHT). Western blot analysis shows N-Myc is activated
upon tamoxifen treatment (Figure 5SA). SHEP is a MYCN-nonamplified neuroblastoma cell line
which carrys a single copy of MYCN. Briefly, shRNA screens were conducted in a pooled format
using a total of 18290 unique pGIPZ based shRNAmir constructs. These 18290 constructs
constitute largely the releases 6.2, 6.3, 6.10, 6.11 and 6.12 of the commercial genome-wide
Open-Biosystems shRNA pGIPZ-library as described in materials chapter. The screen was done
in two independent experiments, one with a pool of 9589 and the other one with a pool of 8701
constructs. For both screens, two biological replicates were done, including infection of the cells

with independently prepared lentivirus-pools.

Figure 5B shows how the screens were performed. For each screen, a large population of SHEP-
N-MycER cells were infected with the pooled shRNA library and selected with puromycin. This
assured a multiplicity of infection (MOI) of < 0.1 and consequently the integration of not more
than a single shRNA construct into the targeted cell genome. Further more, the theoretical
redundancy per shRNA in the infected cell population was > 1000. After selection, the cells were
splited into three populations. Cells of the first population were immediately harvested and
defined as the early unstimulated condition (EU). The other two populations were treated with
ethanol or with 100nM tamoxifen (4-OHT) to activate N-Myc and cultured for approximately
two weeks. Cells of the control population were harvested and defined as late unstimulated
condition (LU) while cells of the 4-OHT treated population were harvested and defined as late
stimulated condition (LS). After isolating genomic DNA, the shRNA cassettes were PCR
amplified using primers referred as grafting-primer-3’ and grafting-primer-5’ (Figure 5C). These
primers introduced adapter sequences (“‘graft sequence”) required for the amplification products
to bind to the Illumina flowcell for next generation sequencing. The quality and quantity of PCR
product were determined by Experion chip electrophoresis. Figure 5D shows the PCR product of
a length of 340bp. Afterwards the standard Illumina protocol was used for the next generation

sequencing of PCR products on a genome Analyzer IIX. Changes in frequencies of individual

83



Results

shRNAs were calculated from their relative abundances in the cell populations of the three

different conditions.

Alarge population of SHEP-N-MycER cells
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Figure 5: Workflow of screen

(A) SHEP-N-MycER cells were treated with 100nM 4-OHT for 24 hours and lysed with RIPA buffer. The protein
extracts were analysed by western blot.

(B) Flow chart of the screening procedure. A large population of SHEP-N-MycER cells were infected with a pooled
lentiviral shRNA library. After selection with puromycin, the cells were split into three populations, one was
harvested immediately after selection, one treated with 100nM tamoxifen to activate N-MycER while the other
population was treated with ethanol used as reference. The genomic DNA was isolated from cells two weeks after
tamoxifen treatment and subjected to PCR to amplify the shRNA cassettes. The frequencies of shRNAs were
determined by next generation sequencing.

(C) Schematic of shRNAmir sequence of GIPZ vector and primer binding sites. Two blue bars indicate the start and
end of mir30 region. Green-red-green line indicates the stem-loop-stem structure. Grafting primers have a grafting
sequence at 3’ end representing the adaptor sequence required for binding to the flow cell. 5’grafting primer binds to
a region outside of 5’mir30 whereas 3’grafting primer binds within the 3’mir30 sequence. The primer pair amplifies
a length of 340bp long product.
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(D) The PCR products were pooled, precipitated, then dissolved in TE buffer and subsequently purified by gel
electrophoresis using a 0.8% agarose gel.

4.1.2 Polo-like kinase 1 (PLK1) is a positive control for the lethal effect

For the screen shRNAs of interest are strongly depleted after activation of N-Myc. In this
context, two important questions have to be answered prior the conduction of a large-scale
screen. First, how fast does a lethal shRNA disappear completely from the cell population as a
result of apoptosis induction? Second, how long after the start of the screen will a pGIPZ-based
shRNA be functional? To answer these questions, we used shRNAs targeting PLK1 as "proof of
principle". To exclude apoptosis, we used PLK1 as positive control to mimic the lethal effects.
Depletion of PLK1 induces apoptosis and growth arrest, which leads to a strong lethal effect.
Three PLK1 shRNAs based on pGIPZ vector backbone were used. All of the shRNAs show
good knockdown efficiency (Figure 6A) and the depletion of PLK1 over 7 days clarly shows a
delay in proliferation but no complete loss of growth (Figure 6B). The sh #711 reduces mRNA
level for 70% while sh #709 and sh #708 reduce mRNA level for more than 80%. Additionally,
all shRNAs show growth arrest in SHEP-N-MycER cells (Figure 6B).
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Figure 6: SHEP-N-MycER cells infected with PLK-1 shRNAs have a growth disadvantage.
(A) RT-PCR determines the knockdown efficiency of PLK1 shRNAs.
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(B) SHEP-N-MycER cells infected with PLK1 shRNAs have a proliferation delay. Cells with different PLK1
shRNAs were plated on day 0 and counted on every 24 h until 168 h.

To better visualize the behaviour of PLK1 shRNAs, a dual-colour competition assay was
performed. The vector’s GFP marker was exchanged for RFP marker to obtain a shRNA
targeting PLK/ with red fluorescence. Equal amounts of sh ntc (a non-targeting shRNA as
control) in green and sh plkl in red were plated on day 0. The cells were harvested at regular
intervals. The ratio of green and red cells was determined by flow cytometry (Figure 7A). The
assays were conducted with sh #709 and sh #708, both of which have a good knockdown
efficiency (Figure 6A). The assay showed until day 9 the sh #708 decreases from 51% to 8.5%

indicating a 6-fold reduction.

From day 9 onwards, the two curves stay parallel meaning the ratio between red and green cells
remains unchanged (Figure 7B). The sh #709 shows a similar effect as sh #708 with a 2.7-fold
decrease (Figure 7C). The result leads us to the conclusion that sh plk1 is depleted in the mixed

population only over the course of the first 9 days.
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Figure 7: Dual-colour competition assay in SHEP-N-MycER cells stably expressing GFP or RFP.
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(A) Schematic illustrates dual-colour competition assay. Equal numbers of control cells expressing GFP and sh plk1
cells expressing RFP were plated on day 0. The ratio between green and red cells was analyzed at regular intervals
by flow cytometry.

(B) The assay was set up according to (A). Green line indicates the relative frequency of cells infected with sh ntc
(stably expressing GFP) and the red line indicates the relative frequency of cells infected with the shRNA targeting
PLK1 sh #708 that stably expresses RFP. The cells were harvested at indicated time points and subjected to FACS
analysis to determine the ratio.

(C) PLK1 sh709 was used for cells stably expressing RFP. The experiment was described in (B).

Since the sustained function of shRNAs is quite important, the knockdown effect of all sh plkl
were checked via RT-PCR at post infection day6, 10, 13, 18 and 21 (Figure 8). The diagram
shows that on day 13 the knockdown efficiency of all ShARNAs was still strong with a decrease of
PLK1 mRNA levels of more than 70%. However, on day 18, the knockdown efficiencies were
already strongly reduced showing no more than 50% reduction in PLK/ mRNA levels. The
combined results from the dual-colour competition assays and from the RT-PCR showed that
shRNA activity and consequently a depletion of lethal shRNAs could be expected over a course
of approximately 9 to 18 days. As a result of these studies, we decided to screen the shRNA
libraries in the SHEP-N-MycER cells over a period of 14 days.

2.50

2.00

1.50 . 6d
= 10d
= 13d

1.00- = 18d
= 21d

0.50-

0.00-

non-infected sh ntc sh#711 sh #709 sh #708

Figure 8: Time course of p/kI1 mRNA level in SHEP-N-MycER cells infected with PLK1 shRNAs.
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SHEP-N-MycER cells were infected with different lentiviral PLK1 shRNAs and selected. The mRNA level of plkl
was analysed at indicated timepoints after infection.

4.2 Data analyses

As described above, 18290 shRNAs were used to carry out two screens in SHEP-N-MycER
cells. Both screens were done in an equal format, one with a pool of 9589 and the other one with

a pool of 8701 constructs and in two biological replicates.

To guarantee a sufficient redundancy for all sequenced shRNAs, at least 8 million reads were
generated by the sequencer for each sample. The raw-sequences were filtered for high quality
reads using the Illumina CASAVA software. For each sample, all reads with a reliable quality
score were extracted and written in a FASTQ file. To allow for a combined analysis of the
changes in frequency of all screened shRNAs, the sequencing data generated for corresponding
conditions (EU, LU or LS) of corresponding biological replicates (replicate 1 or replicate 2) of
both screens were combined in joint FASTQ files. Adjusting the sizes of all initial FASTQ files
prior to their fusion guaranteed that subsequent normalizations of the joint dataset do not result

in an unequal weighting of the sequencing data generated in the separate screens.

The focus of the present study was on identifying annotated and protein encoding target genes
that show a synthetic lethal interaction with N-Myc. Unfortunately, the annotations of shRNA-
sequences used in the present study are outdated. Consequently, all 18290 constructs were
mapped against the most recent human transcriptome (GRCh37), resulting in 13406 unique
combinations of shRNA sequences and target genes. This new list of shRNA-sequences was
used as a reference for the alignment of the raw-sequences generated for each sample. Based on
these alignments, the abundances of all shRNAs targeting annotated genes were determined for

each condition.

The correlations for the counts detected for each shRNA in the various different conditions
between the two independently conducted replicate experiments are shown in Figure O.
Correlation coefficients of 0.71 — 0.75 show effects of biological variability in all conditions.
Consequently, reliable effects during the screening process, including depletion and enrichment

of shRNAs, can only be expected for sufficiently strong changes in shRNA frequencies.
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Correlation of count data
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Figure 9: Two biological replicates are well correlated in either EU, LU or LS condition.

The correlations for the counts detected for each shRNA in EU, LU, LS conditions between the two independently
conducted replicate experiments. The Pearson value indicates the correlation level of two biological replicates. The
plots were generated by Carsten Ade.

Means of counts were calculated from the counts determined in the two biological replicates for
each shRNA. Changes in shRNA frequencies were then calculated as log2 fold changes between
the conditions “EU” and “LU”, “EU” and “LS” and “LU” and “LS”. Statistical inference, using
the R implemented program edgeR (Mark D. Robinson, 2010), allowed us to determine the
significance of the calculated fold changes. The red coloured population in Figure 10 shows
shRNAs significantly depleted (padj< 0.1) only after OHT treatment and with a strong synthetic
lethal effect represented by an at least 4-fold reduced frequency in the OHT treated population
compared to the reference population (log2 FC LS/LU< -2).
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Correlation_edgeR calculated FoldChanges
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Figure 10: Dot-plot showing correlation_edgeR between fold changes of LS/EU and LU/EU

In this dot-plot, the log2 fold changes of the counts of all 13408 unique combinations of shRNAs for the conditions
EU/LU and EU/LS are plotted. The population indicated in red represents shRNAs significantly depleted (p-adj <
0.1) only after N-Myc activation (LU) and with the a strong synthetic lethal effect of log2 fold change LS/LU < -2
(green line). The plot was generated by Carsten Ade.

Genes whose knockdown shows a synthetic lethal interaction with activated N-Myc in the
SHEP-N-MycER cells were identified from this dataset applying the following series of criteria:
1) shRNAs significantly depleted (p-adjusted > 0.1) during the screening process independently
of N-Myc activation were considered drop-outs and ignored in all further analyses. Target genes
of these shRNAs can be expected to be involved in essential cellular processes in SHEP-N-
MycER cells and their knockdown strongly effect the viability of the cells. 2) Conversely,
shRNAs that were significantly depleted (p-adjusted < 0.1) only after activation of N-Myc and 3)
showed a strong synthetic lethal net effect at the end of the screening procedure (log2 fold
change for conditions “LU” versus “LS” > 2) were considered as targeting genes that are

essential for SHEP-N-MycER cells after N-Myc activation (Table 23).

Of the total 13408 unique combinations of shRNAs and target genes screened in our approach,
148 were selected based on the above criteria. Knockdown of the target genes of these shRNAs
shows a strong and significant synthetic lethal interaction with active N-Myc in SHEP-N-

MycER cells.
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This gene-set was found to be enriched for genes involved in a number of important biological
processes. DAVID analysis revealed the ubiquitin mediated proteolysis pathway to be the top
enriched pathway (Table 24)(Sherman et al., 2007). Overall, processes significantly enriched in
the gene-set include protein ubiquitination and assembly of the RNA polymerase II complex.
Genes from the gene-set involved in protein neddylation and RNA polymerase II mediated
transcriptional elongation were selected for further analyses, including NAEI, CUL3, CULS,

UBE2M and members of the COP9 signalosome and NUP153, NCAPG2, ELL, TCEBI, LARP?7,
THOCI, respectively (Figure 11).
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Table 23: A candidate list of 148 shRNAs

The shRNAs were selected with the criteria that padj of log2 FC (LU/EU)>0.1, padj of log2<0.1, log2 FC
(LS/LU)<-2. The list was sorted after ascending value of log2 FC (LS/LU). The genes involved in neddylation
pathway (labeled in red), RNAIl-mediated transcription elongation (labeled in green), chromosome integrity
(labeled in orange), replication and checkpoint (labeled in brown), p53, ARF-mediated apoptosis (labeled in blue)
are indicated.
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gene_symbo logFC LU/EU padj logFC LS/EU padj logFC LS/LU padj gene_symbo logFC LU/EU padj logFC LS/EU padj logFC LS/LU padj
NAE1 -0.30 1.00 -8.30 0.00 -7.96 0.00 ATP6VOD1 -2.43 022 -5.17 0.00 -2.70 0.70
ALDOA -1.59 1.00 -8.77 0.00 -7.13 0.00 EXOSC4 -0.95 1.00 -3.69 0.01 -2.70 0.70
ALDOAP1 -1.59 1.00 -8.77 0.00 -7.13 0.00 TRIP12 -0.48 1.00 -3.21 0.02 -2.69 0.67
RRS1 -1.00 1.00 -7.96 0.00 -6.91 0.00 BAZ1B -0.05 1.00 -2.76 0.09 -2.67 0.88
BIRC5 -2.01 0.60 -8.47 0.00 -6.41 0.00 POLDIP2 -0.78 1.00 -3.48 0.01 -2.65 0.75
uncharacteri -2.01 0.60 -8.47 0.00 -6.41 0.00 ZNF562 -1.89 0.69 -4.58 0.00 -2.65 0.76
RBM27 -2.16 0.43 -8.39 0.00 -6.19 0.00 RMND1 -1.18 1.00 -3.85 0.01 -2.63 0.83
ZNF271 -1.51 1.00 -7.54 0.00 -5.98 0.00 CCT5 -1.98 0.57 -4.63 0.00 -2.61 0.76
RPL36 -1.33  1.00 -6.98 0.00 -5.61 0.01 PPWD1 -2.17 0.38 -4.83 0.00 -2.61 0.74
ATL1 -0.63 1.00 -6.07 0.00 -5.40 0.01 UBE2I -1.74 0.85 -4.37 0.00 -2.59 0.76
BRCA1 -2.34 0.30 -7.64 0.00 -5.25 0.04 TEX19 -0.59 1.00 -3.21 0.02 -2.58 0.73
CLEC4AG 1.27 1.00 -4.03 0.03 -5.25 0.04 MCMé -2.17 0.38 -4.78 0.00 -2.57 0.76
PIK3CB 0.85 1.00 -3.78 0.01 -4.59 0.04 POLR2K -0.87 1.00 -3.45 0.01 -2.54 0.75
MuC22 0.30 1.00 -4.31 0.00 -4.57 0.02 KIF23 -0.35 1.00 -2.92 0.05 -2.53 0.92
BCLAF1 -2.72 011 -7.33 0.00 -4.56 0.18 ZNF717 -0.04 1.00 -2.60 0.09 -2.51 0.77
TUBG1 -2.37 0.29 -6.98 0.00 -4.56 0.15 GPATCH1 -0.26  1.00 -2.82 0.06 -2.51 0.83
NKAP -2.64 0.15 -7.22 0.00 -4.53 0.17 KIF11 -0.50 1.00 -3.05 0.03 -2.50 0.92
RCC1 -1.60 1.00 -6.13 0.00 -4.48 0.18 GAPDHP41 -0.25 1.00 -2.76 0.07 -2.47 0.92
POP7 -1.80 0.77 -6.22  0.00 -4.38 0.04 PBRM1 -0.21 1.00 -2.69 0.07 -2.44 0.92
SCFD1 -1.61 1.00 -5.86 0.00 -4.21 0.32 ERI2 -1.18 1.00 -3.66 0.01 -2.43 1.00
HMGN2P13 -1.25 1.00 -5.48 0.00 -4.19 0.05 SEPT7 -0.37 1.00 -2.83 0.04 -2.42 0.92
THOC1 -0.03 1.00 -3.93 0.00 -3.86 0.08 SEPT7P5 -0.37 1.00 -2.83 0.04 -2.42 092
TMEM207 0.04 1.00 -3.83 0.06 -3.83 0.60 SEPT7P4 -0.37 1.00 -2.83 0.04 -2.42 0.92
PHB 0.64 1.00 -3.20 0.03 -3.79 0.14 SEPT7P6 -0.37 1.00 -2.83 0.04 -2.42 0.92
TRIP12 -0.19 1.00 -4.01 0.00 -3.78 0.11 MCM3 -1.12° 1.00 -3.59 0.01 -2.42 0.92
TOP1 0.77 1.00 -3.03 0.04 -3.75 0.12 COPs4 -2.11 0.43 -4.56 0.00 -2.41 0.92
WISP2 -1.08 1.00 -4.88 0.00 -3.75 0.15 STRBP -0.32 1.00 -2.75 0.06 -2.39 0.93
KAZN 0.15 1.00 -3.54 0.02 -3.65 0.18 PSMA6 -0.71 1.00 -3.13 0.04 -2.38 1.00
EXOSC4 -1.28 1.00 -4.96 0.00 -3.64 0.19 PSMA6P1 -0.71 1.00 -3.13 0.04 -2.38 1.00
ORC1 -0.83 1.00 -4.43 0.00 -3.56 0.15 PSMAG6P2 -0.71 1.00 -3.13 0.04 -2.38 1.00
PPL -0.52 1.00 -4.06 0.00 -3.50 0.19 uncharacteri -0.71 1.00 -3.13 0.04 -2.38 1.00
CUL5 -0.67 1.00 -4.21 0.00 -3.49 0.19 GEMIN4 -2.49 0.17 -4.90 0.00 -2.37 097
COPS5 0.24 1.00 -3.28 0.02 -3.48 0.18 AAGAB -0.94 1.00 -3.35 0.02 -2.37 0.99
NAA1S 0.47 1.00 -3.05 0.03 -3.47 0.19 RB1 -0.28 1.00 -2.68 0.09 -2.36 1.00
KLHL29 -0.51 1.00 -3.99 0.04 -3.43 0.92 FBXLS5 -0.20 1.00 -2.58 0.09 -2.34 0.99
PPWD1 -0.64 1.00 -4.04 0.00 -3.36 0.25 TMEM126B -0.22 1.00 -2.60 0.08 -2.34 0.98
EYS -0.28 1.00 -3.66 0.01 -3.33 0.25 INIP -1.24 1.00 -3.62 0.01 -2.33 1.00
ZNF853 0.51 1.00 -2.85 0.05 -3.32 0.23 UTP20 -1.07 1.00 -3.42 0.01 -2.30 1.00
USPI9X -1.14 1.00 -4.50 0.00 -3.32 0.32 DDX27 -1.72 0.95 -4.06 0.00 -2.29 1.00
SLC25A51 0.25 1.00 -3.09 0.03 -3.30 0.24 PARP12 -1.03 1.00 -3.36 0.01 -2.29 1.00
TOPBP1 0.14 1.00 -3.18 0.03 -3.28 0.30 SNRPFP1 -0.48 1.00 -2.81 0.08 -2.28 1.00
UBA3 -0.80 1.00 -4.09 0.00 -3.25 0.28 HTATSF1 -2.64 0.11 -4.95 0.00 -2.27 1.00
SGSM3 -2.53 0.21 -5.76 0.00 -3.18 1.00 SuUDS3 -0.97 1.00 -3.28 0.02 -2.26 1.00
NUP153 -1.48 1.00 -4.67 0.00 -3.15 0.36 SUDS3P1 -0.97 1.00 -3.28 0.02 -2.26 1.00
AP2M1 0.46 1.00 -2.71 0.08 -3.13 0.31 OR7C2 -0.60 1.00 -2.89 0.05 -2.25 1.00
COPs4 0.19 1.00 -2.98 0.04 -3.13 0.31 TCF3 -2.49 0.19 -4.76 0.00 -2.23 1.00
CHTF18 -1.65 1.00 -4.74 0.00 -3.04 0.39 VPRBP -2.23 0.36 -4.49 0.00 -2.22 1.00
CDKN2D -1.40 1.00 -4.48 0.00 -3.03 0.66 POLR3K -0.61 1.00 -2.87 0.05 -2.21 1.00
YIPF5 0.22 1.00 -2.84 0.05 -3.02 0.43 DTL -0.51 1.00 -2.75 0.07 -2.21 1.00
EFTUD1 -1.03 1.00 -4.09 0.00 -3.02 0.39 ZNF480 -0.35 1.00 -2.60 0.09 -2.20 1.00
POLR2K -0.66 1.00 -3.71 0.01 -3.01 0.39 RFX2 -0.61 1.00 -2.83 0.05 -2.18 1.00
DHX15 -2.43 0.21 -5.47 0.00 -3.00 0.50 ACTBL2 -1.19 1.00 -3.38 0.01 -2.15 1.00
uncharacteri -0.03 1.00 -3.04 0.03 -2.96 0.39 FRYL -0.39 1.00 -2.58 0.09 -2.14 1.00
SUPT6H -1.24 1.00 -4.23 0.00 -2.94 0.47 TOX4 -1.02 1.00 -3.21 0.02 -2.14 1.00
CcuL3 -0.22 1.00 -3.14 0.02 -2.88 0.50 TOX4P1 -1.02 1.00 -3.21 0.02 -2.14 1.00
LARP7 -0.72 1.00 -3.64 0.01 -2.88 0.50 FLAD1 -0.54 1.00 -2.71 0.08 -2.13 1.00
MLC1 -0.48 1.00 -3.37 0.01 -2.85 0.51 NCAPG2 -1.45 1.00 -3.61 0.01 -2.11 1.00
CXorf48 -0.23 1.00 -3.12 0.03 -2.84 0.52 XPO5 -1.50 1.00 -3.65 0.01 -2.11 1.00
TCOF1 -1.12 1.00 -3.98 0.00 -2.82 0.69 PDZK1IP1 -1.55 1.00 -3.66 0.01 -2.07 1.00
RABGEF1 0.01 1.00 -2.85 0.05 -2.81 0.51 PKN2 -1.28 1.00 -3.38 0.02 -2.06 1.00
KCTD7 0.01 1.00 -2.85 0.05 -2.81 0.51 TCEB1 -1.28 1.00 -3.38 0.02 -2.06 1.00
WWP2 0.21 1.00 -2.65 0.09 -2.81 0.57 TCEB1P20 -1.28 1.00 -3.38 0.02 -2.06 1.00
SMC5 0.17 1.00 -2.68 0.06 -2.80 0.51 TCEB1P19 -1.28 1.00 -3.38 0.02 -2.06 1.00
SGCD -0.17 1.00 -3.02 0.06 -2.80 0.76 TCEB1P22 -1.28 1.00 -3.38 0.02 -2.06 1.00
ELL -0.21 1.00 -3.02 0.03 -2.77 0.59 TCEB1P33 -1.28 1.00 -3.38 0.02 -2.06 1.00
NCAPH -1.99 0.56 -4.79 0.00 -2.76 0.63 TCEB1P21 -1.28 1.00 -3.38 0.02 -2.06 1.00
CBLC 0.01 1.00 -2.79 0.06 -2.76 0.63 SOX10 -0.54 1.00 -2.64 0.09 -2.06 1.00
NKAPL -0.75 1.00 -3.53 0.01 -2.74 0.60 OR8G7P -0.94 1.00 -3.04 0.04 -2.05 1.00
HYALP1 0.01 1.00 -2.77 0.09 -2.73 0.76 GTF2E2 -1.52 1.00 -3.59 0.01 -2.03 1.00
COPSs8 -1.22 1.00 -3.97 0.00 -2.71 0.70 CA7 -0.45 1.00 -2.52 0.10 -2.02 1.00
COPS8P2 -1.22 1.00 -3.97 0.00 -2.71 0.70 DNASE1L3 -0.68 1.00 -2.74 0.07 -2.02 1.00
SNRPA -1.18 1.00 -3.93 0.00 -2.70 0.67 OR1J1 -2.32 037 -4.37 0.00 -2.01 1.00
C19orf54 -1.18 1.00 -3.93 0.00 -2.70 0.67 OIP5 -0.72 1.00 -2.77 0.06 -2.01 1.00
SLC4A1 0.15 1.00 -2.60 0.09 -2.70 0.66 Cl140rf93 -0.78 1.00 -2.83 0.05 -2.00 1.00

Table 24: DAVID pathway analysis

The final list of 148 candidates (log2FCLS/LU <-2) was subjected to DAVID pathway analysis using 13408
shRNAs list as background.
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Top enriched pathways
NAME p-value g-value
Ubiquitin mediated proteolysis 6.71E-05 0.004
HIV infection 4.44E-04 0.016
General transcription by RNA polymerase | 0.0092 0.249
Pausing and recovery of Tat-mediated HIV-mediated elongation 0.026 0.384
Pausing and recovery of elongation 0.026 0.384
Elongation pausing and recovery 0.029 0.304
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Figure 11: Dot-plot showing correlation_edgeR between fold changes of LS/EU and LU/EU

The plots were described in figure 6. The shRNA involved in neddylation (A) and RNAPII mediated transcription
elongation (B) were labelled.

4.3 NAE1

4.3.1 Validation of NAE1 in SHEP-N-MycER

NAEI is not only a candidate involved in neddylation pathway but also top ranked. To verify
synthetic lethal effect of NAEI, three pLKO NAE1 shRNAs were designed. Western blot
analysis shows that all ShRNAs have knockdown efficiency (Figure 12A). The sh #2 has almost
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100% knockdown efficiency while shl and sh #3 have more than 50% knockdown efficiency.
The colony formation assay shows that NAE1 depletion alone has in general weak effects but
combined with N-My activation leads to a lethal effect on cells (Figure 12A). The effect in the

colony assay is correlated with knockdown efficiency.

Regarding the short period of colony assay because of confluency, a dual colour competition
assay was performed in order to keep cells longer in cell culture and enlarge the difference
between OHT treated and untreated cells (Figure 12B). SHEP-N-MycER stably expressing GFP
and mCherry were generated. Cells with GFP were infected with sh nael while cells with
mCherry were infected with sh scramble. The same amounts of GFP and mCherry expressing
cells were plated in a dish on day 0. Cells were harvested at indicated time points and the ratio
between GFP and mCherry cells was determined by flow cytometry. The diagram shows only
the bar of GFP. On day 8 the sh #2 without OHT decreases from 46.8% to 19.9% indicating 2.4
fold decrease while the sh #2 with OHT decreases from 46.8% to 4.2% indicating a 11-fold
reduction. The sh #1 and sh#3 present the same effect as sh #2.

With the colony assay and dual-colour competition assay we verify that NAE1 depletion with N-

Myc activation leads to cell growth arrest.
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A
+ EtOH +4-OHT
sh scramble
NAE1 sh #1 SHEP-N-MycER
shscr sh#1 sh#2 sh#3
C e
NAE1 sh #2 - . - A VINC
NAE1 sh #3
B
sh scramble vs sh #1 sh scramble vs sh #2 sh scramble vs sh #3

Figure 12: SHEP-N-MycER cells with NAE1 depletion and N-Myc activation have a strong growth
disadvantage.

(A) 5x10* of SHEP-N-MycER cells infected with pLKO sh nael or sh scramble were plated on a 6¢cm dish on day 0.
200nM 4-OHT was added on day 2. Cells were harvested and fixed, subsequently stained with crystal violet. The
knockdown efficiency of pLKO sh nael was analysed by western blot.

(B) Equal number of SHEP-N-MycER cells expressing RFP infected with sh scramble and cells expressing GFP
infected sh nael were plated on day 0. The ratio of green and red cells was determined by flow cytometry.
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4.3.2 NAE1 depletion induces S-phase arrest and apoptosis with N-Myc

To confirm the effect in colony assay results from cell cycle arrest or apoptosis, BrdU/PI assay
and Annexin/PI assay were performed. In BrdU/PI plots, the population in blue frame indicates
BrdU positive cells (Figure 13A) while the population in red frame indicates the BrdU negative
cells with intermediate DNA content. The cells in red frame are considered in S-phase according
to the DNA content but not able to incorporate BrdU. The total S-phase is an addition of the
population from blue frame and red frame. Cells with sh scramble show a normal cell
distribution. 45.5% of the cells are BrdU positive, only 3% are BrdU negative indicating that
replication in S-phase is ongoing. After 4-OHT-treatment BrdU positive cells are increased from
45.5% to 59.8% indicating that N-Myc activation promotes S-phase entry. The change of BrdU
negative cells is not pronounced and decreased from 3% to 2.3%. The dot-plot of NAE1 sh #2,
which has the best knockdown efficiency shows that 44.9% cells are BrdU positive and 11.5%
cells are BrdU negative. The population in red frame increases from 11.5% to 17.1% upon N-
Myc activation meaning a number of S-phase cells are not able to incorporate BrdU. The sh #1
and sh #3 show similar effects as sh #2 and the effects are correlated with shRNA knockdown

efficiency.

AnnexinV/PI FACS is an efficient method to detect early apoptotic cells (Vermes et al., 1995).
Early apoptotic cells are AnnexinV positive and late apoptotic cells are AnnexinV PI double
positive. Cells with sh scramble show 1.5% early apoptosis and 3% total apoptosis. The early
and total apoptosis cells increase to 3% and 6% upon OHT-treatment indicating N-Myc
activation induces apoptosis. The diagram shows that NAE1 depletion with sh #2 induces 7%
early apoptosis (Figure 13B black bar) and 15% total apoptosis whereas combined with N-Myc
19% early apoptosis and 30% total apoptosis were induced. The sh #1 and sh #3 without OHT
induce 6% and 12% total apoptosis, respectively whereas with OHT 8% and 25% total apoptosis
were induced (Figure 13B). The amount of apoptosis is correlated with shRNA knockdown

efficiency.

Taken together, the NAE1 depletion with N-Myc activation leads to S-phase arrest and induces

strong apoptosis.
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Figure 13: NAE1 depletion with N-Myc activation in SHEP-N-MycER cells induces S-phase arrest and
apoptosis.

(A) NAE!1 depletion with N-Myc activation leads to S-phase arrest. SHEP-N-MycER cells were infected with sh
nael and treated with 200nM 4-OHT for 3 days. Before being harvested, 10uM BrdU was added to the medium and
incubated for 1 hour. Then the cells were harvested and fixed in 80% ethanol at -20°C for 1 day then stained with
anti-BrdU antibody and propidium iodide and measured by flow cytometry. The population of BrdU positive cells
are enclosed in blue frame and the population of BrdU negative cells with intermediate DNA content are enclosed in
red frame.

(B) The cells were treated like in (A). They were harvested, stained with AnnexinV and propidium iodide and
measured by flow cytometry.

4.3.3 Validation of NAE1 in neuroblastoma cell lines

To ensure the synthetic lethality of NAE1 and N-Myc not only in an inducible cell system but
also in MYCN-amplified cell lines, three MYCN-nonamplified and four MYCN-amplified
neuroblastoma cell lines were used for colony assays (Figure 14). Although RT-PCR shows the
knockdown efficiencies of NAE1 shRNAs in neuroblastoma cell lines are heterogeneous, except
in SKN-AS all the shRNAs have more than 50% knockdown efficiency (Figure 14B). The
MYCN-nonamplified cell lines do not show any evident effect. MYCN-amplified neuroblastoma
cell lines present a lethal effect except LAN-1 (Figure 14A).

In sum, the depletion of NAEI is lethal in most of the MYCN-amplified neuroblastoma cell line.
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Figure 14: NAEL1 is required more for survival of MYCN-amplified neuroblastoma cell lines than MYCN-
nonamplified neuroblastoma cell lines.

(A) Three MYCN-nonamplifed neuroblastoma cell lines show less dependency on NAE1 whereas four MYCN-
amplified neuroblastoma cell lines have a growth disadvantage without NAE1 expression. Colony assay procedure
was described in Figure 12.

(B) The knockdown efficiencies of shRNAs were analysed by RT-PCR.

4.4 CULS

4.4.1 Validation of CULS

Well-characterized substrates of NAE are members of Cullin gene family. Two proteins from
this family are on the candidate list: CULS and CUL3 (Table 23). To validate CULS, three
pLKO CULS5 shRNAs were designed. Western blot analysis shows sh #1 and sh #3 have a good

knockdown efficiency whereas sh #2 does not have any knockdown efficiency but a strong effect
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on cell growth (Figure 15A), so it is considered as an off-target. The colony formation assay
shows a strong effect of CULS depletion alone and a stronger effect of CULS depletion with N-

Myc activation.

As described in 4.3.1 (Figure 15A), a dual-colour competition assay was performed. The
diagram shows on day 8 the sh #1 without OHT decreases from 54.3% to 13.5% indicating a 4-
fold reduction whereas the sh #1 with OHT decreases from 54.3% to 4.2% indicating 13-fold

reduction. The sh #3 presents the same effect as sh #1.

The colony formation assay and dual-colour competition assay lead us to conclude that CULS

depletion with N-Myc activation leads to cell growth arrest.
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Figure 15: SHEP-N-MycER cells with CULS depletion and N-Myc activation have a strong growth
disadvantage. The experiments were conducted with pLKO backbone based lentiviral vector.
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(A) The colony assay was performed as in Figure 12.

(B) The dual-colour competition assay was performed as in Figure 12.

4.4.2 CULS depletion induces S-phase arrest and apoptosis with N-Myc

In the previous chapter 4.3.2, BrdU/PI assay and Annexin/PI assay were performed to reveal the
mechanism of growth arrest (Figure 16). To figure out the consequence of the CULS depletion
and N-Myc activation, the experiments were repeated. The cells with sh scramble show a normal
distribution with 45.5% BrdU positive and 3% BrdU negative indicating that replication in S-
phase is ongoing. After 4-OHT-treatment BrdU positive cells are increased from 45.5% to 59.8%
while BrdU negative cells are decreased from 3% to 2.3%. The increase in BrdU positive cells
indicates that N-Myc functions as a cell cycle driver. The dot-plot of CULS5 sh #1 which has the
best knockdown efficiency shows that 37.4% cells are BrdU positive and 12.1% cells are BrdU
negative but in S-phase (Figure 16, red frame). The population in red frame increases from
12.1% to 14.5% upon N-Myc activation indicating more cells in S-phase are not able to
incorporate BrdU. The sh #2 and sh #3 show similar effect as sh #1 and this effect is correlated
with shRNA knockdown efficiency (Figure 16A).

Analog to 4.3.2, Annexin/PI FACS was performed to check the apoptosis caused by CULS
depletion and N-Myc activation. The diagram shows that CULS depletion with sh #1 induces 4%
early apoptosis and 8% total apoptosis whereas combined with N-Myc 12% early apoptosis and
22% apoptosis are induced. The sh #2 and sh #3 without OHT induce 11% and 13% total
apoptosis, respectively where with OHT 24% and 17% total apoptosis were induced (Figure
16B).

In sum, these results suggest a S-phase arrest followed by apoptosis induction.
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Figure 16: CULS depletion with N-Myc activation in SHEP-N-MycER cells induces S-phase arrest and strong
apoptosis.

(A) The cells were treated as described in Figure 13. The population of BrdU positive cells are enclosed in blue
frame and the population of BrdU negative cells are enclosed in red frame.

(B) The cells were treated as in (A). The AnnexinV/PI FACS was performed as in Figure 13.

4.4.3 Validation of CULS in neuroblastoma cell lines

To confirm the synthetic lethal effect of CULS depletion and MYCN-amplification, experiment
described in 4.3.3 was repeated (Figure 17). Western blot analysis shows that the CULS5 sh #1
has a better knockdown efficiency than sh #3 whereas sh #2 shows no functional knockdown
(Figure 17B). All three MYCN-nonamplified neuroblastoma cell lines do not show evident effect
whereas all four MYCN-amplified neuroblastoma cell lines present a lethal effect (Figure 17A).
On the whole, these results indicate CULS depletion is lethal in MYCN-amplified neuroblastoma

cell lines.
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Figure 17: CULS is required more for survival of MYCN-amplified neuroblastoma cell lines than MYCN-
nonamplified neuroblastoma cell lines.

(A) Three MYCN-nonamplifed neuroblastoma cell lines do not show lethal effect upon CULS depletion whereas
four MYCN-amplified neuroblastoma cell lines have a strong growth disadvantage upon CULS5 depletion. The

colony assay was performed as in Figure 14.
(B) The knockdown efficiency of sh culS was analysed by western blot. 3-actin was used as a loading control.
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4.5 CUL3

4.5.1 Validation of CUL3

CULS3 is one of the top candidates from the screen (Table 23). The protein belongs to the cullin
family and serves as an E3-Ring-ligase (Furukawa et al., 2003).

To verify the synthetic lethal effect of CUL3, a CUL3 shRNAs was designed. Western blot
analysis indicates knockdown efficiency of nearly 100% (Figure 18A left panel). The colony
formation assay shows that CUL3 depletion with N-Myc activation leads to cell growth arrest.
CULS3 depletion alone shows a weak effect. Furthermore, a growth curve was performed to
reproduce the effect from colony assays (Figure 18B). The upper and lower black lines indicate
the cells with sh scramble and sh scramble with OHT-treatment. Cells with sh scramble and N-
Myc activation proliferate slightly than cells with sh scramble. The upper red curve of CUL3
depletion shows a delay in proliferation. The lower red curve indicating CUL3 depletion and N-
Myc activation shows much slower proliferation. The cell number decreases continuously from
day 3 until day 5 but from day 6 they start to grow again. This could be explained by loss of
shRNA function. To exclude off-target effects of sh cul3, a murine CUL3 was overexpressed in
the SHEP-N-MycER cells (Figure 18C). Murine Cul3 is similar to human CUL3 and they share
98% homologous protein sequences. Western blots analysis shows the overexpression of murine
CUL3. Compared to the cells infected with empty vector, the cells with overexpressed murine

CUL3 were completely rescued (Figure 18C).
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Figure 18: SHEP-N-MycER cells with CUL3 depletion and N-Myc activation have a growth disadvantage.
The experiments were conducted with pLKO backbone based lentiviral vector.

(A) CUL3 depletion has a strong lethal effect on SHEP-N-MycER cells upon N-Myc activation. Colony assay was
performed as in Figure 12. The knockdown efficiency of pLKO sh cul3 was analysed by western blot.

(B) Growth curve shows a constant result as (A). 5x10* cells were plated as on day 0 and counted every second day.
On day 5 cells were split because of confluency.

(C) Murine CUL3 rescues the lethal effect caused by sh cul3 and N-Myc activation. SHEP-N-MycER cells were
infected with pRRL empty vector or pRRL cul3 and selected with puromycin for 2 days. Subsequently, the cells
were infected with pLKO sh cul3 and sh scramble and plated for colony assay. The overexpression of murine CUL3
was analysed by western blot.
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To further confirm the synthetic lethality of CUL3 and N-Myc, two CUL3 shRNAs (sh #412 and
sh #784) based on the library vector backbone were used for colony formation assay, growth
curve and rescue experiment (Figure 19). Western blot analysis verifies a good knockdown
efficiency (Figure 19A lower panel). The curves of sh #412 and sh #784 without OHT shift to
the curve of sh scramble indicating CUL3 depletion alone has a weak effect based on pGIPZ
vector. The curves of sh #412 and sh #784 with OHT show a delay in proliferation. The cells
from day 10 of growth curve were taken for colony formation assay and also show a growth
disadvantage more pronounced in sh #412 and sh #784 with OHT (Figure 19B). To exclude an
off-target effect of sh #412 and sh #784, a murine CUL3 protein was overexpressed in the
SHEP-N-MycER cells. The cell growth arrest can be completely rescued upon murine CUL3
overexpression (Figure 19C). We confirm that CUL3 depletion leads to a proliferation delay

upon N-Myc activation.
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Figure 19: SHEP-N-MycER cells infected with pGIPZ CUL3 with N-Myc activation have a strong growth
disadvantage.

(A) 5x10" of SHEP-N-MycER cells infected with pGIPZ CUL3 sh #412, sh #784, sh ntc respectively were plated on
a 6cm dish on day 0. 200nM OHT was added to cells on day 1. The cells were counted every second day for 12

(B) Cells from day 10 are seeded for colony assay. The colony assay was performed as in Figure 12
(C) Western blots indicate the knockdown efficiency of pGIPZ CUL3 shRNAs.

(D) Murine CUL3 was overexpressed in SHEP-N-MycER with and without sh cul3 via a lentiviral overexpression
vector pRRL. Cells were counted on the day of plating and day 12.

(E) Western blots indicate the overexpression of murine CUL3.
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4.5.2 CULS3 in neuroblastoma cell lines

As described in 4.3.3, to ensure the synthetic lethality of CUL3 and N-Myc, three MYCN-
nonamplified and four MYCN-amplified neuroblastoma cell lines were used. Only CUL3 sh #1
and sh #3 were shown, as sh #2 has an off-target effect (Figure 20 lower panel). The SHEP cells
and SKN-AS cells show a growth arrest. As expected the NB69 cells are not influenced by
knockdown of CUL3 while the four MYCN-amplified neuroblastoma cell lines present a lethal
effect (Figure 20 upper panel). IMRS, IMR32 and SMS-KCN cells infected with sh #3 show no
growth disadvantage, which correlates with the low knockdown efficiency of this shRNA. This

result suggests a requirement of CUL3 for proliferation of MYCN-amplified neuroblastoma.
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Figure 20: CUL3 is required more for survival of MYCN-amplified neuroblastoma cell lines than MYCN-
nonamplified neuroblastoma cell lines.

A) pLKO CULS3 sh #1 and sh #3 (sh #2 has an off-target effect, not shown) were used for colony assay. Three
MYCN-nonamplifed neuroblastoma cell lines show less dependency on CUL3 whereas four MYCN-amplified
neuroblastoma cells lines have a strong growth disadvantage without CUL3 expression. The colony assay was
performed as in Figure 14.

B) Western blot analysis indicates the knockdown efficiency of sh cul3.
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4.5.3 CUL3 depletion induces apoptosis upon N-Myc activation

As concluded in 4.5.1, CUL3 depletion with N-Myc activation leads to cell growth arrest. To
confirm the notion that depletion of CUL3 with N-Myc overexpression induces apoptosis, an
AnnexinV/PI FACS was performed to investigate if the growth arrest is caused by apoptosis.
The diagram in Figure 21 shows that CUL3 depletion induces 7% early apoptosis and 15% total
apoptosis comparable with apoptosis induced by N-Myc. CUL3 depletion with N-Myc activation
induces 25% early apoptosis and 40% total apoptosis which is more than the first three
conditions (Figure 21). We confirm that CUL3 depletion with N-Myc activation highly induces

apoptosis.
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Figure 21: Depletion of CUL3 with N-Myc activation induces strong apoptosis.

Depletion of CUL3 with N-Myc activation highly induces apoptosis. AnnexinV/PI FACS was performed as in
Figure 13.

The ability of p53 to control apoptosis in response to abnormal proliferative signal and stress
including DNA damage is important for its tumour suppression function (Levine, 1997). BCL2
is a member of BCL2 family that regulates apoptosis by either inducing pro-apoptotic member or
inhibiting anti-apoptotic member and it meditates intrinsic apoptosis (Tsujimoto et al., 1984;
Cleary et al., 1986). To check whether the apoptosis is pS3-dependent or BCL2-related, the cells

were infected with sh RNA against p53 or a BCL2-overexpression vector. Western blot analyses
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show a p53 depletion and Bcl2 overexpression in SHEP-N-MycER cells (Figure 22A right panel,
C right panel). Cells infected with shRNA against CUL3 and treated with OHT show 5% early
apoptosis and 18% total apoptosis when p53 is depleted early apoptosis and total apoptosis are
10% and 25% indicating that p53 depletion does not rescue apoptosis (Figure 22A left panel).
The depletion of CUL3 in either p53 wild type IMRS cells or p5S3 mutant Kelly cells, both are
MYCN-amplified neuroblastoma cell lines, lead to a cell growth arrest, but Kelly cells show a
weaker effect than IMRS cells suggesting there might be a p53-dependent apoptosis in MYCN-

amplified neuroblastoma cell lines (Figure 22B).

In addition, cells infected with shRNA against CUL3 and treated with OHT have around 27%
apoptosis whereas BCL2-overexpressed cells show 24% apoptosis indicating BCL2
overexpression does not rescue apoptosis (Figure 22C left panel). In sum, apoptosis induced by
CULS3 depletion and N-Myc activation is neither p53-dependent nor BCL2-dependent in SHEP-
N-MycER cells, but p53-dependent in some other MYCN-amplified neuroblastoma cell lines.
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Figure 22: Analysing the p53- and BCL2-dependency of apoptosis induced by CUL3 depletion and N-Myc
activation in SHEP-N-MycER and other MYCN-amplified neuroblastoma cells

(A) Depletion p53 does not rescue the apoptosis induced by CUL3 depletion and N-Myc activation. AnnexinV/PI
was performed as in Figure 13. Western blots (right panel) indicate the knockdown efficiency of sh p53 and sh cul3.

(B) Apoptosis is induced stronger in p53 wt IMRS cells than p53 mutant Kelly cells upon CUL3 depletion. The
colony assay was performed as in Figure 12

(C) BCL2 overexpression in SHEP-N-MycER shows no apoptosis rescue. The cells were infected with pWZL-
BCL2 or pWZL empty vector and selected, afterwards infected with sh cul3 or sh scramble. The cells were plated
on day 0. 200nM OHT was added on dayl. After 3 days OHT-treatment the cells were harvested and fixed in
ethanol at -20°C for 1 day and stained with propidium iodide. The sub G1 cells were determined by flow cytometry.
Western blots indicate the overexpression of BCL2.

4.5.4 CUL3 depletion with N-Myc activation leads to S-phase arrest

To investigate the reason of growth arrest besides apoptosis, BrdU/PI FACS was performed. N-
Myc activation increases the BrdU positive cells from 35% to 48% (Figure 23A). CUL3
depletion without and with OHT has no change. The red frame in dot plot of sh cul3 with OHT
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encloses 12% cells which are BrdU negative but in S-phase. This population is 2% in sh
scramble, 3.5% in sh scramble with OHT, 5% in sh cul3 (Figure 23 right panel). Here gives us a
hint that CUL3 depletion with N-Myc activation leads to S-phase arrest.
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Figure 23: Depletion of CUL3 with N-Myc activation lead to S-phase arrest.

BrdU/PI FACS described in Figure 13 shows a S-phase problem. Blue frame enclosed the population of BrdU
positive cells while the red frame enclosed the population of BrdU negative S-phase cells. Right panel shows the
quantification of population of in blue and red frames.

To monitor S-phase progression, a BrdU pulse-chase experiment was performed (Figure 24).
SHEP-N-MycER cells were pulse-labeled with BrdU for one hour and pulse-chased thereafter.
The cells were harvested at the indicated time points after BrdU pulse. Cells infected with sh
scramble without or with OHT progress efficiently through all phases of the cell cycle while
cells infected with sh cul3 without or with OHT cycle more slowly. In fact, at 4 h, BrdU-
labeled/high PI cells from control cells already appear in G1 phase after completion of mitosis.
In contrast, only a small percentage of CUL3-depleted BrdU-labeled cells recycle to G1 while
the majority of these cells still being in S-phase at 4 h. In CUL3-depleted N-Myc activated cells,
the BrdU-labeled population recycle to G1 first at 6 h indicating a slower progression compared
to CUL3-depleted cells. At 6 h the CUL3-depleted N-Myc activated cells do not show clear
separation of each cell phase. BrdU pulse-chase label demonstrates that CUL3 depletion with N-

Myc activation decreases the rates of cell progression through the cell cycle.
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Figure 24: BrdU pulse-chase further detects S-phase problems.

BrdU was pulsed for 1 hour and washed away, subsequently chased for 2, 4, 6 hours. BrdU/PI FACS described in
Figure 13 was performed to analyze the cell cycle and BrdU incorporation.

4.5.5 N-Myc does not transcriptionally regulate CUL3

As in Figure 18A shown, CUL3 protein level is increased after OHT-treatment. mRNA
expression and DNA-binding studies, in vitro and in vivo, have nominated an increasing number

of genes as Myc targets (Shaffer et al., 2006; Margolin et al., 2009; Wasylishen and Penn, 2010;
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Ji et al., 2011) Therefore, we checked whether N-Myc transcriptionally regulates CUL3. To
exclude the possibility that the increase of CUL3 protein level is due to tamoxifen by its own, the
parental cell line SHEP was treated with tamoxifen for two days. The western blot analysis
shows the CUL3 level is not increased upon treatment (Figure 25B). N-Myc activation
upregulates slightly CUL3 mRNA level (Figure 25C). To check whether N-Myc binds to CUL3
promoter region, chromatin immunoprecipitation (ChIP) with N-Myc from IMRS5 cells was
performed. The positive controls FASN, CCNE2, FBWS which are known Myc targets have an
enrichment of 0.6, 0.4, 0.8 folds compared to the control IgG and the negative control chrill
does not show an enrichment indicating the ChIP experiment worked (Figure 25D). Two primer
pairs were designed binding to the transcription start site while one primer pair binds to an E-box
region. The primer pair of tss_1 does not show any enrichment whereas primer pair of tss_1 and
E-box have an enrichment for N-Myc of 0.6 and 0.15 folds, but the enrichment of IgG are 0.3
and 0.1 folds suggesting that N-Myc does not bind to CUL3 mRNA. The Chip experiment leads
to the conclusion that N-Myc does not transcriptionally regulate CUL3.
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Figure 25: N-Myc does not bind to CUL3 promoter region but upregulates the CUL3 protein level.

(A) 4-OHT-treatment increased CUL3 protein level in SHEP-N-MycER cells. SHEP-N-MycER infected with sh
cul3 and sh scramble were treated with 4-OHT for 2 days and harvested for western blot.
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(B) 4-OHT-treatment does not increase the CUL3 protein level in SHEP cells. SHEP cells were treated with 4-OHT
for 2 days and harvested for western blot.

(C) 4-OHT-treatment increased CUL3 mRNA level. SHEP-N-MycER cells infected with sh cul3 and sh scramble
were treated with 4-OHT for 2 days. The RNA was isolated and subjected to cDNA synthesis for RT-PCR.

(D) Chromatin immunoprecipitation shows that transcription start site 1, 2 and E-box region are not enriched in N-
Myec precipitation. The chromatin was precipitated by N-Myc antibody.

4.5.6 CUL3 depletion with N-Myc activation synergistically increases Cyclin E

protein level

Cyclin E is a target of CUL3-Ring-ligase (Kossatz et al., 2010) and regulates the G1- to S-phase
transition (Weinberg, 2007). Therefore, Cyclin E expression level upon CUL3 depletion and N-
Myc activation was checked. The diagram of RT-PCR shows that after N-Myc activation the
Cyclin E mRNA level is nearly 2-fold increased compared to control and 2.5-fold increased after
CUL3 depletion and N-Myc activation (Figure 26A). CUL3 depletion alone does not change the
Cyclin E mRNA level evidently. The quantification of western blots from 6 biological replicates
shows that CUL3 depletion with N-Myc activation increases Cyclin E level nearly 9 folds
indicating that the upregulation of Cyclin E protein level is more post-translational rather than
transcriptional regulation (Figure 26B, C). So CUL3 depletion with N-Myc activation

synergistically increases Cyclin E protein level.
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Figure 26: CUL3 depletion and N-Myc activation synergistically increases Cyclin E protein level.

(A) RT-PCR shows that Cyclin E mRNA levels are slightly increased via 4-OHT-treatment. SHEP-N-MycER cells
infected with sh cul3 and sh scramble were treated with 4-OHT for one day. The total RNA was isolated for RT-
PCR. Error bars indicate standard deviation (n=3).

(B) Cyclin E western blots of biological replicates determined the synergistically increase of Cyclin E protein level
upon CUL3 depletion and 4-OHT-treatment. SHEP-N-MycER cells infected with sh cul3 and sh scramble were
treated with 4-OHT for one day.

(C) Quantification of Cyclin E western blots. Error bars indicate mean of standard deviation (n=6).

4.5.7 CUL3 depletion with N-Myc activation induces pan-nuclear y-H2Ax

formation

Deregulated Cyclin E induces chromosome instability presented by DNA damage response
(Spruck et al., 1999). Normally, DNA lesions are immediately recognized by DNA damage
response factors, which activate cell cycle checkpoints followed by direct DNA repair.

Depending on type of damage, different DNA repair pathways response. y-H2Ax foci are usually
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formed after DNA lesions occur (Bouwman and Jonkers, 2012). Strong DNA damage response
induced by checkpoint defect is presented by a pan-nuclear y-H2Ax (Neelsen et al., 2013). An
indirect immunofluorescent staining was performed to check y-H2Ax expression (Figure 27A).
After 24 h OHT-treatment upon CUL3 depletion, a large amount of pan-nuclear y-H2Ax positive
cells are accumulated (Figure 27A black dashed circle). Pan-nuclear y-H2Ax stained cells are
increased 12-fold in CUL3 depleted cells whereas the staining is 20-fold increased in CUL3-
depleted N-Myc activated cells (Figure 27B). The pan-nuclear y-H2Ax cells upon CUL3
depletion with N-Myc activation are significantly more than without N-Myc. To check y-H2Ax
protein level upon CUL3 depletion and N-Myc activation, histone extraction was performed and
shows a consistent result with the staining (Figure 27C). We confirm that CUL3 depletion with

N-Myec activation leads to formation of pan-nuclear y-H2Ax.
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Figure 27: CUL3 depletion with N-Myc activation induces synthetic DNA damage.

(A) Pan-nuclear y-H2Ax is induced upon CUL3 depletion with and without N-Myc activation. CUL3 depleted
SHEP-N-MycER cells were treated with 4-OHT for 24 hour and fixed, stained with y-H2Ax antibody and related
second antibody, afterwards Hoechst for nuclei. y-H2Ax foci were indicated with a white arrow. Pan-nuclear y-
H2Ax (black dashed circle) was seen in CUL3 depleted cells. The images were captured with 40x magnification.
Scale bar=50um. The staining was performed by Ursula Eilers and Christina Schuelein-Voelk.

(B) Quantification of the staining shows that CUL3 depleted and N-Myc activated cells have significantly higher
pan-nuclear y-H2Ax than only CUL3 depleted cells. P value was calculated with Mann-Whitney U-test.

(C) Histone extraction shows y-H2Ax protein level is increased more in CUL3-depleted N-Myc activated cells than
CULS3 depleted cells. H2B was used as a loading control.
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4.5.8 CULS3 depletion with N-Myc activation induces synergistic DNA damage

response

To clarify the upstream mechanism of DNA damage response, western blots for p-ATM, p-
CHKI1 and p-CHK2 were performed (Figure 28). ATM is the major regulator of DNA damage
response, which targets a set of substrates that promote cell cycle arrest and DNA repair
(Cimprich and Cortez, 2008). ATM is activated through auto- or trans-phosphorylation on serine
1981 (Bakkenist and Kastan, 2003), so we examined the protein level of p-ATM at this
phosphosite. The p-ATM (Ser1981) is induced more in CUL3-depleted N-Myc activated cells
than CUL3-depleted cells (Figure 28A). CHK1 checkpoint is downstream of ATR and p-CHK1
(Ser 345) is a marker of DNA replication fork stalling (Bouwman and Jonkers, 2012). p-CHK1
is synergistically activated upon CUL3 depletion and N-Myc activation (Figure 28B C). CHK2
checkpoint a downstream factor of ATM, is also synergistically activated (Figure 28C).
Replication protein A (RPA) binds to single strand DNA which is a template of replication
(Cimprich and Cortez, 2008). RPA gets phosphorylated at serine 33 after the DNA replication
stalls and recruits ATR-ATRIP protein complex and RAD17 9-1-1 complex separately, then
further activates CHK1 checkpoints (Cimprich and Cortez, 2008). Therefore, phospho-RPA
(Ser33) is a more direct marker for stalled replication forks. A robust phosphorylation of RPA in
CUL3-depleted N-Myc activated cells was detected by western blot analysis (Figure 28C).
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Figure 28: CUL3 depletion with N-Myc activation leads to synthetic activation of checkpoint protein.

(A) Checkpoint protein ATR is activated via phosphorylation at serine 1981 upon CUL3 depletion. SHEP-N-
MycER infected with sh scramble or sh cul3 were treated with 4-OHT for one day and subjected to nuclear
extraction. HELLS and H2B are used as loading control for nuclear fraction while tubulin for cytoplasmic fraction.
The nuclear and cytoplasm extracts were analysed by western blot.

(B) CHK1, CHK2 and RPA32 are activated upon CUL3 depletion with N-Myc activation. Cells described in (A)
were lysed directly with SDS sample buffer and analysed by western blot. Vinculin was used as a loading control.

(C) p-CHKI1 is activated upon CUL3 depletion with N-Myc activation. SHEP-N-MycER was treated like (A) and
subjected to nuclear extraction. Loading controls were described in (B).

4.5.9 DNA damage response induced by CUL3 depletion and N-Myc

activation is mediated by synergistic accumulation of Cyclin E

To confirm whether CHK1 activation is caused by Cyclin E accumulation, roscovitine is used to

indirectly inhibit the Cyclin E binding partner CDK2 (Figure 29). Roscovitine is a cell
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permeable reversible selective inhibitor of CDKI1, CDK2 and CDKS. It is a purine analog
competing for binding site of ATP in the catalytic cleft (Meijer et al., 1997). In the early S-phase
Cyclin E forms an active heterodimer with CDK2 to drive the cell cycle progression from G1 to
S-phase (Weinberg, 2007). Inhibition of CDK2 keeps Cyclin E inactive. Phosphorylation of
CHKI1 is completely inhibited and the total CHKI level remains unchanged after CUL3
depletion with and without OHT (Figure 29).

DMSO 24h Roscovitine 25uM 24h
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Figure 29: Roscovitin inhibits p-CHK1 activation upon CUL3 depletion with N-Myc activation.

Roscovitin inhibits the activation of p-CHK1. SHEP-N-MycER cells infected with sh cul3 or sh scramble are plated
on day 0. 200nM OHT and 25uM roscovintin were added to the cells on day1 for 24 h. The cells were lysed directly
with SDS sample buffer and analysed by western blot. Vinculin was used as a loading control.

As roscovitine inhibits also other members of the CDK family, the experiment was repeated with
the more specific CDK2 inhibitor cvt-313 (Figure 30). Consistently, cvt-313 rescues the cells
from apoptotic appearance after 22 h treatment (Figure 31). CDC25A checkpoint defect
combines CDK2 deregulation with impaired cell cycle control, two key steps in tumourigenesis.
Additionally, the phosphatase CDC25A, which control the transition of G2- to M-phase, is at the
same time a CDKI1 activator and a key effector of the DNA damage response (Mailand et al.,
2000; Bartkova et al., 2006; Di Micco et al., 2006). As Cyclin B forms a heterodimer with CDK 1
bringing the onset of mitosis, we used a specific CDK1 inhibitor Ro-3306 which blocks the
entrance to mitosis (Weinberg, 2007). Ro-3306 rescues the CUL3 depleted cells either with or
without OHT treatment from apoptotic appearance after 5 h treatment (Figure 30). We conclude
that inhibition of Cyclin E can inhibit the synergistic DNA damage response induced by CUL3

depletion and N-Myc activation.
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Figure 30: Ro0-3306 and cvt-313 can rescue the apoptotic morphology of CUL3-depleted N-Myc-
overexpressed cell.

SHEP-N-MycER cells with and without CUL3 depletion were starved with 0.5% FCS for 24 hours and released
with 10% FCS and 200nM OHT. After 2-hour OHT-treatment CDK1 inhibitor Ro-3306 and CDK2 inhibitor cvt-
313 were added. 5-hour Ro-3306 treatment can rescue the apoptotic cell morphology of CUL3 depletion and N-Myc
activation.
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Figure 31: Ro-3306 and cvt-313 can rescue the apoptotic morphology of CUL3-depleted N-My-overexpressed
cell.

The cells described in Figure 30 were treated with inhibitors for 22 hours. The apoptotic cell morphology could be
rescued by both inhibitors after 22-hour treatment.

4.6 Candidates involved in other biological processes

4.6.1 Validation of the candidate genes

On the candidate list, a group of shRNAs involved in regulating important biological processes:
transcription elongation, mRNA export and chromosome segregation. ELL, NUP153, LARP7,
TCEB1, THOC1, NCAPG2, NIPBL were chosen for validation.

ELL (elevennineteen lysine-rich leukemia) is an elongation factor for RNA polymerase II, which
works as a TFIIH partner (Mourgues et al., 2013). Three shRNAs targeting ELL were designed
for validation. The sh #1 and sh #3 show around 40% knockdown efficiencies and sh #2 shows a
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more than 60% knockdown efficiency (Figure 32B). Colony assay shows a lethal effect from
ELL depletion alone rather than synthetic lethal effect (Figure 32A).

NUP153 belongs to the nuclear pore complex, which mediates the nascent mRNA transport from
nucleus to cytoplasm. NUP153 interacts with the ENY2/TREX complex, which couples
transcription and mRNA processing with nuclear mRNA export. Depletion of any component
involved in this pathway inhibits mRNA export (Jani et al., 2012). Three shRNAs targeting
NUPI53 were designed for validation. The colony formation assay shows depletion of NUP153
with sh #1 and sh #3 has a pronounced synthetic lethal effect on cells with N-Myc activation
(Figure 32A). RT-PCR shows that sh #1 has 70% knockdown efficiency and sh #3 has more than
80% knockdown efficiency (Figure 32B). Although sh #2 has 80% knockdown efficiency, it
does not show synthetic lethal effect. In sum, NUP153 depletion with N-Myc activation leads to

cell growth arrest.

It has been reported that LARP7, BCDIN3 and noncoding 7SK small nuclear RNA are vital for
the formation and stability of 7SK snRNP, which suppresses the positive transcription elongation
factor b (P-TEFb) kinase (Barboric et al., 2009). The LARP7 sh #1 has more than 80%
knockdown efficiency and show a synthetic lethal effect. The LARP7 sh #3 has also more than
80% knockdown efficiency but shows growth arrest alone. The sh #2 has an off-target effect
because it has no knockdown efficiency but a strong growth disadvantage (Figure 32). We

conclude that LARP7 depletion with N-Myc activation leads to cell growth arrest.

TCEBI1 (Elongin C) is the adaptor of CUL5 E3 ligase complex, which interacts with Elongin B,
VHL and targeted protein. Mutation of TCEBI abolishes the Elongin C VHL binding (Sato et
al., 2013). The homolog protein of CULS in yeast is CUL3, which mediates the ubiquitination of
stalled RNA polymerase II (Harreman et al., 2009). The colony assay does not show a synthetic
lethal effect (Figure 4.29).

THOCI is involved in THO/TREX complex mediating the mRNA processing and export.
Mutations in any of the THO/TREX structural genes cause pleiotropic phenotypes such as
transcription impairment, mRNA export defects. (Rondon et al., 2003) The THOC1 sh #1 and sh
#3 have 60% and 30% knockdown efficiencies, respectively, but the colony formation assay

does not show any synthetic lethal effect.

Condensins are multi-subunit protein complexes that play a central role in mitotic chromosome

assembly and segregation (Hirano, 2005). All the shRNAs against NCAPG2 show more than

128



Results

60% knockdown efficiency. Depletion of condensin alone has a strong lethal effect and together

with N-Myc activation the effect is not stronger (Figure 32).

NIPBL is a cohesin loading factor and is one of the several factors, which determine the
localization of chromosome. Cohesin tethers two sister chromatids together from S-phase on,
allowing for their proper segregation in mitosis (Zuin et al., 2014). The sh #2 has only 20%
knockdown efficiency but it has a stronger lethal effect alone compared to sh #1 and sh#3 which

have 40% and more than 60% knockdown efficiencies, respectively.

Depletion of NIPBL with sh #1 or sh#3 alone does not show a lethal effect also no synthetic
lethal effect with N-Myec. This is reasonable because NIPBL is not on the final list due to its log

FoldChange LS/LU more than -2. It was chosen for validation because of functional interests.

In sum, only NUP153 and LARP7 show a synthetic lethal effect in the colony assays and the rest

of the candidates show a lethal effect on their own.
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Figure 32: Validation of candidates involved in elongation process by RNA polymerase II

Colony assay described in Figure 12 was performed with indicated shRNAs (upper panel). The knockdown
efficiencies of indicated shRNAs were determined by RT-PCR (lower panel).

4.6.2 Investigation of S-phase problem resulted from depletion of candidate

genes with N-Myc activation

To address reasons of growth disadvantage from colony assay, BrdU/PI FACs assays were

performed to check subG1l and S-phase. The shRNAs with the best knockdown efficiency of

each candidate were chosen for BrdU/PI assays. They show heterogeneous S-phase problems

(Figure 33). shRNA control has 43% BrdU positive and 4.2% BrdU negative cells while after
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OHT-treatment this increased to 51% BrdU positive and decreased to 3.4% BrdU negative cells.
SubG1 population of these control cells are comparable without- and with OHT-treatment, 1.1%
and 1.3%, respectively. BrdU positive cells increased from 36.8% to 39.2% in ELL-depleted
cells upon N-Myc activation whereas BrdU negative cells with intermediate DNA content
increased from 5.2% to 10.3%. In addition, with ELL depletion apoptosis increased from 8.0%
to 14.9%. NUP153-depleted cells have 45% BrdU positive cells whereas NUP153-depleted N-
Myc-activated cells have 50% BrdU positive cells. Compared to NUP153 depletion alone, with
OHT-treatment there is a much stronger apoptosis induction. LARP7-depleted cells were 65.6%
BrdU positive, 3.4% BrdU negative whereas combined with N-Myc activation there were 72.6%
BrdU positive, 3.5% BrdU negative. BrdU positive cells in TCEB1-depleted cells without- and
with OHT-treatment are comparable 47% and 45%, respectively, but BrdU negative and
apoptosis cells are largely increased from 10.4% to 14.7%, 41.5% to 53.5%, respectively.
THOCI1 depletion increases BrdU positive cells from 32.1% to 38%, BrdU negative cells from
11.9% to 20.8% and apoptosis cells from 24.5% to 56.9%. NCAPG2 depletion either without- or
with 4-OHT shows a larger population of BrdU negative S-phase cells, 10.6% and 15.1%,
respectively. BrdU positive cell population increases from 44.2% to 50.1% upon N-Myc
activation. NCAPG2 depletion with N-Myc activation induces 53.6% apoptosis, 18.7% more
than without N-Myc. BrdU/PI FACS shows generally a synthetic lethal effect according to the
apoptosis induction, although the colony assays do not show a synthetic growth disadvantage.
NIPBL depletion increased BrdU positive cells from 44.8% to 52.9% upon N-Myc activation but
the change in BrdU negative cells and apoptosis cells were marginally, from 4.4% to 5%, from

3.8% to 4.5%, respectively.

Taken together, except NUP153 and LARP7 BrdU negative cells with ELL, TCEB, THOCI1 or
NCAPG?2 depletion are largely increased upon OHT-treatment indicating S-phase arrest.
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Figure 33: BrdU/PI FACS describes the S-phase problem resulted from depletion of each candidate with N-
Myec activation.

One shRNA from each gene was chosen for BrdU/PI FACS. The procedure was described in Figure 13. Yellow
frame enclosed the sub G1 population. Blue frame enclosed the BrdU positive population and red frame enclosed
the BrdU negative population with intermediate DNA content. The quantification of blue and red frames was based
on the total cell number excluding the subG1 population.
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4.6.3 Investigation of DNA damage response induced by candidate genes

depletion with N-Myc activation

Previous experiments refer that a N-Myc activation together with a depletion of CUL3 leads to

induction of a DNA damage pathway (see Figure 27).

To investigate whether depletion of these candidates with N-Myc induces DNA damage
response, histone extraction was performed to analyse the DNA damage marker y-H2Ax (Figure
34A). Depletion of each of these genes has slightly induction of y-H2Ax but show synergistic
induction of y-H2Ax upon N-Myc activation. To further clarify the DNA damage response, ATR
downstream factor CHK1 was checked by western blot (Figure 34B). These analyses show that
depletion of LARP7, THOCI1 or TCEBI synergistically induces DNA damage response upon N-
Myc activation characterized by the phosphorylation of CHK1. In sum, the depletion of LARP7,
THOCI1 or TCEBI leads to synergistic induction of DNA damage response.
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Figure 34: Analysing y-H2Ax and p-CHK1 in cells with indicated shRNAs and N-Myc activation

(A) Depletion of indicated genes with activated N-Myc leads to a synergistic activation of y-H2Ax. SHEP-N-
MycER cells were infected with shRNAs targeting indicated genes and treated with 200nM 4-OHT for 24 hours.
The cells were harvested and subjected to histone extraction. The extracted histone was analysed by western blot.
H2B was used as a loading control.

(B) Depletion of LARP7 with activated N-Myc leads to a synergistic activation of p-CHK1 but not for depletion of
NUP153. The cells described in (A) were harvested and lysed directly with SDS sample buffer.
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4.7 MLIN4924

4.7.1 Titration of MLN4924

In the previous chapter 4.3, we could show that the depletion of NAE1, CULS5 and CUL3 leads
to a synthetic lethality with N-Myc. To further proof the mechanism we decided to use a NAE
inhibitor to inhibit the whole neddylation pathway. NAE1 is a subunit of NAE. MLLN4924 is a
compound, which binds and inhibits NAE resulting in an inhibition of neddylation. A titration of
MLN4924 from 1.5nM to 1000nM in SHEP-N-MycER cells was performed (Figure 35). The
upper band of CUL3 which indicates neddylated CUL3 disappears while the lower band, which
indicates an inactive form of CUL3 is increased. The Nedd8-Cullin complex is decreased
whereas Cyclin E expression is increased with the increase of MLN4924 concentration. The role
of PARP is to detect single strand break (SSB) and involved in SSB repair. As apoptosis is
promoted by cleavage of PARP by preventing DNA repair-induced survival, it is used as a
marker for apoptosis (D'Amours et al., 2001). At 100nM cleaved PARP is activated whereas
active CUL3 is completely inhibited. We confirm that MLLN4924 could inactivate CUL3-Ring-
ligase and induce apoptosis. The range between 15nM and 100nM is suitable for further

experiments.
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Figure 35: Titration of MLN4924 in SHEP-N-MycER cells

Titration of MLN4924 is from 1.5nM to 1000nM in SHEP-N-MycER cells. Neddylated CUL3 (upper band) is
decreased and inactive CUL3 (lower band) is increased with the indicated concentration. Neddylated cullin complex
is decreased. Cyclin E and cleaved-PARP are increased. The cells were treated with MLN4924 for 48 hours. The
cells were lysed with RIPA buffer and the protein extracts were analysed by western blot. Vinculin was used as a
loading control.
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4.7.2 MLN4924 with N-Myc induces strong apoptosis and DNA damage

response

To further ensure that MLN4924 induces apoptosis in SHEP-N-MycER cells, an Annexin/PI
FACS was performed. The range from 25nM to 500nM was used for this experiment (Figure
36A). Apoptosis induction is correlated to the increased concentration of compound. At 100nM
cells without OHT have about 20% total apoptosis whereas cells with OHT have 30% total
apoptosis. In general, MLN4924 induces 10% more apoptosis with N-Myc activation than
without N-Myc.

As concluded in 4.5.8 that CUL3 depletion with N-Myc activation induces synergistic DNA
damage response, we asked if MLN4924 has the same effect. Therefore, a western blot was
performed to analyse DNA damage response using the range from 25nM to 100nM of compound
(Figure 36B). p-CHKI is increased with the indicated concentration of compound in both N-
Myc-activated and N-Myc-nonactivated cells, but it is induced more in N-Myc-activated cells.
Compound treatment with OHT leads to Cyclin E accumulation. N-Myc protein level is slightly
increased after compound treatment. p21 is activated p53-dependent leading to cell cycle arrest
and increased upon compound treatment (el-Deiry et al., 1993; Wu et al., 2003). Therefore,
MLN4924-treatment with N-Myc activation induces cell cycle arrest over p21 induction and

DNA damage response.
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Figure 36 MLLN4924-treatment induces apoptosis and DNA damage response in SHEP-N-MycER cells.

(A) MLN4924-treatment induces apoptosis of SHEP-N-MycER cells with or without 4-OHT-treatment. MLN4924
was added after 2 h OHT-treatment for 48 h. The AnnexinV/PI FACS was described in Figure 13.

(B) MLN4924-treatment leads to synergistically increase of Cyclin E and activation of CHK1 via phosphorylation at
Serine 345. The increasing level correlates with compound concentration. The cells described in (A) were lysed with
RIPA buffer. Protein extracts were analysed by western blot. Vinculin was used as a loading control.
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4.7.3 MLN4924-treatment in MYCN-amplified neuroblastoma leads to cell

growth arrest

To verify MLN4924 in MYCN-amplified neuroblastoma cells, the concentration of 75nM
(median of 50nM and 100nM) MLN4924 was used for SHEP-N-MycER, SHEP, SHEP-N-Myc,
IMRS and Kelly cells. SHEP-N-Myc is a MYCN-nonamplified cell line stably expressing N-
Myec. In SHEP-N-MycER cells, compound treatment leads to a cell growth arrest, but the effect
is stronger upon N-Myc activation (Figure 37A). SHEP does not show pronounced lethal effect
whereas SHEP-N-Myc presents a strong lethal effect. Both IMRS and Kelly show a strong lethal
effect. Western blot analysis shows that CUL3 is inactivated upon compound treatment and both
p-CHKI and p-p53 are activated after compound treatment and N-Myc activation (Figure 37B).
We confirm that MLN4924-treatment in MYCN-amplified neuroblastoma leads to cell growth

arrest.
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Figure 37: MLN4924-treatment in MYCN-amplified neuroblastoma cell lines leads to growth arrest.

(A) 75nM MLN4924 was used for SHEP-N-MycER, SHEP, SHEP-N-Myc, IMRS and Kelly cells. All cell lines
except SHEP (MYCN-nonamplifed) show a strong cell growth arrest. SHEP-N-MycER cells were treated with
75nM MLN4924 after 2 h OHT-treatment. The other cell lines were treated with 75nM. The colony assay was
described in Figure 12.
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(B) MLN4924-treatment with activated N-Myc synergistically activated phosphorylation of CHK1 and p53 (left
panel). Neddylation was completely inhibited in all neuroblastoma cell lines (middle and right panels). The cells
were treated with 75nM MLN-4925 after 2 h OHT-treatment for 48 h. The cells were lysed by RIPA buffer and the

protein extracts were analysed by western blot.
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5 Discussion

5.1 Conclusions for quality control and analysis of the high-

throughput synthetic lethality screen

5.1.1 A complete representation of all shRNAs in the screened pools required

a high redundancy of shRNAs in the infected cell population

A constant theoretical redundancy of each screened shRNA was predefined as one of the main
screening parameters. On average, each shRNA was represented by at least 1000 cells in the
overall population at the start of the screening process. A total of 100 million cells were infected
with the approximately 9,000 individual lentiviral shRNAs contained in each pool. To avoid
multiple infections, the multiplicity of infection (MOI) was kept as low as 0.1, resulting in
approximately 10 million infected cells and therefore in an average representation of each
shRNA in more than 1000 cells. To maintain this theoretical representation of all shRNAs
throughout the screen, the total cell number was never allowed to drop below 10 million cells.
Furthermore, shRNA sequences were recovered from at least 10 million cells for each condition
and an equally high number of reads were generated by next-generation sequencing on the

[llumina Genome Analyzer GAIIx.

The lack of knowledge regarding the distribution of shRNA constructs in the pooled libraries
necessitated the maintenance of a high theoretical redundancy to avoid bottleneck effects for
possibly underrepresented clones in the pool. Sub-populations of the commercially available
genome-wide human pGIPZ shRNAmir library (Thermo Scientific / GE Healthcare) were used
for the screens in the present study. Ideally, these sub-populations of pooled plasmids show an
equal distribution of all individual plasmids. However, these plasmid pools had repeatedly been
amplified in the past, resulting in undetermined distribution changes of individual shRNA

constructs.

5.1.2 Knockdown of PLKI was used as a positive control to mimic a strong

lethal effect

A shRNA targeting PLK] (sh plkl) was used as a positive control to mimic a strong lethal effect
in order to answer two questions (see 4.1.2): First, how fast does a lethal shRNA disappear
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completely from the cell population as a result of apoptosis induction? Second, how long after
the start of the screen does a pGIPZ-based shRNA remain to be functional? PLK1 plays an
important role in mitosis and throughout the cell cycle. It directly interacts with all core
processes and is involved in 75% of all signal pathways. Depletion of PLK1 has a lethal effect
on cells as shown in Figure 2. In the colour competition assay that was done with a shRNA
targeting PLK1 (sh #709), the ratio between green (control infected) and red (infected with sh
plk1) cells on day O is about 1, whereas on day 9 the ratio is 10.78. This is a more than 10-fold
depletion of cells infected with sh #709 during this assay (Figure 7). After 9 days the ratio
between sh #709 infected and control cells did not change anymore, indicating that even lethal
shRNAs may not be lost completely during a synthetic lethal screen. To determine how long the
shRNA against PLK] is functional, PLK/ mRNA levels were regularly determined for three
weeks after infection. A prominent knockdown of plkl was observed until approximately 18
days post infection. Based on these results for the positive control, we decided for the screening
experiment to maintain pGIPZ infected and 4-OHT or ethanol treated cells in culture for 14 days.
It can be expected that shRNAs are functional throughout this time and maximum depletion

effects are established.

5.1.3 Limitations of the conducted large-scale shRNA screens

In the present study, a large-scale shRNA screen was performed to identify synthetic lethal
interactions with deregulated N-Myc. We screened 18290 shRNAs targeting most genes in the
human genome with different knockdown efficiencies in the inducible cell line SHEP-N-MycER
(Figure 5B). Interestingly, genes whose knockdown was found to be synthetically lethal with an
activation of N-Myc in the neuroblastoma cell line SHEP are involved in cellular processes
including post-transcriptional modification and RNAPII-mediated transcriptional elongation,
suggesting that N-Myc-induced transformation requires substantial buffering. Namely, some
biological processes become more important to balance or compensate N-Myc-induced cell

transformation.

Results from a large-scale shRNA screen need to be treated with caution due to a number of
technical and biological limitations. Firstly, shRNAs that have not been functionally validated
may have unpredictable target gene knockdown efficiencies. A low knockdown efficiency may
not be sufficient to exert a detectable effect and thus produce false negative results. Furthermore,
potential off-target effects of some shRNAs may produce false positive results. In general, RNAi
results in 70-90% inhibition of the target gene expression, highlighting the possible weakness of
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this tool (Unwalla and Rossi, 2008). Recently, a genome editing technology, published as
CRISPR/CASY, was developed (Marraffini and Sontheimer, 2010). This technology interferes
with the target gene expression by introducing loss-of-function mutations into the genes coding
sequence. This technology can be used to target many genes simultaneously in a pooled
screening approach and therefore constitutes a powerful alternative to RNAi for synthetic lethal
screens (Sander and Joung, 2014). Moreover, an important parameter for evaluating the
relevance of an observed effect on cell viability in a screen is the percentage of individual
shRNAs targeting the same gene and exerting the same effect. Unfortunately, in our synthetic
lethal screen most genes were only targeted by a single shRNA, increasing the chances for false

negative and false positive results.

Secondly, the SHEP-N-MycER cell line is an artificial representation of a N-Myc amplified
neuroblastoma. The genetic background and cellular state of SHEP-N-MycER cells may not
strictly reflect a real N-Myc addicted cancer cell. Therefore, the observed synthetic lethal

interactions may not be the same as in cancer cells that naturally harbour the genetic defect.

Thirdly, hits derived from a shRNA screen become more reliable if they can be confirmed in a
second related assay. Many effects observed in a large-scale screen do not strictly adhere to the
definition of synthetic lethality. However, it is more convincing if a hit list generated from a
shRNA screen largely overlaps with a hit list generated from another related analysis. In the
present study, hit lists obtained from the synthetic lethal screen were matched with hit lists from
a N-Myc proteomic analysis to identify overlapping hits. The N-Myc proteomics analysis was
applied to identify N-Myec interacting proteins or differences in protein complexes between a N-
Myc expressing cell line and a N-Myc non-expressing cell line. The combination of results from
the two assays allow for a more reliable selection of candidates. As an example, CUL3 is one of
the top candidates derived from our shRNA screen. CUL3 expression was also found to be
essential in a genome-wide RAS synthetic lethal screen in a colorectal cancer cell line with RAS
mutations (Luo et al., 2009). Since RAS is an upstream regulator of Myc, this is in supports with

our finding that CUL3 depletion is synthetically lethal with activation of N-Myc.

Finally, a genome-wide RNAIi screen might be too complex and not sufficiently specific to find
each individual pathway or gene. A library which specifically targets the kinases or cancer
related pathways is perhaps more suitable for a screen. We showed that most shRNAs in a
genome-wide screen do not change in abundance. This is shown in the correlation dot-plot in
Figure 10. Most shRNAs are plotted close to the diagonal line indicating that they behave

similarly in the absence or presence of active N-Myc.
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5.1.4 Final list of candidates was defined by a multi-step bioinformatics

approach

Not all of the 18290 individual shRNAs that were used for the screening in a pooled format
target an annotated gene in the human genome. All sequence reads generated during next
generation sequencing for each screening condition were aligned with a reference dataset of
13406 unique combinations of shRNA sequences and annotated target genes. The frequency of
alignments with each reference entry was counted, the count values normalized over all analysed
samples and the changes in frequency of shRNAs between conditions calculated as fold change.
Statistical inference, using the R implemented program edger (Mark D. Robinson, 2010),

allowed us to determine the significance of the calculated fold changes.

Genes whose knockdown shows a synthetic lethal interaction with activated N-Myc in the
SHEP-N-MycER cells were identified from this dataset applying the following series of criteria:
1) shRNAs significantly depleted (p-adjusted > 0.1) during the screening process independently
of deregulated N-Myc were considered drop-outs and ignored in all further analyses. Target
genes of these shRNAs can be expected to be involved in essential cellular processes in SHEP-
N-MycER cells and their knockdown strongly effect the viability of the cells. 2) Conversely,
shRNAs that were significantly depleted (p-adjusted < 0.1) only after activation of N-Myc and 3)
showed a strong synthetic lethal net effect at the end of the screening procedure (at least 4-fold
depletion after 14 days of 4-OHT treatment compared to ethanol treatment) were considered as

targeting genes that are essential for SHEP-N-MycER cells after N-Myc activation.

Of the total of 13408 unique combinations of shRNAs and target genes screened in our
approach, 148 were selected based on the above criteria. Knockdown of the target genes of these
shRNAs show a strong and significant synthetic lethal interaction with active N-Myc in SHEP-
N-MycER cells. This gene-set was found to be enriched for genes involved in a number of
important biological processes including neddylation, RNAPII-mediated transcription elongation

and mRNA export (Table 23).
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5.2 Inhibition of neddylation is synthetic lethal in MYCN-amplified

Neuroblastoma cells

5.2.1 Neddylation pathway

The neddylation pathway is a ubiquitination homologous pathway. The ubiquitination pathway is
executed by a series of three distinct enzymatic steps. Ubiquitin is first ‘activated’ by ubiquitin-
activating enzyme (E1) in an ATP-dependent reaction (Haas and Rose, 1982). In the second step,
ubiquitin is transferred from El1 to a ubiquitin-conjugating enzyme (E2). The E2 then
collaborates with a ubiquitin ligase enzyme (E3) to conjugate the ubiquitin to the substrate
protein targeted for degradation. Neddylation pathway also involves ubiquitin ligases E1, E2, E3
and deneddylation enzymes (Hershko and Ciechanover, 1998). NeddS8 is first synthesized as a
precursor that is processed at the conserved C-terminal Gly76 residue by the hydrolase activity
of deneddylating enzymes exposing a glycine-glycine motif that serves as the attachment site for
target substrates (Kamitani et al., 1997). Similar to ubiquitin, nedd8 is first activated by NAE
(NEDDS8 activating enzyme) in an ATP-dependent reaction. The activated NEDDS is then
transferred via a transthiolation reaction to the NEDDS8-conjugating enzyme Ubcl2 (or
UBE2M). RING ubiquitin ligases are E3 ligases involved in neddylation pathway with the
cullin-RING ligases (CRLs) representing the largest subfamily of RING-finger proteins. The
cullin subunit is modified on a conserved lysine by NEDDS8 to activate holoenzyme activity,
which is passed by Ubcl2. The cullin E3 ligase serves as a scaffold for the transfer of the
ubiquitin molecule to the target substrate directly from ubiquitin-charged E2 (Soucy et al., 2009)
(Figure 38).

Neddylation is a reversible process. The COP9 signalosome (CSN) is a zinc metalloprotease and
the most studied member of the NEDD8 deconjugating enzymes. CSN is an eight subunit
complex, with the CSNS5 subunit possessing the catalytic activity (Lyapina et al., 2001;
Schwechheimer et al., 2001). The COP9 signalosome (CSN) controls CRLs by specifically
deconjugating NEDDS8 (deneddylation) from cullins (Lyapina et al., 2001; Schwechheimer et al.,
2001; Bondar et al., 2006; Deshaies and Joazeiro, 2009).

In addition to this catalytic mechanism, CSN can also inhibit CRL function in a noncatalytic
fashion (Emberley et al., 2012; Enchev et al., 2012). The CSN-mediated inactivation of CRLs
prevents the autocatalytic breakdown and enables the reassembly of the CRLs, maintaining their

optimal activity (Schmidt et al., 2009). The complex stability depends further on the availability
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of substrate. CANDI1 is another important regulator of CRL activity maintenance in vivo. It

binds to the deneddylated form of cullins and competes with substrates (Zheng et al., 2002).

Several subunits of CSN, including COPSS5, COPS4 and COPS8 were found in the candidate list.
Although not validated, they further imply that the neddylation pathway is synthetic lethal with
active N-Myc.

CSNS5 is implicated as a candidate oncogene in human breast cancer. CSN5 isopeptidase activity
is essential for breast epithelial transformation and progression and amplification of CSNS5 is
required for transformation of primary human breast epithelial cells by defined oncogenes. The
transforming effects of CSN5 require CSN subunits for assembly of the full COP9 signalosome
and the isopeptidase activity of CSN5 to potentiate the transcriptional activity of Myc.
Transgenic inhibition of CSN5 isopeptidase activity blocks breast cancer progression evoked by
Myc and RAS in vivo (Adler et al., 2008), indicating the potential synthetic lethal interaction
between CSNS5 and high levels of N-Myc.
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Figure 38: NEDDS8 modification is required to activate the Cullin-Ring-Ligase (Soucy et al., 2009).

Proteasomes degrade proteins that are tagged with poly-ubiquitin chains. A pyramidal cascade of enzymes catalyze
the formation of the polyubiquitin chain on a protein; a single El-activating enzyme activates ubiquitin, transfers it
via a transthiolation reaction to one of dozens of E2 enzymes that in turn collaborates with specific E3 ligases to
catalyze the formation of a poly-ubiquitin chain on a substrate protein recruited by that E3. E3s with CRLs represent

145



Discussion

the largest subfamily of RING-finger E3s. A key feature of CRLs is that the cullin subunit must be modified on a
conserved lysine by the ubiquitin-like protein NEDDS8 to activate holoenzyme activity. NEDDS§ activation and
conjugation to cullin proteins is catalyzed via an enzymatic cascade that is homologous to ubiquitination involving
NEDDS8's E1 (NAE) and E2 (Ubcl2). Removal of NEDDS from cullin is catalyzed by the COP9 signalosome.
Deneddylation facilitates dissociation of CRL components. The cullin-RING core is sequestered in an inactive state
by binding to CANDI until it is recruited to form a new CRL.

5.2.2 NAE1, CULS and CUL3 are required for survival of MYCN-amplified

neuroblastoma cells

NAE is an essential component of the neddylation pathway. The exposed C-terminal glycine of
NEDDS is adenylated by the NAE (E1), which is composed of NAE1 and Uba3 heterodimer, in
an ATP-dependent reaction and transferred to E1 cysteine side chain via thiolester linkage (Pan
et al., 2004). NAE controls the activity of the cullin-RING-ligase (CRL), thereby regulating the
turnover of a subset of proteins upstream of the proteasome. Substrates of cullin-RING-ligase
have important roles in cellular processes associated with cancer cell growth and survival

pathways (Soucy et al., 2009).

Cullins are members of a family of scaffold proteins that assemble multisubunit ligase
complexes to confer substrate specificity for the ubiquitination pathway. The substrate
recognition component of CULS is the suppressor of cytokine signalling (SOCS) family of
proteins. The C-terminal domain of SOCS has a BC box responsible for binding Elongin BC
which is an adaptor between SOCS and CULS (Hilton, 1999). Harreman et al. reported that two
distinct ubiquitin ligases, Rasp5 (human homolog of NEDD4) and Elongin C/CUL3 (human
homologue of CULS), are required for DNA damage induced polyubiquitination of RNAPII. In a
first step, Rsp5 adds mono-ubiquitin or, less frequently, a ubiquitin chain linked via ubiquitin
lysine 63 that does not trigger proteolysis and can be trimmed to mono-ubiquitination by a
Rasp5-associated ubiquitin protease, Ubp2. Subsequently, an Elongin C/CUL3 complex
produces a ubiquitin chain linked via lysine 48, which can trigger proteolysis (Harreman et al.,

2009).

Another member of CRL, Cullin3, which forms a catalytically inactive BTB-CUL3-Rbx1
ubiquitin ligase sequestered by CANDI1, becomes functional and is released from CANDI upon
covalent attachment of NEDDS8 near the C-terminal of CUL3. CUL3-RING-ligase catalyzes the

direct transfer of ubiquitin from E2 to the substrate. Alternatively, removal of NEDDS§ from
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cullin, catalyzed by COP9 signalosome, facilitates the dissociation of CUL3-Ring-ligase (CRL)
components. The CUL3-RING core is sequestered in an inactive state by binding to CANDI

until it is recruited to form a new CRL (Furukawa et al., 2003).

In the screen, NAE1 shRNA frequency decreased only 1.2-fold in the absence of N-Myc
whereas in the presence of N-Myc a remarkable 315-fold decrease was observed. Similarly,
CULS5 shRNA showed a pronounced difference in abundance between the OHT-treated and the
untreated culture condition. Its frequency decreased 1.6-fold in the absence of N-Myc but 18.5-
fold in the presence of N-Myc (Table 23). The frequency of the higher ranked CUL3 shRNA
showed a 1.2-fold decrease in the absence of N-Myc and a 8.8-fold decrease in the presence of

N-Myec.

Colony assays were performed using SHEP-N-MycER cells to directly visualize the synthetic
lethal effect of these shRNAs. As shown in results (Figure 12A), depletion of NAE1, CULS and

CUL3 show a quite strong lethal effect in combination with N-Myc activation.

Both, the colony assay and the colour competition assay showed a substantially weaker lethal
effect if compared to the screen. One reason could be the duration of the single experiment. The
colony assay and competition assay was done for five and eight days whereas the screens took
two weeks. The longer the experiment lasts, the more apparent differences between the two
conditions become. Another point could be that a sShRNA pool was used for screening but single
shRNAs were used for the assays. Consequently, the intercellular interference caused by cells
containing different shRNAs may also account for the observed effect. So far, the intercellular
interference can be neither avoided during screening, nor excluded in post screen analyses. This

is considered a disadvantage of large-scale screens.

The colony assay showed that depletion of NAE1, CUL3 and CULS5 had strong lethal effects on
MYCN-amplified neuroblastoma cells, indicating these proteins to be required for survival of
these cells (Figure 20). However, in MYCN-nonampilfied cells depletion of these proteins also
showed a general effect. These neuroblastoma cell lines are very heterogeneous and harbour
different mutations. In addition, they express different levels of c-Myc although they do not
express N-Myc. Since c-Myc and N-Myc belong to the same protein family and share a number
of targets, it is possible that depletion of these proteins in cells with high c-Myc levels also has a
lethal effect (see 1.2.1). As we observed, the lethal effect in MYCN-amplified cells is much
stronger than in MYCN-nonamplified cells, suggesting the lethal effect to be synthetic with
active N-Myc.
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Interestingly, depletion of NAE1, CULS5 and CUL3 lead to a transient accumulation of cells in
the S-phase of cell cycle one hour after BrdU addition. This accumulation is stronger when N-
Myc expression is switched on. The calculations from Figure 10, Figure 13 and Figure 19
showed an increase of cells in S-phase from 11.5% to 17.1% for a NAE1 knockdown, from
12.1% to 14.5% for a CULS knockdown and from 5% to 12% for a CUL3 knockdown.

To investigate these phenotypes in more detail, a BrdU pulse-chase experiment with a shRNA
against CUL3 was performed (Figure 24). After 6 hours the CUL3-depleted N-Myc-activated
cells showed still a population within the S-phase of the cell cycle. This might be an indication

that N-Myc-amplified cells need the neddylation pathway to complete the S-phase.

5.2.3 Substrate and adaptor proteins of CUL3 are implicated in different
pathways

CULS3 but not other Cullins binds directly to multiple BTB domains through a conserved amino-
terminal domain. The BTB domain, also known as POZ domain (poxvirus and zinc finger), is
present near the N-terminus of a fraction of zinc finger proteins and in proteins that contain the
Kelch motif and a family of poxvirus proteins. The core of BTB domain consists of a cluster of
alpha-helix flanked by short beta-sheets at both the top and the bottom of the molecule (Pintard
et al., 2003).

It has been known that the COP9 signalosome promotes deneddylation of CUL3. The
signalosome is a macromolecular complex, containing eight subunits, that localizes in the
nucleus and cytoplasm (5.2.1). Reducing COP9/signalosome function suppresses a partial defect
in the neddylation pathway. This means deneddylation and neddylation antagonize each other.
Both neddylation and deneddylation mediated by COP9 are function cycle of CUL3-RING-
ligase (Pintard et al., 2003). The candidate list contains several subunits of the COP9
signalosome such as COPS4, COPS5 and COPSS8, which may suggest that depleting COP9
results in a functional defect of CUL3 ligase. In the present study we could verify this by
checking whether the targets of CUL3 accumulate or not. If they do, this may be a potential
mechanism of synthetic lethal interaction between the neddylation pathway and N-Myc in a

CUL3-dependent manner.
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5.3 Cyclin E is the key player of the synthetic lethal interaction
between CUL3 and N-Myc¢

Replication stress is defined as generation of aberrant DNA replication intermediates which lead
to the accumulation of DNA damage markers at sites of active DNA replication (Felsher and
Bishop, 1999). Problems in S phase are often induced by DNA replication stress. One reason for
these stresses may be an overexpression of oncogenes such as CDK2 or Cyclin E. Oncogene-
induced DNA replication stress activates the DNA damage response. Cyclin E is an oncogene
that is frequently overexpressed in cancer tissue (Malumbres and Barbacid, 2001). It is able to
induce DNA double-strand breaks, which may lead to genetic instability and aneuploid cells
(Spruck et al., 1999). Consistent with the importance of Cyclin E in regulating cell proliferation
and genetic stability, its expression levels are tightly controlled. In addition to transcriptional
mechanisms, Cyclin E levels are also regulated by posttranslational modifications that trigger the

proteolytic degradation of Cyclin E by CUL3-dependent ubiquitin ligase (Singer et al., 1999).
5.3.1 Cyclin E is a target of the CUL3-Ring-ligase

Cyclin E was identified as a target of CUL3-RING-ligase in 1999 (Singer et al., 1999). The main
role of Cyclin E is promoting S-phase entry. Along with the Cyclin D complex, Cyclin E-CDK2
phosphorylates the retinoblastoma (Rb) protein to promote G1 progression (Hinds et al., 1992).
Hyper-phosphorylated Rb releases the transcription factor E2F, which then promotes expression
of genes that drive S-phase initiation and progression (Chellappan et al., 1991; DeGregori et al.,
1995). Singer et al. found in 1999 that homozygous deletion of CUL3 causes overexpression of
the Cyclin E protein and disrupts normal cell cycle regulation in vivo. They performed a two-
hybrid screen in which a Cyclin E mutant (R130A) was used as bait. Cyclin E (R130A) does not
bind to and activate CDK2, thereby this mutant is free to be targeted for ubiquitination. They
detected a single protein CUL3 that was able to bind mutant but not wild type cyclin E. The
properties of this protein were shown to be consistent with its role in targeting cyclin E for

ubiquitination (Singer et al., 1999).

To test whether CUL3 influences Cyclin E protein levels, SHEP-N-MycER cells were infected
with a shRNA against CUL3 (Figure 26). Cyclin E levels increased 5-fold upon CUL3 depletion
and the induction of N-Myc in these cells resulted in a 3-fold increase of Cyclin E. Surprisingly,
the combination of CUL3 depletion and N-Myc activation increased Cyclin E levels further to 9-
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fold (Figure 26). In neuroblastoma cells, Cyclin E protein runs between 40 and 55KDa instead of
a regular size over 55KDa. This band (40-55kD) is increased upon N-Myc activation. This
particular species of cyclin E, visible at 40-55KDa, is the active form which participates in the
cell cycle regulation in breast cancer cells (Wingate et al., 2003). This isoform of cyclin E has

been described as low molecular weight (LMW) Cyclin E.

LMW forms of Cyclin E are produced by proteolysis from full length Cyclin E. The protease
elastase generates closely migrating doublets (Porter et al., 2001). They are specifically
overexpressed in tumour tissue but not in normal tissue. The frequent appearance of the LMW
form of Cyclin E and their correlation with poor prognosis in breast cancer patients suggests that
they play specific roles in the development or progression of this malignancy (Wingate et al.,
2003). LMW-Cyclin E clones were shown to acquire a growth advantage compared to full-
length Cyclin E. LMW-Cyclin E prevents cells from cell cycle exit and entering quiescence upon
growth factor deprivation. In addition, cells expressing the LMW-Cyclin E had significantly
more genomic aberrations than those expressing full-length Cyclin E. Moreover, they showed
that CDK2 binds 40% to 60% more of the LMW isoforms than the full-length Cyclin E,
suggesting that LMW isoforms increase the kinase activity. Therefore, the overexpression of
LMW-Cyclin E was claimed to result in distinct biochemical and biological characteristics,

including genomic instability, in mammary epithelial cells (Wingate et al., 2009).

To date no publication reported LMW-Cyclin E in neuroblastoma cell lines. However, Cyclin E
of a size of 40-55KDa is highly up-regulated either by N-Myc activation or CUL3 depletion in
my study (Figure 26). Because this LMW-Cyclin E has been proposed to be an active form, we
hypothesise that this observation correlates with the strong DNA damage response upon CUL3

depletion in combination with N-Myc activation.

5.3.2 Cyclin E overexpression induces replication stress

Cyclin E overexpression is associated with increased replication origin firing, impaired
replication fork progression and DNA damage that activates RADS51-mediated recombination
(Gorgoulis et al., 2005; Di Micco et al., 2006; Halazonetis et al., 2008). Jones et al. showed that
Cyclin E-induced replication fork slowing and DNA damage are consequences of excessive
origin firing via inhibiting replication initiation factors (Jones et al., 2013). Additionally,
experimental overexpression of the oncogenes Cyclin E, c-Myc and h-RAS increases the level of
replication initiation. Cyclin E directly activates CDK2. In addition, c-Myc directly interacts
with replication origins and c-Myc and h-RAS promote expression of Cyclin E and other
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proliferation factors. This suggests that high levels of replication initiation may contribute to

oncogene-induced replication stress (Dominguez-Sola et al., 2007).

Based on this knowledge, I examined if a depletion of CUL3 induces DNA damage. For this
purpose, pan-nuclear y-H2A was analysed and shown to increase upon CUL3 depletion.
Surprisingly, y-H2Ax levels are significantly higher in cells with CUL3 depletion and N-Myc
activation. This may well account for the observed synthetic lethality (Figure 27). Therefore,

DNA damage response may be induced by accumulation of Cyclin E.

5.3.3 Synergistic accumulation of Cyclin E strongly induces both ATR-and

ATM-dependent pathways resulting in a massive DNA damage response

ATR is activated in response to many different types of DNA damages, including double-strand
breaks, base adducts, crosslinks and replication stress (Cimprich and Cortez, 2008). A single
DNA structure might be responsible for ATR activation (Costanzo et al., 2003; Zou and Elledge,
2003). Replication Protein A (RPA) coats most forms of ssDNA in the cells, including the
ssDNA that is formed during DNA replication and DNA repair (Fanning et al., 2006). The most
common signal for ATR activation involves intrinsic replication stress in the S-phase. Cimprich
et al. elucidated a model for ATR activation (Figure 39). Two complexes, RAD9-RAD1-HUSI
(9-1-1) and another one comprising ATR kinase and ATR-interacting protein (ATRIP), are
independently recruited to the junction of the 5’ primer with ssDNA. RPA binds ATRIP and
directs the RADI17-replication factor C (RFC) clamp loader complex to load the 9-1-1-
checkpoint clamp at the 5° primer junction. Loading of the 9-1-1-complex brings the ATR
activator topoisomerase-binding protein-1 (TOPBP1) to the damaged site through an interaction
that involves two breast cancer-1 C-terminal (BRCT) domains of TOPBP1 and the
phosphorylated C-terminal tail of RAD9. TOPBP1 binds and activates ATR in an ATRIP-
dependent manner, leading to phosphorylation of the downstream factor CHK1 and other ATR

effectors.
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Figure 39: Simple model for ATR activation (Cimprich and Cortez, 2008)

RAD9-RADI1-HUS1 complex and one ATR kinase and ATR-interacting protein (ATRIP), are independently
recruited to the junction of the 5’ primer with single-stranded DNA (ssDNA). RPA binds ATRIP and directs the
RFC clamp loader complex to load the 9-1-1-checkpoint clamp at the 5" primer junction. Loading of the RAD9—
RAD1-HUSI brings the ATR activator TOPBP1 to the damaged site through an interaction that involves two
BRCT domains of TOPBP1 and the phosphorylated C-terminal tail of RAD9 (see main text). TOPBP1 binds and
activates ATR in an ATRIP-dependent manner, leading to phosphorylation of the CHK1 and other ATR effectors.

CHKI1 activation requires phosphorylation by ATR on Ser 317 and Ser 345, which is a reliable
indicator of CHK1 activation (Walworth and Bernards, 1996). CHK1 transmits the DNA damage
signal to the rest of the nucleus. CDC25 phosphatases are the key CHK1 targets for controlling
cell cycle transitions. Human cells have three CDC25 proteins that regulate cell cycle transitions
by removing the inhibitory phosphorylation of CDKs. CHKI1 phosphorylation of CDC25A
inhibits its activity and prevents CDK2 activation to avoid S to G2M transition. This promotes
the replication fork stability. In response to DNA damage or replication stress, ATR and its
effectors ultimately slow down the origin firing, induce cell cycle arrest and stabilize and restart

stalled replication forks (Cimprich and Cortez, 2008).

As discussed above, Cyclin E overexpression induces replication stress and DNA damage. We

showed that CUL3 depletion in combination with N-Myc activation leads to a 9-fold increase in

Cyclin E protein levels (Figure 26). To demonstrate that this increase leads to an activation of

the DNA damage response, the abundance of some targets of the ATR/ATM signalling pathway

was analysed. y-H2Ax, p-ATM, p-CHKI, p-CHK2 were induced slightly upon overexpression
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of N-Myec, indicating that both ATM- and ATR- dependent DNA damage responses were
activated to release the replication stress caused by N-Myc (Figure 27)(Figure 28).

It was observed that p-CHK1, p-CHK?2 and y-H2Ax are synergistically induced upon CUL3
depletion and N-Myc activation, suggesting that DNA damage response requires the induction of
both ATM- and ATR- dependent pathways in these cells (Figure 28). p-RPA32 (Ser 33) which is
the downstream factor of ATR is another marker for replication fork stalling besides p-CHK1. A
synergistic activation of p-RPA (Ser 33) by CUL3 depletion and N-Myc overexpression suggests
stalling of replication folks. This in turn may lead to collisions with many transcription
complexes released by Myc (Rahl et al., 2010). We hypothesise that cells suffering from

collisions of replication forks and transcriptional complexes will undergo apoptosis.

Additionally, roscovitine inhibited the activation of CHK1 upon CUL3 depletion and N-Myc
activation, indicating that the DNA damage response is caused by accumulation of Cyclin E. A
more specific CDK2 inhibitor, cvt-313, which prevents S-phase entry, rescues the lethal
phenotype as well (Figure 31).

Moreover, Myc interacts with numerous chromatin and transcription regulation factors (Cheng et
al., 1999; Cowling and Cole, 2006; Eilers and Eisenman, 2008; Rahl et al., 2010; Wasylishen
and Penn, 2010). mRNA expression and DNA-binding studies have nominated an ever
increasing number of genes as Myc targets including a core gene-set that constitutes a Myc
signature (Shaffer et al., 2006; Margolin et al., 2009; Wasylishen and Penn, 2010; Ji et al., 2011).
Myc binding is positively correlated with the expression levels of the vast majority of active
genes and also with RNAPII binding in two primary cell types as well as mouse embryonic stem
cells. In active B cells, Myc binding provokes a redistribution of RNAPII from promoters into
gene bodies. Therefore, Myc is a universal amplifier of transcription that drives a large number
of transcription complexes (Nie et al., 2012). Although this was only shown for c-Myc, both c-
Myc and N-Myc are structurally highly homologous, suggesting very similar functions. They
both heterodimerize with MAX, bind consensus E-box sequences (CACGTG) and have

conserved regions for DNA-protein and protein-protein interactions (see 1.2.1).

In a cellular context, these findings propose the following model: N-Myc activation increases
Cyclin E expression levels and drives numerous transcription units. The high level of Cyclin E
increases replication origin firing. This replication stress could be normally resolved by DNA
damage response. CUL3 depletion in MYCN-overexpressing cells leads to a further accumulation

of Cyclin E. This results in a large number of replication origin firing and may conflict with the
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transcription units. A strong DNA damage response resulting in a permanent replication fork

stalling is induced (Figure 40).

Cytoplasm

CyclinE = @

Nucleus

Figure 40: Model of synthetic lethal interaction between N-Myc and CUL3

Acute N-Myc activation increases Cyclin E expression, which leads to more replication origin firing. At the same
time, N-Myc activation drives a large number of transcription units. CUL3 depletion in cells overexpressing N-Myc
leads to accumulation of Cyclin E, which results in a collision between replication machineries and transcription
units.

The fact that Myc overexpression induces DNA replication and replication stress is in support of
this model. Myc promotes S-phase entry by transcriptionally regulating the cell cycle machinery.
Myec is as a transcription factor that directly controls the expression of proteins of a large number
of cellular pathways, which are implicated in S-phase progression. In addition, Myc promotes S-
phase by directly affecting a number of active replication forks, as Myec itself can localize on
active DNA replication sites. This suggests a more direct role for Myc in controlling S-phase
progression by directly participating in licensing or assembly of pre-replicative complexes.
Furthermore, Myc affects nucleotide biosynthetic pathways resulting in an increased nucleotide
biosynthesis which also promotes the S-phase (Liu et al., 2008). Forced expression of Cyclin E
in cells increases replication initiation and decreases the replication fork speed which are
measured and visualised by DNA fiber experiments (Jones et al., 2013). Although Myc increases
nucleotide biosynthesis, this may not completely explain the high demand of nucleotides needed

during hyper-proliferative S-phase.
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5.3.4 CUL3 depletion with N-Myc activation might lead to a checkpoint defect

Neelsen et al. published a study on oncogene-induced genotoxic stress by comparing Cyclin E
overexpression with Cdc25A and Cyclin E overexpression. This results of this study indicated a
checkpoint defect (Neelsen et al., 2013). Cdc25A is a phosphatase, a CDK activator and a key
effector of the DNA damage response (Mailand et al., 2000). They proposed that nucleolytic
processing of unusual replication intermediates mediates oncogene-induced genotoxicity and
that limiting this processing to the mitosis is a central anti-tumourigenic function of the DNA
damage checkpoints. In Cdc25A- and Cyclin E-overexpressing cells they observed that the
intermediate DNA content compromised EdU incorporation and was consistently associated with
pan-nuclear y-H2Ax. In contrast, in cells overexpressing only Cyclin E, EAU was incorporated
into the intermediate DNA content and an increased number of y-H2Ax foci but no pan-nuclear
v-H2Ax was observed. RO-3306, a selective inhibitor of CDKI1, can rescue the phenotype
caused by Cdc25A and Cyclin E overexpression (Neelsen et al., 2013). RO-3306 inhibits
CDK1/Cyclin B activity with a Ki value of 35nM. It is almost 10-fold more selective for
CDK1/Cyclin B relative to CDK2/Cyclin E and >50-fold relative to CDK4/Cyclin D (Vassilev et
al., 2006). Therefore, its function is highly specific for CDKI.

In the present study, a BrdU/PI FACS of cells with CUL3 depletion and N-Myc activation
showed 12% BrdU negative cells with intermediate DNA content (Figure 23). This finding
correlates more with the phenotypes of cells with Cdc25A and Cyclin E overexpression than
with the phenotypes of cells that overexpress only Cyclin E in Neelsen’s study. In order to check
whether the CUL3-depleted N-Myc activated cells have a checkpoint defect, we treated the cells
with RO-3306. Cells will overcome the G2M checkpoint if they have a checkpoint defect and
RO-3306 is able to rescue it because it blocks the mitosis entry. As shown in Figure 30, after 5 h
of RO-3306 treatment the morphology of CUL3-depleted and N-Myc activated cells became
similar to the control cells. These findings suggest that CUL3 depleted and N-Myc activated

cells may have also obtained a checkpoint defect to promote genome instability.
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5.4 Several biological processes identified from the screen are

synthetic lethal with deregulated N-Myc

5.4.1 Candidates involved in RNAPII mediated transcription elongation

Several biological processes were found to be enriched in the list of candidates: transcription
elongation by RNAPII, mRNA export involving THOCI1, NUP153 and ELL, DNA replication
and replication checkpoints involving MCM4 and MCM6 and maintenance of chromosome
integrity involving the condesin complex II subunit G2 (NCAPG2) (Figure 41). In an
independent N-Myc proteomics analysis that was done by Anne Carstensen (data not shown), the
proteins NUP153, NCAPG2 and THOC1 were found as new interaction partners of N-Myc.
These results led us to hypothesize that knockdown of genes involved in these biological
processes combined with MYCN overexpression result in conflicts between RNA polymerase 11
and the DNA replication machinery. As a result, the replication fork collapses and DNA damage

responses are activated.

Cytoplasm

Transcription elongation

Nucleus

Chromosome condensation and segregation

Figure 41: Schematic of candidates involved in several biological processes

The candidate genes from the screen are involved in elongation by RNA polymerase 1I, DNA replication and
replication checkpoints, as well as maintenance of chromosome integrity. Proteins shown in blue indicate candidates
from the screen. Proteins shown in orange indicate overlaps from the screen and a proteomics analysis of N-Myc
associated proteins performed by A. Carstensen.

THOCI1 plays an important role in coupling transcription elongation and mRNA export. As the
nascent pre-mRNA emerges from the RNAPII, it is packed in a messenger ribonucleoparticle

(mRNP) whose optimal configuration is critical for the normal pre-mRNA processing and
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mRNA export, mRNA integrity as well as for transcription elongation efficiency. The interplay
between transcription and mRNP formation feeds forward and backward and involves a number
of conserved factors, ranging from THOC1 to NUP153, which additionally have a unique impact
on transcription dependent genome instability. The function of THOCI has been studied in more
depth in yeast. THOCI1 is a multimeric complex conserved in higher eukaryotes required for
mRNP biogenesis. THOC1 is recruited to chromatin during transcription, needed for
transcription elongation, mRNA export and genome integrity (Chavez et al., 2000; Strasser et al.,
2002). One important feature of cells lacking the THO complex is a suboptimal mRNPs
production that hinders transcription elongation and generates genome instability measured as an
increase in recombination (Strasser et al., 1990). This is to some extent explained by DNA:RNA
hybrid formation. In cells deprived of THOCI, the nascent RNA tends to hybridize more often
or more strongly with the template DNA strand, leaving the nontranscribed strand unpaired. As a
consequence, DNA:RNA hybrids (R-loops) accumulate in THOC1 mutants (Huertas and
Aguilera, 2003). The displaced DNA strand is more susceptible to DNA damage and breakage,
which are potential sources of genome instability. Furthermore, R-loops slow down or even

completely block replication-fork progression inducing recombination (Rondon et al., 2010).

In the BrdU/PI assay of THOCI depletion, the number of BrdU negative cells with intermediate
DNA content increases 2-fold and the percentage of apoptotic cells increases from 24.5% to
56.9% in the presence of N-Myc, suggesting that synthetic lethality between THOC1 knockdown
and N-Myc activation may be the result of a S-phase arrest and induction of apoptosis (Figure

33).

Colony assays show a clear lethal effect upon NUP153 depletion and N-Myc activation. The
corresponding BrdU/PI assay shows that NUP153 depleted N-Myc activated cells have a lower
FITC signal, which means BrdU incorporation is less and slower. NUP153 is involved in
mediating the nascent mRNA transport from nucleus to cytoplasm. It interacts with the
ENY2/TREX complex that couples transcription and mRNA processing with nuclear mRNA
export. The successful validation of NUP153 also indicates that the defect in coupling elongation

and mRNA export might be synthetic lethal with high levels of N-Myc (Figure 32).

Based on the successful functional validation, we hypothesize that defects in RNAPII-mediated
transcription elongation is synthetic lethal with high levels of N-Myc (Figure 32) For this
situation we suggest the following preliminary model: Normally, there are ongoing replication
forks and progressing transcription bubbles. Topoisomerase can resolve the topological structure

that appears between replication fork and transcription bubble. Activation of N-Myc increases
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the number of ongoing replication forks and the number of RNAPII complexes since Myc binds
to a number of core promoters (Rahl et al., 2010). Therefore, torsional stress largely accumulates
between the replication forks and transcription bubbles. As discussed in 5.3.3, Myc promotes
ongoing replication, which causes replication stress, but at the same time it decreases the
replication stress via DNA damage response. Balancing the replication stress is partially
achieved by topoisomerase II. On one hand, this enzyme introduces the double strand breaks in
order to resolve the topological structures, on the other hand, the DNA damage response diffuses
a wave of phosphorylation to the nuclear porin complex and dissembles the complex structure
with gated nascent genes which bears large torsional stress potentially serving as an obstacle for
approaching replication fork. If the topoisomerase adheres to its duty together with a well-
coupled transcription and subsequent mRNA export, the Myc overexpressing cells should still be
viability. However, if any of these important components involved in this process is missing or
not functional, two consequences might occur: Firstly, if the nascent mRNA is not able to be
properly gated, one end of it fixed at nuclear pore while the rest twist with the template which
totally hinders the coming replications fork resulting the fork reversal. Fork reversal is lethal to
the cells. Secondly, if the nascent mRNA is not gated due to a lack of components like THOCI,

it may anneal with the template DNA to form a R-loop resulting in a lethal effect as well.

The underlying mechanism of the proposed model is described above and the flowchart
summarizes the hypothesis (Figure 42). N-Myc activation induces S-phase progression. S-phase
progression leads to replication stress. This stress can usually be decreased by DNA damage
responses. In the case where all these processes are functional, including the degradation of
stalled and fallen RNAPII, transcription elongation, mRNA processing and mRNA export, the
cell is still viable. However, if any of these processes is not functional due to the depletion of
essential proteins, the replication fork stalls and global RNA synthesis drops which leads to cell
death.
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Figure 42: Summary of the synthetic lethal interaction with N-Myc in a manner of defect RNAPII mediated
transcription elongation

The description of flow chart is seen in the main text.

5.4.2 Study of Condensin II complex is a new perspective of N-Myc’s role in

neuroblastoma

NCAPG2, the subunit of condensin II, is a candidate from the screen that was validated (Figure
32). Although the colony formation assay of cells with a depletion of NCAPG2 did not show a
pronounced synthetic lethal effect with high levels of N-Myc (Figure 32), the BrdU/PI assay
showed an increase of BrdU negative cells from 10.6% to 15.1% after activation of N-Myc.
Additionally, apoptotic cells are increased from 34.9% to 53.6% following N-Myc activation,
suggesting a synthetic induction of apoptosis (Figure 33). Another subunit, NCAPH, is also on
the list of candidates but has not yet been validated (Table 23). Additionally, NCAPG2 was also
detected in two proteomic analyses of N-Myc interaction proteins, performed in Eilers’ and
Chesler’s laboratories. However, so far almost all studies were conducted in Xenopus eggs or in
the yeast system. These results draw our attention to studying function and research progress of

NCAPQG?2 in human neuroblastoma.

During mitosis the most striking transformation of chromatin structure is observed when the cell
separates its duplicated genome into daughter cells. Upon disassembly of the cell nucleus at the
onset of mitosis, an amorphous mass of chromatin is converted into a discrete set of rod-shaped

chromosomes in which the two sister chromatids are juxtaposed along their length. This process,
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referred to as chromosome assembly or condensation, is an essential prerequisite of the faithful

segregation of sister chromatids during the subsequent stages of mitosis (Hirano, 2005).

There are two kinds of condensin complexes, condensin I and condensin II. Condensin I and II
have the same pair of core subunits but distinct sets of regulatory subunits. The two core
subunits, SMC2 and SMC4, belong to a large family of chromosomal ATPases known as the
structural maintenance of chromosomes (SMC) family. The SMC2-SMC4 heterodimer adopts a
V-shaped structure, characteristic for all SMC proteins, with an ATP-binding cassette ATPase
domain at the distal end of each arm, which modulates engagement and disengagement of the
head domains (Melby et al., 1998; Anderson et al., 2002). The two condensin complexes are
distinguished by their unique sets of non-SMC subunits. Among the three regulatory subunits of
each complex, CAP-D2 and CAP-G in condensin I and CAP-D3 and CAP-G2 in condensin II
contain HEAT repeats, a highly degenerate repeat motif implicated in protein-protein
interactions (Neuwald and Hirano, 2000). The fifth subunits CAP-H in condensin I and CAP-H2

in condensin II belong to the kelsin family of proteins (Yoshimura et al., 2002).

In mammalian cells, condensin II is predominantly nuclear whereas condensin I is sequestered in
the cytoplasm during inter-phase (Ono et al., 2004). Condensin I gains access to the
chromosomes only after the nuclear envelope breaks down in the pro-metaphase, and the two
complexes alternate along the chromatid axis by metaphase (Hirota et al., 2004; Ono et al.,
2004). Depletion of condensin II delays prophase condensation whereas depletion of condensin I

does not (Hirano, 2005).

In 2003, Maeshima et al proposed a model in which an early stage of condensation is driven by
topoisomerase II-mediated axis formation and is followed by the action of condensin subunits. In
this paper, topoismerase II and 13S condensin (here might indicate condensin I) were both
reported to be required for mitotic chromosome assembly (Maeshima and Laemmli, 2003). This
mechanism may be of major relevance for our study because topoisomerase IIA and
topoisomerase IIB were found to interact with N-Myc in two independent proteomic analyses,
one of which was done by Anne Carstensen (data not shown). This draws our attention to a
possible cooperation between N-Myc, condensin and topoisomerase II during early mitosis and

mitosis.

Very recently, Tonami et al reported that inactivation of SMC2 shows a synergistic lethal
response in MYCN-amplified neuroblastoma cells. All the experiments in this paper were
conducted in SHEP, SKN-AS and IMR32 cells. It was demonstrated that N-Myc
transcriptionally up-regulates SMC2 and interacts with SMC2 and SMC4. SMC2 was shown to
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transcriptionally regulate DNA damage response genes in cooperation with N-Myc. They also
found that in patients with MYCN-amplified tumours improved survival correlates with low

SMC2 expression (Murakami-Tonami et al., 2014).

As shown in Figure 33, NCAPG2 depletion leads to a serious S-phase problem. In cells with a
NCAPG2 depletion, a large population of BrdU negative S-phase cells was found. This indicates
an important role of condensin II in the S-phase. This S-phase problem gets worse after
activation of N-Myc, potentially due to an increased replication stress (Figure 33). Although
depletion of NCAPG2 does not show a pronounced synthetic lethal effect with high levels of N-
Myc in the colony assay, FACS analysis for BrdU incorporation and Annexin V staining clearly
showed serious problems in the cells. All these observations led us to conclude that there may be
a novel cooperation between these proteins. This cooperation may well effect late S-phase

regulation, chromosome condensation and segregation.

5.5 MLN4924 is a therapeutic option in N-Myc-driven

neuroblastoma

The development of inhibitors targeting Myc/N-Myc proteins is very complicated because they
are basic helix-loop-helix zipper proteins with no obvious surfaces for small molecule binding
(see 1.2.3). Therefore, the observation that a depletion of members of the neddylation pathway
can be synthetic lethal in N-Myc amplified neuroblastoma cells may present an opportunity to

target these pathways with inhibitors for therapy.

Inhibition of protein neddylation, particularly cullin neddylation, has emerged as a promising
anticancer strategy, as evidenced by the anti-tumour activity of the NEDDS-activating enzyme
(NAE) inhibitor MLN4924 in preclinical studies. This small molecule can block the protein

neddylation pathway and is now in clinical trials.

MLN4924 was identified as an inhibitor of NAE via high throughput screens performed by
Millennium Company. MLN4924 is structurally related to adenosine 5’-monophosphate (AMP)
— a tight binding product of the NAE reaction. X-ray crystallography confirmed that MLN4924
bound in the nucleotide-binding site of NAE (Walden et al., 2003; Walden et al., 2003). It is
already in phase III clinical trial. Treatment of tumour cells with MLN4924 increases the
abundance of known CRL substrates. In the human cell lines studied, the mechanism of cell
death appeared to be a consequence of uncontrolled DNA synthesis in the S-phase of the cell

cycle. This results in DNA damage and the induction of apoptosis. Inhibition of neddylation via
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MLN4924 accumulates CDT1, a DNA replication licensing factor, and induces DNA re-
replication. /n vivo, MLN4924 shows potent anti-tumour activity in mice with human tumour
xenografts, such as large B-cell lymphoma, lung, colon and breast cancer, at drug concentrations

that are well tolerated (Soucy et al., 2009).

There is no report about the application of MLN4924 in neuroblastoma. Consequently, we
decided to investigate its function in neuroblastoma. First, we titrated the compound in SHEP-N-
MycER cells in a range from 1.5nM to 1000nM. CUL3 was partially inhibited at a concentration
of 15nM and completely inactivated at a concentration of 100nM. Cleaved PARP was
significantly increased at an inhibitor concentration of 100nM. Therefore, we decided to use a

range from 15nM to 100nM for all following experiments in SHEP-N-MycER cells.

A western blot analysis was performed to check DNA damage response using an inhibitor
concentration range from 25nM to 100nM (Figure 36B). Generally, p-CHK1, p21 and Cyclin E
are induced more in OHT-treated cells than in untreated cells within this range. The DNA
damage effect, represented by signals for p-CHK1 and p21, is more pronounced at 50nM and
100nM compared to 25nM. Therefore, we concluded that a higher concentration has to be used

to induce DNA damage effects and a concentration of 75nM was used for further experiments.

Treatment of the SHEP-N-MycER cells with a compound concentration of 75nM showed a
stronger accumulation of DNA damage markers (Figure 37). Additionally, p21 and p-p53 are
involved in p53-dependent DNA damage response and are found to be synergistically induced
after MLN4924- and 4-OHT-treatment. Oncogene-induced replication appears to play a central
role in tumour progression (Halazonetis et al., 2008; Evertts and Coller, 2012), suggesting that
re-replication may directly challenge tumour vulnerabilities. In this study, treatment with the

compound did not mitigate N-Myc-induced replication stress but further aggravated it.

However, it is not clear whether re-replication is the dominant mechanism of DNA damage in
combination with other DNA damaging agents. Therefore, it is difficult to predict the best

combination partner.

Recently, Garcia et al published that MLLN4924 showed synergy with mitomycin C through
interactions with the ATR signalling pathway. Mitomycin C is an antibiotic which alkylates
DNA. About 10% of the DNA modifications result in interstrand crosslinks and the remainder
being monoadduct and intrastrand crosslinks (Muniandy et al., 2010). The induction of DNA
damage results in inhibition of DNA replication. The DNA damage repair is determined by the
kind of detection, which is significantly influenced by the stage of the cell cycle in which the
damage occurs. The combination of mitomycin C and MLN4924 was shown to be synergistic in
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a melanoma mouse xenograft model. While treatment with either single agent alone results in
only moderate growth inhibition, the combination keeps the tumour from growing for the entire
time of treatment. Comparison of treated vs control animals at day 21 resulted in tumour volume
ratios of 0.7, 0.5, and 0.17 for animals treated only with mitomycin C, only with MLN4924, and
with the combination of both, respectively. They performed a screen with a siRNA pool
targeting DNA damage response genes in the melanoma cell line A375 and treated the cells with
MLN4924 and mitomycin C. They found that depletion of genes involved in the ATR signalling
pathway, chromatin modification and transcription-coupled repair reduced the synergy between
mitomycin C and MLN4924. These data suggest that mitomycin C causes stalling of the
replication forks and, if combined with re-replication induced by MLLN4924 results in frequent

replication fork collisions followed by cell death (Garcia et al., 2014).

N-Myc acute activation largely increases the replication stress induced by MLN4924. Together
with this stress leads not only to single-strand breaks but also to large amounts of double-strand
breaks which further induce a strong DNA damage response. These strong DNA damage
responses drive cells into apoptosis rather than inducing cell cycle arrest. The colony assays
performed in other neuroblastoma cell lines showed a very convincing effect (Figure 15). Our
finding that a synergistic activation of DNA damage responses by combining N-Myc activation

and MLN4924-treatment results in cell death is consistent with Garcia’s conclusion.

MLNS8237, an Aurora A inhibitor, is currently in phase 2 clinical evaluations for childhood
neuroblastoma. It is sufficient to disrupt the N-Myc/Aurora A complex without inhibiting
catalytic activity of Aurora A (Matulonis et al., 2012). The evaluation of therapy efficiency in
TH-MYCN mouse models of aggressive neuroblastoma reveals a large decrease of N-Myc
protein levels and a rapid decrease in tumour volume (Brockmann et al., 2013). Topoisomerase
ITA and IIB were found to interact with N-Myc in a N-Myc proteomic analysis (data not shown).
Because treatment with MLNS8237 in a mono-therapy has only marginal effects on
neuroblastoma, a combined therapy with an inhibitor of topoisomerases may be beneficial to
treating neuroblastoma patients. In fact, combining MLN8237 with a topoisomerase inhibitor is a
new approach to treat neuroblastoma and is currently in a clinical trial (John Maris and Yael

Mosse, personal communication, 2014).
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6 Summary in English and German

6.1 Summary

In contrast to c-Myc, a deregulated expression of the MYCN gene is restricted to human
neuroendocrine tumours. In most cases, the excessive activity of N-Myc results from a MYCN
amplification. In neuroblastoma, amplification of MYCN is a predictor of poor prognosis and
resistance to therapy. The inability to target the N-Myc protein directly necessitates the search
for alternative targets. This project aimed at identifying genes specifically required for growth
and survival of cells that express high levels of N-Myc using high-throughput shRNA screening
combined with next generation sequencing. The identification and analysis of these genes will

shed light on functional interaction partners of N-Myc.

We screened a shRNA library containing 18,327 shRNAs and identified 148 shRNAs, which
were selectively depleted in the presence of active N-Myc. In addition, shRNAs targeting genes
that are involved in p53 and ARF turnover and apoptosis were depleted in the cell population
during the screen. These processes are known to affect N-Myc-mediated apoptosis.
Consequently, these results biologically validated the screen. The 148 shRNAs that showed a
significant synthetic lethal interaction with high levels of N-Myc expression were further
analysed using the bioinformatics program DAVID. We found an enrichment of shRNAs that
target genes involved in specific biological processes. For example, we validated synthetic lethal
interactions for genes such as, THOCI, NUP153 and LARP7, which play an important role in the
process of RNA polymerase II-mediated transcription elongation. We also validated genes that

are involved in the neddylation pathway.

In the screen we identified Cullin 3, which is a component of the BTB-CUL3-Rbx1 ubiquitin
ligase that is involved in the turnover of Cyclin E. Depletion of cullin 3 and activation of N-Myc
was found to synergistically increase Cyclin E expression to supraphysiological levels, inducing

S-phase arrest and a strong DNA damage response.

Together with results from a proteomics analysis of N-Myc associated proteins, our results lead

us to the following hypothesis:

In a neuroblastoma cell, the high levels of N-Myc result in a conflict between RNA polymerase

IT and the replication machinery during S-phase. The newly identified interaction partners of N-

Myc are required to solve this conflict. Consequently, loss of the interaction leads to a massive
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Summary

DNA damage and the induction of apoptosis. In addition, inhibition or depletion of the essential

components of the neddylation pathway also results in an unresolvable problem during S-phase.

6.2 Zusammenfassung

Im Gegensatz zu c-Myc findet man eine Deregulation von N-Myc nur in einer begrenzten
Anzahl maligner Tumore die neuroektodermalen Ursprungs sind. Die tiberméfBige Aktivitdt ist
dabei fast immer durch eine genomische Amplifikation von N-Myc begriindet. Im Neuroblastom
korreliert eine MYCN-Amplifikation mit einer schlechten Prognose. Da es auf Grund einer
fehlenden katalytischen Doméne nicht moglich ist N-Myc direkt zu inhibieren, ist die Suche
nach alternativen Targets notwendig. Das Ziel dieser Arbeit war es neue Gene zu identifizieren,
die notwendig fiir das Wachstum und Uberleben von MYCN amplifizierten Zellen sind. Dies
wurde durch eine Kombination von Hochdurchsatz-RNAi-Screens und Next-Generation-

Sequenzierung erreicht.

Durch das Screenen einer shRNA-Bibliothek, die insgesamt 18327 shRNAs beinhaltet, konnten
148 shRNAs identifiziert werden, die selektiv nachteilig fiir das Uberleben N-Myc
iiberexpremierender Zellen sind. Die statistische Auswertung der Ergebnisse des Screens zeigte
zusitzlich eine Anreichung von shRNAs gegen Gene, die p53-und ARF-abhingig Apoptose
vermitteln. Da es bekannt ist, dass diese Gene in der N-Myc-vermittelten Apoptose involviert
sind, konnte dadurch der Screen validiert werden. Die weitere Auswertung mit dem
bioinformatischen Programm DAVID ergab, dass unter den 148 als synthetisch letal
identifizierten shRNAs solche angereichert waren, die gegen Gene spezifischer biologischer
Prozesse gerichtet sind. Zum einen wurden Gene wie THOCI, NUP153 und LARP7 validiert, die
eine Rolle im Prozef3 der Elongation der RNA Polymerase II spielen. Zum anderen konnten

Gene validiert werden die einen Beitrag bei der Neddylierung von Proteinen leisten.

Durch die Depletion von Cullin 3, ein Bestandteil des BTB-CUL3-Rbx1 Ubiquitin-Ligase-
Komplexes, der am Abbau von Cyclin E beteiligt ist, konnte gezeigt werden, dass zusammen mit
der Aktivierung von N-Myc eine supraphysiologische Erhéhung von Cyclin E induziert wird.
Dies fiihrt zu einem S-Phase Arrest in der Zelle, der die DNA-Schadens-Signalkaskade auslost.

Zusammen mit den Ergebnissen einer Proteomanalyse, bei der neue N-Myc-assoziierte Proteine

identifiziert wurden, konnte folgende Hypothese aufgestellt werden:
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Summary

In einer Neuroblastomzelle helfen diese neuen Interaktionspartner den durch die N-Myc
Uberexpression in der S-phase entstehenden Konflikt zwischen RNA-Polymerase II und
Replikationsmaschinerie zu losen. Der Verlust dieser Interaktion fithrt zu einer massiven
Schéadigung der DNA, worauf in der Zelle Apoptose ausgelost wird. Des Weiteren fithren auch
die Inhibition oder Ausschaltung wesentlicher Komponenten des Neddylierungs-Signalwegs zu

unldsbaren Problemen in der S-Phase des Zellzyklus.
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Appendix A

List of abbreviations

A selection of abbreviations that can be found in this thesis are explained below. Furthermore the
abbreviations of the [IUPAC (International union of pure und applied Chemistry) and of the SI-

System (Systéme international d'unités) were used.

A.1 Prefixes

Table 25: Abbreviation for prefixes and multiplication factors

Abbreviation | Prefix Factor

p Pico- 107"

n Nano- 107

n Micro- 10°

m Mili- 107

c Centi- 1072

A.2 Units

A ampere

Da dalton
g gram

h hour

J joule

1 liter

m meter
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min minute

M mol/l mol mol

OD optical density

s second

U unit

vol volume

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

°C degree celsius

A.3 Proteins, protein domains and other biomolecules

A adenine

ATP adenosine-5'-triphosphate

A alanine

aa amino acid

bp basepair (s)

BTB broad-complex, tramtrack and bric a brac
C cytosine

c¢DNA complementary DNA

DNA deoxyribonucleic acid

dNTPs deoxyribonucleoside-5'-triphosphate (d1ATP, dCTG, dGTP, dTTP)
G guanine

GFP green fluorescent protein

GTP guanosine-5'-triphosphate

HRP horseradish peroxidase

K lysine
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nt nucleotide(s)

POZ pox virus and zinc finger

R arginine

Rb Retinoblastoma

RFP red fluorescent protein

RNA ribonucleic acid

RNAPII RNA polymerase II

T thymine

TopBP topoisomerase-binding protein

ZF zinc finger

A.4 Chemicals and solutions

APS ammoniumpersulfate

ddH2O0 bidestilled water
DMEM Dulbeccos Modified Eagle-Medium
DMSO dimethylsulfoxide

DTT dithiothreitol

EDTA ethylendiamintetraacetate
FCS fetal calf serum

FBS fetal bovine serum

NEM N-ethylmaleimide

PBS phosphate-buffered saline
PVDF polyvinylidenfluoride
SDS sodium dodecyl sulfate
TBE Tris-borate-EDTA-buffer

TBS Tris-buffered saline
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TBS-T Tris-buffered saline with tween-20
TE Tris-EDTA-buffer
TEMED N,N,N',N'-tetramethylethylendiamine

Tris Tris-(hydroxymethyl)-aminomethan

A.5 Other abbreviations

abs. absolute

approx. approximately

ATCC American Type Culture Collection
ChIP chromosome immunoprecipitation
ECL enhanced chemoluminescence

E. coli Escherichia coli

Inc. Incorporated

IP immunoprecipitation

PAGE polyacrylamide-gelelectrophoresis
PCR polymerase chain reaction

qPCR quantitative PCR

rpm rotations per minute

RT room temperature

o./n. over night; 16-20 h

S1 security level 1

S2 security level 2

wt wild type
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