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Summary

Summary

The hallmark oncoprotein Myc is a major driver of tumorigenesis in various human
cancer entities. However, Myc'’s structural features make it challenging to develop
small molecules against it. A promising strategy to indirectly inhibit the function of
Myc is by targeting its interactors. Many Myc-interacting proteins have reported
scaffolding functions which are difficult to target using conventional occupancy-
driven inhibitors. Thus, in this thesis, the proteolysis targeting chimera (PROTAC)
approach was used to target two oncoproteins interacting with Myc which promote
the oncogenicity of Myc, Aurora-A and WDR5. PROTACs are bifunctional small
molecules that bind to the target protein with one ligand and recruit a cellular E3-
ligase with the other ligand to induce target degradation via the ubiquitin-
proteasome system. So far, the most widely used E3-ligases for PROTAC
development are Cereblon (CRBN) and von Hippel-Lindau tumor suppressor
(VHL). Furthermore, there are cases of incompatibility between some E3-ligases
and proteins to bring about degradation. Hence there is a need to explore new E3-
ligases and a demand for a tool to predict degradative E3-ligases for the target
protein in the PROTAC field.

In the first part, a highly specific mitotic kinase Aurora-A degrader, JB170, was
developed. This compound utilized Aurora-A inhibitor alisertib as the target ligand
and thalidomide as the E3-ligase CRBN harness. The specificity of JB170 and the
ternary complex formation was supported by the interactions between Aurora-A
and CRBN. The PROTAC-mediated degradation of Aurora-A induced a distinct S-
phase defect rather than mitotic arrest, shown by its catalytic inhibition. The finding
demonstrates that Aurora-A has a non-catalytic role in the S-phase. Furthermore,

the degradation of Aurora-A led to apoptosis in various cancer cell lines.

In the second part, two different series of WDR5 PROTACSs based on two protein-
protein inhibitors of WDR5 were evaluated. The most efficient degraders from both
series recruited VHL as a E3-ligase and showed partial degradation of WDRS5. In
addition, the degradation efficiency of the PROTACs was significantly affected by
the linker nature and length, highlighting the importance of linker length and
composition in PROTAC design. The degraders showed modest proliferation
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defects at best in cancer cell lines. However, overexpression of VHL increased the

degradation efficiency and the antiproliferative effect of the PROTACs.

In the last part, a rapamycin-based assay was developed to predict the degradative
E3-ligase for a target. The assay was validated using the WDR5/VHL and Aurora-
A/CRBN pairs. The result that WDRS5 is degraded by VHL but not CRBN and
Aurora-A is degraded by CRBN, matches observations made with PROTACSs. This
technique will be used in the future to find effective tissue-specific and essential

E3-ligases for targeted degradation of oncoproteins using PROTACs.

Collectively, the work presented here provides a strategy to improve PROTAC
development and a starting point for developing Aurora-A and WDR5 PROTACs

for cancer therapy.



Zusammenfassung

Zusammenfassung

Das Onkoprotein Myc ist ein wichtiger Faktor bei der Tumorentstehung in
verschiedenen menschlichen Krebsarten. Die strukturellen Merkmale von Myc
machen es jedoch schwierig, kleine Molekule gegen dieses Protein zu entwickeln.
Eine vielversprechende Strategie zur indirekten Hemmung der Funktion von Myc
besteht darin, auf seine Interaktoren abzuzielen. Viele Proteine, die mit Myc
interagieren, haben Gerustfunktionen, die mit herkdmmlichen Inhibitoren nur
schwer zu hemmen sind. Daher wurde in dieser Arbeit der PROTAC-Ansatz
(Proteolysis Targeting Chimera) verwendet, um zwei Onkoproteine, die mit Myc
interagieren und die Onkogenitat von Myc fordern, ins Visier zu nehmen: Aurora-
A und WDR5. PROTACs sind bifunktionale kleine Moleklle, die mit einem
Liganden an das Zielprotein binden und mit dem anderen Liganden eine zellulare
E3-Ligase rekrutieren, um den Abbau des Zielproteins Uber das Ubiquitin-
Proteasom-System einzuleiten. Die bisher am haufigsten verwendeten E3-Ligasen
fur die Entwicklung von PROTACs sind Cereblon (CRBN) und der von Hippel-
Lindau-Tumorsuppressor (VHL). AulRerdem gibt es Falle von Inkompatibilitat
zwischen einigen E3-Ligasen und Proteinen, die abgebaut werden sollen. Daher
besteht die Notwendigkeit, neue E3-Ligasen zu erforschen und Werkzeuge zur

Vorhersage abbauender E3-Ligasen fur das Zielprotein zu entwickeln.

Im ersten Teil wurde ein hochspezifischer Degrader der mitotischen Kinase
Aurora-A, JB170, entwickelt. Bei dieser Verbindung wurde der Aurora-A-Inhibitor
Alisertib als Zielligand und Thalidomid als Binder fur die E3-Ligase CRBN
verwendet. Die Spezifitat von JB170 und die ternare Komplexbildung wurden durch
die Wechselwirkungen zwischen Aurora-A und CRBN unterstutzt. Der durch
PROTAC vermittelte Abbau von Aurora-A fuhrte zu einem deutlichen Defekt in der
S-Phase und nicht zu einem mitotischen Stillstand, wie es flr dessen katalytische
Hemmung beobachtet wurde. Dies zeigt, dass Aurora-A eine nicht-katalytische
Funktion in der S-Phase hat. AuRerdem fuhrte der Abbau von Aurora-A in

verschiedenen Krebszelllinien zur Apoptose.

Im zweiten Teil wurden zwei verschiedene Serien von WDR5 PROTACs auf der
Grundlage von zwei Protein-Protein-Inhibitoren von WDRS untersucht. Die

effizientesten Degrader aus beiden Serien rekrutierten VHL als E3-Ligase und
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zeigten einen teilweisen Abbau von WDRS5. Daruber hinaus wurde die
Abbaueffizienz der PROTACs erheblich von der Art und Lange des Linkers
beeinflusst, was die Bedeutung der Linkerlange und -zusammensetzung bei der
Entwicklung von PROTACSs unterstreicht. Die Abbauprodukte zeigten bestenfalls
bescheidene Proliferationsdefekte in Krebszelllinien. Eine Uberexpression von
VHL erhohte jedoch die Abbaueffizienz und den antiproliferativen Effekt der
PROTACSs.

Im letzten Teil wurde ein auf Rapamycin basierender Assay entwickelt, um die
abbauende E3-Ligase fur ein Target vorherzusagen. Der Assay wurde anhand der
Paare WDR5/VHL und Aurora-A/CRBN validiert. Das Ergebnis, dass WDR5 von
VHL, aber nicht von CRBN abgebaut wird und Aurora-A von CRBN abgebaut wird,
stimmt mit den Beobachtungen uberein, die mit PROTACs gemacht wurden. Diese
Technik wird in Zukunft eingesetzt werden, um wirksame gewebespezifische und
essentielle E3-Ligasen fur den gezielten Abbau von Onkoproteinen mit Hilfe von
PROTACS zu finden.

Insgesamt bieten die hier vorgestellten Arbeiten eine Strategie zur Verbesserung
der PROTAC-Entwicklung und einen Ausgangspunkt fur die Entwicklung von
Aurora-A- und WDR5-PROTACS fur die Krebstherapie.
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1 Introduction

1.1 Myc protein family

The Myc protein family consists of three members, c-Myc (hereafter written as
Myc), N-Myc, and L-Myc, which are required for the development and maintenance
of proliferative tissues. Myc, N-Myc, and L-Myc are encoded by MYC, MYCN, and
MYCL genes. Initially, MYC was discovered as avian tumor viral transforming gene
v-Myc (Duesberg et al., 1977; Sheiness et al., 1978). Later, in humans, Myc was
found to be translocated in Burkitt's Lymphoma, where it was fused to IgG
enhancer leading to its overexpression (Dalla-Favera et al., 1982; Taub et al.,
1982). Soon MYCN and MYCL were also identified in human neuroblastoma (Kohl
et al., 1983; Schwab et al., 1983) and small cell lung carcinoma (SCLC) cell lines
(Nau et al., 1985), respectively. All three homologs of Myc share conserved regions

known as Myc homology boxes.

Myc is a transcription factor and is essential for the functioning of normal cells by
regulating cellular processes like proliferation, differentiation, and apoptosis (Eilers
& Eisenman, 2008; Facchini & Penn, 1998). Many studies have shown Myc's
essentiality for growth and development. For example, the complete deletion of
MYC alleles in mice embryos resulted in a severe decrease in embryo size and
eventual embryonic lethality before 10.5 days of gestation (Davis et al., 1993;
Dubois et al., 2008; Trumpp et al., 2001). Moreover, conditional deletion of MYC in
mice during adult hematopoiesis resulted in severe cytopenia and accumulation of
hematopoietic stem cells due to their inability to start differentiation (Wilson et al.,
2004). In addition, mice with epidermal MYC knockdown showed severe skin
defects like impaired wound healing and fragile skin (Zanet et al., 2005). In another
study, conditional depletion of MYC in mice resulted in rapid loss of intestinal crypts
(Muncan et al., 2006).

Besides being an essential protein, Myc is dysregulated in most cancers. A large
body of evidence has shown the role of Myc in both tumor initiation and

maintenance.
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1.2 Hallmark oncogene: Myc

Over the years, it has become increasingly apparent that Myc is overexpressed in
many different human cancer entities (Dang, 2012). In normal, untransformed cells
Myc is a short-lived protein with an mRNA half-life of ~30 minutes (Dani et al.,
1984) and a protein half-life of ~20 minutes (Hann & Eisenman, 1984). The
expression of Myc is stringently regulated at different cellular levels of transcription
and translation (Farrell & Sears, 2014; Lemm & Ross, 2002; Yeilding et al., 1996).
In cancer cells, up to date, Myc is found to be overexpressed due to chromosomal
translocation, gene amplification, point mutations, enhanced translation,
deregulation or mutation in upstream pathways, and increased protein stability via
mutation in E3 ligases (Choi et al., 2010; Hemann et al., 2005; Kalkat et al., 2017;
Meyer & Penn, 2008; Welcker et al., 2004). Myc can enable all the processes,
annotated under the umbrella term “cancer hallmarks” (Fig. 1.1), which provides
an explanation of why Myc is so frequently deregulated in tumors (Gabay et al.,
2014; Hanahan, 2022; Hanahan & Weinberg, 2011; Liombart & Mansour, 2022).

Sustaining Evading growth
proliferative signals suppression

Deregulating
cellular energetics

Avoiding immune
destruction

Escaping Enabling replicative
programmed MYC immortality
cell death

Tumour promoting
inflammation

Genome instability
and mutation

Inducing angiogenesis Invasion and metastasis

Figure 1.1: Hallmarks of cancer regulated by MYC.
adapted from Llombart & Mansour, 2022.

The following sub-chapters highlight why Myc is a critical oncogene and potential
target for cancer therapy.
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1.2.1 Upregulation of Myc in human patients and human samples

Pan-cancer analysis showed that one of the Myc paralogs is amplified in more than
28% across 33 cancers of The Cancer Genome Atlas (TCGA) (Schaub et al.,
2018). Myc is frequently amplified in tumors where the tumor cells contain many
copies of the MYC gene. However, there are many other ways by which Myc can
be overexpressed and that differs from tumor-to-tumor entities. Some relevant
examples are discussed below.

The third most frequent cancer type, colorectal cancer (CRC), is characterized by
activation of the WNT/ B-catenin signaling pathway, which induces increased
expression of the target genes like Myc (Cancer Genome Atlas, 2012; Guinney et
al., 2015; van de Wetering et al., 2002). Human primary colorectal carcinomas
show Myc overexpression and amplification in almost 70% and 10% cases,
respectively (Erisman et al., 1985; Rochlitz et al., 1996; Sikora et al., 1987; Smith
et al., 1993). Myc overexpression in CRC can also result from an inactivating
missense mutation in FBXW7 (F-box/WD repeat-containing 7), an E3-ubiquitin
ligase for Myc, which results in increased Myc protein stability (Kogita et al., 2015;
Korphaisarn et al., 2017).

Neuroblastoma, a malignant tumor of the peripheral nervous system, accounts for
~10% of all tumors in children and ~15% of cancer-related deaths in children (Otte
et al., 2020). MYC paralog, MYCN is amplified in 20-30% of all neuroblastoma
patients and accounts for more than 50% of high-risk neuroblastoma patients
(Huang & Weiss, 2013; Otte et al., 2020), who have a five-year survival of less than
50% (Rickman et al., 2018). Similarly, in the most malignant brain tumor in children,
medulloblastoma, two subgroups illustrate high overexpression of one or two Myc
isoforms. The overexpression is linked to poor prognosis and eventually lead to
shorter survival (Kawauchi et al., 2012; Northcott et al., 2011; Roussel & Robinson,
2013).

All three MYC family genes are amplified in ~ 20% of small cell lung cancer (SCLC)
in a mutually exclusive manner (Gugger et al., 2002; Mollaoglu et al., 2017; Sos et
al,, 2012). SCLC tumors harboring MYC amplification exhibited poor survival
compared to tumors without MYC amplification (Johnson et al., 1987). It has also
been shown that Myc can promote the evolution of different molecular subtypes of
SCLC (Bragelmann et al., 2017; Ireland et al., 2020). Furthermore, a whole-

genome sequencing-based study performed on 183 non-small-cell lung cancer
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(NSCLC) tumors spotted MYC amplification in 31% of cases (Imielinski et al.,
2012).

Similarly, in hepatocellular carcinoma (HCC), MYC is amplified in more than 30%
of the tumors and is recurrent in larger tumors (Kaposi-Novak et al., 2009; Kawate
et al., 1999). In alcohol-related HCC, a gain of ~77 % of the region harboring MYC
is observed (Schlaeger et al., 2008). In this cancer entity, MYC amplification is
found to correlate with poorer survival. (Kawate et al., 1999). A meta-analysis
performed on publications from 1999-2016, which included 981 patients with HCC,
revealed that high Myc expression levels signified poor overall and disease-free
survival (Min et al., 2021).

Amplification and overexpression of Myc are also found in hematopoietic
malignancies like lymphomas and leukemias (Ahmadi et al., 2021; Ohanian et al.,
2019). Overexpression of Myc in these cancers is aided by mutation of MYC at T58
(threonine 58) (Brown et al., 2012; Chang et al., 2000; Malempati et al., 2006). Myc
phosphorylation at T58 residue is essential for recognition by E3-ubiquitin ligase
FBXW?7, leading to ubiquitylation and eventual degradation of Myc via the
proteasome (Welcker et al., 2004; Yada et al., 2004). Moreover, the mutation in
FBXW?7 is also seen in these malignancies (Brown et al., 2012; O'Neil et al., 2007;
Thompson et al., 2007). These mutations in MYC and FBXW?7 collectively impair
FBXW7-mediated degradation of Myc. Similarly, chromosomal translocation in the
proximity of gene encoding immunoglobulin heavy (/GH) and light chain (/IGL) is
another critical cause of the Myc upregulation in leukemia and lymphoma (Avet-
Loiseau et al., 2001; Chiecchio et al., 2009; Dalla-Favera et al., 1982; Taub et al.,
1982).

Myc overexpression and amplification in various cancer entities indicate that tumor
cells benefit from increased Myc levels. This leads to the question of whether the

upregulation of Myc leads to cancer.
1.2.2 Overexpression of Myc induces tumor in mice

The causal relationship between Myc overexpression and tumorigenesis has been
demonstrated in various tumor xenografts and transgenic mouse models. Adams
et al. described one of the first mouse models for Myc-activated tumorigenesis
(Adams et al., 1985). In this transgenic mouse model, MYC was coupled to the
immunoglobulin y enhancer. These E,-MYC mice showed aggressive lymphoma,

where 94% of mice died within four months after birth. The onset of lymphoma was

4
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observed in pups as early as three weeks of age. All the tumors were of B-lymphoid
lineage with both pre-B and mature B-cell lymphoma. In a further study, Park and
colleagues inserted 6x His-tagged MYC into the mouse’s IGH locus (Park et al.,
2005). This resulted in the development of B-cell and plasma-cell neoplasms within
the age of six months. Similarly, another research approach used a construct with
the control promoter region of human CDZ2 fused to MYC to create a transgenic
mouse. Almost one-quarter of the CD2-MYC transgenic mice developed thymic
lymphoma (Stewart et al., 1993). These mouse models thus demonstrated that
high Myc is sufficient for the tumor formation.

Mouse models were also employed to test the ability of Myc and N-Myc
overexpression to initiate various tumors of the nervous system, such as
neuroblastoma, medulloblastoma, and retinoblastoma. A pTH-MYCN mouse
model was designed to overexpress human N-Myc in neural crest cells (Weiss et
al., 1997). The promotor tyrosine hydroxylase (pTH) was used, which is active in
the neural crest, sympathetic ganglia, and adrenal (Banerjee et al., 1992). These
mice developed neuroblastoma showing characteristics of human disease. Wu and
colleagues generated a retinoblastoma mouse model using the Tet-On system
driven by retina-specific PAX6 a-enhancer to overexpress N-Myc in mice where
tumor suppressor gene retinoblastoma (RB) was deleted. N-Myc over-expression
led to retinoblastoma even without the inactivation of other tumor suppressors like
107 kDa retinoblastoma-associated protein (p107) and 130 kDa retinoblastoma-
associated protein (p130). Retinoblastoma formation was rapid, with an average
time of 54 days from the onset of N-Myc overexpression to tumor development (Wu
et al., 2017).

Various studies have also been performed to investigate the carcinogenic nature
of Myc in breast cancers. In one model, the MYC gene was attached to the mouse
mammary tumor virus’s (MMTYV) long terminal repeats (LTR). The overexpression
of Myc in mammary tissue led to the development of mammary adenocarcinomas
during early to second pregnancies (Stewart et al., 1984). Similar observations of
mammary tumor formation upon expression of MYC were seen in other
independent studies (D'Cruz et al., 2001; Liao et al., 2000; Schoenenberger et al.,
1988).

In a study by Shroff et al., Myc overexpression in kidneys using the g-glutamyl
transferase gene promoter (GGT) led to the formation of renal cell carcinoma

(RCC). Myc-induced RCC in this mouse model was shown to occur via glutamine
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metabolism (Shroff et al.,, 2015). In a lung tumor mouse model developed by
Ehrhardt and colleagues, a lung-specific surfactant protein C (SP-C) promoter was
used to control the expression of murine Myc. These mice developed multifocal
bronchiolo-alveolar adenomas and bronchiolo-alveolar carcinomas (Ehrhardt et
al., 2001). Activation of Myc in  cells of the pancreas using the MYC-ER mouse
model showed rapid islet tumor development (Lawlor et al., 2006). Using a different
mouse model for pancreatic cancer, where MYC was delivered to mice using avian
retroviruses, Myc exclusively induced endocrine tumors (Lewis et al., 2003).
Similarly, in a skin mouse model, expression of human MYC under the keratin 14
(K14) promoter in transgenic mice induced differentiation of the basal layer of the
mouse epidermis (Arnold & Watt, 2001).

1.2.3 Addiction of tumors on Myc

From the studies mentioned, it remained unclear if Myc overexpression is
necessary for established tumors or just for their initiation. Several conditional
mouse models were exploited to investigate this. These mouse models often utilize
different systems to manipulate Myc levels. On the one hand, in Myc-coupled Tet-
O promoter-based systems, the expression of Myc depends on the activity of a
second transgene, which is usually tissue-specific. The second transgene is
combined with either a tetracycline-controlled transactivator protein (tTA, Tet-Off
system) or reverse tetracycline-controlled transactivator (rtTA, Tet-On system)
(Kistner et al., 1996; Schonig & Bujard, 2003). In the presence of doxycycline
(Dox), the expression of Myc is turned off in the Tet-Off system, whereas the
expression of Myc is activated in the Tet-On system. The presence of a tissue-
specific transgene helps to activate Myc only in the specific tissue. On the other
hand, in the estrogen receptor (ER)-based model, the Myc-ER fusion protein is
only activated in the presence of 4-Hydroxytamoxifen (OHT), which translocates
the protein from the cytoplasm to the nucleus (Blyth et al., 2000; Eilers et al., 1989;
Pelengaris et al., 1999). Tissue specificity is rendered in the MYC-ER model by
adding a tissue-specific promoter, which drives the expression of the fusion protein.
The reversal of tumorigenesis after Myc removal was shown by many groups using
such conditional transgenic mouse models. In such models, Myc expression was
deactivated after tumor formation (D'Cruz et al., 2001; Felsher & Bishop, 1999;
Kistner et al., 1996; Marinkovic et al., 2004; Pelengaris et al., 2002; Shachaf et al.,

2004). This dependency of tumors on high Myc levels is known as oncogene

6
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addiction (here, Myc addiction). It implies that Myc is essential not only for tumor
development but also for tumor maintenance.

The first mouse model to show Myc addiction used a Tet-Off system to manipulate
Myc expression in hematopoietic cells. After the development of hematopoietic
malignancies, namely, T-cell lymphomas and acute myeloid leukemia, when Myc
was inactivated by Dox addition, all the established tumors regressed. Proliferation
arrest and apoptosis of the malignant cells were the leading cause of tumor
collapse (Felsher & Bishop, 1999). When the Felsher group used the same model
for osteogenic sarcoma, they observed tumor regression upon brief Myc
inactivation. Moreover, the malignancy did not recur even after Myc was
reactivated, as apoptosis was induced in those cells (Jain et al., 2002). Tumor
regression upon removal of Myc was also observed in other cancer entities, like T-
and B-cell lymphomas (Marinkovic et al., 2004), HCC (Shachaf et al., 2004), and
RCC (Shroff et al., 2015). However, this was not exclusive to the Tet-Off system,
since similar observations were made using the MYC-ER system in skin cancer
models (Flores et al., 2004; Pelengaris et al., 1999) and pancreatic tumor model
(Pelengaris et al., 2002).

So far, studies have shown that tumors depend on elevated Myc expression, but it
remains elusive if systemic depletion or inhibition of Myc is tolerated by healthy
tissue. Systemic inhibition of Myc by expressing a dominant negative allele called
OmoMyc was used to study this. OmoMyc comprises the leucine-zipper (LZ) region
of Myc with four mutations. This Myc mutant, OmoMyc, can homodimerize and
heterodimerize with Myc and MY C-associated factor X (Max) (Soucek et al., 1998;
Soucek et al., 2008). OmoMyc inhibits Myc-dependent transcriptional activation as
OmoMyc-Max dimerization opposes the availability of Max to Myc, and OmoMyc-
Myc heterodimer cannot bind the E-boxes (Jung et al., 2017; Soucek et al., 1998;
Soucek et al., 2002). In lung adenocarcinomas, inhibition of Myc by OmoMyc led
to tumor regression and extension of overall survival, even in the presence of
oncogenic Kras with G12D mutation and deficiency of tumor suppressor, p53
(Beaulieu et al., 2019; Soucek et al., 2008; Soucek et al., 2013). The therapeutic
potential of OmoMyc was further demonstrated in the NSCLC mouse model, where
the purified OmoMyc protein was administered intravenously and intranasally
(Beaulieu et al., 2019). Tumor growth arrest by OmoMyc was reported in
pancreatic ductal adenocarcinoma (PDAC) and pancreatic p-cell tumors (Sodir et

al., 2020; Sodir et al., 2011). OmoMyc also resulted in complete or partial reduction
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of tumor volume in skin cancer (Soucek et al., 2004), mammary tumor (von Eyss
et al., 2015), and glioblastoma (Galardi et al., 2016). Furthermore, the mice can
tolerate the damage in the normal tissue, which shows the therapeutic window in

cancer therapy to target Myc (Soucek et al., 2008).

Established tumors depend on elevated Myc expression and genetic inhibition of
Myc eradicates tumors in mice and is tolerated by healthy tissue. But what
molecular function of Myc is responsible for this?

1.3 Transcription factor: Myc

Like all transcription factors, Myc proteins are modular and are composed of a
DNA-binding- and a trans-regulatory domain. The N-terminal transactivation
domain (TAD) and Myc homology boxes (MBs) interact with the myriads of
coactivators (Fig.1.2). Heterodimerization of the C-terminal basic helix-loop-helix
leucine zipper (bHLH-LZ) region of Myc with Max facilitates binding to DNA. This
interaction is key to the general functions of Myc. In vitro Myc-Max binds to a
specific sequence CACGTG of DNA called enhancer box or E-box (Blackwell et
al., 1990; Blackwood & Eisenman, 1991). However, in vivo basically all promotors
of active genes are bound by Myc (Lin et al., 2012; Nie et al., 2012; Walz et al.,
2014), independent of if these promoters are transcribed by RNA polymerase |, |l,
or lll (Gomez-Roman et al., 2006; Gomez-Roman et al., 2003; Grandori et al.,
2005). However, how Myc functions as an oncogene and transforms cells is still an
open question. Several models have been postulated to explain the function of Myc
(Baluapuri et al., 2020).

MBO MBI MBII MBIIIA MBIIIB MBIV
Myc TAD BR| HLH-LZ
1 439
MBO MBI MBII MBIIIA MBIIIB MBIV
1 462
MBO MBI MBII MBIIIB MBIV
1 364

Figure 1.2: Domain structure of Myc protein family.
MYC homology box (MB), transactivation domain (TAD), basic region (BR), and helix-
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loop-helix leucine zipper (HLH-LZ). adapted from Lourenco et al., 2021.

1.3.1 Amplifier model

The amplifier model is based on the findings displaying that Myc binds to all active
promoters and enhances their transcription and, in this way, “amplifies” already
existing gene expression patterns (Lin et al., 2012; Nie et al., 2020; Nie et al.,
2012). For example, in the study from Richard Young’s lab, when Myc was
overexpressed in Burkitt's Lymphoma cells by the Tet-Off system, it led to
increased binding of Myc to open promoters and enhancer regions and triggered
an increase in overall mMRNA transcription and levels (Lin et al., 2012). Hence, the
model proposes that this increased transcription overrides the barrier to the growth

and proliferation of tumor cells in high (oncogenic) levels of Myc.
1.3.2 Specifier model

The specifier model suggests that even though Myc binds to thousands of
promoters, it represses and activates only a set of specific genes. Various works
performed using genome-wide chromatin immunoprecipitation (ChlP) and RNA
sequencing techniques illustrated that only a small subset of Myc-bound genes
was regulated upon alteration of Myc level (Sabo et al., 2014; Tesi et al., 2019;
Walz et al., 2014). This model assumes that a fraction of promoters are bound by
Myc in an unproductive way and thus their transcription output is not altered upon
induction of MYC. Thus, the physiological changes due to the oncogenic level of

Myc are bestowed by these specific genes.
1.3.3 Affinity model

In the affinity model, Myc target genes are classified into high-affinity and low-
affinity target genes. At physiological levels, Myc preferentially binds to and
regulates the high-affinity genes, so these genes are regulated when Myc
expression is activated when entering the cell cycle. These promoters are not
further bound and regulated when Myc levels reach oncogenic concentrations
since they are already saturated, whereas it is recruited to the low-affinity genes
resulting in oncogenic gene expression patterns (Lorenzin et al., 2016; Zeid et al.,
2018). The low-affinity target genes contained a relatively low abundance of E-

boxes and were often repressed by Myc (Allevato et al., 2017; Lorenzin et al.,
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2016). According to this model, the low-affinity target genes contribute to Myc-

driven tumorigenesis.
1.3.4 Target gene-independent model

Inspired by the observation that Myc binds to various promoters without influencing
their transcription output, it has been suggested that Myc might also regulate
nuclear processes, independent of the direct regulation of transcription activity. In
this model, Myc interacts with various proteins and affects the function of many
processes like transcription and coordination of transcription-replication conflicts
(Baluapuri et al., 2019; Buchel et al., 2017; Cossa et al., 2021; Endres et al., 2021;
Herold et al., 2019; Papadopoulos et al., 2022). In rapidly proliferating tumor cells,
transcriptional stress and the transcription-replication conflict are incredibly high.
Myc, in such circumstances, helps the tumor cells to handle transcription stress,

prevents transcription-replication conflict, and maintains genome stability.

All the models mentioned above agree that Myc protein-protein interactions (PPls)
are vital for the function of Myc. The concept of Myc PPls driving Myc functionality
is a consensus in the Myc biology (Lourenco et al., 2021; Wolf & Eilers, 2020).
Along similar lines, in a study by Kalkat and colleagues, when Myc mutants
consisting of either deletion of MBO or MBIl were expressed in a mouse model,
they did not show any transforming characteristics. The Myc oncogenic activity was
only restored when both mutants were co-expressed, showing the importance of
Myc PPIs for tumorigenesis (Kalkat et al., 2018). Many other studies have reported
this essentiality of the interaction of Myc with partner proteins for tumor
development and maintenance (Guarnaccia & Tansey, 2018; Nikiforov et al., 2002;
Thomas et al., 2019).

Thus, the large protein-protein interface and protein-protein interaction of Myc with

its interacting partners are essential for Myc-mediated transformation.
1.4 Targeting Myc via interactors

It is well established that Myc is a potential target for cancer therapeutics (see
chapter 1.2). However, inhibiting Myc is challenging as it is not an enzyme, and it
does not have an active site or well-defined pockets for compound binding. So,

various alternative approach has been implemented to target Myc (Wolf & Eilers,
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2020). There are three main approaches: targeting Myc directly, targeting Myc
expression, and targeting Myc stability (Wolf & Eilers, 2020). However, none of

these strategies have shown breakthroughs therapeutically.

Two strategies have been implemented to target Myc directly, one inhibiting Myc-
Max interaction and the other via OmoMyc. Many small molecules have been
synthesized to disrupt the Myc-Max interaction, of which 10058-F4 is the best
characterized one. In cell culture, 10058-F4 inhibited Myc-Max dimerization and
prevented the growth of various cancer cells expressing Myc (Huang et al., 2006;
Nie et al., 2012; Wang et al., 2007; Yin et al., 2003). However, some xenograft
mouse models were unable to recapitulate the in cellulo efficacy due to low stability
and rapid clearance (Guo et al., 2009). The other method where OmoMyc is
directly administered as therapy is discussed in section 1.2.3.

Next, to target Myc expression, stabilizers of a secondary structure, G-quadruplex,
the negative regulatory element in Myc promoter, have been reported (Local et al.,
2018; W. Wang et al., 2020). But the G4-stabilizers that reached clinical trials are
shown to partially act in a Myc-independent manner (Drygin et al., 2009; Wang et
al,, 2017; Xu et al.,, 2017). Similarly, several inhibitors of BET proteins have
demonstrated to downregulate Myc transcription (Duffy et al., 2021). Of them, the
BRD4 inhibitor, JQ-1 suppressed tumor growth in various mouse models with Myc
activation (Delmore et al., 2011; Shao et al., 2014). Nonetheless, some clinical
trials based on JQ-1 were discontinued due to toxicity (Postel-Vinay et al., 2019).
In the same line, clinical trials with antisense oligonucleotides against MYC mRNA
were also discontinued (Devi et al., 2005; Kipshidze et al., 2007; Whitfield &
Soucek, 2021).

To target the stability of Myc, compounds promoting recognition of Myc by E3-
ligases and facilitating binding of Myc by E3-ligases have been developed. The
recognition of Myc by E3-ligase FBXW?7 requires dephosphorylation of the S62
residue of Myc. This dephosphorylation is carried by PP2A (protein phosphatase
2A. Small molecules increasing the activity of PP2A have been reported to reduce
Myc activity (Janghorban et al., 2014). Nonetheless, further studies to investigate

the direct role of Myc turnover with such strategies need to be studied.

These results suggest that indirectly targeting Myc expression and interaction with
Max might not be viable, and newer approaches are necessary. Since Myc PPls

are essential for Myc's oncogenic function, another way to target Myc is via the
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disruption of the large protein-protein interfaces required for these interactions.
Nevertheless, this is challenging from a pharmacological point of view. Therefore,
the easier alternative approach is to target those Myc-interacting partners directly.
Recently, several large-scale proteomic analyses have been performed, revealing

many functionally distinct interactors of the Myc proteins.
1.4.1 Myc-interacting proteins

The first extensive study to identify Myc-associated proteins was performed by
Koch et al. They fused the open reading frame of MYC C-terminally to a tandem
affinity purification (TAP) tag. The fusion protein was either transiently expressed
in human embryonic kidney cells (HEK293T) or conditionally expressed in a
colorectal cancer cell line, DLD1, via the Tet-Off system. After the expression of
Myc-TAP, Myc and its complexes were separated from the cell lysate using the
TAP tag. Using multidimensional protein identification technology (MudPIT), they
could identify 221 proteins associated with Myc compared to the TAP-only control.
Surprisingly, these 221 Myc-associated proteins had diverse functions like
transcription, RNA processing, DNA repair, protein synthesis, degradation, and
metabolism. They also used deletion mutants to show that proteins like SV40 Large
T Antigen, MCM7, and DBC-1 interacted with Myc via MBII, whereas FBX29 and
Mi22-p required bHLH-LZ region along with MBIl for their interaction with Myc.
Finally, they reported that Myc was present in various complexes with different
molecular weights and compositions (Koch et al., 2007).

Agrawal and colleagues also applied the TAP-MudPIT method with additional
approaches to identify Myc interactors. This study used human lung fibroblast cells
and predominantly N-terminally TAP-tagged Myc (Agrawal et al., 2010). Notably,
three different experimental procedures were used. In the first approach,
purification was performed in two steps using the domains of TAP-tag. The second
approach was called the label-free approach, where TAP-Myc was directly eluted
from IgG beads by low pH. Furthermore, in the final approach, they used SILAC
(stable isotope labeling with amino acids in cell culture) labeled cells, and
complexes were purified as in the label-free approach. These approaches could
identify 418 high-confidence Myc-interacting proteins, 389 of which were apparent
novel interactors like Erbin (ERBB2IP) and RUNX1.

A thorough study of N-Myc interactome was shown by the study of Blchel et al.

using a neuroblastoma cell line, SH-EP. Stable cells expressing hemagglutinin
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(HA)-tagged wild-type N-Myc or mutant N-Myc (N-Myc T58A, S63A) were
generated. This N-Myc mutant is more stable as it is not recognized by FBXW7
(Otto et al., 2009). The N-Myc complexes were isolated via HA-tag pull-down. They
could pull down known interactors of Myc like Max, TRRAP, p400, and Aurora-A,
along with subunits of TFIIIC complex, TOP2A, and TOP2B. However, the mutant
N-Myc had less affinity towards Aurora-A and some subunits of TFIIIC. This
suggested that the phosphorylation of these residues (T58, S62) in N-Myc is vital
for interacting with Aurora-A and TFIIIC. Further studies could show that these
interactions are vital during the cell cycle, especially in S-phase, and coordinate to
prevent transcription-replication conflicts (Buchel et al., 2017).

Heidelberger and colleagues expressed GFP-tagged Myc in human U20S cells
and used GFP trap agarose to purify the Myc complexes from the cellular extracts.
They identified 1413 proteins enriched in Myc immunoprecipitates using SILAC-
based quantitative mass spectrometry. They found many proteins that were not
described to interact with Myc. Among them was Valosin-containing protein (VCP,
also known as p97) which was highly enriched. They also showed that the HUWE1-
mediated ubiquitylation of Myc was crucial for the interaction. They suggested that
VCP helps in the HUWE1-dependent degradation of Myc by dissociating it from
the Myc-Max dimer (Heidelberger et al., 2018).

A comprehensive study to analyze the Myc interactome and characterize it
according to interaction with the Myc boxes was done by Kalkat et al. This study
applied a proximity-dependent labeling method called BiolD. This method uses a
mutant biotin ligase (BirA*), which labels proteins with biotin when they are in
proximity. For this, the wild-type Myc and all six MB deletion mutants (AO, Al, All,
Allla, Alllb, and AIV) were N-terminally tagged with FLAG-BirA* and expressed in
engineered HEK293 cells using Dox-inducible system. Upon expression of the Myc
constructs and addition of biotin, the proteins in the vicinity of the Myc are labeled
by biotin. Finally, mass spectrometry analyzed the cell extract for the biotinylated
protein. The study was able to identify 336 interactors for full-length Myc. The MB
deletion resulted in a loss of proximal partners from 11% for MBI to 31% for MBIV.
For MBO, Il, llla, and lllb, the reduction was 28, 13, 13, and 26%, respectively.
However, the interactions were not mutually exclusive, as only 54% of the
interactors were shown to be dependent on one or more MBs. The notable
interactions of Myc were with RNA polymerase-associated proteins by MBO,

components of the STAGA complex via MBI and MBIllla, TRRAP and components
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of TIP60 complexes via MBII, transcriptional regulators and spliceosome
components via MBIllb, and components of BRAF-HDAC complex and
nucleosome remodelers through MBIV. They also showed that MBO and MBII are
crucial for Myc-mediated transformation (Kalkat et al., 2018).

Finally, a recent study was performed with the expression of HA-tagged Myc in
U20S and T-lymphoma cells. HA-immunoprecipitation followed by label-free
quantitative mass spectrometry analysis showed 88 significant Myc interactors.
Among them, two uncharacterized Myc-interactors, SPT5 and SPT6, were
transcription factors. The group further studied RNA Polymerase 1l (RNAPII)
interactome in the presence and absence of Myc. The binding of SPT5 to RNAPII
was significantly attenuated in the absence of Myc. Additional studies showed that
Myc transfers SPT5 to RNAPII for productive transcription (Baluapuri et al., 2019).

The Myc interactors from all the recent publications are shown in Fig 1.3.

Ubiquitin and Kalkat et al. Baluapuri et al. Chromatin NuA4
proteasome remodelling complex
® ECM29 Buchel et al. ® SWI/SNF complex: ® EP400
® PSMD4 -SMARCE1 e DMAP1
® PSMC5 -SMARCD2 e MBTD1
® PSMC4 -SMARCA4 o EPC1
® PSMC3 © NuRD complex: © TRRAP
® RNF2 -CATAD2A ® YEATS4
e USP11 -GARAD2 ®\/PS72
® HUWE1 -BRBBP4 ® ACTL6A
® UBR5 -HDAC1
-CHD4
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Tlranscrlptlon ® PHF6 Nucleolus
elongation . e HCFC1 o GNL3L
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Figure 1.3: Myc-interactors.

Schematic overlap of recently published Myc and N-Myc associated proteins
(Baluapuri et al., 2019; Buchel et al., 2017; Heidelberger et al., 2018; Kalkat et al.,
2018). Proteins appearing in at least two datasets are functionally categorized and
listed. adapted from Baluapuri et al., 2020.

Only few interactions of Myc and N-Myc with their interactors are characterized by
crystal structures (Nair & Burley, 2003; Pineda-Lucena et al., 2005; Richards et al.,
2016; Thomas et al., 2015; Wei et al., 2019; Welcker et al., 2022). For example,

crystal structures have shown that N-Myc binds Aurora-A by its N-terminal region,
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flanking MBO to MBI (Richards et al., 2016) and WDRS5 binds MBIlIb (Thomas et
al., 2015). Due to the presence of crystal structures, not only their binding location

but also their interacting protein-protein interface is known.

The presence of crystal structure with Myc and the link to the oncogenic function
of Myc makes both Aurora-A and WDRS5 potential candidates for cancer treatment.
WDRS is an adaptor protein and functions non-catalytically, whereas Aurora-A has
reported non-catalytic functions (see section1.4.2 and 1.4.3). Even though ligands
and inhibitors are available for both, targeting them using the conventional
occupancy-driven method might not be optimal. The classical inhibitors do not
inhibit all the functions of such multifunctional proteins. Instead, degradation-based
approaches like proteolytic targeting chimeras (PROTACSs) are ideal, eliminating

all the protein functions.

1.4.2 Aurora-A

The aurora kinases are mitotic serine/threonine kinases homologous to the yeast
kinase increased-in-ploidy 1 (Inp1). They are evolutionally conserved within
eukaryotes (Brown et al., 2004). The human Aurora family consists of three
members, namely Aurora-A (AURKA), Aurora-B (AURKB), and Aurora-C
(AURKC). They share high amino acid sequence similarities (Fig. 1.4). Structurally,
Aurora kinases consist of the N-terminal, kinase, and C-terminal domains. The
kinase domain is the catalytic domain of the protein. They also contain degron
motifs that are required for the degradation of aurora kinases through the
anaphase-promoting complex/cyclosome (APC/C) complex (Castro et al., 2002;
Lindon et al., 2015; Min et al., 2013; Stewart & Fang, 2005; Taguchi et al., 2002).
Those motifs are KEN motif, destruction box (D-Box, sequence: RxxL), and D-box
activating domain/ activation box (DAD/ A-Box, sequence: QRxLxPS) (Bischoff &
Plowman, 1999; Castro et al., 2002; Littlepage & Ruderman, 2002).
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Figure 1.4: Structure of Aurora kinases: Aurora-A, Aurora-B, and Aurora-C.

The N-terminal domain, kinase domain, and C-terminal domain. The Destruction box
(D-Box), KEN motif, Activation box (DAD/A-Box,) and the phosphorylated residues are
highlighted. Percentage of amino acid sequence homology of the complete sequence
and the kinase domain between the three proteins are also shown. adapted from
Willems et al., 2018.

Aurora-A and -B are ubiquitously expressed in all human tissues, whereas Aurora-
C is confined to germ cells (Carmena et al., 2009; Lin et al., 2006; Tseng et al.,
1998). The expression and localization of Aurora kinases change throughout the
cell cycle (Kimura et al., 1997; Rannou et al., 2008; Willems et al., 2018). For
instance, Aurora-A level remains low during the G1 and early S-phase, increases
during S-phase and G2-phase, and peaks in M-phase (Goldenson & Crispino,
2015; Willems et al., 2018). The degradation of Aurora-A starts upon mitotic exit
(Barr & Gergely, 2007; Littlepage & Ruderman, 2002). Furthermore, Aurora-A is
localized in the spindle throughout mitosis and in the centrosome from late S- and
G2-phase (Barr & Gergely, 2007). The Aurora kinases regulate the progression of
mitosis from onset to cytokinesis by phosphorylating their numerous substrates (Fu
et al., 2007; Hochegger et al., 2013; Tang et al., 2017). The phosphorylation of the
specific threonine residues of the kinase domain (T288, Aurora-A; T232, Aurora-
B; T195, Aurora-C) via autophosphorylation or binding of co-factors like TPX2 is
required for the activity of these kinases (Bayliss et al., 2017; Dodson & Bayliss,
2012; Dodson et al., 2010; Zorba et al., 2014).

1.4.2.1 Aurora-A in cancer

Several studies have demonstrated the upregulation of Aurora-A in various tumors.

The chromosomal location of AURKA, 20q13.2 is mapped with frequent mutations
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and amplifications (Bischoff et al., 1998; Staff et al., 2009; Tanner et al., 2000). The
overexpression and mutation of Aurora-A are reported in both hematological and
solid tumors, comprising breast cancer (Ali et al., 2012; Treekitkarnmongkol et al.,
2016; Yamamoto et al., 2013), colorectal cancer (Bischoff et al., 1998; Casorzo et
al., 2015), pancreatic cancer (Li et al., 2003), lung cancer (Chiu et al., 2019; Lo
lacono et al., 2011), leukemia (Ochi et al., 2009), and melanoma (Puig-Butille et
al., 2017). Moreover, Aurora-A high expression level is linked to poor prognosis
and survival (Guo et al., 2018; Landen et al., 2007; Xu et al., 2013). Aurora-A has
been shown to promote tumorigenesis by inhibiting function of tumor suppressors
like p53 (Katayama et al., 2004; Liu et al., 2004) and BRCA (Wang et al., 2014;
Yang et al., 2010), increasing the stability of other oncogenes like Myc (Brockmann
et al., 2013; Dauch et al., 2016; Otto et al., 2009) and FOXM1 (Yang et al., 2019),
preventing apoptosis via activation of NF-kB signaling (Briassouli et al., 2007;
Chefetz et al.,, 2011; Yao et al.,, 2009), and inducing epithelial-mesenchymal
transition (EMT) (D'Assoro et al., 2014). Therefore, Aurora-A a is a bona fide
oncoprotein and target for cancer therapy.

Various small molecule inhibitors have been produced over the years to inhibit the
activity and expression of Aurora-A in tumors (Borisa & Bhatt, 2017; Falchook et
al., 2015). Many of them are at various stages of clinical evaluations. However,
none has been approved yet. Among them, alisertib (MLN8237) is the most
extensively studied inhibitor, which has advanced to phase Il of clinical trials
(O'Connor et al., 2019; O'Shaughnessy et al., 2021). However, some of the studies
in phase Il showed low response rates (Beltran et al., 2019; Mosse et al., 2019).
These inhibitors’ failure to make a significant impact might be because Aurora-A
also has several non-catalytic functions, which are challenging to address with the

conventional inhibitors, and the potential off-targeting at effective concentrations.
1.4.2.2 Non-catalytic functions of Aurora-A

Over the years, various scaffolding or kinase-independent functions of Aurora-A
have been proposed. Aurora-A prevents the FBXW7-mediated degradation of both
N-Myc and Myc (Brockmann et al., 2013; Dauch et al., 2016; Otto et al., 2009).
Aurora-A binds to Myc and blocks its attachment to and ubiquitylation by the E3-
ligase FBXW?7. Similarly, Aurora-A stabilizes another oncogene, FOXM1,
independently of its kinase activity (Yang et al., 2019). The overexpression of the

catalytically-inactive form of Aurora-A induced amplification of centrosome in HelLa
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and CHO cells, highlighting the role of non-catalytic activity of Aurora-A (Meraldi et
al., 2002). Toya et al. reported the kinase-independent role of Aurora-A in
Caenorhabditis elegans in the assembly of mitotic spindle microtubules (Toya et
al., 2011). They assumed that catalytically inactive Aurora-A was essential for
stabilizing both y-tubulin-dependent and -independent microtubules. Aurora-A is
also described to enhance stemness of breast cancer in a kinase-independent
manner (Zheng et al., 2016). It does so by transactivation of MYC transcription via
interaction with heterogeneous nuclear ribonucleoprotein K (hnRNP K). They
suggest that cytoplasmic Aurora-A has predominant kinase role, whereas nuclear
Aurora-A has kinase-independent role. In a separate study, Almeida and
colleagues showed that Aurora-A has non-catalytic functions in interphase, G1/S
phase transition, and DNA replication firing (Guarino Almeida et al., 2020). It is also
assumed that Aurora-A has distinct sets of interacting partners in kinase-active and

-inactive forms, which aid in its diverse role.

Since kinase inhibitors cannot inhibit non-catalytic functions, some allosteric
inhibitors like alisertib and CD352, which change the confirmation of the catalytic
domain of Aurora-A upon binding, can target some non-kinase activity but to which
extent still needs to be studied (Gustafson et al., 2014; Richards et al., 2016). To
successfully target Aurora-A in cancer, both the catalytic and non-catalytic
functions of Aurora-A need to be disabled. An attractive alternative is the complete
degradation of this oncoprotein using targeted protein degradation methods like
PROTACSs.

1.4.3 WDRS5

WD repeat-containing protein 5 (WDR5) is a remarkably well-conserved ubiquitous
scaffolding protein. Human WDRS5 shares more than 90% sequence similarities
across all vertebrates and is identical to that of mice (Schuetz et al., 2006). WDRS
consists of seven WD domain repeats forming a seven-bladed propeller fold, which
resembles a donut in structure (Fig. 1.5). It interacts with many different proteins
and long non-coding RNAs (IncRNAs) to carry out various chromatin-associated
processes. The interaction occurs via its two distinct binding sites: the WDRS
Binding Motif (WBM) site and the WDRS interacting (Win) site (Fig. 1.5).
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Figure 1.5: Structures of WDRS.

(a) Cartoon structure of WDR5 showing seven S-propeller blades. (b) Surface structure
of WDR5 with WDR5-binding motif (WBM) site and WDR5-interacting (Win) site. (c, d)
Top view of (c) WBM site and (d) Win site of WDRS. The regions involved in interaction
for each site are highlighted. adapted from Guarnaccia & Tansey, 2018.

1.4.3.1 WDRS5 and its interactors

One of the well-studied interactions of WDR5 is with the SET/MLL family of histone
methyltransferases (HMTs). HMT proteins consist of a SET domain that
catalytically transfers mono-, di-, and tri-methyl groups to the lysine residues of
histones. There are six homologous proteins of HMT found in the humans: MLL1
(KMT2A), MLL2 (KMT2B), MLL3 (KMT2C), MLL4 (KMT2D), SETD1A (KMT2F) and
SETD1B (KMT2G). The methyltransferase activity of SET/MLL is facilitated by a
multi-protein complex whose core proteins are called the WRAD complex, which
comprises WDRS, Retinoblastoma Binding Protein 5 (RBBP5), Absent-Small-
Homeotic-2-Like protein (ASH2L), and Dumpy-30 protein (DPY30). WDRS5 is the
most critical adapter protein in this complex as it binds to SET/MLL via its Win-site
and to RBBPS via its WBM-site (Odho et al., 2010; Patel et al., 2008; Song &
Kingston, 2008). Moreover, the binding of WDRS5 to the SET/MLL proteins is crucial
for methyltransferase activity (Alicea-Velazquez et al., 2016; Dou et al., 2006). The
deposition of mono-, di-, and tri-methyl groups on the histone 3 Lysine 4 residue
(H3K4) collectively regulates the transcription by acting as gene repression and
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activation markers (Cheng et al., 2014; Pekowska et al., 2011; Pinskaya & Morillon,
2009; Soares et al., 2017).

Apart from HMT, WDRS is found in the histone acetyltransferase (HAT) complex,
non-specific lethal (NSL) (Cai et al., 2010; Dias et al., 2014). In the NSL complex,
WDRS5 binds the two core components: KAT8 regulatory NSL complex subunit-1
(KANSL1) and -2 (KANSL?2) via its Win- and WBM-sites, respectively (Dias et al.,
2014). In addition, studies have shown that the NSL complex promotes the activity
of the SET/MLL complex (Zhao et al., 2013). As WDRS is present in both
complexes, it can be assumed that WDRS might coordinate the histone acetylation
and methylation by these two complexes. Furthermore, WDRS5 is present in
another HAT complex, the Ada2-containing (ATAC) complex (Guelman et al.,
2009; Wang et al., 2008).

Moreover, WDRS5 is associated with nucleosome remodeling and deacetylase
(NuRD) complex. One subunit of NuRD, methyl-CpG binding domain protein 3
isoform C (MBD3C), which is expressed in embryonic stem cells (ESCs), interacts
with WDR5 via the Win-site (Bode et al., 2016; Ee et al., 2017). WDRS5 is vital for
the function of this ESC-specific NuURD complex (Ee et al., 2017). Likewise, WDRS
directly interacts with histone deacetylase 3 (HDAC3) and regulates EMT during
hypoxia (Wu et al., 2011).

Notably, WDRS5 binds to all Myc family proteins via its WBM-site (Sun et al., 2015;
Thomas et al., 2015). WDRS5 is crucial for Myc binding to its target genes (Thomas
et al., 2015). Mutations in Myc that disrupts the interaction with WDRS, but not the
Myc-Max interaction, decreased binding of Myc to most target sites on chromatin
(Thomas et al., 2015). A similar observation was made in neuroblastoma cells,
where N-Myc binding to WDRS was essential (Sun et al., 2015).

Besides these interactors, a SILAC-based mass spectrometry approach in the
presence of the Win-site inhibitor, C6 has revealed many new Win-site interaction
partners. The WDR5 Win-site-associated proteins ranged from proteins with tRNA
ligase activity to proteins functioning in phosphatidyl inositol pathways. One of the
interacting proteins was phosphoinositide-dependent protein kinase 1 (PDPK1),
and the interaction of WDR5-PDPK1 was shown to regulate the expression of
genes in the cell cycle phase G2 (Guarnaccia et al., 2021).

Moreover, WDRS5 binds to INncRNAs HOTTIP (Liu et al., 2020; Wang et al., 2011),
ANRIL (Zhang et al., 2020), NeST (Gomez et al., 2013) and GCAWKR (Ma et al.,
2018). A study using chromatin RNA immunoprecipitation (ChRIP) in a breast
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cancer cell line showed that more than 800 IncRNAs bind to WDRS, which are
required to maintain transcriptionally efficient chromatin (Subhash et al., 2018).
Similarly, another study illustrated that WDRS binds over 1000 RNAs (~ 200
IncRNAs) in mouse ESCs and activates genes required for the maintenance of
stem cell state (Yang et al., 2014). The binding to RNA increased the WDRS protein
stability.

1.4.3.2 WDRS5 in cancer

WDRS5 is over-expressed in various cancers, like leukemia (Ge et al., 2016),
bladder cancer (Chen et al., 2015), prostate cancer (Zhou et al., 2021), breast
cancer (Dai et al., 2015), lung cancer (Ji et al., 2021), gastric cancer (W. Sun et
al., 2018), liver (Cui et al., 2018), colon cancer (Neilsen et al., 2018), and head and
neck cancer (Wu et al.,, 2018). WDR5 overexpression correlates with poor
prognosis and survival (Chen et al., 2015; Cui et al., 2018; Dai et al., 2015; Huang
et al., 2020). WDRS5 plays a critical role in the tumorigenesis of MLL-rearranged
cancers, characterized by the translocation of the MLL gene to the chromosomal
location of many partner genes resulting in the expression of MLL-fusion
oncoproteins (Gole & Wiesmuller, 2015; Harper & Aplan, 2008). Indeed, inhibitors
that target the interaction of MLL-WDRS5 have been effective in preventing the
proliferation of MLL-rearranged human cell lines and primary cells (Aho et al.,
2019; Cao et al., 2014). The inhibition decreased the expression of genes required
for leukemogenesis like, Hoxa9 and Myc, and increased p53-mediated dell death.
Similarly, the WDR5 Win-site antagonist OICR-9429 has been reported to be
successful in targeting CEBPA-mutant human cell lines (Grebien et al., 2015).
Punzi et al. demonstrated that WDRS5 induces metastasis in breast cancer by
induction of EMT genes. OICR-9429 addition significantly reduced cell viability and
migration of breast cancer cell lines. The inhibition even successfully sensitized the
cells to chemotherapy (Punzi et al., 2019).

Moreover, Myc-WDRS5 interaction is necessary for Myc-driven tumorigenesis and
tumor maintenance (Thomas et al., 2019; Thomas et al., 2015). In a separate
study, a small molecule that inhibits the binding of WDRS to chromatin or depletion
of WDRS5 inhibited the proliferation of various N-Myc amplified cancer cell lines
(Bryan et al., 2020). Furthermore, the WDRS5-Myc interaction shields PDAC cells
from DNA damage and replicative stress and supports their proliferation (Carugo

et al., 2016). Recently, WDR5-Myc interaction inhibitors have also been discovered
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using a fragment-based approach. However, their therapeutic efficacy still needs
to be tested (Chacon Simon et al., 2020; Macdonald et al., 2019).

These observations suggest that WDRS5 is a promising drug target in cancer
therapy. The Win-site inhibitors have shown a promising result, however, it might
not be optimal to target WDRS5 with PPI inhibitors as it will not be sufficient to block
all the oncogenic functions of WDRS5. In a study by Siladi et al. in Burkitt's
lymphoma cell line, when WDRS5 degradation by auxin-inducible degron (AID)
system was compared to WDR5 Win-site inhibition by inhibitor C6, inhibition
caused only a small portion of WDR5-mediated transcriptome changes than that
caused by degradation (Siladi et al., 2022). A similar observation was made in
another study where WDRS5 inhibition by C6 and depletion by degradation tag
(dTAG, FKBP127%V) were carried out in the N-Myc amplified neuroblastoma cell
line CHP134 (Bryan et al., 2020). Hence, the ideal way to target the multifunctional
adapter protein WDRS5 is via a targeted protein degradation approach.

1.5 Targeted protein degradation as a new therapeutic

modality

Over the last decades, we understood many processes on oncogenesis, but
significant oncogenic drivers are still difficult to target. Most pharmaceutical drugs
are directed against enzymes that are easy to inhibit and receptors that are easily
accessible (Fig 1.6a) (Ursu et al., 2017). This leaves many proteins currently
undruggable or difficult to drug, like proteins functioning by protein-protein
interaction, such as transcription factors and adaptor proteins, which comprise the
majority of all cellular proteins (Ni et al., 2019). On the other hand, more than three-
fourths of multifunctional proteins found in humans are associated with human
diseases, and half of these proteins are the target of current drugs (Fig 1.6b)
(Franco-Serrano et al., 2018). Remarkably, both the moonlighting and canonical
functions of 50% of these proteins are associated with the disease (Franco-
Serrano et al.,, 2018), implying that conventional inhibitors cannot inhibit their
complete disease-related function. The solution is the targeted protein degradation
(TPD) approach which eliminates the target, thereby abolishing all of its potential
functions. TPD hijacks the pathways of protein homeostasis to target the protein of
interest (POI).
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Figure 1.6: Distribution of drugs and targets.

(a) Distribution of FDA-approved drugs by their targets. Data from DrugCentral 2021
(Ursu et al., 2017). (b) Distribution of the moonlighting proteins that are classified as
drug-targets. adapted from Franco-Serrano et al., 2018.

1.5.1 Targeted protein degradation strategies

Protein homeostasis is maintained by a delicate balance between protein
synthesis, folding, transport, assembly, and clearance (Sala et al., 2017). Ubiquitin
proteasome system (UPS) and autophagy-lysosome pathway (ALP) are the two
notable pathways of protein clearance or degradation in eukaryotes (Dikic, 2017;
Ursu et al., 2017). Various TPD approaches exploit these two protein degradation
pathways.

1.5.1.1 TPD via the ubiquitin-proteasome system

The ubiquitin-proteasome machinery degrades normal short-lived, soluble
misfolded, and damaged proteins (Hershko & Ciechanover, 1998; Hochstrasser,
1995). The UPS comprises a cascade for the ubiquitination of the proteins and the
proteasome, which eventually degrades the ubiquitinated proteins (see section
1.5.2). The widely used targeted protein degradation approach by PROTACs and
molecular glues depend on this system. Both PROTACs and molecular glues
utilize molecules that bring the ubiquitinating apparatus into the vicinity of the
protein of interest, thereby tagging the protein of interest with ubiquitin. The
ubiquitin-tagged protein is later shuttled to the proteasome and degraded.
PROTACSs are described in detail in section 1.5.3.

Stuart Schreiber coined the term molecular glue for natural compounds like FK506,
cyclosporin-a, and rapamycin (Liu et al., 1991; Michnick et al., 1991; Schreiber,
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1992). These compounds bind one protein and stick it to another, forming a ternary
complex. Decades after the application of the immunomodulatory drugs (IMiDs),
thalidomide and its analogs, their mechanism of action was unearthed. It was found
that they bind the E3-ligase, Cereblon (CRBN) and recruit neosubstrates like
transcription factors, lkaros (IKZF1) and Aiolos (IKZF3), thereby acting as a
molecular glue (Ito et al., 2010). Since then, various labs have invested their efforts
in using the property of molecular glue to guide and degrade protein of interest by
inducing interaction with the E3-ubiquitin ligase complex. So far, Cyclin K (Mayor-
Ruiz et al., 2020; Slabicki, Kozicka, et al., 2020), RBM39 (Han et al., 2017; Ting et
al., 2019), RBM23 (Ting et al., 2019), B-catenin (Simonetta et al., 2019), and BCL6
(Kerres et al., 2017; Slabicki, Yoon, et al., 2020), have been successfully degraded
using molecular glue. Molecular glues being monovalent are smaller than bivalent
compounds like PROTACSs, which can increase their oral bioavailability. However,
their design is challenging, with only slight progress made in rational design.

Hydrophobic tagging (HyT) is another strategy that exploits the UPS/chaperone-
mediated proteasomal degradation of POI. In this approach, hydrophobic tags, like
the adamantyl group, are attached to the ligand of the POI. Upon binding to a
protein, it mimics a partially unfolded protein, thus activating the UPS- or
chaperone-mediated degradation (Choi et al., 2021; Gao et al., 2017; Gustafson
et al., 2015; Ma et al., 2020; Xie et al., 2014). However, the exact mechanism of
the HyT-mediated degradation, the bioavailability, and the efficacy of this approach

still needs to be investigated.

1.5.1.2 TPD via the autophagy-lysosome pathway

The autophagy-lysosome pathway degrades organelles, unfolded proteins,
insoluble aggregated proteins, long-lived proteins, bacteria, and viruses to retain
cellular homeostasis (De Duve & Wattiaux, 1966; Kocaturk & Gozuacik, 2018).
There are three autophagy pathways: micro-autophagy, macro-autophagy, and
chaperone-mediated autophagy (CMA). Macro-autophagy involves merging of the
autophagosome containing materials to be degraded and the lysosome. In micro-
autophagy and CMA, the materials are directly taken up by the lysosome (Yim &
Mizushima, 2020). The ALP-based degradation utilizes the proteins of the macro-
autophagy and CMA pathway as harness in a targeted approach (Zhao et al.,
2022).
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Autophagosome-tethering compounds (ATTECs) bind the POI to autophagosome
via Microtubule-associated protein light chain 3 (LC3), and by this designate POI
for the degradation by lysosome. This approach was used to degrade mutant
huntingtin protein in primary cells from Huntington’s disease patients (Li et al.,
2019) and lipid droplets in hepatic lipidosis mouse model (Fu et al., 2021).
Autophagy targeting chimera (AUTAC) uses a cGMP-based degradation tag linked
to a ligand for POl via a linker. The AUTAC upon binding induces ubiquitination of
the target protein and eventually degradation via the lysosome (Takahashi et al.,
2019). Takashaki et al. used this methodology to degrade methionine
aminopeptidase 2 (MetAP2), 12-kDa FK506-binding protein (FKBP12), and
dysfunctional mitochondria. Like ATTEC, AUTOphagy-TArgeting Chimera
(AUTOTAC) brings the POI to the autophagosome by facilitating its binding to p62,
a receptor of autophagy (Ji et al., 2022). Ji and colleagues demonstrated
AUTOTAC-mediated degradation of METAP2 in glioblastoma, estrogen receptor 3
(ERP) in breast carcinoma, androgen receptor (AR) in prostate carcinoma, and
aggregation-prone tau in neuroblastoma cell lines. Moreover, Lysosomal-Targeting
Chimeras (LYTACs) were utilized to degrade membrane-associated and
extracellular proteins, which are not accessible by UPS (Ahn et al., 2021; Banik et
al., 2020). New emerging technologies, namely, CMA-based degrader (Fan et al.,
2014), bispecific-aptamer chimera (Miao et al., 2021), antibody-based PROTACs
(AbTAC) (Cotton et al., 2021), and GlueTAC (Zhang et al., 2021) also employ ALP-
based targeted degradation.

The autophagy-lysosome-mediated degradation of proteins is a promising strategy
to degrade insoluble aggregated protein and extracellular proteins, which can
overcome the limitations of UPS-based degradation. However, these are only
proof-of-principle  studies. Comprehensive applications and thorough

understanding of these strategies need to be further explored

1.5.2 Ubiquitin-proteasome system

The UPS is the major pathway to govern protein quality in cells which is crucial for
cell survival (Hershko & Ciechanover, 1998). Ubiquitin mediated proteolysis
pathway was discovered by Aaron Ciechanover, Avram Hershko, and Irwin Rose.
In 2004 they were awarded Nobel Prize in Chemistry for their discovery. The UPS

pathway consists of two distinct parts. First, linking of 76 amino acids containing
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peptide, ubiquitin (Ub) to the protein, and second, the degradation of the Ub-tagged
protein (Fig. 1.7).

The addition of Ub to a target protein is a well-regulated cascade executed by three
sets of enzymes: the ubiquitin-activating enzyme (E1), the ubiquitin-conjugating
enzyme (E2), and ubiquitin-protein ligase (E3). The carboxy-terminal of Ub is firstly
activated in an ATP-dependent manner and covalently attached to the cysteine
residue of the E1 by a thioester bond. Second, the Ub is transferred from E1 to E2
through a trans-thiolation reaction. Third, the Ub is linked by an amide bond to the
lysine residue of the target protein, which is facilitated by E3 (Glickman &
Ciechanover, 2002; Hershko & Ciechanover, 1998). The cycle is repeated several
times to form a polyubiquitination chain, where the previously attached Ub acts as
the receptor for the next Ub. Polyubiquitin chains can be linked through seven
different lysine residues in Ub (K6, K11, K27, K29, K33, K48, and K63) (Tracz &
Bialek, 2021). On the one hand, the E2 plays a major role in regulating the type of
ubiquitin chain made (Stewart et al., 2016; Ye & Rape, 2009). The type of linkage
of the ubiquitin chain determines the fate of the protein. Only distinct polyubiquitin
chains, like K48, lead to proteasomal degradation, whereas the ubiquitination
involved in subcellular localization is known to have a non-proteolytic function
(Chen & Sun, 2009). On the other hand, E3 provides specificity toward the
substrate proteins (Zheng & Shabek, 2017). Fourth, the Ub-tagged protein is
degraded by 26S proteasome in an ATP-dependent manner. The substrate is
degraded into small peptides, whereas ubiquitin is recycled (Fig. 1.7) (Hershko &
Ciechanover, 1998).

For this complex process of protein degradation, the human genome encodes two
E1s, 30-50 E2s, and more than 600 E3s (George et al., 2018). TPD approach
particularly hijacks the E3 ligases to recruit UPS for degradation of the POI.
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Figure 1.7: Schematic representation of Ubiquitin Proteasome System (UPS).
adapted from Scholz et al., 2020.

1.5.3 PROTACs

1.5.3.1 Principle of PROTACs

PROTACSs are small bifunctional molecules with two ligands bound together by a
linker. One ligand binds to the target protein and the other binds to the E3-ubiquitin
ligase, thereby bringing the target protein into vicinity of the E3-ligase to form a
ternary complex. This induced proximity results in the ubiquitination of the POI by
the E3-ligase followed by proteasomal degradation of the POI (Fig. 1.8) (Sakamoto
et al., 2001; Schneekloth et al., 2008).

The first proof-of-concept PROTAC was peptidic and developed by the groups of
Crews and Deshaies in the early 2000s (Sakamoto et al., 2001). In the study, they
harnessed the Ub-ligase complex, Skp1-Cullin-F box (SCF), to degrade MetAP2
using a bivalent molecule consisting of the IkBa peptide (recognized by F-box
protein) linked to ovalicin (binds MetAP2). A similar approach with IkBa peptide
was used to show the degradation of estrogen and androgen receptors (Sakamoto
et al., 2003). However, the first small-molecule PROTAC was developed in 2008
(Schneekloth et al., 2008). Nutlin, a ligand for the E3-ligase, MDM2, was connected
to an androgen receptor ligand with a polyethylene glycol (PEG)- based linker to
create the first PROTAC. Since then, many PROTACs have been developed for

various targets.
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Figure 1.8: The mechanism of action of PROTACs.
adapted from Adhikari et al., 2020.

1.5.3.2 Advantages and disadvantages of PROTACs

This new modality offers a wide range of advantages over classical small molecule
inhibitors. First, the conventional inhibitors are pharmacokinetically occupancy-
driven, whereas PROTACs are event-driven. Conventional inhibitors require high-
affinity binding to the active or allosteric site of the proteins to inhibit their function.
On the contrary, PROTACs mediate transient ternary complex formation to induce
ubiquitination and, thereby, degradation of the target. Therefore, this approach is
viable to target the so far undruggable or difficult-to-target proteins, as a low-affinity
ligand or a binder is sufficient to develop a degrader (Bond & Crews, 2021). Using
this approach, the previously considered undruggable protein signal transducer
and activator of transcription 3 (STAT3) has been targeted (Bai et al., 2019).
Second, considering PROTACs degrade the whole protein, it overcomes the limit
of traditional inhibitors in targeting proteins with multiple (moonlighting or
scaffolding) functions. While inhibitors can only prevent one part of the function,
PROTACs get rid of all the functions at once. PROTAC-induced degradation of
kinases with scaffolding functions like BCR-ABL1 (Burslem et al., 2019), Fak
(Cromm et al., 2018), FLT3 (Burslem, Song, et al., 2018), PARP1 (Wang et al.,
2019), and RTK (Burslem, Smith, et al., 2018), have verified this benefit. Third, the
catalytic mode of action of PROTACs (Fig. 1.8) enables low doses to achieve
therapeutic efficacy, which reduces possible toxicity (Bondeson et al., 2015; Toure
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& Crews, 2016). Fourth, inhibition of proteins is often associated with drug
resistance, whereas PROTACs can eliminate resistance caused by target
overexpression or target mutation (Burke et al., 2022; He et al., 2021). Resistance
against inhibitors arises due to mutation in the target that hinders the effective
binding of the small molecule. However, as PROTACs are effective with transient
and low-affinity binding to the target, such mutation does not render resistance.
For example, the ibrutinib-resistant BTK mutant was degraded by ibrutinib-based
PROTACSs (Buhimschi et al., 2018; B. Sun et al., 2018). Fifth, PROTACSs offer high
target selectivity to promiscuous inhibitors. PROTACs synthesized from a pan-
inhibitor that binds many targets have shown selective degradation of targets
(Bondeson et al., 2018). All these arguments highlight the superiority of this rising
therapeutic modality.

However, PROTAC technology also has some limitations and challenges.
PROTACs have a larger molecular size than inhibitors and thus sub-optimal
pharmacological properties, resulting in limited oral bioavailability. Even though
PROTACs can overcome the resistance in the target protein, there are additional
resistance mechanisms compared to inhibitors. The UPS machinery consists of
many non-essential proteins, which can be targeted by tumor cells to develop
resistance against PROTACs (Hughes et al., 2021). A recent study by Ruiz et al.
identified that changes in cullin-RING ligases (CRLs) components could drive
resistance against PROTACs (Mayor-Ruiz et al., 2019). Moreover, although more
than 600 E3-ligases are expressed in humans, only a handful of them, like CRBN,
VHL, and MDM2 has been overly utilized for PROTAC development so far. Those
E3-ligases are commonly expressed in all tissue types or are non-essential for the
tumor tissue or both. In the first scenario, the PROTAC can also degrade the target
in the healthy tissue causing unwanted side effects. In the second scenario, the
tumor tissue can quickly develop resistance against the PROTAC by altering the
E3-machinery, causing the failure of the degrader molecules (Scholes et al., 2021;
Shirasaki et al., 2021; L. Zhang et al., 2019). Thus, there is a need to identify tissue-
specific E3-ligases and to develop ligands for additional E3-ligases to expand the

repertoire of this technology.

Also, most of the current degrader synthesis approach is hit and trial based.
Generally, a series of degraders are synthesized using a combination of warheads

for different E3-ligases, various linkers, and a few target ligands. However, even
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synthesizing numerous degraders with this approach does not guarantee that the
PROTAC will successfully degrade the target. The reasons for the high failure rate
of such approach are due to the expression of E3-ligase and target in the different
cellular compartments, incompatibility of the target/ E3-ligase, absence of Lysine
residue on the target surface in the vicinity of the E3-ligase, and simply no K48
activity of the E3-ligase (Chen & Sun, 2009). In addition, the type of ubiquitin chains
added by many E3-ligases is still unknown. Moreover, studies have shown that
only certain E3-ligases are more suitable than others to degrade specific target
proteins. It is also validated by the fact that protein-protein interactions (PPI)
between the E3-ligase and the target critically support the PROTAC-induced
ternary complex formation (Maniaci & Ciulli, 2019). So, the presence of an assay
to predict the degradability of the target by the E3-ligase before starting the

laborious and expensive process of PROTAC synthesis would be advantageous.
1.5.3.3 Recent developments in PROTACs

Since the development of the first small-molecule PROTAC in 2008, the PROTAC
technology has made major advances. Fig. 1.9 shows the timeline highlighting the
important events within this technology. Crews and Ciulli groups designed the first
small molecule inhibitors of the E3-ligase, VHL (Buckley, Gustafson, et al., 2012;
Buckley, Van Molle, et al., 2012). This led to the development of VHL-based
PROTACs against BRD4, RIPK2, and ERRa (Bondeson et al., 2015; Zengerle et
al., 2015). After identifying CRBN as a target for thalidomide and its derivative (Ito
et al., 2010), efforts were made to develop PROTACSs recruiting CRBN. In 2015,
Bradner and Crews lab separately reported the CRBN-based PROTACSs degrading
BRD2/3/4 and FKBP12 (Winter et al., 2015), and BRD4 (Lu et al., 2015),
respectively. Henceforth, various derivatives of ligands for CRBN and VHL have
been developed and used to target numerous proteins. Besides CRBN and VHL,
PROTACs harnessing E3-ligases MDM2, IAP, DCAF15, DCAF16, RNF4,
RNF114, and KEAP1 have also been published (Ishida & Ciulli, 2021).
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Figure 1.9: The timeline of PROTAC development.
adapted from Bekes et al., 2022.

The first crystal structure of a ternary complex consisting of VHL: MZ1: BRD45P?

was solved by the Ciulli group (Gadd et al., 2017). The structure has highlighted
the importance of cooperativity in ternary complex formation and the need for
structure-based PROTAC design to selectively degrade the target (Ahn et al.,
2021; Farnaby et al., 2019). The breakthrough in the PROTAC field came in 2019
when two degraders from Arvinas, ARV-110, and ARV-471, targeting AR and ER,
respectively entered phase | clinical trials. Both PROTACSs are now in phase I trials
and showing promising results (Gao et al., 2022; E. Hamilton et al., 2022; E. P.
Hamilton et al., 2022). Currently, there are ten more PROTACSs in phase | clinical
trials targeting ER, AR, BCL-XL, BRD9, IRAK4, STAT3, and BTK (Bekes et al.,
2022).

1.6 Aim of the thesis

Despite being deregulated in most human cancers, targeting oncoprotein Myc has
been challenging due to its structure. So, various alternative approaches have
been suggested to target Myc indirectly. One of them is targeting Myc via its
interactors. Many Myc binding partners have reported scaffolding functions,

indicating that degradation approach would be effective in targeting such proteins.
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PROTAC-mediated targeted protein degradation has emerged as a new
therapeutic modality in recent years. PROTACs utilize the UPS machinery and
destroy the target protein, thereby eliminating all its functions, which were not
achievable by conventional occupancy-driven inhibitors. Even though PROTACs
are fascinating tools, the lack of a method to analyze the compatibility of E3-ligase

and the target protein has impacted their design and synthesis processes.

One of the aims of this thesis was to explore the PROTAC approach to target two
Myc-interacting oncogenic partners, Aurora-A and WDRS, and investigate the
cellular consequences of their degradation. Another aim was to establish a system

to predict the E3-ligases that can successfully induce target degradation.
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Materials

2.1 Cell lines and bacteria strains

211 Celllines

Cell line Specification Source
Human embryonic kidney cell line,
HEK293 ATCC
adherent, female
Human cervical carcinoma cell line,
Hela ATCC
adherent, female
Human acute promyelocytic leukemia cell _
HL-60 _ Schick Lab
line, suspension, female
Human hepatocellular carcinoma cell line,
HLE Eilers Lab
adherent, male
Human neuroblastoma cell line, adherent,
IMR5 Eilers Lab
male
Human colorectal carcinoma cell line,
LS174T Eilers Lab
adherent, female
Human breast carcinoma cell line,
MCF7 Eilers Lab
adherent, female
Human acute myeloid leukemia cell line, _
MV4-11 _ Eilers Lab
suspension, male
Human non-small cell lung cancer cell line, Diefenbacher
NCI-H1299
adherent, male Lab
Human non-small cell lung cancer cell line, Diefenbacher
NCI-H23
adherent, male Lab
Human neuroblastoma cell line, adherent,
NGP Eilers Lab
male
Human non-small cell lung cancer cell line, Diefenbacher
Sk-Mes-1

adherent, male

Lab
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Human colorectal carcinoma cell line,

adherent, male

ATCC

U20S

Human osteosarcoma cell line, adherent,

female

ATCC

2.1.2 Bacterial strains

XL1 blue

Escherichia coli, genotype recA1 endA1 gyrA96 thi- 1hsdR17
supE44 relA1 lac [F proAB laclgZAM15 Tn10 (Tetr)]

2.2 Cultivation media and supplements

2.2.1 Mammalian cell culture media

Name Purpose Composition
DMEM or RPMI 1640 (Thermo Fisher
Scientific)
Cell line
Culture media ) 10% (v/v) Fetal bovine serum (FBS;
propagation
Capricorn Scientific GmbH)
1% (v/v) penicillin/streptomycin (Sigma)
RPMI-1640 Medium for SILAC (Thermo
Fisher Scientific)
50 mg labeled or unlabeled Lysine
SILAC mass
SILAC media 50 mg labeled or unlabeled Arginine
spectrometry _
100 mg unlabeled Proline
10% (v/v) dialyzed FBS
1% (v/v) penicillin/streptomycin (Sigma)
Transfection Cell DMEM or RPMI-1640
media transfection 2% (vIiv) FBS
_ 50% (v/v) FBS
Freezing
_ Cell storage 40% (v/v) Culture medium
medium

10% (v/v) DMSO
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2.2.2 Supplements for mammalian cell culture

Compound

Final

concentration

Source

Absource Diagnostics /

Alisertib (MLN8237) 0.1-1uM

Selleckchem
Bromodeoxyuridine (BrdU) 10 uM Sigma
Cycloheximide 10 — 50 pg/mi Sigma
Doxycycline 1 pug/mi Sigma
Hygromycin 100 — 200 pg/ml InvivoGen
L-Arginine monohydrochloride 100 mg/ Sigma
L-ARGININE:HCL (13C6, .
15N4) 100 mg/l Cambridge Isotope
L-ARGININE:HCL (13C6) 100 mg/l Cambridge Isotope
L-Lysine monohydrochloride 100 mg/l Sigma
L-Lysine-2HCI, 4,4,5,5-D4 for Thermo Fischer
SILAC 100 mgf Scientific
L-LYSINE:2HCL (13C6; 15N2) 100 mg/I Cambridge Isotope
L-Proline 200 mg/l Sigma
MG132 10 uM Calbiochem / Merck
Pevonedistat (MLN4924) 3-5uM Selleckchem / Biozol
Pomalidomide 1-10 uM Selleckchem / Biozol
Puromycin 1—-10 pg/ml InvivoGen
Rapamycin 10 — 500 nM Biozol
Thalidomide 1-20uM Cayman / Biomol
VHL-ligand 10 uM Cayman / Biomol

2.2.3 Bacterial culture media

Name Composition
10% (w/v) Bacto tryptone (Roth)
LB Medium 0.5% (wl/v) yeast extract (Roth)
1% (w/v) NaCl (Roth)
LB agar LB-medium with 1.2% (w/v) agar-agar (Roth);
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Autoclaved and cooled before addition of antibiotics

2.2.4 Supplements for bacterial culture media

Compound Final concentration Source
Ampicillin 100 pg/ml Roth
Carbenicillin 100 pg/ml Roth
Kanamycin 30 pg/ml Roth

2.3 Buffers and solutions

If not stated otherwise all the buffers and solutions were prepared in ddH20.

Name Composition Storage
Ammonium persulfate 5 g APS dissolved in 50 ml ddH20 20 °C
(APS, 10 %) aliquoted
10 mM HEPES, pH 7.4
Annexin V binding buffer 140 mM NaCl 4°C
2.5 mM CaCl2
1 % (w/v) BCA-Na:
BCA solution A 4 °C/RT
2 % (w/v) Na2COs
BCA solution B 4% (w/v) CuSOg4 RT
Bis-Tris (3.5 x) 1.25 M Bis-Tris 4°C
Bis-Tris stacking ! x Bis-Tris
ol 0.03 % (viv) APS 4°C
0.05 % (v/v) TEMED
8-12 % (v/v) acrylamide / bisacrylamide
Bis-Tris separation 1 x Bis-Tris 4°C
gel 0.03 % (v/v) APS
0.05 % (v/v) TEMED
Blocking solution for 5 % (w/v) non-fat dry milk in TBS-T, 20°C
PVDF membranes (Fuji) sterile filtered
BSA/ PBS 0.5 % (w/v) BSA in PBS,; sterile filtered 4 °C
0.5 % (w/v) crystal violet
Crystal violet solution RT

20 % (v/v) ethanol
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dNTPs mix stock
(10 mM)

Materials

20 ul each dNTP (100 mM) mixed with
120 ddH20

-20 °C

DNA loading buffer (6 x)

10 mM EDTA, pH 8.0
0.2 % (w/v) Orange G

40 % (w/v) sucrose

-20 °C

Doxycycline stock (1

mg/ml)

50 mg doxycycline in 50 ml ethanol,;

aliquoted

-20 °C

EDTA stock (0.5 M)

93.05 gm EDTA in 400 ml ddH20
adjusted to pH 8.0 using 10 M NaOH
final volume 500 ml

autoclaved and aliquoted

RT

IP buffer

20 mM HEPES, pH 7.9
200 mM NaCl

0.2 % (v/v) NP-40

0.5 mM EDTA

10 % (v/v) Glycerol

Kinobead buffer

50 mM Tris-HCI, pH 7.5
0.8 % (v/v) NP-40

150 mM NaCl

1 mM NazVO,4

1.5 mM MgCl;

5.5 % (v/v) Glycerol

25 mM NaF

1mMDTT

Laemmli sample buffer
(6 x)

12 % (w/v) SDS

0.06 % (w/v) bromophenol blue
40% (v/v) glycerol

60 mM Tris/HCI, pH 6.8

9.3% (w/v) DTT

aliquoted

-20 °C

Miniprep lysis buffer
(Solution 1)

1 % (w/v) SDS
200 mM NaOH

RT

Miniprep neutralization
buffer (Solution 2)

11.5 % (v/v) acetic acid
3 M KOAc
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Miniprep resuspension
buffer

Materials

TE buffer with freshly added 1:1000
RNase A (10 mg/ml)

1 M MOPS
MOPS running buffer 1 M Tris base 4°C
(20 x) 20 mM EDTA
2 % (w/v) SDS
MOPS running buffer 1 x MOPS running buffer RT
(ready-to-use) 5 mM sodium bisulfite
20 mM HEPES, pH 7.9
180 mM NaCl
MS IP buffer 0.2 % (v/v) NP-40 4°C
1.5 mM MgCl;
10 % (v/v) Glycerol
137 mM NaCl
2.7 mM KCI
PBS 10.1 mM Naz2HPOq4 RT
1.76 mM KH2PO4
autoclaved
Ser/Thr phosphatase inhibitor (Sigma)
Phosphatase inhibitor Tyr phosphatase inhibitor (Sigma) -20 °C
cocktail
used 1:1000
Polybrene stock 200 mg dissolved in 50 ml ddH.O 20°C
solution (4mg/ml) sterile filtered and aliquoted
Polyethyleneimine 009 % PEI
6 mM HCI -20 °C
(PEI) _
sterile filtered and aliquoted
5% BSA
Primary antibody dilution 0.02% NaN3 4°C
buffer (Fuji) in TBS-T
sterile filtered
Propidium lodide (PI) 1 mg/ml in PBS 4°C
Protease inhibitor cocktail (Sigma)
Protease inhibitor -20 °C

used 1:1000
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Proteinase K

Materials

10 mg/ml (Roth)

aliquoted

-20 °C

RIPA lysis buffer

50 mM HEPES, pH 7.9
140 mM NaCl

1 mM EDTA

1 % (v/v) Triton X-100
0.1 % Na-deoxycholate
0.1 % (w/v) SDS

sterile filtered

1:1000 protease and phosphatase

inhibitors added fresh before use

4°C

RNase A (10 mg/ml)

100 mg RNase A (Roth) in 27 pl 3 M

sodium acetate, pH 5.2
9 ml ddH20

450 ul aliquots prepared and boiled for
30 min at 100°C to inactivate DNases
50 pl' 1 M Tris, pH 7.4 added per aliquot

-20 °C

SDS lysis buffer

2 % (w/v) SDS
40 mM Tris-HCI, pH 7.6

RT

TAE (50 x)

2 M Tris, pH 8.0
5.71 % (v/v) acetic acid
50 mM EDTA, pH 8.0

RT

TBS (20 x)

500 mM Tris, pH 7.4
2.8 M NaCl

RT

TBS-T

1xTBS
0.2 % (v/v) Tween-20

RT

TE

10 mM Tris pH 7.4
1 mM EDTA pH 8.0

RT

Transfer buffer (20 x)

500 mM Bicine
500 mM Bis-Tris
20.5 mM EDTA

0.1 mM chlorobutanol

Transfer buffer (ready-

to-use)

1x transfer buffer
40 % (v/v) methanol
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Materials

0.25 % trypsin

5 mM EDTA

22.3 mM Tris, pH 7.4
125 mM NaCl

Trypsin solution

-20/4°C

2.4 Commercial reagents

Name

Source

Standards

Gene Ruler™ 1 kb Plus DNA Ladder

Thermo Fisher Scientific

PageRule™ Prestained Protein Ladder

Thermo Fisher Scientific

Colour Prestained Protein Standard, Broad Range

New England Biolabs

Enzymes

Agel-HF

New England Biolabs

Benzonase nuclease purity >99%, 25 U/ul

Merk Millipore

EcoRI-HF

New England Biolabs

M-MLYV reverse transcriptase

Promega

Mlul-HF New England Biolabs
Phusion Thermo Fisher Scientific
Proteinase K Roth

RNase A Roth

Spel-HF New England Biolabs
T4 DNA ligase Thermo Fisher Scientific
Xhol New England Biolabs
Kits

CloneJET PCR Cloning Kit

Thermo Fisher Scientific

GeneJET Gel Extraction Kit

Thermo Fisher Scientific

Nano-Glo® HiBiT Lytic Detection System

Promega

Nano-Glo® Luciferase Assay System

Promega

NEBNext® Poly(A) mRNA Magnetic Isolation
Module

New England Biolabs

NEBNext® Ultra™ Il Directional RNA Library Prep

Kit for lllumina

New England Biolabs
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Materials

NextSeg® 500/550 High Output Kit v2 (75 cycles)

lllumina

PowerUP™ SYBR® Green Master Mix

Thermo Fisher Scientific

PureLink HiPure Plasmid Maxiprep Kit

Invitrogen

RNeasy Mini Kit

Qiagen

Beads

Dynabead Protein A for Immunoprecipitation

Thermo Fisher Scientific

Dynabead Protein G for Immunoprecipitation

Thermo Fisher Scientific

Pierc Anti-HA Magnetic Beads

Thermo Fisher Scientific

Chemicals and Reagents

alamarBlue™ HS Cell Viability Reagent

Thermo Fischer Scientific

Ehidium bromide

Carl Roth

Lipofectamine 2000 Transfection Reagent

Thermo Fischer Scientific

Lipofectamine RNAIMAX Transfection Reagent

Thermo Fisher Scientific

peqGOLD TriFast reagent

Peqglab/ VWR international

Propidium iodide

Sigma

2.5 Nucleic acids

2.5.1 Oligonucleotides

Name Sequence (5" - 3’)

Primers for cloning

EW_1551_AURKA_

CGCACCGGTATGGACCGATCTAAAGAAAACTGC

Agel_f

CGCGACGCGTCTAGCTAATCTTCTTGAACAGCC
GCCAGCCGCTCACACCGGAGCTCCCAGACTGTT

EW_1552_cAURKA_Hi

BiT_Miul_r
TGCTAGCTGATTC

EW_1638_HA_AURKA

CGCACCGGTATGTACCCTTACGACGTGCCCGAC

_Agel_f TACGCCGGGATGGACCGATCTAAAGAAAACTGC
EW_1639

N g GGACTAGTCTAAGACTGTTTGCTAGCTGATTC
AURKA Spel_r
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EW_1763_Spel_AURK
A_HA Cterm_r

Materials

GGACTAGTCTAGGCGTAGTCGGGCACGTCGTAA
GGGTAACCGGAGCTCCCAGACTGTTTGCTAGCT
GATTC

EW_1778_WDR5_Agel
f

CGCACCGGTATGGCGACGGAGGAGAAGAAGC

EW_1779_WDRS_cHiB
iT_Milul_r

CGCGACGCGTTTAGCTAATCTTCTTGAACAGCC
GCCAGCCGCTCACACCGGAGCTCCCGCAGTCA
CTCTTCCACAGT

EW_1855 AURKA Age
f

GTACCGGTATGTACCCTTACGAC

EW_1856_AURKA_Spe

r

CCACTAGTCTAAGACTGTTTGCT

EW_1985_Agel_AURK
B nHA f

CGCACCGGTATGTACCCTTACGACGTGCCCGAC
TACGCCGGGATGGCCCAGAAGGAGAACTC

EW_1988 Spel AURK
B r

CCACTAGTTCAGGCGACAGATTGAAG

EW_1989 AURKB_E16
1T 1r

AGCTCCTTGTAGAGAGTCCCGCG

EW_1990 AURKB_E16
1T 2. f

CGCGGGACTCTCTACAAGGAGCT

EW_1991_AURKBx3_1

r

CTTCTGCAGCTCTCTGTAGAGAGTCCCTAAGGG
GGCATAC

EW_1992_AURKBxX3_2
f

GTATGCCCCCTTAGGGACTCTCTACAGAGAGCT
GCAGAAG

EW_1941_AURKA_P19
1W_1r

CTAAGAATATTCCAATGCCGAAGG

EW_1942_AURKA P19
1W_2_f

CCTTCGGCATTGGAATATTCTTAG

EW2341_VHL_Spel_r

GGACTAGTTCAATCTCCCATCCGTTGATGTG

EW2344 Agel nHA V
HL_f

CGCACCGGTATGTACCCTTACGACGTGCCCGAC
TACGCCGGGAGCTCCGGTCCCCGGAGGGCGGA
GAAC

EW 2580 Agel FRB_f

CGCACCGGTATGATCCTCTGGCATGAGATGT

EW_2585 FRB_Spel_r

GGACTAGTTCACTTTGAGATTCGTCGGAAC
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EW2604_MlIul_linker_n

Luc r

Materials

CGACGCGTACCGGAGCTCCCACCGGAGCTCCC
CGCCAGAATGCGTTCGCACAGCC

EW2703_link_MIul_r

CGCGACGCGTACCGGAGCTCCCACCGGAGC

EW2704_CRBN_Miul_f

CGCGACGCGTGCCGGCGAAGGAGATCAGCAG

EW2705_CRBN_Spel_r

GGACTAGTTTACAAGCAAAGTATTACTTTG

EW2706_CRBN_Agel_f

CGCACCGGTATGGCCGGCGAAGGAGATCAGCA

EW2707_CRBN_MIul_r

CGCGACGCGTCAAGCAAAGTATTACTTTGTC

EW2708_link_Miul_f

CGCGACGCGTGGGAGCTCCGGTGGGAGCTCCG
GTATC

EW2709_AURKA_Xhol

r

CCGCTCGAGAGACTGTTTGCTAGCTGATTC

EW2710_link_Nluc_Xh

ol_f

CCGCTCGAGGGGAGCTCCGGTGGGAGCTCCGG
TGTCTTCACACTCGAAGATTTC

gBlocks

EW_1861_HA_AURKA

_Imut

ACCGGTATGTACCCTTACGACGTGCCCGACTACGCCGG
GATGGACCGATCTAAAGAAAACTGCATTTCAGGACCTGT
TAAGGCTACAGCTCCAGTTGGAGGTCCAAAACGTGTTC
TCGTGACTCAGCAATTTCCTTGTCAGAATCCATTACCTG
TAAATAGTGGCCAGGCTCAGCGGGTCTTGTGTCCTTCA
AATTCTTCCCAGCGCGTTCCTTTGCAAGCACAAAAGCTT
GTCTCCAGTCACAAGCCGGTTCAGAATCAGAAGCAGAA
GCAATTGCAGGCAACCAGTGTACCTCATCCTGTCTCCA
GGCCACTGAATAACACCCAAAAGAGCAAGCAGCCCCTG
CCATCGGCACCTGAAAATAATCCTGAGGAGGAACTGGC
ATCAAAACAGAAAAATGAAGAATCAAAAAAGAGGCAGTG
GGCTTTGGAAGACTTTGAAATTGGTGAACCTCTGGGTAA
AGGAAAGTTTGGTAATGTTTATTTGGCAAGAGAAGAACA
AAGCGAAGAAGAACTGGCTCTTAAAGTGTTATTTAAAGC
TCAGCTGGAGAAAGCCGGAGTGGAGCATCAGCTCAGAA
GAGAAGTAGAAATACAGTCCCACCTTGAACATTGGAATA
TTCTTAGACTGTATGGTTATTTCCATGATGCTACCAGAG
TCTACCTAATTCTGGAATATGCACCACTTGGAACAGTTT
ATAGAGAACTTCAGGAACTTTCAAAGTTTGATGAGCAGA
GAACTGCTACTTATATAACAAGATTGGCAAATGCCCTGT
CTTACTGTCATTCGAAGAGAGTTATTCATAGAGACATTA
AGCCAGAGAACTTACTTCTTGGATGGTGGGGAGAGCTT
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Materials

AAAATTGCAGATTTTGGGTGGTCAGTACATGCTCCATCT
TCCAGGAGGACCACTCTCTGTGGCACCCTGGACTACCT
GCCCCCTGAAATGATTGAAGGTCGGATGCATGATGAGA
AGGTGGATCTCTGGAGCCTTGGAGTTCTTTGCTATGAAT
TTTTAGTTGGGAAGCCTCCTTTTGAGGCAAACACATACC
AAGAGACCTACAAAAGAATATCACGGGTTGAATTCACAT
TCCCTGACTTTGTAACAGAGGGAGCCAGGGACCTCATT
TCAAGACTGTTGAAGCATAATCCCAGCCAGAGGCCAAT
GCTCGAAGAAGTACTTGAACACCCCTGGATCACAGCAA
ATTCATCAAAACCATCAAATTGCCAAAACAAAGAATCAG
CTAGCAAACAGTCTTAGACTAGT

EW_1862_HA K162R_
b

TGGGCTTTGGAAGACTTTGAAATTGGTCGCCCTCTGGG
TAAAGGAAAGTTTGGTAATGTTTATTTGGCAAGAGAAAA
GCAAAGCAAGTTTATTCTGGCTCTTAGAGTGTTATTTAA
AGCTCAGCTGGAGAAAGCCGGAGTGGAGCATCAGCTC
AGAAGAGAAGTAGAAATACAGTCCCACCTTCGGCATCC
TAATATTCTTAGACTGTATGGTTATTTCCATGATGCTACC
AGAGTCTACCTAATTCTGGAATATGCACCACTTGGAACA
GTTTATAGAGAACTTCAGAAACTTTCAAAGTTTGATGAG
CAGAGAACTGCTACTTATATAACAGAATTGGCAAATGCC
CTGTCTTACTGTCATTCGAAGAGAGTTATTCATAGAGAC
ATTAAGCCAGAGAACTTACTTCTTGGATCAGCTGGAGAG
CTTAAAATTGCAGATTTTGGGTGGTCAGTACATGCTCCA
TCTTCCAGGAGGACCACTCTCTGTGGCACCCTGGACTA
CCTGCCCCCTGAAATGATTGAAGGTCGGATGCATGATG
AGAAGGTGGATCTCTGGAGCCTTGGAGTTCTTTGCTAT
GAATTTTTAGTTGGGAAGCCTCCTTTTGAGGCAAACACA
TACCAAGAGACCTACAAAAGAATATCACGGGTTGAATTC
ACATTCCCTGACTTTGTAACAGAGGGAGCCAGGGACCT
CATTTCAAGACTGTTGAAGCATAATCCCAGCCAGAGGC
CAATGCTCAGAGAAGTACTTGAACACCCCTGGATCACA
GCAAATTCATCAAAACCATCAAATTGCCAAAACAAAGAA
TCAGCTAGCAAACAGTCTTAGACTAGT

EW_1863 HA_K162R_

a

ACCGGTATGTACCCTTACGACGTGCCCGACTACGCCGG
GATGGACCGATCTAAAGAAAACTGCATTTCAGGACCTGT
TAAGGCTACAGCTCCAGTTGGAGGTCCAAAACGTGTTC
TCGTGACTCAGCAATTTCCTTGTCAGAATCCATTACCTG
TAAATAGTGGCCAGGCTCAGCGGGTCTTGTGTCCTTCA
AATTCTTCCCAGCGCGTTCCTTTGCAAGCACAAAAGCTT
GTCTCCAGTCACAAGCCGGTTCAGAATCAGAAGCAGAA
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Materials

GCAATTGCAGGCAACCAGTGTACCTCATCCTGTCTCCA

GGCCACTGAATAACACCCAAAAGAGCAAGCAGCCCCTG
CCATCGGCACCTGAAAATAATCCTGAGGAGGAACTGGC
ATCAAAACAGAAAAATGAAGAATCAAAAAAGAGGCAGTG

GGCTTTGGAAGACTTTGAAATTGGTCGC

Primers for sequencing

EW_859_SFFV_seq CTTCTGCTTCCCGAGCTCTA
IREShygRn CAGACCTTGCATTCCTTTGG
pJET1.2-F CGACTCACTATAGGGAGAGCGGC
pJET1.2-R AAGAACATCGATTTTCCATGGCAG
Primers for RT-qPCR
EW316_B2MG_F GTGCTCGCGCTACTCTCTC
EW317_B2MG_R GTCAACTTCAATGTCGGAT
EW_1312_AURKA_f TTCAGGACCTGTTAAGGCTACA
EW_1313_AURKA r ATTTGAAGGACACAAGACCCG
EW2306_WDR5 _f CCAGTCTCGGCCGTTCATTT
EW2307_WDR5 r CGTTCGGGGAGAACTTCACA
2.5.2 Plasmids
Name Description Source
Addgene
psPAX2 Lentiviral packing plasmid 412960
VSV-G envelope expressing Addgene
PMD2.G plasmid #12259
Lentiviral expression vector;
pRRL-SFFV-IRES-puro SFFV promoter; puromycin AG Eilers
resistance
Lentiviral expression vector;
pRRL-SFFV-IRES-hygro  SFFV promoter; hygromycin AG Eilers
resistance
Lentiviral expression vector; PGK
pRRL-PGK-IRES-hygro AG Wolf

promoter; hygromycin resistance
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pcDNA3 HA-AURKA wt

Materials

Eukaryotic expression vector;
expresses Aurora A with N-

terminal HA-tag; CMV promoter

AG Eilers

pTREpur HA-AURKA-A wt

Eukaryotic inducible expression
vector; expresses Aurora A with

N-terminal HA-tag

AG Eilers

pcDNA3 HA-AURKA
T217D

Eukaryotic expression vector;
expresses Aurora A harboring
T217D mutation with N-terminal

HA-tag; CMV promoter

AG Eilers

pTREpur HA-AURKA
T217D

Eukaryotic inducible expression
vector; expresses Aurora A
harboring T217D mutation with N-
terminal HA-tag

AG Eilers

pcDNA3 HA-AURKB

Eukaryotic expression vector;
expresses Aurora B isoform 5
(69-69: T — TR) with N-terminal
HA-tag; CMV promoter

AG Eilers

pRRL-PGK -AURKA-
HIiBIT

Lentiviral expression vector;
expresses Aurora A with C-
terminal HiBiT-tag; SFFV

promoter; hygromycin resistance

This study

pRRL_puro_HA-AURKA

Lentiviral expression vector;
expresses Aurora A with N-
terminal HA-tag; SFFV promoter;

puromycin resistance

This study

pRRL_puro_AURKA-HA

Lentiviral expression vector;
expresses Aurora A with C-
terminal HA-tag; SFFV promoter;

puromycin resistance

This study

pRRL_puro_HA-
AURKA_Imut

Lentiviral expression vector;
expresses Aurora A mutant Imut
with N-terminal HA-tag; SFFV

promoter; puromycin resistance

This study

46



pRRL_puro_HA-
AURKA_D274N

Materials

Lentiviral expression vector;
expresses Aurora A containing
mutation D274N with N-terminal
HA-tag; SFFV promoter;

puromycin resistance

This study

pRRL_puro_HA-
AURKA_K162R

Lentiviral expression vector;
expresses Aurora A containing
mutation K162R with N-terminal
HA-tag; SFFV promoter;

puromycin resistance

This study

pRRL_PGK_HA-AURKA-
HiBIT

Lentiviral expression vector;
expresses Aurora A with N-
terminal HA-tag and C-terminal
HiBiT-tag; PGK promoter;

hygromycin resistance

This study

pRRL_PGK_HA-Imut-
HiBIT

Lentiviral expression vector;
expresses Aurora A mutant Imut
with N-terminal HA-tag and C-
terminal HiBiT-tag; PGK

promoter; hygromycin resistance

This study

pRRL_PGK_HA-
AURKA_P191W-HiBIT

Lentiviral expression vector;
expresses Aurora A containing
mutation P191W with N-terminal
HA-tag and C-terminal HiBiT-tag;
PGK promoter; hygromycin

resistance

This study

pRRL-Puro_HA-AURKB-

wit

Lentiviral expression vector;
expresses Aurora B isoform 5
with N-terminal HA-tag; SFFV

promoter; puromycin resistance

This study

pRRL-Puro_HA-AURKB-
E162T

Lentiviral expression vector;
expresses Aurora B isoform 5
harboring E162T mutation with N-
terminal HA-tag; SFFV promoter;

puromycin resistance

This study
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pRRL-Puro_HA-AURKB-
x3

Materials

Lentiviral expression vector;
expresses Aurora B isoform 5
harboring triple mutations
(R160L,E162T,K165R) with N-
terminal HA-tag; SFFV promoter;

puromycin resistance

This study

pRRL_PGK_WDR5_HiBiT

Lentiviral expression vector;
expresses WDR5 with C-terminal
HiBiT-tag; SFFV promoter;

hygromycin resistance

This study

pRRL_Puro_HA_VHL

Lentiviral expression vector;
expresses VHL isoform 1 with N-
terminal HA-tag; SFFV promoter;

puromycin resistance

This study

pRRL_Hygro VHL-FRB

Lentiviral expression vector;
expresses VHL tagged with FRB
in C-terminal; SFFV promoter;

hygromycin resistance

Bachelor
thesis (Isabella

Kurrer)

pRRL_Hygro_FRB-VHL

Lentiviral expression vector;
expresses VHL tagged with FRB
in N-terminal; SFFV promoter;

hygromycin resistance

Bachelor
thesis (Isabella

Kurrer)

pRRL_Hygro_FRB

Lentiviral expression vector;

expresses FRB; SFFV promoter;

Bachelor

thesis (Isabella

pRRL_puro_WDR5-NLuc-
FKBP12

hygromycin resistance Kurrer)
Lentiviral expression vector;
expresses WDRS tagged with Bachelor

NLuc-FKBP12 fusion protein in C-
terminal; SFFV promoter;

puromycin resistance

thesis (Isabella

Kurrer)
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pRRL_puro_NLuc-WDR5-
FKBP12

Materials

Lentiviral expression vector;
expresses WDRS tagged with
NLuc in N-terminal and FKBP12

Bachelor

thesis (Isabella

pRRL_puro_NLuc-

in C-terminal; SFFV promoter; Kurrer)
puromycin resistance
Lentiviral expression vector;

Bachelor

expresses NLuc tagged with

thesis (Isabella

FKBP12 FKBP12 in C-terminal; SFFV
Kurrer)
promoter; puromycin resistance
Lentiviral expression vector;
pRRL _Hygro CRBN- expresses CRBN tagged with _
This study
FRB FRB in C-terminal; SFFV
promoter; hygromycin resistance
Lentiviral expression vector;
pRRL _Hygro FRB- expresses CRBN tagged with _
This study
CRBN FRB in N-terminal; SFFV
promoter; hygromycin resistance
Lentiviral expression vector;
expresses Aurora A tagged with
PRRL _Puro_AURKA- _ o _
NLuc-FKBP12 fusion protein in C- This study
NLuc-FKBP12
terminal; SFFV promoter;
puromycin resistance
2.6 Antibodies
Name Source Identifier
Primary antibodies
Anti-Dicer antibody [13D6] Abcam Cat# ab14601
Aurora A/AIK Antibody Cell Signaling Technology  Cat# 3092S

Aurora B Antibody

Bethyl Laboratories

Cat# A300-431A

Endophilin Il Antibody (A-11)

Santa Cruz Biotechnology

Catf#t sc-365704

HA-probe Antibody (Y-11)

Santa Cruz Biotechnology

Cat#tsc-805X

Ikaros Antibody (E-2)

Santa Cruz Biotechnology

Cat# sc-398265
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Mouse monoclonal anti-
CRBN (D8H3S)

Materials

Cell Signaling Technology

Cat# 71810S

Mouse monoclonal anti-

vinculin, clone*hv

Sigma

Cat#V9131

VHL Antibody (VHL40)

Santa Cruz Biotechnology

Catf#tsc-135657

WDRS5 Antibody (G-9)

Santa Cruz Biotechnology

Cat#sc-393080

FITC anti-BrdU, Mouse 1gG1,

kappa, Clone: 3D4

BioLegend

Cat#364104

Secondary antibodies

ECL-anti-mouse I1gG

Horseradish Peroxidase

GE Healthcare /
FisherScientific GmbH

Cat#1079-4347

ECL-anti-rabbit IgG

Horseradish Peroxidase

GE Healthcare /
FisherScientific GmbH

Cat#1079-4347

2.7 Consumables

Name Source
Cell culture plates and reaction tubes

Greiner
Cell culture plates (10 cm, 15 cm) Nunc

Sarstedt

Greiner
Cell culture well plates (6 well, 12 well, 24 well, 96

Nunc
well)

Thermo Fisher Scientific
CellCarrier 96 ultra, black Perkin Elmer
Glass pipettes (5 ml, 10 ml, 25 ml) Roth
Glass Pasteur pipettes Roth

Sarstedt
PCR tubes

Starlab

Sarstedt
Pipette Tips _

Greiner
Eppendorf tubes (1.5 ml, 2 ml) Sarstedt
Falcon tubes (15 ml, 50 ml) Sarstedt
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Immunoblots

Materials

Whatman filter paper

Immobilon-P Membrane, PVDF

Immobilon-FL Membrane, PVDF

2.8 Equipments

Utility Type Source
PCB 2500-2 KERN
Analytical balance _
PT 600 Satorius GmbH
Cell counter Casy cell counter Innovatis
Cell culture incubator BBD 6220 Heraeus
5417R / 5424 Eppendorf

Centrifuges

Avanti J-26 XP
Multifuge plus

Sorvall Legend Micro 17R

Beckman Coulter
Starlab

Thermo Fisher

Chemiluminescence

imager

LAS-4000 mini

Fujifilm

Flow cytometer

BD FACS Canto Il

BD Biosciences

Fluorescence image

Odyssey CLx Infrared Imaging

LI-COR
reader System
Freezing container Mr. Frosty Thermo Fisher
Microliter syringes 20 pl and 50 pl Hamilton
Heating block Thermomixer Comfort Eppendorf
Immunoblot transfer PerfectBlue Tank Electro
Peqglab
chamber Blotter Web S
Incubator shaker Multitron Standard INFORS HT
GloMax 96 Microplate
Luminescence reader Promega
Luminometer
Microscope Axiovert 40CFL Zeiss
C1000 Thermal cycler Bio-Rad
PCR thermal cycler Mastercycler proS Eppendorf

ProFlex PCR System

Thermo Fisher

51



Multipurpose plate

Materials

reader Tecan Spark Multiplate reader  Tecan
Multiscan Ascent Thermo
Photometers Spectrofluorometer NanoDrop  Labsystems

1000

Thermo Fisher

Power supply

PowerPac HC
Consort EV 243

Bio-Rad
Sigma

Quantitative RT-PCR

machine

StepOne plus

Applied Biosystem

Roller mixer SRT9 Stuart
Rotator mixer SB2 Stuart
SDS-PAGE system Mini-PROTEAN Tetra Cell Bio-Rad
Sequencer NextSeq500 lllumina
Ultrasonifier Digital Sonifier W-250 D Branson
UV table ECX-F26MX Vilber
Vortex Vortex-Genie 2 Scientific Industries
Water bath Water bath WB14 Memmert
Water purification

Milli-Q Integral 5 Millipore

system

2.9 Software and programs

Software

Source

Affinity Designer v1.10.5

Pantone LLC

ApE- A plasmid Editor v2.0

M. Wayne Davis

BD FACSDIVA Software v6.1.2

BD Biosciences

Bowtie2 (v2.3.4.1)

(Langmead et al., 2009)

EdgeR

(Robinson et al., 2010)

EndNote 20.4

Clarivate Analytics

FlowJo (version 8.8.6)

https://www.flowjo.com/

GraphPad Prism v5/6.0 for Mac

Graph Pad Software Inc.

Image Studio Lite (Version 5.2.5)

LI-COR

Imaged (version 1.52q)

Wayne Rasband

52



Materials

LAS-4000 mini-2.1 Fujifilm
Max Quant (version 1.6.2.10) (Cox & Mann, 2008)
Microsoft Excel (v16.16.24) Microsoft

Multiscan Ascent

Thermo Fisher Scientific

Perseus (version 1.5.8.5)

(Tyanova et al., 2016)

Rv3.5.2

https://www.r-project.org/

Samtools (v1.3)

http://samtools.sourceforge.net

SnapGene Viewer v6.1.2

GSL Biotech LLC

SparkControl

Tecan

Spotfire

TIBCO Software

StepOne software v2.3

Applied Biosystems

Tm Calculator

Thermo Fisher Scientific (online page)
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Methods

3 Methods

3.1 Cell biology methods

3.1.1 Cell culture

MV4-11, IMR5, Sk-Mes-1, HL-60, HLE, NCI-H1299, NCI-H23, and NGP cells were
cultured in RPMI 1640 medium supplemented with 10% FBS and 1% penicillin/
streptomycin. HEK293, U20S, Hela, SW620, LS174T, and MCF7 cells were grown
in DMEM medium supplemented with 10% FBS and 1% penicillin/ streptomycin.
For stable isotope labeling of MV4-11 cells, cells were cultured in RPMI 1640
medium for SILAC containing 10% dialyzed FBS, 200 mg/l L-proline, and
supplemented with either 100 mg/I L-arginine and 100 mg/I L-lysine (light) or ['*Cg]-
L-arginine and [?H4]-L-lysine (medium) or ['*Cs,"*N4]-L-arginine and ['*Cs,"*N2]-L-
lysine (heavy). Cells were cultured at 37 °C in the presence of 5 % CO.. All cells
were routinely examined and found negative for mycoplasma contamination by

PCR-based assay.

For splitting the suspension cells (MV4-11, HL-60), the cells were homogenously
distributed by pipetting up and down gently, and a portion of the cells was
transferred to a new dish with fresh media. For passaging the adherent cells, the
cells were detached using trypsin/EDTA after a PBS wash, resuspended in culture
media, centrifuged, and the required amount was seeded into a new dish with fresh
media. For seeding the specific cell numbers for experiments, cells were counted
using the Casy cell counter or Neubauer chamber using the manufacturer’s

instructions.

To freeze the cells, both suspension and adherent cells (after trypsinization) were
pelleted, resuspended in the freezing medium, and transferred to cryo-vials. The
vials were frozen slowly at -80 °C using Mr. Frosty overnight. For thawing the cells,
the cells were quickly thawed in a water bath, and resuspended in culture media.
The cell suspension was centrifuged and cell pellet was transferred to a cell culture

dish with media.
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3.1.2 Transfection of plasmid

For the Rapamycin induced proximity (RIP) assay, 5 million HEK293 cells were
seeded in 10 ml media per 10 cm dish or 800,000 cells in 2ml per well of a 6-well
plate. The cells were allowed to attach and recover for at least 6 hours before
transfection. For transfection, two Eppendorf tubes were prepared containing 700
ul Opti-MEM each (140 pl of 6-well plate). 30 ul PEI or lipofectamine 2000 (6 ul for
6-well plate) was added to one tube while an appropriate amount of FRB and
FKBP12 plasmids were added to another (0.8 — 12 ug for 10 cm dish; 0.2 — 2 ug
for 6-well plate). The mixtures were vortexed and incubated for 5 minutes at RT.
Then the DNA mixture was added to the PEI mixture dropwise, incubated for 20
minutes at RT, and added to the dish with cells. The cells were left in the cell culture
incubator for at least 20 hours for protein expression. Next, the cells were

reseeded, left overnight to recover, and finally treated with rapamycin or vehicle.
3.1.3 Lentivirus production

Five million HEK293 cells were seeded per 10 cm dish 24 hours before
transfection. For transfection, a DNA-mixture consisting of 10 ug PAX2, 2.5 g
pMD2G, and 10 ug of the plasmid of interest in 500 pl Opti-MEM and PEI mixture
containing 30 pl PEIl in 500 pyl Opti-MEM were prepared. The mixtures were
incubated for 5 minutes, combined (DNA mixture added to PEI mixture), and further
incubated for 20 minutes. During incubation, cells were washed with PBS, and 5
ml transfection media was added per dish. The transfection mixture was added to
the cells and the cells were taken to the S2 cell incubator. 6-8 hours post-
transfection, the media was removed, and 6 ml fresh media was added. After 24
hours of transfection, the supernatant containing the virus was collected and stored
at 4 °C. The viral supernatant was collected every 12 hours for a total of four times,
replenishing with 6 ml fresh media after each harvest. The pooled supernatant was
filtered with a 0.45 ym filter and either stored at 4 °C for immediate use or flash

frozen and stored at -80 °C for long-term use.
3.1.4 Lentiviral infection

For lentiviral infection of MV4-11 and HL-60 cells, 3ml of viral supernatant was

added to 3 ml cell suspension (200,000 cells/ml) along with 6 ul of polybrene stock
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solution. The day after the first infection, a second round of infection was carried
out by adding 6 ml viral supernatant and 6 ul polybrene. 24 hours after the second
infection, selection with antibiotics was started (depending upon the resistance
marker present in the plasmid) and continued until the uninfected control cells were

completely dead.
3.1.5 Flow cytometry

For BrdU/PI flow cytometry, the cells were labeled with 10 uM BrdU for 1-hour prior
to harvest. The suspension cells were directly collected in 15 ml low binding affinity
falcon, whereas adherent cells were collected after trypsinization followed by
resuspension in the media the cells were cultured in. The cells were centrifuged
for 5 minutes at 400x g at 4 °C, washed with 5 ml cold PBS, fixed in 80 % ice-cold
ethanol, and stored at -20 °C overnight. The next day, the cells were pelleted,
washed with 5 ml cold PBS, and incubated at RT for 30 minutes after resuspending
in 1 ml 2 M HCI containing 0.5 % TritonX-100. The cells were neutralized with 0.1
M Na2B4O7 (pH 8.5). The cells were then centrifuged, resuspended in 100 yl 1 %
BSA in PBS-T containing 5 pl anti-BrdU-FITC antibody, and incubated in the dark
for 30 minutes at RT. Further, the cells were washed once with 1 % BSA in PBS-
T, resuspended in 400 pl PBS with Pl (54 yM) and RNase (24 pg/ml), and
incubated for 30 minutes at 37 °C in the dark. Finally, the cells were transferred to

ice and kept in the dark until analysis.

The cells were collected for annexin/Pl flow cytometry as for BrdU/PI flow
cytometry. The cells were washed with 10 ml cold PBS and pelleted at 400x g for
5 minutes at 4 °C. The cells were resuspended in 100 pl annexin V binding buffer
with 2 pl annexin V conjugated with Pacific Blue dye. Then, the cells were
incubated for 15 minutes at RT, followed by the addition of 400 ul PBS with PI (18.5

uM). Finally, the cells were stored on ice and kept in the dark until analysis.
3.1.6 Cell growth assays

For crystal violet staining, at the endpoint of treatment, the cells were washed with
PBS once and incubated with crystal violet solution (0.7 ml per well of 6-well plate)
for 30 minutes at RT. The cells were carefully washed with desalted water to
remove the excess dye. The plates were turned upside down and air-dried at RT

before imaging.
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For the alamarBlue assay, a few hours before the experimental endpoint, cells
were incubated with alamarBlue. 10x alamarBlue was added to the media
containing cells to reach a final concentration of 1x. Next, the cells were incubated
until the color of the media for untreated cells was changed from blue to purple due
to the reduction of resazurin in alamarBlue to resorufin. Finally, the fluorescence
was measured on the Tecan Spark Multiplate reader using excitation and emission

wavelength of 550 nm and 600 nm, respectively.

For the cumulative growth curve, the cells were seeded at the density of 100,000
cells/ml and treated with various compounds. Every third day the cells were
counted and reseeded to the initial cell density (100,000 cells/ml) in fresh media
with compounds. The cumulative cell number for a particular time point was
calculated using the final cell density and seeding density of that particular time

point and the previous time point.

3.2 Molecular biology methods

3.2.1 Primer design and polymerase chain reaction (PCR)

To clone a new expression vector, the required DNA fragment was amplified from
existing vectors, gBlocks or complementary DNA (cDNA) using forward and
reverse primers. The primers were designed using the coding sequence (CDS) of
the protein of interest and sequence for appropriate restriction sites. The primers

were ordered from Sigma.

For the amplification of the DNA fragments, a Phusion polymerase was used. The

following reagents were pipetted into a reaction tube:

Components Final amount
Template DNA 100 ng

5x buffer 10 pl

dNTPs 200 uM
Forward primer 0.4 uM
Reverse primer 0.4 uM

Phusion polymerase 1 U
DMSO 0-10%
ddH20 Fill up to 50 pl
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The annealing temperature for the primers was calculated using T calculator. The
reaction tube was placed in a thermocycler and PCR was carried out using the

following program:

Step Temperature Time Cycles
Initial Denaturation 98 °C 30 sec 1x
Denaturation 98 °C 10 sec

Annealing 55-71°C 10 sec 4x
Extension 72 °C 30 sec per kb
Denaturation 98 °C 10 sec

Annealing 55-71°C 10 sec 28x
Extension 72 °C 30 sec per kb

Final extension 72 °C 5 min 1x
Hold 4°C o0 1Xx

3.2.2 Restriction digest

The restriction enzymes were bought from NEB. At least two enzymes
simultaneously digested the vector backbone or the PCR fragments in the cut
smart buffer. For preparative digestion, 1.5 pl of each restriction enzyme and 5 pl
of 10x cut smart buffer were used in a final reaction volume of 50 pl. The reaction
mixture was incubated for at least 3 hours at 37 °C and the enzymes were heat
inactivated whenever required. The amount of DNA, enzymes, reaction volume,

and digestion time were adjusted for analytical digestion.
3.2.3 Agarose gel electrophoresis

Agarose gel electrophoresis was carried out to visualize and extract the undigested
and digested vector backbone or PCR fragments. Based on the DNA fragment
size, 0.8 — 3 % agarose gel was prepared in TAE buffer. Ethidium bromide was
added to the melted agarose gel before solidification, and the gel was cast using a
gel chamber with combs. The DNA fragments were mixed with DNA loading buffer,
loaded into the wells, and separated for 1 hour at 150 V. The DNA fragments were
visualized using a UV table, imaged, and the expected DNA fragment was cut-out

for further use, when required.
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3.2.4 Extraction and purification of DNA fragments

For the purification of the vector backbone or PCR fragments, digested or extracted
DNA fragments from agarose gel, the GeneJET Gel Extraction Kit was utilized
according to the manufacturer’s instructions. The DNA fragments were eluted in
30 — 50 pl ddH20.

3.2.5 Ligation

The digested PCR fragments (inserts) and vector backbone were ligated using 2
ul T4 DNA ligase in a total reaction volume of 20 ul. The insert and plasmid were
used in molar ratio of 3:1 with a 100g vector backbone. A mixture without inserts
was used as religation control. The reaction mixtures were incubated at 16 °C

overnight or 22 °C for 1 hour.
3.2.6 Transformation of competent bacterial cells

Chemically competent E. coli XL1 blue was thawed on ice and 50 pl of the cell
suspension was mixed with 50 ng plasmid or 10 pl of ligation mixture (see section
3.2.5). The bacteria were incubated on ice for 10- 30 minutes followed by heat
shock at 42 °C for 45 seconds. After heat shock, the bacteria were transferred to
the ice for 3 minutes, 0.5 ml LB medium was added and allowed to regenerate for
up to one hour at 37 °C with shaking. The bacteria were pelleted at 900x g for 2
minutes, resuspended in 100 pl LB medium, and streaked onto LB-agar plates with
appropriate antibiotics (depending on the antibiotic resistance present in the
transformed plasmid backbone). The plate was incubated upside down at 37 °C

overnight.
3.2.7 Plasmid isolation from bacteria

For analytical preparation of plasmid (miniprep), a single colony of transformed
bacteria was propagated overnight at 30 °C with shaking (200 rpm) in 3 ml LB
medium with appropriate antibiotics. 1 ml of overnight culture was pelleted at 900x
g for 5 minutes at RT, resuspended in 300 yl LB medium and mixed with 300 pl
miniprep solution 1. The solution was mixed by inverting the tube and incubated
for 5 minutes at RT to lyse the cell. The lysis was stopped by the addition of 300 pl

miniprep solution 2 and the mixture was further incubated for 5 minutes at RT. The
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sample was centrifuged at 14000x g for 5 minutes at RT to remove the bacterial
debris. 800 ul of the supernatant was transferred to a new tube and the plasmid
was precipitated by intense vortexing after adding 600 ul isopropanol. The plasmid
was pelleted by centrifugation at 14000x g for 10 minutes at 4 °C and washed twice
with 1ml ice-cold 70 % ethanol. The plasmid was air-dried and resuspended in 50

Ml of miniprep resuspension buffer.

For preparative plasmid isolation (maxiprep), 1 ml of the overnight bacterial culture
used for miniprep was further cultured overnight in 200 ml LB medium with
antibiotics. The bacterial pellet was harvested by centrifugation at 9000x g for 25
minutes at 4 °C and the plasmid was isolated using PureLink HiPure Plasmid
Maxiprep Kit according to the manufacturer’s protocol. The extracted plasmid was
solubilized in ddH.O, and the concentration was adjusted at 1 mg/ml using
NanoDrop 1000. The sequence of the plasmid was confirmed by Sanger

sequencing.

3.2.8 RNA isolation

Total RNA was extracted using pegGOLD TriFast reagent. Media was removed
from the adherent cells, whereas suspension cells were pelleted before lysis with
1 ml TriFast. The lysed cells were transferred to Eppendorf tubes, triturated 6x with
a 0.6 mm syringe and incubated at RT for 5 minutes. To the lysate, 200 pl
chloroform was added, vortexed intensely for 30 seconds, and centrifuged at
16,000x g for 10 minutes at 4 °C. The upper aqueous phase was transferred into
another tube with 1 yl glycoblue and an equal volume of isopropanol was added.
The resultant mixture was vortexed, incubated at -20 °C for at least 5 minutes, and
centrifuged at 16,000x g for 10 minutes at 4 °C. The RNA pellet was washed twice
with 75 % 1 ml ethanol, air-dried, and dissolved in 30 pul RNase-free ddH>O. The
concentration of the RNA was measured using NanoDrop and the RNA was either

directly utilized for cDNA synthesis or flash frozen and stored at -80 °C.

For the RNA sequencing experiment, RNA was isolated using the miRNeasy Mini

kit according to the manufacturer’s protocol.
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3.2.9 cDNA synthesis

For cDNA synthesis, 1 yl of the isolated RNA was mixed with 4 yl random primers
to a final volume of 20 yl using ddH20. The solution was incubated at 65 °C for 1
minute and transferred to the ice for 2 minutes. To the mixture, 20 yl MLV buffer
(5x), 0.4 ul Ribolock RNase inhibitor, 2.5 yl ANTPs (10 mM), and 2 pl MLV reverse
transcriptase were added, and a final volume of 100 yl was maintained using
ddH20. The resultant mixture was incubated at 23 °C for 10 minutes, followed by
incubation at 37 °C for 50 minutes, and at 70 °C for 15 minutes. Finally, 400 pl of
ddH20 was added to the cDNA solution and stored at -20 °C until used for gPCR

analysis.
3.2.10 Quantitative PCR (qPCR)

The SYBR Green Master mix was combined with 10 uM primer pairs in a ratio of
9:1. 10 pl of the resulting mixture was added to 10 pl of cDNA. The gPCR was
performed in Real-Time PCR System using the following program:

Step Temperature Time Cycles
- . 50 °C 2 min

Initial Denaturation 95 °C 2 min 1x
Denaturation 95 °C 3 sec 40x
Annealing and extension 60 °C 30 sec

95 °C 15 sec

60 °C 1 min
Melt curve 0.3 °C increment to 95 °C Ix

95 °C 15 sec

The relative mRNA expression of a protein of interest was normalized to
housekeeping gene (B2-microglobulin) expression and calculated using Ct (cycle

threshold) values.

3.3 Biochemical methods

3.3.1 Whole cell protein extracts

Depending on the experiment, the cells were lysed using 1 — 1.5x laemmli sample
buffer, RIPA buffer, or IP buffer. The adherent cells were directly lysed in the cell

culture plates and transferred to an Eppendorf tube, whereas suspension cells
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were lysed after pelleting them via centrifugation. For laemmli whole cell extract,
the cells were washed once with cold PBS and lysed using laemmli buffer. The
lysates were incubated with 1 pl benzonase for at least 30 minutes at RT with
constant shaking to reduce the viscosity. The samples were eventually denatured
by heating at 95 °C for 5 min and stored at -20 °C.

For RIPA and IP lysate, the cells were washed twice with cold PBS and lysed with
the corresponding lysis buffer in the presence of protease and phosphatase
inhibitors. The cell lysates were incubated on a rotating wheel for 30 minutes at 4
°C and then centrifuged at 14,000 for 10 minutes at 4 °C to remove the cell debris.
The supernatant was transferred to a new tube and stored at -20 °C (RIPA lysate)

or flash-frozen and stored at -80 °C (IP lysate).
3.3.2 Protein concentration determination

RIPA lysates were pipetted in triplicates (1.5 yl each) in 96 well plate. As standards,
BSA solutions with concentrations of 0, 0.5, 1, 2, 4, 8, and 16 mg/ml were used.
To the lysate and standards, 150 pl of a mixture of BCA solutions A and B in a ratio
of 50:1 was added. The plate was incubated for 15 minutes at 37 °C and the
absorbance was measured at 550 nm using the Multiskan Ascent plate reader or
Tecan Spark Multiplate reader. The protein concentration of the samples was

calculated by comparing the standard curve generated from BSA dilutions.
3.3.3 Polyacrylamide Gel Electrophoresis (PAGE)

Based on the protein concentration of RIPA lysate, 6x laemmli and ddH20 were
added to the lysates to load an equal amount of protein (in the same volume). The
samples were heated at 95 °C for 5 min. The samples were loaded on Bis-Tris
polyacrylamide gel consisting of a 4 % stacking gel and an 8 — 12 % resolving gel.
The electrophoresis was performed in ready-to-use MOPS running buffer at 80 —
100 V. Protein ladder was also loaded in the gel to determine the size and running

behavior of the protein of interest.
3.3.4 Immunoblot

After separating the proteins according to their molecular weight by PAGE, the

Whatman filter paper, methanol-activated PVDF membranes, sponges, and gel
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were briefly incubated in the transfer buffer. Then a sandwich with the order:
sponge, Whatman filter paper, gel, membrane, Whatman filter paper, and sponge
was prepared. The transfer was carried out in a transfer chamber filled with running
buffer at 300 mA for 3.5 hours at 4 °C. After transfer, the membranes were blocked
with blocking solution for 1 hour at RT. Next, the membranes were briefly washed
with TBS-T, cut into pieces for different proteins using the ladder as guide, and
incubated with corresponding primary antibodies overnight at 4 °C. Next day, the
membranes were washed with TBS-T and incubated with HRP-labelled secondary
antibodies for 1 hour at RT. Finally, the membranes were washed with TBS-T and

visualized using chemiluminescent HRP substrate in LAS4000 Mini.
3.3.5 HiBiT assay

The cells stably expressing HiBiT-tagged protein were seeded and treated with
various compounds for desired time points. At the endpoint, the assay was
performed using the HiBiT lytic detection system according to the manufacturer’s
instructions. Luminescence was measured on a GloMax 96 Microplate
Luminometer or Tecan Spark Multiplate reader. DCsg was calculated using lower
concentrations showing sigmoidal behavior with the dose-response (four

parameters) equation in GraphPad Prism.
3.3.6 Luciferase assay

The cells stably or transiently expressing Nanoluciferase fusion proteins were
seeded and treated with rapamycin or vehicle (DMSO) for desired time points.
Afterward, the cells were lysed with Nano-Glo Luciferase Assay Reagent according
to the manufacturer’s protocol, and luminescence was measured on the Tecan

Spark Multiplate reader with an integration time of 1 second.
3.3.7 HA immunoprecipitation

Cells stably expressing HA-tagged protein were washed with cold PBS and lysed
in IP buffer (see section 3.3.1). For immunoprecipitation (IP), the lysate was used
directly after lysis or thawed quickly by placing the frozen vial with lysate in a metal
block if stored at -80 °C. The HA-coupled magnetic beads (20 pl per sample) were
washed with IP buffer and incubated with lysate for 3 hours at 4 °C. Beads were

then washed at least 4 times with IP buffer and eluted in 1x LDS buffer by
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incubating for 30 min at 37 °C with 450 rpm shaking. Finally, the eluate was
transferred to a new tube, DTT was added to the final concentration of 50 mM,
heated at 95 °C for 5 min, and stored at -20 °C.

3.3.8 Cycloheximide assay

Cells were seeded one day before the cycloheximide (CHX) treatment. Then, the
cells were treated with 10 — 50 pyg/ml CHX with or without degrader for various time
points. The cells were harvested in RIPA buffer (see section 3.3.1) and used for
immunoblotting (see section 3.3.4). The intensity of the protein of interest band at
timepoint zero was set as 1. The mean intensity for different timepoints were
plotted as log+o values and half-life (t12) was calculated in GraphPad Prism using

nonlinear regression (curve fit) with a semilog line (x is linear and y is log).
3.3.9 Quantitative SILAC mass spectrometry

MV4-11 cells were grown in light, medium, and heavy labeled media for at least
five doubling or until their labeling efficiency was more than 95 %. The cells were
seeded at a density of 300,000 cells/ml (total 10 ml) in triplicates the day before
treatment. The cells were treated with DMSO (light), JB170 (medium), and alisertib
(heavy) for 6 hours. A total of 3.5 million cells per treatment (per replicate) were
combined in a tube, washed twice with cold PBS supplemented with protease and
phosphatase inhibitors, and lysed with 500 pl 1.5x laemmli sample buffer. To
reduce the viscosity, the lysate was incubated with 25 U benzonase for 20 minutes

at RT, followed by heating samples for 5 minutes at 95 °C.

Sample preparation after lysis and further analysis were performed by the research
group of Andreas Schlosser (Rudolf Virchow Center, Wuerzburg). Briefly, the
protein was precipitated using acetone at -20 °C overnight and washed three times
with acetone. The protein pellet was dissolved in LDS sample buffer, reduced with
50 mM DTT, and alkylated with 120 mM iodoacetamide. The proteins were
separated in NUPAGE Novex 4 — 12% Bis-Tris gels using MOPS buffer and stained
with Simply Blue Safe Stain. Then the gels were washed with ddH20 for 2 hours.
Each gel lane was cut into 15 pieces and destained with 30 % acetonitrile in a 0.1
M ammonium bicarbonate of pH 8. Afterward, the bands were shrunk with 100 %
acetonitrile, dried under vacuum, and digested with 0.1 pg trypsin (per gel band) in

0.1 M ammonium bicarbonate of pH 8 overnight at 37 °C. Peptides were extracted
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from gel slices using 5 % formic acid and pooled together. The peptides were
measured using nanoLC-MS/MS on the Orbitrap Fusion system. The raw MS files
were analyzed with MaxQuant software (Cox & Mann, 2008) and UniProt human
database search was done with Andromeda within MaxQuant. Protein
identification was controlled with a false discovery rate (FDR) of <1 % on both
protein and peptide levels. For SILAC-labeled protein quantification, means were
calculated for logz-transformed medium-to-light (M/L) and heavy-to-medium (H/L)
peptide ratios for each protein. For each experiment, protein ratios were

normalized in intensity bins.
3.3.10 Quantitative tandem mass tag (TMT) mass spectrometry

Four million IMR5 cells were seeded 24 hours before treatment with JB170, JB211,
and alisertib for 6 hours. Four replicates were used for each treatment. Cells were
washed twice with cold PBS and lysed with SDS buffer. The viscosity of the
samples was reduced by sonication (15 cycles, 30 seconds sonication, 30 seconds
pause, 4 °C) followed by heating for 10 minutes at 95 °C and the addition of
trifluoroacetic acid to a final concentration of 1 %. The pH of the samples was
neutralized with 300 mM N-methylmorpholine, and the protein amount was

quantified using the BCA assay.

The proteins were cleaned up to remove the contaminants using the SP3 workflow.
Briefly, per sample, 10 pl each of SeraMag-A and SeraMag-B magnetic beads
were mixed, washed with ddH-O, and added to 50 ug of the sample. The samples
were incubated with 70 % acetonitrile and washed twice with 80 % ethanol. The
beads with samples were reduced and alkylated with 10 mM DTT and 55 mM
chloroacetamide, respectively, in a solution of 8 M urea in 40 mM Tris pH 7.6. The
beads were incubated with 70 % acetonitrile, washed with 80 % ethanol, air-dried,
and kept in 25 mM HEPES pH 8.5. The protein was digested with trypsin overnight
at 37 °C, centrifuged, sonicated, and the supernatant was collected. The peptides
were further released from pelleted beads by the addition of ddH>O and sonication.
The supernatant was collected and combined to the previous supernatant. The
peptide concentration was determined using NanoDrop and 20 ug peptides per
condition were labeled with tandem mass tags 11 (TMT11)-plex (Thermo Fisher
Scientific). Three samples were from the JB211 treatment, and four samples each

from JB170 and alisertib treatments. TMT labeled samples were measured by LC-

65



Methods

MS/MS using Dionex UltiMate 3000 RSLCnano System coupled to an Orbitrap
Fusion Lumos mass spectrometer (Thermo Fisher Scientific). The MS3 files were
analyzed with MaxQuant software (Cox & Mann, 2008) to quantify and identify
proteins and peptides. Andromeda was used to search all canonical protein
sequences in the UniProt reference database. The protein and peptide
identification were regulated by keeping the minimum peptide length to seven and
protein FDR to 1 %. The resultant data were analyzed using the Perseus software
suite (Tyanova et al., 2016) and Microsoft Excel to calculate the p-values and
logoFC between different treatments. Replicate 4 of the JB170 treatment was
detected as a technical outlier and excluded from the analysis. The sample
preparation after lysis and further analysis was performed by Stephanie Heinzimeir

from the group of Prof. Dr. Bernhard Kuster (Technical University of Munich).
3.3.11 Quantitative unlabeled mass spectrometry

Four million MV4-11 cells in 10 ml were seeded the evening before and treated
with AD100, AD122, JW48, JW39, and DMSO for 9 hours. Four replicates were
used per treatment. The cells were lysed, and protein concentration was quantified

as in TMT mass spectrometry (MS) (see section 3.3.10)

The samples were continued with SP3 workflow followed by trypsinization and
release of peptides from beads as in TMT-MS (see section 3.3.10). However, a
total of 200 ug sample was used for unlabeled MS, while 50 ug was used in TMT-
MS. Further, the peptide supernatants were acidified with formic acid (final
concentration 1 %), desalted with solid-phase extraction cartridges, and dried in a
SpeedVac. The sample was reconstituted in 0.1 % formic acid and peptide
concentration was determined using NanoDrop. 50 ug of peptides per sample was
analyzed by LC-MS/MS setup with a Q Exactive HF-X mass spectrometer (Thermo
Fisher Scientific). The protein and peptide identification and quantification were
performed with MaxQuant with minimum peptide length set to seven and protein
FDR to 1 %. Perseus software suite and Microsoft Excel were used for data
analysis and calculating p-values and log2FC between various treatments.
Replicate 1 of the JW39 treatment showed significant differences with other
samples and was not used for the analysis. The sample preparation after lysis and
further analysis was performed by Nicola Berner from the group of Prof. Dr.

Bernhard Kuster (Technical University of Munich).
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3.3.12 Immunoprecipitation mass spectrometry

MV4-11 cells stably expressing HA-tagged Aurora-A and control cells were washed
twice with cold PBS and lysed in MS IP buffer containing protease and
phosphatase inhibitor by homogenization and sonication. The chromatin-bound
proteins were solubilized by incubation with 100 U/ml benzonase at 4 °C for 40
minutes. Next, the soluble protein fraction was immunoprecipitated with 80 pl HA-
coupled magnetic beads at 4 °C for 3 hours with constant mixing. Beads were
washed three times with MS IP buffer supplemented with 0.1 % TritonX-100 and
two times with MS IP buffer. The elution was performed with 100 pl 1x LDS buffer
by incubation at 37 °C for 30 minutes, and the eluted proteins were reduced with
50 mM DTT, followed by heating for 5 minutes at 95 °C.

The eluted proteins were alkylated with 120 mM iodoacetamide, precipitated with
acetone at -20 °C overnight, and washed thrice with acetone. The digestion was
carried out with LysC protease in 0.5 % sodium deoxycholate and trypsin. The
digested peptides were extracted in sodium deoxycholate using 0.5 %
trifluoroacetate and ethyl acetate. The peptides were dried under vacuum and
desalted using three C18 Empore SPE disks (3 M). The peptides were eluted with
0.1% formic acid and 60% acetonitrile, dried under vacuum, and dissolved in 0.1%
formic acid and 2 % acetonitrile. NanoLC-MS/MS on the Orbitrap Fusion system
was used for the measurement of samples. The raw MS files were analyzed with
MaxQuant software and the search for protein sequence was performed against
the UniProt human database with Andromeda. FDR of <1 % was used on protein
and peptide levels to control protein identification. Label-free quantitation (LFQ)
intensities were used for protein quantitation and the p-values were calculated in
the limma package in R using the linear method. The immunoprecipitation was
performed by Julia Hoffstetter from the group of Prof. Dr. EImar Wolf (University of
Wuerzburg) and further sample preparation of eluted HA-immunoprecipitated
material along with analysis was performed by the research group of Andreas

Schlosser (Rudolf Virchow Center, Wuerzburg).
3.3.13 Kinobead selectivity profiling

The kinobead selectivity profiling experiments were performed by Stephanie

Heinzimeir from the group of Prof. Dr. Bernhard Kuster (Technical University of
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Munich). MV4-11 cells were lysed with kinobead buffer supplemented with
protease and phosphatase inhibitors, and the lysate was ultracentrifuged. The
supernatant was diluted with kinobead buffer without NP-40 to a concentration of
5 mg/ml. For selectivity profiling, 2.5 mg protein per pulldown was pre-incubated
with DMSO and an increasing concentration of JB170 and alisertib before
incubating with kinobeads epsilon. The proteins bound to beads were eluted by 2x
LDS sample buffer, reduced by 50 mM DTT, and alkylated by 55 mM
chloroacetamide. The protein was concentrated and desalted by short PAGE

followed by tryptic in-gel digestion.

The digested peptides were measured using a nano HPLC system coupled with
Orbitrap Fusion Lumos mass spectrometer. The peptides and proteins were
identified by searching against the UniProt reference database and quantified
using MaxQuant and Andromeda. To make the identification stringent, protein FDR
of 1 % and the minimum amino acid length of seven were set. For the binding
assay, relative binding was calculated based on the LFQ intensity ratio of every
concentration of JB170 or alisertib to that of DMSO. The binding constant (K4?P)
was calculated from ECso derived from a four-parameter log-logistic regression

using the ‘drc’ package in R and correction factor.
3.3.14 RNA-sequencing (RNA-seq)

RNA was isolated from MV4-11 cells after DMSO, JB170, and alisertib treatment
using miRNeasy Mini kit (see section 3.2.8). The RNA quality was analyzed using
a Fragment analyzer and 1 ug of total RNA was used to isolate mRNA using
NEBNext Poly(A) mRNA magnetic isolation module following the manufacturer’s
instructions. Library preparation was performed using the NEBNext Ultra II
Directional RNA Library Prep Kit for lllumina using the manufacturer’s protocol. The
libraries were amplified with 8 PCR cycles, and library size and concentration were
determined with the Fragment Analyzer High Sense DNA kit. The sequencing was
performed on a NextSeq500 lllumina platform for 75 cycles. The data was analyzed
by Apoorva Baluapuri from the group of Prof. Dr. Elmar Wolf (University of
Wuerzburg).
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3.4 Computational methods

The computational experiments were performed by Mathias Diebold from the group
of Prof. Dr. Christoph Sotriffer (University of Wuerzburg). Briefly, the complex of
Aurora-A with alisertib was prepared using the crystal structure of Aurora-A with
MLN8054 (PDB 2X81) (Sloane et al., 2010) and Aurora-A PDB structure 6R4A (R.
Zhang et al., 2019). The CRBN/lenalidomide complex was obtained from the
crystal structure of CRBN and DDB1 in complex with lenalidomide (Chamberlain
et al., 2014). The Aurora-A/alisertib complex and the CRBN/lenalidomide complex
were used for protein/protein docking within the molecular operating environment
(MOE) ("Molecular Operating Environment (MOE)," 2019). The Aurora-A/alisertib
was used as a ligand, whereas the CRBN/lenalidomide complex was used as a
receptor, with lenalidomide atoms as a binding site. The 100 solutions generated
were checked for the compatibility with the linker used in JB170. Rank 1 and rank
15 were the best two solutions compatible for modification and joining the alisertib
and lenalidomide with the JB170 linker. Finally, the contribution of Aurora-A side
chains for the formation of the ternary complex was determined using molecular
dynamics simulations where Aurora-A and JB170 served as receptor and CRBN

as ligand.
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4 Results

The result chapter is subdivided into three sub-chapters. The first two sub-chapters
detail the targeted protein degradation approach for two Myc-interacting
oncogenes, Aurora-A and WDRS5. The third sub-chapter describes an assay to

predict the E3-ligase that can successfully degrade the target protein.

4.1 Aurora-A degradation

A substantial part of the results shown in this section was published in Adhikari,
Bozilovic et al. (Adhikari et al., 2020). Additional data, which was performed by
others but is required to convey the message, are acknowledged and cited
accordingly. Most of the figures presented in this section are modified or taken from
Adhikari et al., 2020.

4.1.1 Design of Aurora-A PROTACs

For the synthesis of Aurora-A PROTACs, the Aurora-A inhibitor alisertib
(MLN8237) was used as Aurora-A warhead. Alisertib was previously characterized
as a selective and effective Aurora-A inhibitor (Manfredi et al., 2011; Sells et al.,
2015). Since the crystal structure of Aurora-A with structurally similar compound
MLN8054 was reported (Sloane et al., 2010), the design of PROTACs was
straightforward. While bound with Aurora-A, the carboxyl group of MLN8054 was
exposed to solvent, which was an ideal attachment point for the linker (Fig. 4.1a).
Then, the alisertib-coupled linker was either connected to thalidomide to recruit
Cereblon (CRBN) or to VHL-ligand to harness von Hippel-Lindau Tumor
Suppressor (VHL). Altogether, five PROTACs with thalidomide (JB158, JB159,
JB169, JB170, and JB171) and two PROTACs with VHL-ligand (JB160 and JB161)
were synthesized (Fig. 4.1b). For the synthesis of thalidomide-based PROTACs,
polyethylene glycol (PEG) and aliphatic linkers were used, whereas for VHL-based
degraders only PEG linkers were used. All the PROTACs were synthesized by
Jelena Bozilovic, from the group of Prof. Dr. Stefan Knapp, Goethe-Universitat
Frankfurt.

70



Results

Target engagement assay and thermal shift assay were performed to validate the
binding of the degraders to Aurora-A. Both assays showed that all the degraders
bind to Aurora-A but with different affinities (Adhikari et al., 2020).

HN
Alisertib D
o} 0

JB160 JB161

Figure 4.1: Design and structure of Aurora-A PROTACs.

(a) Crystal structure of Aurora-A and structure of alisertib. The structure of Aurora-A
with MLN8054 (PDB: 2X81) showing its free carboxyl group exposed to the solvent
(highlighted by an arrow). This carboxyl group of alisertib (highlighted by an arrow) was
used to attach the linkers. (b) Structure of Aurora-A PROTACS. Five degraders (JB158,
JB159, JB169, JB170, and JB171) were cereblon-recruiting and two degraders (JB160
and JB161) were VHL-recruiting. The compounds were synthesized by Jelena
Bozilovic.

The figures were taken and modified from Adhikari et al., 2020.
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4.1.2 Evaluation of Aurora-A PROTACs

4.1.2.1 CRBN-based PROTACs, JB158 and JB170 induced Aurora-A

degradation

4.1.2.1.1 Cereblon-based JB170 and JB158 robustly reduce Aurora-A levels

All synthesized PROTACSs were investigated for their ability to degrade Aurora-A
in cellular systems. For this, the acute myeloid leukemia (AML) cell line, MV4-11
was used. The cells were treated with a single dose of the degraders. After 6 hours,
proteins were harvested from the treated cells and immunoblotting was performed
with antibodies against Aurora-A and Vinculin as a loading control. The upper band
recognized by the Vinculin antibody is a Vinculin splice variant called Meta-vinculin
(Fig. 4.2a). The upper band were detected in some cell lines used in this study like
MV4-11 and HLE. The comparison of the Aurora-A levels to their corresponding
vehicle (dimethyl sulfoxide, DMSO) treated control showed that VHL-based
PROTACSs (in orange) could not reduce the protein level of Aurora-A (Fig. 4.2a, b).
However, all five CRBN-based degraders (in blue) were able to decrease the
steady state levels of Aurora-A. JB158 and JB170 were the most potent PROTACs
and degraded 62% and 69% of Aurora-A, respectively (Fig. 4.2b) as quantified
from four independent experiments. Due to their better degradation efficiency,

these two compounds were further characterized.
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Figure 4.2: Assessment of Aurora-A PROTACs.

(a) Immunoblot of Aurora-A. MV4-11 cells were treated with CRBN-recruiting (blue)
and VHL-recruiting (orange) PROTACs for 6 hours, and the Aurora-A levels were
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quantified against the vehicle-treated controls. JB159 and JB171 were used at 1 uM,
whereas the rest were 0.1uM. Vinculin was used as a loading control (as in all other
immunoblotting experiments in this thesis). (b) The quantification of Aurora-A
degradation by different PROTACs. The bars represent mean + SD from four biological
replicates. One of the replicate is shown in (a).

The figures were taken and modified from Adhikari et al., 2020.

4.1.2.1.2 Both JB170 and JB158 degrade Aurora-A rapidly

Time-course experiments were performed to check the swiftness of the
degradation. For this, the MV4-11 cells were treated with 100 nM JB158 or JB170,
or DMSO, and harvested after various time points. Indeed, immunoblotting
revealed that both PROTACs degraded Aurora-A rapidly. Both degraders reduced
~25% of Aurora-A within 1 hour of treatment and ~65% after 3 hours (Fig. 4.3a, b).
The degradation was persistent for 24 hours with 50% Aurora-A degradation by
both degraders.

a
0 05h 1h 3h 6h 9h 24h Time
kDa + - + - + - + - + - + - JB170
% mmemsmema o === =] < o Aurora-A
130|;=======:=:::|<—aVincuIin
b .
0 05h 1h 3h 6h 9h 24h Time
kDa + - + - 4+ - + - + - + - JB158

T EmmemEms = =@ | < oAuroraA

———— O — — ———————

Figure 4.3: Time-course of JB170 and JB158.

(a, b) Immunoblots of Aurora-A. MV4-11 cells were treated with 0.1 uM (a) JB170 or
(b) JB158 for designated time points, and Aurora-A levels were compared to vehicle-
treated cells by immunoblotting.

The figures were taken and modified from Adhikari et al., 2020.

4.1.2.1.3 Optimal concentration of degradation is between 0.1 to 1 yM

Next, concentration course experiments were performed to determine the
concentration of PROTAC for optimal Aurora-A degradation. MV4-11 cells were
treated with 10 nM, 0.1 pM, 1 pM, and 10 uM concentrations of JB158 or JB170
for 6 hours. Furthermore, as a control, the Aurora-A warhead alisertib was added
at 1 uM. Around 40% degradation of Aurora-A was observed at 10 nM, whereas
degradation of 89% and 75% was observed at 0.1 yuM and 1 pM of JB170,
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respectively (Fig. 4.4a). However, the highest concentration of JB170, 10 uM, did
not induce any degradation. This effect is described as “Hook effect”, where at high
PROTAC concentrations binary complexes (JB170: Aurora-A and JB170: CRBN)
are predominant and prevent ternary complex (Aurora-A: JB170: CRBN) formation
(Douglass et al., 2013; Pettersson & Crews, 2019). Moreover, as expected,
alisertib did not induce protein degradation but even increased Aurora-A levels
(Fig. 4.4a). It can be speculated that alisertib addition might increase Aurora-A
protein stability and this effect has been previously reported (Buchel et al., 2017;
Gustafson et al., 2014). Similar observations were made for JB158 (Fig. 4.4b).
Thus, for all the subsequent cellular experiments, PROTAC concentrations

between 0.1 yM and 1 yM was used.
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Figure 4.4: Concentration-course of JB170 and JB158.

(a, b) Immunoblots of Aurora-A. MV4-11 cells were treated with 1 uM alisertib and
indicated concentrations of (a) JB170 or (b) JB158 for 6 hours, and Aurora-A levels
were compared to vehicle-treated cells by immunoblotting.

The figures were taken and modified from Adhikari et al., 2020.

4.1.2.1.4 HiBiT assay for optimal concentration of JB170

Along with immunoblots, a HiBiT assay was performed to confirm the degradation
efficiency of JB170. HIiBiT assay is a split luciferase assay, in which the 1.3 kDa
HIiBiT peptide makes a functional nanoluciferase (NLuc) when complemented with
the 18kDa subunit of NLuc, LgBiT (Schwinn et al., 2018). So, the C-terminus of
Aurora-A was tagged with HiBiT, and MV4-11 cells were generated stably
expressing this Aurora-A-HiBiT construct. The cells were then treated for 6 hours
with 3-fold serially diluted JB170 with starting concentration of 25 yM. After the
treatment, cells were lysed, complemented with LgBiT, and luminescence was
measured to quantify the Aurora-A levels. Similar to the immunoblot result, the
three highest concentrations of JB170 induced less or no degradation due to the
Hook-effect (Fig. 4.5). The maximum degradation of 63.4% was achieved at 300
nM (DCnax) and the half-maximal degradation was observed at 28 nM (DCso) (Fig.
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4.5). The HIiBIiT assay, thus, reconfirmed an optimal degradation concentration of
JB170 was between 0.1 to 1 uM.
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Figure 4.5: HiBiT assay with JB170.
Aurora-A levels based on luciferase measurements. MV4-11 cells stably expressing
Aurora-A-HiBiT were treated with various concentrations of JB170 for 6 hours, lysed,
and complemented with LgBiT, and luminescence was measured to quantify Aurora-
A levels. DCrax, concentration for maximal degradation; DCso, concentration for half of
the maximal degradation. DCso was calculated with the sigmoidal dose-response (four
parameters) equation using only the lower eight concentrations. The data represent
mean + SD from three replicates.
The figure was taken and modified from Adhikari et al., 2020.

Hence, out of initially tested seven PROTACSs, only the CRBN-recruiting degraders
were successful in Aurora-A degradation. Among those five CRBN-based
degraders, JB170 and JB158 showed strong and fast depletion of Aurora-A at

concentrations between 0.1 and 1 pM.
4.1.2.2 Aurora-A degradation is via ubiquitin-proteasome system

Further experiments were performed to prove that the observed reduction in
Aurora-A levels was via PROTAC-induced ubiquitination and proteasomal

degradation and not by any other mechanisms.

4.1.2.2.1 JB170 and JB158 do not decrease Aurora-A mRNA levels

The first experiment was to inspect the changes in Aurora-A transcripts after
PROTAC treatment. MV4-11 cells were treated with 100 nM JB170, alisertib, or
vehicle for 6 hours and 24 hours. The same cell suspension was used to check

Aurora-A protein level by immunoblot and mRNA level by quantitative PCR
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(gPCR). Even though JB170 decreased the Aurora-A protein level at both time
points (Fig. 4.6a), mRNA levels were not diminished, but rather increased by 25%
and 38% after 6 and 24 hours of JB170 treatment (Fig. 4.6b). On the one hand,
due to this increase in mMRNA level, the actual decrease of Aurora-A protein level
after JB170 treatment might have been underestimated when comparing to vehicle
treatment. On the other hand, alisertib increased both the protein and mRNA levels
after 6- and 24-hours treatment (Fig. 4.6b). The increase in Aurora-A mRNA might
be due to the feedback loop on loss of Aurora-A function. Likewise, JB158-treated
MV4-11 cells showed a similar decrease in Aurora-A protein but not mRNA levels
after 6 hours (Fig. 4.6¢, d). Thus, the observed decrease in Aurora-A protein level
by both degraders was not due to changes in Aurora-A transcription.
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Figure 4.6: Aurora-A transcript levels after JB170 and JB158 treatment.

(a) Aurora-A protein levels in response to JB170. MV4-11 cells were treated with 0.1
UM JB170 or alisertib for 6 and 24 hours. Proteins were isolated and Aurora-A levels
were analyzed by immunoblot. (b) Aurora-A mRNA levels in response to JB170. RNA
was isolated from MV4-11 after treatment with 0.1 uM JB170 or alisertib. Aurora-A
mRNA levels were analyzed by quantitative tPCR. Aurora-A expression levels were
normalized to vehicle-treated cells (DMSO). Bars represent the mean of technical
replicates. (c) Aurora-A protein levels in response to JB158. MV4 -11 cells were treated
for 6 hours with 0.1 uM JB158 or alisertib and Aurora-A levels were analyzed by
immunoblot. (d) Aurora-A mRNA levels in response to JB158. Aurora-A mRNA levels
were analyzed by quantitative rtPCR after 6 hours treatment with 0.1 uM JB158 or
alisertib. Bars represent the mean of technical replicates.

The figures were taken and modified from Adhikari et al., 2020.
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4.1.2.2.2 JB170 diminishes Aurora-A protein stability

Since both PROTACSs behaved similar so far, further characterization was done for
JB170 only. To measure the steady-state protein stability, cycloheximide (CHX)
chase assay was performed in the presence and absence of JB170. CHX prevents
protein synthesis by inhibiting the translocation step during protein translation
(Schneider-Poetsch et al., 2010). Thus, this assay helps to determine the
degradation kinetics and half-life of the target protein. MV4-11 cells were treated
with 10 pg/ml CHX in the presence of either vehicle or 1 yM JB170 for different
time points. Then Aurora-A abundance was quantified based on immunoblots.
JB170 treatment reduced the Aurora-A half-life from 3.8 to 1.3 hours (Fig. 4.7a, b),
confirming Aurora-A protein degradation by JB170.
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Figure 4.7: Aurora-A protein stability after JB170 treatment.

(a) Cycloheximide (CHX) chase assay with JB170. MV4-11 cells were incubated with
10 ug/ml CHX for indicated time points in the presence or absence of 1 uM JB170.
Aurora-A protein level was evaluated by immunoblotting. (b) The quantification of
Aurora-A half-life. MV4-11 cells were treated with JB170 for various time-points,
Aurora-A levels were quantified, and half-life (i) was calculated by linear regression.
The data represent mean + SEM from three biological replicates. One of the replicate
is shown in (a).

The figures were taken and modified from Adhikari et al., 2020.

4.1.2.2.3 JB170-mediated degradation requires Cereblon and Aurora-A
binding

The binding of the PROTAC to the POI and the E3-ligase is essential for the

functionality of the PROTAC. Blocking this binding should abrogate PROTAC-
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mediated degradation. To test this, MV4-11 cells were treated with 0.1 yM JB170
in the presence of increasing concentrations of POl and E3-ligase warheads,
alisertib and thalidomide, respectively. Co-incubation of the warheads completely
abrogated the JB170-induced Aurora-A degradation (Fig. 4.8a, b). However, the
concentration of the ligands required for complete rescue were different. For
complete abrogation of degradation, 100 nM alisertib was sufficient (Fig. 4.8a),
whereas 20 uM thalidomide was required (Fig. 4.8b). This discrepancy in
concentration was possibly due to the diverse cellular levels of Aurora-A and CRBN

and the different cell permeability of the ligands.
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Figure 4.8: Competition assay of JB170 with Aurora-A and CRBN ligands.

(a, b) Immunoblots of Aurora-A. MV4-11 cells were treated with 0. 1 uM JB170 and
various concentrations of (a) alisertib or (b) thalidomide for 6 hours and compared to
single compound or vehicle-treated cells. +: 1 uM, ++: 10 uM and +++: 20 uM.

The figures were taken and modified from Adhikari et al., 2020.

4.1.2.2.4 Proteasomal and neddylation inhibition blocks JB170-mediated

degradation

To further demonstrate UPS-mediated Aurora-A degradation by JB170, the
inhibitors MG132 and MLN4924 were used. MG132 is a 26S proteasomal inhibitor
(Lee & Goldberg, 1998), and MLN4924 is an inhibitor of the NEDDB8-activating
enzyme (NAE) (Soucy, Smith, Milhollen, et al., 2009). The Cullin-RING ubiquitin
E3-ligases (CRLs) like CRL4°REN are activated only after conjugation of NEDDS,
which is mediated by NAE (Soucy, Smith, & Rolfe, 2009). The co-treatment of MV4-
11 cells with JB170 and 10 yM MG132 or 3 yM MLN4924 suppressed the
4CRBN

degradation of Aurora-A (Fig. 4.9a, b), displaying the dependence on CRL

and the proteasome.
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Figure 4.9: Effect of proteasomal and neddylation inhibition on JB170-mediated
Aurora-A degradation.
(a) Immunoblots of Aurora-A. MV4-11 cells were treated for 6 hours with 0.1 uM JB170
and 10 uM MG132 as indicated. (b) Immunoblots of Aurora-A. MV4-11 cells were

incubated with specified concertation of JB170 and 3 uM MLN4924 for 6 hours.
The figures were taken and modified from Adhikari et al., 2020.

4.1.2.2.5 N-methylated JB170 analog does not degrade Aurora-A

The NH group in the glutarimide ring of thalidomide is vital for its binding to CRBN
and methylation of this residue causes a substantial loss of CRBN binding (Lu et
al., 2015). So, the N-methylated JB170 analog, named JB211, was synthesized
and its efficiency in degrading Aurora-A was assessed (Fig. 4.10a). As expected,
JB211 did not induce Aurora-A degradation in MV4-11 cells after 6 hours of
treatment, while JB170 caused substantial degradation using similar

concentrations (Fig. 4.10b). JB211 was synthesized by Jelena Bozilovic.
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Figure 4.10: N-methylated JB170 analog does not degrade Aurora-A.

(a) Structure of N-methylated JB170 analog, JB211. The methyl group in the
glutarimide ring of thalidomide is highlighted by a red line. (b) Immunoblot of Aurora-
A. MV4-11 cells were treated with indicated concentrations of JB170 or JB211 for 6
hours and compared to vehicle-treated cells.

The figures were taken and modified from Adhikari et al., 2020.

These experiments proved the functionality of the PROTAC JB170 in the leukemia
cell line MV4-11. To validate its effectiveness in other cell lines as well, JB170 was
used in neuroblastoma (IMR5 and NGP), osteosarcoma (U20S), hepatocellular
carcinoma (HLE), breast cancer (MCF7), colorectal carcinoma (LS174T), lung
carcinoma (NCI-H1299), and cervical cancer (HeLa) cell lines. Like in MV4-11

cells, JB170 rapidly reduced Aurora-A levels in all these cancer cell lines (Fig.
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4.11a-h). This revealed that JB170 is potent across various cancer entities, and

JB170-mediated Aurora-A degradation was not cell-line dependent.
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Figure 4.11: JB170-mediated Aurora-A degradation in various cancer cell lines.
(a-h) Immunoblots of Aurora-A. (a) IMRS, (b) NGP, (c) U20S, (d) HLE, (e) MCF?7, (f)
LS174T, (g) NCI-H1299, and (h) HelLa cells were incubated with the specified
concentration of JB170 for 6 hours and compared to control cells (0 uM).

The figure panels (c) and (d) were taken and modified from Adhikari et al., 2020.

In summary, all the experiments undoubtedly demonstrated that upon JB170

treatment the Aurora-A protein level decreases via the PROTAC mode of action.

4.1.3 Aurora-A PROTAC JB170 is highly specific

Immunoblots showed JB170 degraded Aurora-A in various cell lines. However, the

ability of JB170 to bind and degrade Aurora-A from a plethora of cellular proteins

was not possible to assess using immunoblots. So, the binding and degradation
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potential of JB170 were characterized on a large-scale using Kinobead selectivity

profiling and quantitative proteomics.
4.1.3.1 Kinobead assay shows JB170 is more specific than its warhead

In order to study the binding characteristics of the Aurora-A warhead, alisertib and
the PROTAC JB170 towards various proteins in the cells, kinobead selectivity
profiling was performed in MV4-11 cells. The profiling was done by Stephanie
Heinzlmeir from the group of Prof. Dr. Bernhard Kuster, Technical University of
Munich. A kinobead assay utilizes beads containing immobilized ATP-competitive
broad-spectrum kinase inhibitors (Klaeger et al., 2017). The cell lysate was
incubated with increasing concentration of compounds and subsequently
incubated with kinobeads. Depending on the binding affinity of the compound to
the proteins, the proteins were enriched in the kinobeads. The higher the
compound’s affinity, the less protein binds to kinobeads. Finally, the proteins were
pulled-down and analyzed via mass spectrometry and compared to the DMSO
control.

As expected, alisertib bound to Aurora-A with the maximal affinity, Ks*®, of 7 nM
(Fig. 4.12a, b). However, it was also bound by various other ATP-binding proteins
like ACAD10, Aurora-B, ABL2, and AK2 with the affinity (K4®") of 19 nM, 92 nM,
214 nM, and 215 nM, respectively. Similarly, JB170 bound Aurora-A strongest with
99 nM K¢, but also to ACAD10 (Kq*P:253 nM) and Aurora-B (K¢®**:5102 nM)
(Fig. 4.12a, b). The affinity differed between Aurora-A and Aurora-B and was more
pronounced for JB170 than for alisertib. Aurora-A to Aurora-B binding affinity for
JB170 was 52-fold higher, whereas for alisertib was 13-fold. Moreover, JB170 lost
binding to several targets compared to alisertib, possibly due to steric hindrances.
The kinobead selectivity profiling showed that JB170 was more selective and

specific for Aurora-A than alisertib.
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Figure 4.12: Kinobead selectivity profiling with JB170 and alisertib.

(a) Radar plot for JB170 and alisertib. Shown are the kinobead selectivity profiles of
JB170 (blue) and alisertib (green) in MVV4-11 cell lysate. Each spike depicts a protein,
and the spike’s length indicates binding affinity, pKs"" (-log10K4™P). (b) Full dose-
response curves of Aurora-A and -B for JB170 and alisertib. The curve shows the
relative binding of Aurora-A and -B to kinobeads at various concentrations of alisertib
and JB170. KPP was calculated using four-parameter non-linear regression. These
experiments were performed by Stephanie Heinzimeir.

The figures were taken and modified from Adhikari et al., 2020.

4.1.3.2 SILAC mass spectrometry in MV4-11 cells shows JB170 is specific

Proteomics analysis was conducted with MV4-11 cells in a quantitative and
unbiased manner to investigate the selectivity of JB170 towards Aurora-A. Stable
isotope labeling by amino acids in cell culture (SILAC) mass spectrometry
approach was used, which has the advantage of quantitative accuracy and
reproducibility. MVV4-11 cells were cultured in light, medium, and heavy medium
until more than 95% of proteins were labeled with the respective amino acid
isotope. Then, the cells were treated for 6 hours with vehicle (light), 0.1 uM JB170
(medium), and 0.1 uM alisertib (heavy) in triplicate experiments. An equal number
of cells from each condition was combined, lysed, digested with trypsin, and
subsequently analyzed by mass spectrometry. The analysis was performed by
Andreas Schlosser from Rudolf Virchow Center, University of Wuerzburg.

In the analysis more than 4200 proteins were identified in all conditions. In both
comparisons, JB170- vs vehicle-treated and JB170- vs alisertib-treated, only
Aurora-A was downregulated fulfilling the criteria of p-value < 0.001 and log2FC of
< -1 (Fig. 4.13a). JB170 degraded 73% Aurora-A with a p-value of 1.68x 10°when
compared to alisertib treatment (Fig. 4.13a) and 57% with a p-value of 4.2x 10 in
comparison to vehicle treatment (Adhikari et al., 2020). The changes in abundance

of Aurora-B, another mitotic kinase and member of the Aurora kinase family with
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high structural similarity with Aurora-A, were not statistically significant (Adhikari et
al., 2020). Most importantly, the abundance of none of the alisertib-binding proteins
(in orange) was significantly altered upon JB170 treatment. Unfortunately,
ACAD10, which has a serine/ threonine kinase domain and was bound by JB170
in the kinobead assay, was not detected in the proteomic analysis. To confirm the
observation, the Aurora-B levels were analyzed by immunoblotting after incubating
MV4-11 cells with JB170. As expected, Aurora-B did not decrease after the
treatment (Fig. 4.13b).

The CRBN-warhead thalidomide is an immunomodulatory imide drug (IMiD), which
binds CRBN and alters the substrate specificity of CRBN to degrade neosubstrates
(Ito & Handa, 2016). Therefore, proteomics data were investigated for JB170-
induced changes in CRBN neosubstrates, but no depletion of the identified
neosubstrates could be observed (Fig. 4.13a, in red). For confirmation, MV4-11
cells were treated with different concentrations of JB170, thalidomide, and
pomalidomide (thalidomide analog) and immunoblotted for one of the
neosubstrate, Ikaros (IKZF1) (Kronke et al., 2014; Lu et al., 2014). As anticipated,
thalidomide and its analog degraded IKZF1, whereas JB170 did not affect the
IKZF1 levels (Fig. 4.13c).
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Figure 4.13: JB170 is highly specific for Aurora-A.
(a) Volcano plot displaying alteration in cellular proteome. SILAC-labeled MV4-11 cells
were treated with 0.1 uM JB170 or 0.1 uM alisertib for 6 hours and proteins were
analyzed by mass spectrometry. The x-axis shows the log. fold change of protein
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abundance by JB170 treatment compared to alisertib. Y-axis shows a negative log1o
of the p-value from triplicate experiments. JB170 and alisertib binding proteins are
labeled in orange, and the neosubstrates of CRBN in red. (b) Immunoblots of Aurora-
A and -B. MV4-11 cells were treated with various concentrations of JB170 and alisertib
for 24 hours. (c) Immunoblot of lkaros. MV4-11 cells were treated with specified
concentrations of JB170, alisertib, pomalidomide (Poma.), and thalidomide (Thal.) for
18 hours, and the protein levels were compared to the vehicle-treated cells.

The figures were taken and modified from Adhikari et al., 2020.

4.1.3.3 TMT mass spectrometry in IMRS cells confirms JB170 specificity

The selectivity of JB170 was analyzed in yet another cell line, IMRS5, using a
different quantitative proteomics approach, tandem mass tag (TMT) mass
spectrometry. In TMT proteomics, the samples are labeled separately with isobaric
tags after harvest and all samples are combined before mass spectrometry
analysis. IMRS5 cells were treated with 1 uM JB170, JB211, and alisertib for 6 hours
in quadruplicate experiments. Then, 11plex-TMT was carried out with four samples
of JB170 and alisertib while three samples of JB211. The TMT labeling and
analysis were performed by Stephanie Heinzimeir from the group of Prof. Dr.
Bernhard Kuster, Technical University of Munich.

Similar to the SILAC mass spectrometry, of 6485 identified proteins, JB170 only
decreased Aurora-A significantly with log.FC < -1 and p-value < 0.001, compared
to both alisertib- and JB211-treated conditions (Fig. 4.14a). JB170 degraded 66.3%
(p-value: 3.7x 10°) and 54.5% (p-value: 8.9x 107°) of Aurora-A in comparison to
alisertib and JB211, respectively (Adhikari et al., 2020). Immunoblot of Aurora-B
from IMRS cells reinforced that its protein levels were not reduced upon 1 uM
JB170 treatment for 6 hours (Fig. 4.14b).
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Figure 4.14: TMT proteomics of IMR5 cells after JB170 treatment.
(a) Volcano plot displaying alteration in cellular proteome. IMRS cells were treated with
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1 uM JB170 or alisertib for 6 hours, labeled with tandem mass tags 11 (TMT11)-plex,
and analyzed by mass spectrometry. The x-axis shows the log. fold change of protein
abundance by JB170 treatment compared to alisertib. Y-axis shows a negative log1o
of the p-value from triplicate experiments. JB170 and alisertib binding proteins are
labeled in orange, and the neosubstrates of CRBN are in red. (b) Immunoblots of
Aurora-A and -B. IMRS5 cells were treated with vehicle (DMSQO), 1 uM JB170, and
alisertib for 6 hours.

The figures were taken and modified from Adhikari et al., 2020.

In summary, the kinobead selectivity profiling and both quantitative proteomics

approach collectively demonstrated that JB170 is highly specific to Aurora-A.
4.1.4 Ternary complex formation is supported by cooperativity

Data so far illustrated the potency and selectivity of JB170 towards Aurora-A, even
greater than alisertib, but further experiments were required to elucidate the reason
behind it. What does JB170 make more effective when compared to the other
PROTACs examined in the beginning? We hypothesized that the interaction
between Aurora-A and CRBN is responsible for this selectivity, which was
strengthened by the fact that none of the tested VHL-recruiting PROTACs were
functional. Previous studies have demonstrated that ternary complex formation
(E3-ligase:PROTAC:POI) stabilized by protein-protein interactions (PPIl) shows
positive cooperativity and leads to selective degradation (Brand et al., 2019; Gadd
et al., 2017). To test this hypothesis, modeling studies were performed, and these

observations were subsequently inspected in cellular models.

4.1.4.1 Modeling studies identify amino acids in Aurora-A critical for

ternary complex formation

The modeling studies were executed by Mathias Diebold from the group of Prof.
Dr. Christoph Sotriffer, Institute for Pharmacy and Food Chemistry, University of
Wuerzburg. First, protein-protein docking was performed between Aurora-
Alalisertib and CRBN/lenalidomide complexes. The complexes were prepared
based on crystal structure of Aurora-A in complex with MLN8054 (PDB: 2X87)
(Sloane et al., 2010) and a crystal structure of CRBN in complex with lenalidomide
(PDB: 4TZ4) (Chamberlain et al., 2014). The best-scored complex, Aurora-A-
CRBN complex 1 (ACc1), displayed a considerable interface between Aurora-A
and CRBN (Fig. 4.15a). Moreover, the corresponding linker of JB170 could be
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joined to the alisertib and lenalidomide without significant distortion in ACc1 (Fig.
4.15b). Apart from JB170, only JB158 would fit in ACc1, while other thalidomide-
derived degraders could not fit without major displacement (Adhikari et al., 2020).
This is in line with the finding that these very two PROTACs, JB170 and JB158,
showed strongest degradation of Aurora-A.

To further identify the amino acids crucial for ternary complex formation, molecular
dynamics (MD) simulations were carried out using ACc1 and the second-best
model, in which JB170 could be fitted without major rearrangements. Twelve amino
acids in Aurora-A were determined to contribute to the formation of the ternary
complex using the energy decomposition function (R137, K153, K156, F157, 1158,
R189, P191, K224, E239, S266, A267, and R375).

a

CRBN Aurora-A
Lenalidomide ¢ Alisertib

Figure 4.15: Modeling JB170 into Aurora-A and CRBN complex.

(a) Model of Aurora-A-CRBN complex with JB170. The top-scoring complex, Aurora-
A-CRBN complex 1 (ACc1), from protein-protein docking using Aurora-A/alisertib and
CRBN/lenalidomide. (b) Modeled ACc1 with JB170. Alisertib and lenalidomide were
modified, connected, and minimized to give JB170. Aurora-A, alisertib, CRBN,
lenalidomide, and JB170 are shown in blue, green, purple, aqua, and orange,
respectively. These analyses were performed by Mathias Diebold.

The figures were taken and modified from Adhikari et al., 2020.

4.1.4.2 PPI supports the ternary complex formation

4.1.4.2.1 Aurora-A interface mutants are not degraded by JB170

To confirm the observations made from MD simulation, Aurora-A wild-type (WT)
and a mutant were generated fused to HA-tag and HiBiT-tag. In the mutant Aurora-
A (Imut), all the 12 amino acids of Aurora-A identified to be critical for interacting
with CRBN were mutated. The HA- and HiBiT-tagged Aurora-A WT and Imut were
cloned by Ashwin Narain from the group of Prof. Dr. Elmar Wolf, University of
Wuerzburg. The mutations in Imut were: R137E, K153E, K156E, F157E, I158E,
R189E, P191W, K224E, E239R, S266W, A267W, and R375E. MV4-11 cell lines
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were generated stably expressing the HA- or HiBiT-tagged versions of WT and
Imut Aurora-A. These MV4-11 cells were treated with 1 uM JB170 and alisertib for
6 hours. Immunoblotting proved our hypothesis since no degradation of Imut was
observed upon JB170 treatment (Fig. 4.16a). The HiBiT assay also confirmed this
result. When cells expressing HiBiT-tagged Aurora-A versions were treated with
various concentrations of JB170, no significant degradation of Imut-HiBiT was
detected (Fig. 4.16b).

Finally, pulldown experiments were performed with HA-tagged versions of Aurora-
A in the presence and absence of JB170. The cells were treated with JB170 for 6
hours, and Aurora-A was immunoprecipitated using an HA-tag specific antibody to
investigate co-immunoprecipitation (co-IP) of CRBN. As expected, WT Aurora-A
heavily co-precipitated CRBN in the presence of JB170 (even though the amount

of immunoprecipitated Aurora-A was less), while Imut did not (Fig. 4.16¢).
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Figure 4.16: PPl is necessary for JB170-mediated Aurora-A degradation.

(a) Immunoblot of HA-tagged Aurora-A. MV4-11 cells stably expressing HA-tagged
wild-type (WT) and the interface mutant (Imut) were treated for 6 hours with 1 uM
JB170 or alisertib and expression levels were compared to vehicle-treated cells. Empty
vector transduced cells (Ctr) were used as control. The Imut contained 12 amino acids
mutation (R137E, K153E, K156E, F157E, 1158E, R189E, P191W, K224E, E239R,
S266W, A267W, and R375E). (b) Aurora-A levels based on HiBiT assay. MV4-11 cells
stably expressing HiBiT-tagged Aurora-A"", Aurora-A with one mutation (Aurora-
AP19W) " and Aurora-A interface mutant (Aurora-A™") were treated with various
concentrations of JB170 for 6 hours, lysed, and complemented with LgBiT, and
luminescence was measured to quantify Aurora-A levels. The data represent mean *
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SD from three replicates. (¢) Immunoblots of HA-tagged Aurora-A and CRBN. MV4-
11 cells expressing HA-tagged Aurora-A"" and Aurora-A"™" were treated with 0.5 uM
JB170 for 6 hours. Aurora-A was pulled down using HA-tag, and co-
immunoprecipitated CRBN was analyzed by immunoblotting. (d) Aurora-A levels
based on HiBiT measurements. MV4-11 cells expressing HiBiT-tagged Aurora-A""
and Aurora-AP""" were treated with 1 uM alisertib for 6 hours, lysed, and
complemented with LgBiT, and luminescence was measured to quantify Aurora-A
levels. The data represent mean * SD from three replicates.

The figures were taken and modified from Adhikari et al., 2020.

Additionally, to check the effect of each amino acid in the interface, twelve different
HiBiT-tagged Aurora-A with only a single mutation were cloned. In the HiBiT assay,
one of the twelve single mutations, P191W, annihilated the degradation efficiency
of JB170 towards Aurora-A (Fig. 4.16b), suggesting that the amino acid P191 of
Aurora-A is critical for the PPl with CRBN. To test if the Aurora-A warhead was still
able to bind the P191W mutant, the protein levels were analyzed after 6 hours of
incubation with alisertib by HiBiT assay. As observed for WT Aurora-A, the P191W
Aurora-A levels were increased with alisertib (Fig. 4.16d), implying that the mutant

could still bind to alisertib and, thus, potentially, JB170.

Thus, the modeling as well as cellular studies with mutant Aurora-A highlighted the
importance of the PPI between Aurora-A and CRBN for JB170 efficacy.

4.1.4.2.2 Degrader efficacy correlates with ternary complex formation ability

To investigate a possible correlation between PROTAC efficiency and the ability of
ternary complex formation, the capability of CRBN to co-IP with Aurora-A was
analyzed in the presence of all five thalidomide-based degraders. First, MV4-11
cells expressing HA-tagged Aurora-A were lysed with a mild lysis buffer, IP-buffer.
Second, 0.5 uM of each PROTAC was pre-incubated with cell lysate for 2 hours
before, third, incubation with HA-coupled beads. Finally, the immunoprecipitated
Aurora-A and co-immunoprecipitated CRBN levels were detected by western
blotting. JB170 induced the maximal co-IP of CRBN, closely followed by JB158,
while that for JB159, JB169, and JB171 were less (Fig. 4.17a). The co-IP of CRBN
correlated with the degradation efficiency of these PROTACs (Fig. 4.2a and 4.17a).
Moreover, a small quantity of CRBN co-IP was seen in vehicle-treated conditions,
pointing out that Aurora-A and CRBN might also interact in normal cellular
conditions (Fig. 4.16¢, 17a). So far, Aurora-A was not known to be a natural

substrate of CRBN. However, this interaction gives rise to speculation that either
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Aurora-A is a natural substrate of CRBN or that Aurora-A might have some
scaffolding functions involving CRBN.

Likewise, the ability of VHL-based degraders to form a ternary complex with VHL
was tested using the same pulldown approach as before. MV4-11 cells expressing
HA-tagged Aurora-A were treated with two thalidomide- and two VHL-based
degraders (0.5 uM) for 6 hours and the protein levels were analyzed. As previously
observed, CRBN-recruiting degraders JB170 and JB171 showed co-IP of CRBN,
while VHL co-IP was not observed by VHL-recruiting degraders, JB160 and JB161
(Fig. 4.17Db). Interestingly, with JB211, which cannot bind to CRBN, small amount
of CRBN was co-precipitated, further indicating that Aurora-A and CRBN do
interact under normal conditions (Fig. 4.17b). Weak co-IP of CRBN was similarly
seen for DMSO, JB160, JB160, and JB161 treated conditions (Fig. 4.17b).
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Figure 4.17: Degradation efficiency of PROTACs correlates with ternary complex
formation.

(a) Immunoblots of HA-tagged Aurora-A and CRBN. Lysate of MV4-11 cells expressing
HA-tagged Aurora-A was incubated with 0.5 uM JB158, JB159, JB160, JB170, and
JB171. Aurora-A was precipitated using HA-tag and the co-precipitated CRBN was
evaluated by western blotting. (b) Immunoblots of HA-tagged Aurora-A, CRBN, and
VHL. MV4-11 cells expressing HA-tagged Aurora-A were incubated with 0.5 uM
CRBN-recruiting (JB170, JB171) and VHL-recruiting (JB160, JB161) degraders.
Aurora-A was precipitated using HA-tag, and the co-precipitated CRBN and VHL were
evaluated and compared to the vehicle (DMSO) and JB211 treatment by
immunoblotting.

The figures were taken and modified from Adhikari et al., 2020.
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4.1.4.2.3 JB170-mediated degradation is impaired in Aurora-B swap mutants

The presumption was that, along with ligand affinity, the PPI plays a vital role in
JB170-mediated degradation. The kinase domains of Aurora-A and -B share 71%
sequence homology (Fig. 1.4). However, as shown by mass spectrometry, Aurora-
B levels were unaffected by JB170. To investigate if Aurora-B would be able to
form a PPl with CRBN, like observed for Aurora-A, Aurora-A and -B structures were
superimposed. Many residues of Aurora-A within the CRBN interface were not
conserved in Aurora-B (Adhikari et al., 2020). Moreover, the protein-protein
docking studies showed that the Aurora-B/CRBN complex was less stable than the
Aurora-A/CRBN complex (Adhikari et al., 2020).

The ATP-binding pocket of Aurora-A and -B differs only by three amino acid
residues. Aurora-A residues L215, T217, and R220, are altered in Aurora-B by
R159, E161, and K164 (Dodson et al., 2010). The critical residue, however, is T217
in Aurora-A, which corresponds to negatively charged E161 in Aurora-B (Sloane
et al., 2010). By swapping these amino acids of Aurora-B to those of Aurora-A in
Aurora-B (swap mutant), the active site of Aurora-A can be mimicked in Aurora-B.
The Aurora-B swap mutant likely have a similar affinity to alisertib as Aurora-A and
could be used to further analyze the importance of the PPI to the E3-ligase. So,
two different HA-tagged swap mutants were cloned: Aurora-BE'®?T and Aurora-
BR160L, E162T, K165R (Ayrora-B*®). The cloned Aurora-B here was Isoform 5 (69-69: T
— TR). The cloning was done by Markus Vogt from the group of Prof. Dr. Elmar
Wolf, University of Wuerzburg. MV4-11 cells were generated stably expressing
Aurora-B"T, Aurora-BE'®?T and Aurora-B*®. These cells were treated with 100 nM
and 1 uM JB170 for 6 hours and compared to Aurora-A"" cells. As previously
observed, JB170 robustly degraded Aurora-A"", while Aurora-B"T was not
degraded (Fig. 4.18). Both swap mutants displayed only a slight decrease in
protein level at higher PROTAC concentrations (Fig. 4.18), suggesting that the
binding affinity of the PROTAC-warhead alone does not dictate the efficacy of the
PROTAC.
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Figure 4.18: PROTAC binding alone does not dictate degradation efficiency.
Immunoblots of HA-tagged Aurora-A and different versions of Aurora-B. MV4-11 cells
stably expressing HA-tagged Aurora-A wild-type, Aurora-B wild-type (WT), Aurora-B
with single mutation (E162T) and Aurora-B with triple mutations, R160L, E162T, and
K165R (x3) were treated for 6 hours with indicated concentrations of JB170 and
expression levels were compared to vehicle-treated cells.

The figure was taken and modified from Adhikari et al., 2020.

All the above data showed that CRBN and Aurora-A PPl increased the
cooperativity of JB170-mediated ternary complex and contributed to the selectivity

of JB170.

4.1.5 Cellular effects of Aurora-A degradation

4.1.5.1 JB170 treatment delays S-phase progression of cells

To evaluate the possible cellular effect of JB170-mediated Aurora-A degradation,
cell cycle flow cytometry analysis was conducted. Aurora-A being a mitotic serine-
threonine kinase, its degradation was expected to cause cell cycle arrest in the
G2/M phase. MV4-11 cells were treated with JB170, alisertib, and vehicle for 12
hours. The cells were additionally pulsed with thymidine analog,
Bromodeoxyuridine (BrdU), for the last hour of treatment. BrdU is incorporated into
the newly synthesized DNA of replicating cells during the S-phase of the cell cycle.
Antibodies against BrdU can then be used to detect the incorporation level of BrdU,
thus indicating the cells that are in S-phase. Upon BrdU/propidium iodide (PI) flow
cytometry analysis, alisertib-treated cells showed massive G2/M arrest, whereas
only small fractions of PROTAC-treated cells showed G2/M arrest (Fig. 4.19a, b).
Interestingly, a considerable portion of these cells displayed little to no BrdU
incorporation (cells labeled in green, Fig. 4.19a), suggesting that either those cells
were arrested in S-phase, or their S-phase progression was delayed. The functions
of Aurora-A, potentially non-catalytic, in the S-phase have been reported by
multiple publications (Buchel et al., 2017; Isabelle Roeschert et al., 2021).
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Figure 4.19: JB170 mediated degradation of Aurora-A delays S-phase
progression of cells.

(a) BrdU/PI flow cytometry analysis. MV4-11 cells were treated for 12 hours with 0.5
UM JB170 or 1 uM alisertib and pulsed with BrdU in the last hour. The cells were fixed,
stained with propidium iodide (Pl) and FITC-labelled anti-BrdU antibody, and analyzed
by flow cytometry. (b) Histogram for BrdU incorporation. The quantity of BrdU
incorporated by the cells in the S-phase from (a) is shown.

The figures were taken and modified from Adhikari et al., 2020.

4.1.5.2 GSEA shows no enrichment of the G2/M cell cycle gene set from

the JB170 treatment

Next, an RNA-sequencing experiment was performed to investigate if the cell cycle
effect of Aurora-A inhibition versus degradation correlated in the transcriptome
level. MV4-11 cells were treated with degrader and inhibitor for 18 hours, and
complementary DNA (cDNA) was prepared from the harvested RNA and subjected
to lllumina sequencing. Then, gene set enrichment analyses (GSEA) were
performed by comparing the gene expression of alisertib and JB170 treated
samples to vehicle-treated samples. The gene set for the G2/M cell cycle was
significantly affected by inhibition but not degradation (Fig. 4.20). The analysis was
performed by Apoorva Baluapuri from the group of Prof. Dr. Elmar Wolf, University

of Wuerzburg.
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Figure 4.20: G2/M cell cycle gene set are not enriched with JB170 treatment.
Gene set enrichment analysis. MV4-11 cells were treated with 0.1 uM JB170 or 1 uM
alisertib for 18 hours. The harvested RNA was processed and subjected to lllumina
sequencing. Enrichment plots for the “Fischer G2/M Cell Cycle” gene set for alisertib
and JB170 in comparison to vehicle-treated samples are shown.

The figure was taken and modified from Adhikari et al., 2020.

4.1.5.3 Overexpression of Aurora-A rescues S-phase arrest

To show that the observed S-phase phenotype by JB170 was induced by Aurora-
A degradation, an inducible IMR5 cell line was generated, which could express
mutant Aurora-A (Aurora-A"™'"P) upon the addition of doxycycline. Aurora-A™'"P is
resistant to alisertib inhibition due to its reduced affinity (Sloane et al., 2010). As
observed previously in MV4-11 cells (Fig. 4.19a), almost all IMR5 cells were
arrested in G2/M cell phase after alisertib treatment (Fig. 4.21a). Similarly, no G2/M
arrest but an accumulation of BrdU negative cells was observed upon Aurora-A
degradation by JB170. However, expression of Aurora-A™'"P effectively rescued
the JB170-mediated S-phase defect (Fig. 4.21a, b). Furthermore, the total Aurora-
A protein level after Aurora-A™'"P induction in the presence of JB170 was not less
than the unperturbed condition (Fig. 4.21c). This proved that the S-phase effect
seen by JB170 treatment was mediated by Aurora-A degradation. This observation
was also recapitulated by the ectopic expression of the Aurora-A"T (Adhikari et al.,
2020). Moreover, siRNA-mediated depletion of Aurora-A in IMR5 cells showed a
similar S-phase phenotype to Aurora-A degradation (Adhikari et al., 2020). Thus,

it can be concluded that Aurora-A has a non-catalytic function in S-phase.
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Figure 4.21: Overexpression of Aurora-A rescues S-phase arrest.

(a) BrdU/PI flow cytometry analysis. IMRS5 cells with inducible Aurora-A™""® expression
were treated for 18 hours with 1 uM JB170 or 1 uM alisertib in the presence (Dox) or
absence (EtOH) of doxycycline. The cells were fixed, stained with propidium iodide
(Pl) and FITC-labelled anti-BrdU antibody, and analyzed by flow cytometry. (b)
Histogram of BrdU incorporation. The quantity of BrdU incorporated by the cells in the
S-phase from (a) is shown. (c¢) Immunoblot of Aurora-A. The Aurora-A expression
levels from the cells shown in (a) were analyzed by immunoblotting.

The figures were taken and modified from Adhikari et al., 2020.

4.1.5.4 Degradation of Aurora-A induces apoptosis in cancer cells

4.1.5.4.1 JB170 decreases cell viability of cancer cells

Subsequently, the effect of long-term degradation of Aurora-A in cancer cell lines
was assessed. For this, cell viability of cancer cell lines was measured using the
alamarBlue assay. alamarBlue is a resazurin-based dye that can be reduced to a
fluorescent compound, resorufin (O'Brien et al., 2000). Living cells actively reduce
the resazurin to resorufin; thus, cell viability can be quantified calculating the
amount of resorufin by fluorescence measurement.

MV4-11 cells were treated with JB170 for 24, 48, and 72 hours and cell viability
were measured. In comparison to the vehicle-treated cells, JB170 significantly
decreased cell viability by 6, 33, and 68% after 24, 48, and 72 hours, respectively
(Fig. 4.22a). In the cell viability experiments, JB170 was refreshed daily. Similarly,
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a significant reduction in cell proliferation was observed by crystal violet staining of
IMRS5 after four days of degrader treatment (Fig. 4.22b).
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Figure 4.22: JB170 treatment inhibits cell proliferation.

(a) Cell viability analysis. MV4-11 cells were treated with 1 uM JB170 for 24, 48, and
72 hours, and the cell viability was measured using alamarBlue, and compared to
control cells. The data represent mean + SD from three replicates, and p-values were
calculated from a two-tailed unpaired t-test assuming equal variance. (b) Crystal violet
staining. IMR5 cells were treated with 1 uM JB170 for four days and stained with crystal
violet. Scale bar is 5 mm.

The figures were taken and modified from Adhikari et al., 2020.

4.1.5.4.2 JB170 induces apoptosis in cancer cells

To study whether the changes in cell viability and proliferation by JB170 were due
to apoptosis-mediated cell death, annexin/Pl flow cytometry was performed.
Annexin-V binds to Phosphatidylserine (PS), a marker of apoptosis, and therefore
can be probed to measure apoptosis (Koopman et al., 1994). MV4-11 cells were
treated with JB170 for 24, 48, and 72 hours and the annexin/PIl profile was
compared to control cells. In comparison to control cells (0 h), Aurora-A
degradation increased the cellular apoptosis by 15% (24 h), 31% (48 h), and 46%
(72 h) (Fig. 4.23a).

To confirm that the apoptosis occurred via Aurora-A degradation, the inducible
IMRS5 cell line was used. After 72 hours of treatment, 0.5 yM JB170 accumulated
19% annexin-positive IMR5 cells, whereas it was 41% with 1 yM JB170 (Fig.
4.23b). More importantly, the ectopic expression of Aurora-AT™'"® prevented
apoptosis in the presence of JB170 (Fig. 4.23b). Along this line, CRBN non-binding
analog JB211 did not show any significant changes in apoptosis. Both findings
confirmed that apoptosis by JB170 was solely mediated by Aurora-A degradation.
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This experiment was performed by Jessica Schwarz from the group of Prof. Dr.
Elmar Wolf, University of Wuerzburg.
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Figure 4.23: JB170-mediated degradation of Aurora-A causes apoptosis in cells.
(a) Annexin/PI flow cytometry analysis. MV4-11 cells were treated with 0.5 uM JB170
for indicated time points. The cells were stained with annexin and PI, and the apoptotic
cells were counted. Early apoptosis (annexin*/PI) and late apoptosis (annexin®/PI*).
(b) Annexin/Pl flow cytometry analysis. IMR5 cells with inducible Aurora-A™'"°
expression were treated for 72 hours with different concentrations of JB170 or JB211
in the presence (Dox) or absence (EtOH) of doxycycline. The cells were stained with
annexin and Pl, and the total apoptotic cells were counted. The data represent mean
+ SEM from three replicates, and p-values were calculated from a two-tailed unpaired
t-test assuming equal variance. This experiment was performed by Jessica Schwarz.
The figures were taken and modified from Adhikari et al., 2020.

These experiments indicate that targeting the S-phase function of Aurora-A via
degraders could be an alternative option to targeting mitotic function of Aurora-A

for cancer therapy.
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4.1.6 Aurora-A interacts with a plethora of non-substrates

As described in the above section, JB170-mediated degradation of Aurora-A
disclosed a striking function of Aurora-A in the S-phase. This S-phase phenotype
was not observed by Aurora-A kinase activity inhibition. So, a scaffolding or kinase-
independent function of the protein seemed to be responsible for it. To clarify this,
it was investigated if Aurora-A interacts with proteins other than its substrates.
Therefore, a quantitative mass spectrometry approach was utilized to analyze
Aurora-A interactors. MV4-11 cells transduced with empty vector or expressing
HA-tagged Aurora-A were harvested in lysis buffer. Aurora-A and its native
complexes were isolated using HA-couple magnetic beads. The analysis was
performed by comparing the protein abundance against the empty vector cells. The
strongest enrichment was observed for the bait protein, Aurora-A (Fig. 4.24a). 287
more proteins were co-precipitated along with Aurora-A with enrichment of more
than 8-fold (log2FC>3). Many Aurora-A substrates like TPX2, INCENP, and TACC3
were enriched (Fig. 4.24a) (Kettenbach et al., 2011). Additionally, numerous
proteins were abundantly identified, which were not reported to be substrates of
Aurora-A (Fig. 4.24b). Two such interactors, SH3GL1 and DICER1 were validated
to interact with Aurora-A in a separate immunoprecipitation experiment using
HEK293 cells (Fig. 4.24c). Moreover, DICER1 also interacted with the catalytically
inactive versions of Aurora-A, Aurora-"¥%R and Aurora-AP?"*N, suggesting that the
kinase-independent function of Aurora-A might be conveyed by such interaction
with non-substrate (Fig. 4.24d). Caudron-Herger et al. reported that Aurora-A is
present in complexes mediated by RNA (Caudron-Herger et al., 2019). In the same
direction, along with DICER1, other members of the microRNA processing,
microprocessor complex, like YLPM1 and TARBP2 were identified by mass
spectrometry. The interactomic study and western blot validation were performed
by Julia Hofstetter from the group of Prof. Dr. ElImar Wolf, University of Wuerzburg,
and the mass spectrometry analysis was performed by Andreas Schlosser from

Rudolf Virchow Center, University of Wuerzburg.
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Figure 4.24: Aurora-A interacts with non-substrates.

(a, b) Enrichment plot for Aurora-A complexes. The X-axis shows enrichment (log: fold
change) of proteins from HA-tagged Aurora-A expressing over empty vector (Ctr) cells.
Y-axis shows the logqo intensities of the protein. (a) Aurora-A substrates (Kettenbach
etal., 2011) are labeled in green (b) Novel Aurora-A interacting proteins are labeled in
blue. (c¢) Immunoblots of HA-tagged Aurora-A, SH3GL1, and DICER1. HEK293 cells
were transfected with HA-tagged Aurora-A, immunoprecipitated, and the co-
precipitated SH3GL1 (top) and DICER1 (bottom) were analyzed by immunoblotting.
(d) Immunoblots of HA-tagged Aurora-A and DICER1. HEK293 cells were transfected
with HA-tagged Aurora-A wild-type (WT), and kinase-dead versions (D274N and
K162R), immunoprecipitated using HA-tag and the co-precipitated DICER1 was
analyzed by immunoblotting. These experiments were performed by Julia Hofstetter.
The figures were taken and modified from Adhikari et al., 2020.

All in all, Aurora-A PROTAC JB170 showed robust and selective degradation of
Aurora-A. Furthermore, the degradation uncovered a non-catalytic role of Aurora-

A in the S-phase and eventually induced apoptosis in cancer cells.
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4.2 WDRS5 degradation

Most of the results in this section are from the publication Ddlle, Adhikari et al.
(Dolle et al., 2021). The data obtained by others that are shown in this section are
acknowledged and cited accordingly. Many figures shown in this section are

modified or taken from Doélle et al., 2021.
4.2.1 Design of WDR5 PROTACs

Two series of WDR5 PROTACSs were synthesized adopting two published Win-site
ligands for WDRS.

4.2.1.1 PROTACs based on OICR-9429 modified WDRS5 ligands (AD-

series)

A first series of PROTACs targeting WDR5 was synthesized based on OICR-9429
warhead, AD100 (Grebien et al., 2015). The crystal structure of WDR5 bound to
the OICR-9429 ligand displayed a solvent-exposed carbonyl moiety, which was
utilized to attach the different linkers (Fig. 4.25a, attachment point shown by arrow)
(Grebien et al., 2015). Altogether 15 different degraders were synthesized (Fig.
4.25b). Five PROTACs were synthesized with pomalidomide to recruit CRBN,
whereas ten were synthesized with VHL-ligand to recruit VHL (Fig. 4.25b).
Aliphatic, PEG, and aromatic linkers provided the linker variation (Fig. 4.25b). All
the AD-series degraders were synthesized by Anja Ddlle from the group of Prof.
Dr. Stefan Knapp, Goethe-Universitat Frankfurt. The biophysical evaluations
(differential scanning fluorimetry, DSF; isothermal titration calorimetry, ITC) and
target engagement assays of these compounds showed various binding affinities
towards WDRS (Dolle et al., 2021).
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Figure 4.25: Design and structure of AD-series PROTACs.

(a) Crystal structure of WDR5 and OICR-9429. The structure of WDR5 with OICR-
9429 (PDB: 4QL1) shows a carbonyl group (red-colored sphere) exposed to the
solvent used for the linker attachment (highlighted by an arrow). (b) The structure of
the PROTACs from AD-series. The chemical structure of the ligand (AD100) derived
from OICR-9429 and the PROTACs synthesized using AD100 as warhead. These
PROTACSs were synthesized by Anja Délle.

The figures were taken and modified from Délle et al., 2021.

4.2.1.2 PROTACSs based on pyrroloimidazole derived ligands (JW-series)

The second series of PROTACs used a pyrroloimidazole-based inhibitor reported
by Wang et al. for the synthesis (Wang et al., 2018). The crystal structure of WDR5
with the inhibitor also presented a solvent-exposed carbonyl group, which was
used as an attachment point for the linkers (Fig. 4.26a, attachment point shown by
arrow) (Wang et al., 2018). A total of seven PROTACs were synthesized based on
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the JW39 ligand to harness VHL with various PEG-linkers (Fig. 4.26b). All the JW-
series PROTACs were synthesized by Janik Weckesser from the group of Prof. Dr.
Stefan Knapp, Goethe-Universitat Frankfurt. The degraders displayed different
affinities toward WDRS5 from the DSF assays (Dolle et al., 2021).
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Figure 4.26: Design and structure of JW-series PROTACs.

(a) Crystal structure of WDRS and pyrroloimidazole- based inhibitor. The structure of
WDRS5 with a small molecule published by Wang and colleagues (PDB: 6DAK) shows
a carbonyl group (red-colored sphere) exposed to the solvent used to attach the linker
(highlighted by an arrow). (b) The structure of the PROTACs from JW-series. The
chemical structure of the ligand (JW39) derived from the pyrroloimidazole- based small
molecule and the PROTACs synthesized using JW39 as warhead. These PROTACs
were synthesized by Janik Weckesser.

The figures were taken and modified from Délle et al., 2021.

The AD100 and JW39-based degraders exhibited different linker attachment point
in WDRS5 pocket, thereby increasing the likelihood of successful ternary complex

formation.
4.2.2 PROTAC-induced degradation of WDR5

Next, all the AD- and JW-series PROTACs were tested for their ability to degrade
WDRS5 using HiBiT assay and immunoblotting.

4.2.2.1 AD122 shows best degradation from AD-series

To test the degradation efficiency of the degraders, a HiBiT-tagged WDR5 (WDR5-
HiBiT) expressing cell line was established. Western blot analysis from transduced
MV4-11 cells showed similar expression levels for WDR5-HIiBiT compared to
endogenous WDR5 (Fig. 4.27a). MV4-11WPRSHBIT cells were treated with various
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concentrations of degraders from the AD-series. None of the pomalidomide-based
degraders, nor the PEG-linker containing VHL-based degraders showed
degradation of WDRS5 (Table 4.1). In contrast, several VHL-based degraders with
aliphatic and aromatic linkers resulted in WDRS degradation (Table 4.1, Fig. 4.27b,
c). The Hook-effect was observed at higher concentrations of all effective
degraders (Fig. 4.27b, c). AD122, a butyl linker bearing degrader, was most
effective with Dmax of 58% and DCso value of 53 nM (Table 4.1, Fig. 4.27b). The
HiBiT data was validated by immunoblot of MV4-11WPRSHBIT ce|ls incubated with
increasing concentrations of AD122 for 24 hours (Fig. 4.27d). Furthermore, to
investigate the potency of AD122, MV4-11 cells were treated with a single dose of
various concentrations for 72 hours. Immunoblot revealed that even after 72 hours,
AD122 was able to form a ternary complex and degrade WDRS5 in a concertation-

dependent manner (Fig. 4.27¢).

Table 4.1: HiBiT data of WDRS5 ligand AD100 and its PROTACs after 24 hours
treatment.

PROTAC Linker E3ligase DCso (MM)® DCmax(MM)® Dmax (%)°
AD100 - - no no no
AD123 PEG: CRBN no no no
AD120 PEGs CRBN no no no
AD124 PEGs CRBN no no no
AD125 PEG CRBN no no no
AD131 Aromatic CRBN no no no
AD141 PEG: VHL no no no
AD111 PEG: VHL no no no
AD121 PEG, VHL no no no
AD158 - VHL no no no
AD156 Ethyl VHL 0.625 £+ 0.07 3.3 34+3
AD157 Propyl VHL 0.116 £ 0.01 1.1 40+ 4
AD122 Butyl VHL 0.053 £ 0.01 1.1 58 +3
AD112 Pentyl VHL 0.92 +0.06 =210 40+5
AD110 Hexyl VHL 0.915 +0.31 =10 41+5
AD142 Aromatic VHL N/A 0.12 312

aDCso: half-maximal degradation concentration , calculated with the dose—response
(four parameters) equation; PDCmax: maximal degradation concentration; °Dmax:
maximal degradation; no: no degradation; N/A: not applicable. Table was adapted from
Daélle et al., 2021
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Figure 4.27: PROTAC-induced degradation of WDR5 by AD-series degraders.
(a) Immunoblot of WDR5. MV4-11 cells stably expressing WDRS5 tagged with HiBIiT
fragment (+) and naive MV4-11 cells (-) were analyzed for WDRS5 expression with
immunoblot. (b, c) WDRS5 levels based on HiBiT assay. MV4-11"PREHBT cejls were
treated with different concentration of (b) AD122, (c) AD110, AD112, AD141, AD156,
and AD157 for 24 hours, lysed, and complemented with LgBiT, and luminescence was
measured to quantify WDRS5 levels. The data represent mean + SD from three
replicates. (d, e) Immunoblot of WDRS5. Different concentrations of AD122 were
incubated with (d) MV4-11"PREHBIT cells for 24 hours, (e) MV4-11 cells for 72 hours,
and the protein levels were compared to naive, or vehicle-treated cells. (f)
Quantification of Dmax for WDR5-degraders. MV4-11"PRSHBT celis were treated with
different concentration of degraders with aliphatic linkers for 6 or 24 hours, lysed, and
complemented with LgBiT, and luminescence was measured to quantify WDR5 levels.
The HIBIiT assay data for 24 hours is shown in (b) and (c). Ethyl (AD156), Propyl!
(AD157), Butyl (AD122), Pentyl (AD112), and Hexyl (AD110). The data represent
mean + SD from three replicates.

The figures were taken and modified from Délle et al., 2021.
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4.2.2.2 Linker length is significant for degradation efficiency

Intriguingly, the HIiBiT data unveiled a distinct correlation of linker lengths and
degrader efficacy (Table 4.1, Fig. 4.27b, c). Shortening or elongating the linker
length from butyl significantly decreased the PROTAC's efficacy (Fig. 4.27b, c).
Moreover, AD141, which resembled AD112, but contained PEG1 instead of pentyl
linker, was unable to degrade WDRS5 (Fig. 4.27c). To confirm the discrepancy of
linker length, MV4-11WPRSHIBT cels were treated with degraders consisting of ethyl
(AD156), propyl (AD157), butyl (AD122), pentyl (AD112) and hexyl (AD110) for 6
hours and HiBIiT assay was performed. The comparison of the Dmax oOf these
degraders at 6 hours with the previously analyzed 24 hours showed a similar
tendency of degradation (Fig. 4.27f). These result suggested that the linker length

is crucial for favorable ternary complex formation.

4.2.2.3 Only JW48 shows degradation from JW-series

Similarly, HiBiT assays were performed to analyze the degradability of the JW-
series PROTACs. Only JW48, containing PEG: linker, showed degradation of
WDRS5 (Table 4.2, Fig. 4.28a). JW48 degraded 53% WDRS5-HIBIT after 24 hours
with the DCso of 1.24 uM. As for AD122, the HiBIiT data was validated by
immunoblots from JW48-treated MV4-11WPRSHBT cells (Fig. 4.28b) and for
endogenous WDRS5 after 72 hours of treatment (Fig. 4.28c).

Table 4.2: HiBiT data of WDR5 ligand JW39 and its PROTACs after 24 hours
treatment.

PROTAC Linker E3ligase DCso (MM)® DCmax (MM)® Dmax (%)°
JW39 - - no no no
JW59 PEG; VHL no no no
JW48 PEG: VHL 1.24 £ 0.08 3.3 53 +1
JW60 PEGs VHL no no no
JWe61 PEG4 VHL no no no
JW73 PEGs VHL no no no
JW71 PEGs VHL no no no
JW68 PEG7 VHL no no no

aDCso: half-maximal degradation concentration, calculated with the dose—response
(four parameters) equation; *DCra.x: maximal degradation concentration; °Dmax:
maximal degradation; no: no degradation. Table was adapted from Délle et al., 2021
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Figure 4.28: JW48-mediated degradation of WDRS.

(a) WDR5 levels based on HiBIiT assay. MV4-11"PRSHBT cells were treated with
different concentration of JW48 for 24 hours, lysed, and complemented with LgBiT,
and luminescence was measured to quantify WDRS levels. The data represent mean
+ SD from three replicates. (b, ¢) Immunoblot of WDRS. Indicated concentrations of
JW48 were incubated with (b) MV4-11WPRSHBIT ce|ls for 24 hours, (¢) MV4-11 cells for
72 hours, and the protein levels were compared to DMSO-treated cells.

Figure panel (b) and (c) were taken and modified from Délle et al., 2021.

4.2.2.4 AD122 and JW48 show degradation in various cancer cell lines

The best degraders from both series, AD122 and JW48, were tested across
various cancer cell lines for their ability to degrade WDR5. Both degraders
successfully induced WDR5 degradation in colorectal carcinoma (SW620),
neuroblastoma (IMRS5), hepatocellular carcinoma (HLE), leukemia (HL-60), breast
cancer (MCF7), and lung carcinoma (Sk-Mes-1, NCI-H23, and NCI-H1299) cell
lines (Fig. 4.29a-h).
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Figure 4.29: AD122- and JW48-mediated WDRS5 degradation in various cancer
cell lines.

(a-h) Immunoblots of WDRS5. (a) SW620, (b) IMRS, (c) HLE, (d) HL-60, (e) MCF7, (f)
NCI-H23, (g) NCI-H1299, and (h) Sk-Mes-1 cells were incubated with the specified
concentration of AD122 and JW48 and compared to control cells (0 uM). All cells were
treated for 24 hours except Sk-Mes-1 which were treated for 48 hours.

Part of figure panel (d) was taken and modified from Délle et al., 2021.

4.2.3 WDRS5 degradation is via the PROTAC mechanism

As for Aurora-A degraders, further experiments were conducted to verify the
degradation mechanism via induced proximity between WDRS and VHL and
subsequent degradation by UPS.

4.2.3.1 WDR5 mRNA levels do not change upon PROTAC treatment

First, MV4-11 cells were treated with AD122 and JW48, along with their WDR5-
ligands, for 24 hours. Even though WDRS5 protein levels diminished in immunoblots
(Fig. 4.30a), WDR5 transcripts levels did not differ in quantitative PCR analysis
(Fig. 4.30b). Thus, a decrease in WDRS5 protein level resulting from a

transcriptional effect could be ruled out.
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Figure 4.30: WDR5 transcript levels after degrader treatment.

(a) WDRS protein levels in response to WDR5 degraders. MV4-11 cells were treated
with 1 uM AD100, 1 uM AD122, 3 uM JW39 and 3 uM JW48 for 24 hours. WDR5
protein levels were analyzed by immunoblot. (a) WDR5 mRNA levels in response to
WDRS5 degraders. MV4-11 cells were treated as in (a) and WDRS5 transcript levels
were analyzed by quantitative tPCR. WDR5 expression levels were normalized to
vehicle-treated cells (DMSQ). Bars represent the mean of technical replicates.

The figures were taken and modified from Délle et al., 2021.

4.2.3.2 WDRS5 protein stability is decreased by both degraders

Next, the impact of AD122 and JW48 on the stability of WDR5 protein was
analyzed using cycloheximide chase assay. MV4-11 cells were treated with
cycloheximide in the presence or absence of PROTACs for 1, 2, 6, and 12 hours
and WDR5 levels were analyzed by immunoblots. Both AD122 and JWA48
demonstrated a decrease in protein stability compared to vehicle-treated control
cells (Fig. 4.31a, b). The effect was stronger for AD122 than for JW48.

a CHX + DMSO CHX + AD122 b CHX + DMSO CHX + Jw48
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Figure 4.31: WDRS5 protein stability after WDR5 degrader treatment.
(a, b) Cycloheximide (CHX) chase assay with WDRS5 degraders. MV4-11 cells were
incubated with 50 ug/ml CHX for indicated time points in the presence or absence of
(a) 1TuM AD122, (b) 3 uM JW48. WDRS5 protein level was evaluated by immunoblotting.
The data represent mean + SD from two biological replicates.
The figures were taken and modified from Délle et al., 2021.
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4.2.3.3 PROTAC-mediated degradation is prevented by proteasomal and

neddylation inhibition

Inhibition experiments were performed to assess the connection of WDR5 level
decrease with UPS. Two inhibitors of the UPS system, MG132 (proteasomal
inhibitor) and MLN4924 (NAE inhibitor), were used. MV4-11 cells were treated with
AD122 and JW48 in combination with the inhibitors or alone. Upon comparison of
the WDRS5 levels to the DMSO-treated cells, AD122- and JW48-mediated depletion
of WDR5 was completely abrogated by both inhibitors (Fig. 4.32a, b).

a b
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Figure 4.32: Effect of proteasomal and neddylation inhibition on degrader-
mediated WDRS degradation.

(a, b) Immunoblots of WDR5. MV4-11 cells were incubated with 5 uM MLN4924, 10
UM MG 132 or in combination with (d) 1 uM AD122, (e) 3 uM JW48 for 6 hours.

The figure panel (b) was taken and modified from Délle et al., 2021.

4.2.3.4 WDR5 ligand co-incubation abrogates the degradation by

PROTAC

A competition assay was performed to prove that WDRS5 binding was necessary
for degrader-induced proximity between WDR5 and VHL. MV4-11 cells were
treated with the WDR5 ligands (AD100 and JW39), VHL-ligand, degraders alone
and degraders in the presence of their corresponding ligands. As expected,
degraders decreased WDR5 levels, whereas neither of the WDRS5- and VHL-
ligands did (Fig. 4.33a, b). More importantly, co-incubation of degraders with their
WDRS5-ligands successfully rescued WDR5 degradation by competing for WDRS
binding (Fig. 4.33a, b).
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Figure 4.33: Competition assay of WDR5 degraders with their WDR5 ligands.

(a, b) Immunoblots of WDR5. MV4-11 cells were treated for 6 hours with 10 uM VHL-
ligand or (a) 1 uM AD122 and 5 uM AD100, (b) 3 uM JW48 and 10 uM JW39 and
compared to single compound or vehicle-treated cells.

The figure panel (a) was taken and modified from Délle et al., 2021.

4.2.3.5 Enantiomer analog of WDR5-PROTACSs do not degrade WDR5

To demonstrate that VHL-binding is crucial for the degradation, AD122 and JW48
analogs were synthesized with an enantiomer of the VHL ligand, which abolishes
binding to VHL, AD153 (AD122 analog) and JW89 (JW48 analog) (Fig. 4.34a, b).
The analogs were synthesized by Anja Doélle and Janik Weckesser. To test the

{WDRS-HBIT co|ls were treated with the

efficiency of these compounds, MV4-1
degraders, their analogs, and their WDRS ligands for 24 hours. The degraders
induced degradation of WDRS5, whereas the inactive analogs and ligands could not
degrade WDRS5 (Fig. 4.34c, d). Incubation of cells with AD100, however, massively
increased WDR5-HIBIT levels, which might be due to increased stability of the

protein bound by the ligand (Fig. 4.34c).

From these experiments, it can be concluded that the WDR5 PROTACs AD122
and JW48 mediate WDR5 ubiquitination and eventual degradation by inducing
ternary complex formation with VHL.
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Figure 4.34: Enantiomer analogs of WDR5 PROTACSs do not degrade WDRS5.

(a, b) Structure of enantiomer analogs of WDRS5 degraders. The inactive epimer analog
of (a) AD122, AD153 and (b) JW48, JW89 resembles corresponding degrader but
cannot bind VHL. (c, d) WDRS5 levels based on HiBIiT assay. MV4-11"PRSHBT cejls
were treated with different concentration of (c) AD122, AD153 and AD100, (d) JW48,
JW89, and JW39, for 24 hours, lysed, and complemented with LgBiT, and
luminescence was measured to quantify WDRS5 levels. The data represent mean £+ SD
from three replicates.

The figures were taken and modified from Délle et al., 2021.

4.2.4 Both AD122 and JW48 are specific to WDR5

To investigate the selectivity of the PROTACs, quantitative proteomics were
performed in MV4-11 cells. MV4-11 cells were treated at least in triplicates with
DMSO, AD122, JW48, AD100, and JW39 for 9 hours. After treatment, the cells
were lysed and the degradation of WDR5 by the degraders were initially validated
by immunoblotting (Fig. 4.35a). Then the cell lysate was subjected to label-free
quantitative mass spectrometry analysis. The analysis was performed by Nicola
Berner from the group of Prof. Dr. Bernhard Kuster, Technical University of Munich.
Of the 5805 proteins reliably detected, only WDRS5 was significantly downregulated
(p-value <0.001 and log2FC < -0.5) by both AD122 and JW48 in comparison to
DMSO (Fig. 4.35b, c), illustrating that both PROTACSs are specific for WDRS. The
WDRS degradation was significant but modest after 9 hours as compared to JB170
for Aurora-A degradation after 6 hours. AD122 degraded 38.2% WDRS5 with a p-
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value of 9.39x 10 when compared to DMSO treatment, while JW48 degraded
mere 32.1% WDR5 with a p-value of 6.04x 10*. The degradation efficiency
obtained from proteomics was lesser than from the western blot validation where
50% degradation of WDR5 by both degraders were observed (Fig. 35a-c).
Furthermore, the abundance of other subunits of SET1/MLL complex (KMT2A,
KTM2B, KTM2C, KTM2D, SETD1A, RBBP5, ASH2L, and DPY30) were not
decreased by both degraders (Fig. 35b, c, labeled in orange). In contrast, WDR5
levels were not significantly altered by the ligands AD100 and JW39 (Fig. 4.35d,
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Figure 4.35: AD122 and JW48 are selective to WDRS.

(a) Immunoblot of WDR5. MV4-11 cells were treated with 1 uM AD122, 5 uM JW48, 1
UM AD100, and 5 uM JW39 for 9 hours, and WDRS protein levels were analyzed by
immunoblotting. R1 and R2 are two replicates. (b-e) Volcano plots showing alteration
in cellular proteome. MV4-11 cells were treated with (a) 1 uM AD122, (b) 5 uM JW48,
(c) 1 uM AD100, and (d) 5 uM JW39 for 9 hours, and proteins were analyzed by
quantitative mass spectrometry. The x-axis shows the log, fold change of protein
abundance by corresponding treatment compared to DMSO. Y-axis shows a negative
log1o of the p-value from replicate experiments (triplicates for AD122 and JW39, and
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quadruplicates for DMSO, AD100 and JW48). WDR5 and other SET1/MLL complex
core subunits (KMT2A, KTM2B, KTM2C, KTM2D, SETD1A, RBBP5, ASH2L, and
DPY30) are labeled in blue and orange, respectively. Imnmunoblot of WDR5 from two
replicates are shown in (a).

The figures were taken and modified from Délle et al., 2021.

4.2.5 Degradation of WDR5 with JW48 shows modest proliferation

defect

The antiproliferative activity of AD122 and JW48 was tested in different cancer cell
lines. MV4-11 cells were treated with different concentrations of AD122, AD153,
AD100, JW48, JW89, and JW39 for 15 days. The cells were counted every third
day and re-seeded to the original density in fresh media with compounds to prevent
overgrowth. The cumulative growth curve showed no proliferation defect by
AD122, whereas JW48 induced a defect at higher concentration (Fig. 36a, b). The
control AD153 did not show any antiproliferative effect in MV4-11 cells. However,
the ligand AD100 was very toxic to cells at higher concentrations (Fig. 36a), but
the size of AD100 is considerably smaller and more cell-permeable than AD122.
Moreover, off-target effects of AD100 had not been ruled out by any experiments
so far. Due to the observed toxicity of AD100, it was omitted for further long-term
experiments.

Similarly, HL-60 cells were treated for nine days with different concentrations of
AD122, AD153, JW48, JW89, and JW39. Like in MV4-11 cells, exclusively higher
concentration of JW48 decreased the proliferation of HL-60 cells (Fig. 36c, d).
Likewise, in Sk-Mes-1 lung carcinoma cells crystal violet staining after eight days
of treatment revealed that 10 yM JW48 had a strong antiproliferative activity,
whereas AD122 did not show any effect (Fig. 36e, f).

It can be speculated from the results that only the high concentration of JW48
maintains durable and adequate WDRS degradation required to inhibit cellular
growth. So, a more substantial depletion of WDR5 might be required to see

assertive antiproliferative defects by the PROTACs.
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Figure 4.36: JW48-mediated degradation of WDR5 shows proliferation defect.
(a, b) Growth analysis in MV4-11 cells. MV4-11 cells were treated with indicated
concentrations of (a) AD122, AD153 and AD100, (b) JW48, JW89 and JW39 for 15
days and counted at different time points. The cells were reseeded to original density
every third day in fresh media with compounds to prevent overgrowth. Data represent
mean + SD of two biological replicates. Asterisks indicate p-value calculated from the
156th day cumulative cell number using two-tailed unpaired t-test assuming equal
variance against DMSO treatment. * p < 0.05. (¢, d) Growth analysis in HL-60 cells.
HL-60 cells were treated with various concentrations of (c) AD122 and AD153, (d)
JWA48, JW89 and JW39 for 9 days and counted at indicated time points. Cumulative
growth curve was generated as in (a, b). Data represent mean + SD of two biological
replicates. (e, f) Crystal violet staining of Sk-Mes-1 cells. Sk-Mes-1 cells were treated
with specified concentrations of (e) AD122 and AD153, (f) JW48, JW89 and JW39 for
eight days and stained with crystal violet. Scale bar is 10 mm.

Asterisks indicate p-value calculated from the final day cumulative cell number using
two-tailed unpaired t-test assuming equal variance against DMSO treatment.* p < 0.05.
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The figure panel (b) was taken and modified from Délle et al., 2021.

4.2.6 Overexpression of E3-ligase increases efficacy of PROTACs

The amount of all three components of the ternary complex, WDR5, degrader, and
VHL are essential for the functionality of the degrader. The effect of various
amounts of degrader was already assessed. In quest of improving the degradation
of WDR5, it was postulated that VHL expression might be the limiting factor for the
PROTACSs efficiency.

4.2.6.1 VHL overexpression shows superior degradation of WDR5

To test this hypothesis, VHL was stably expressed in MV4-11WDRSHBIT ¢g|is (MV4-
11WDRS-HIBITVHL)Y and the degradation efficiency of AD122 and JW48 were evaluated
(Fig. 4.37a). Indeed, HiBiT assay after 24 hours of treatment showed that VHL
overexpression strongly increased the degradation of WDRS-HIBIT by both
degraders (Fig. 4.37b). For AD122, Dmax increased from 59.5% to 74.7% and DCso
decreased from 45 nM to 5.9 nM. Similarly, for JW48, Dmax increased from 51.3%
to 77.8% and DCso decreased from 1.01 yM to 0.155 pM. The result was validated
by immunoblot of MV4-11WDRS-HIBITVHL gndg My/4-11WDRSHIBIT celis (Fig. 4.37¢).
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Figure 4.37: VHL overexpression increases degradation efficiency.
(a) Immunoblot of WDRS5 and VHL. HA-tagged VHL was stably expressed in MV4-11
and MV4-11"BT-WORS celjs. + Overexpressed HA-VHL; 11 endogenous VHL. (b) WDR5
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levels based on HiBIiT assay. MV4-11"PREHBIT celis (Ctr) and MV4-11HBT-WORSVHL ceg
(VHL) were treated with different concentrations of AD122 and JWA48, for 24 hours,
lysed, and complemented with LgBiT, and luminescence was measured to quantify
WDRS5 levels. The data represent mean + SD from three replicates. (c) Immunoblot of
WDRS5 and VHL. Indicated concentrations of AD122 and JW48 were incubated with
MV4-11HBT-WORS cefls (Ctr) and MV4-11H1BT-WORSVHL calls (VHL) and protein levels were
analyzed. 1 Overexpressed HA-VHL; 11 endogenous VHL.

The figure panels (a), (b) and part of figure panel (c) were taken and modified from
Délle et al., 2021.

4.2.6.2 JW48 shows stronger growth inhibition after VHL overexpression

To further test the effect of VHL overexpression on PROTACs efficiency, MV4-11
cells were transduced with VHL (MV4-11VHL) (Fig. 4.37a). VHL overexpression and
its effect on degradation of WDR5 were verified by immunoblotting (Fig. 4.38a).
Furthermore, in cumulative growth curve the proliferation defect induced by JW48
was more pronounced upon VHL overexpression (Fig. 4.38b) and occurred with
lower concentration of JW48 (5 uM) not observed without VHL overexpression
before (Fig. 4.36a). Importantly, none of the controls for JW48 showed any effect
(Fig. 4.38b). Surprisingly, AD122 did not show any antiproliferative activity in MV4-
11VHL cells (Fig. 4.38c).

Similarly, VHL was ectopically expressed in HL-60 cells (HL-60V"") and analyzed
for growth inhibition by AD122 and JW48. Like in MV4-11V"t cells, the higher
concentration of JW48 showed a stronger effect than without VHL overexpression
and even lower concertation showed an antiproliferative effect (Fig. 4.38d).
Remarkably, both concentrations of AD122 showed growth inhibition in HL-60VH:
cells but did not reach statistical significance (Fig. 4.38e). Lower n number (n=2)
might be the reason for statistical insignificance. All controls did not show any

effect.
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Figure 4.38: VHL overexpression increases the potency of degraders

(a) Immunoblot of WDR5 and VHL. Indicated concentrations of AD122 and JW48 were
incubated with MV4-11 cells (Ctr) and MV4-11"" cells (VHL). + Overexpressed HA-
VHL; 11 endogenous VHL. (b, ¢) Growth analysis in MV4-11""" cells. MV4-11V"" cells
were treated with indicated concentrations of (b) JW48, JW89 and JW39, (c) AD122,
AD153 and AD100, for 15 days and counted at different time points. Data represent
mean * SD of two biological replicates. (d, e) Growth analysis in HL-60"""" cells. HL-
60" cells were treated with various concentrations of (g) JW48, JW89 and JW39, (h)
AD122 and AD153, for 9 days and counted at indicated time points. Data represent
mean + SD of two biological replicates.

Asterisks indicate p-value calculated from the final day cumulative cell number using
two-tailed unpaired t-test assuming equal variance against DMSO treatment.* p < 0.05.
The figure panels (b) and part of figure panel (a) were taken and modified from Délle
etal., 2021.

In summary, degraders from both series showed incomplete but significant and
selective degradation of WDRS5 without affecting any other component of the
MLL1/SET1 complex. Due to incomplete degradation, the cellular effects of these
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degraders were also modest. However, the effects could be excelled by enhancing
degrader-induced degradation of WDRS through the overexpression of the
involved E3-ligase, in this case VHL. Moreover, no degradation was observed by
CRBN-based degraders and the linker length was crucial for degradation efficiency
of VHL-based degraders.

4.3 Assay for prediction of degradative E3-ligase for a target

protein

4.3.1 Assay setup

For predicting which E3-ligases that can successfully degrade a target protein a
proximity-based assay was established. The assay constitutes of a rapamycin-
based heterodimerization system. The heterodimerizer, rapamycin, binds to the
12-kDa FK506 binding protein (FKBP12) and the FKBP-rapamycin binding domain
(FRB) of mMTOR complex 1 which results in chemically induced proximity (Inobe &
Nukina, 2016). Compared to proteins of other heterodimerization systems,
FKBP12 and FRB are relatively smaller in size with 12 kDa and 11 kDa,
respectively. For the rapamycin-induced proximity assay (RIP assay), the target
proteins are tagged with FKBP12, whereas E3-ligase candidates are tagged with
the FRB domain (Fig. 4.39). Then, the pair of a target protein and E3-ligase fusion
constructs are co-expressed in the cells. After the addition of rapamycin, the
proximity between E3 and the target protein is induced, leading to the potential
degradation of the target (Fig. 4.39). Finally, the target protein levels are measured
by immunoblot (Fig. 4.39). For using a luciferase-based assay, nanoluciferase
(NLuc) is added to the target protein to perform quantitative and kinetic

measurements of its protein levels.

Target E3 ligase E3 ligase Target
Readout
NLue Rapamycin NLuc y» Luciferase activity
> or
B> D> Immunoblotting
FKBP12 FRB FRB FKBP12

Figure 4.39: RIP assay.
Schematic representation of the rapamycin-induced proximity (RIP) assay. The E3-
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ligase and target proteins are tagged with FKBP12 and FRB, respectively, and after
rapamycin addition, the target protein levels are analyzed by immunoblotting or by
measuring luciferase activity.

4.3.2 Assay development

For RIP assay development, WDR5 and VHL were used as an example, since
successful degradation of WDRS5 by VHL-based degraders was shown in this study
(see section 4.2.2). VHL was N- and C-terminally tagged with FRB and WDRS5 with
FKBP12 and NLuc (WDR5-NLuc-FKBP12 and NLuc-WDR5-FKBP12). A flexible
linker (2x GSSG) was added in between the tags and proteins in all constructs to
prevent rigidity. As controls, an FRB construct without VHL and a NLuc tagged
FKBP12 construct without WDR5 were also generated. These constructs were
cloned within the bachelor thesis of Isabella Kurrer (2021, group of Prof. Dr. ElImar
Wolf, University of Wuerzburg), under my supervision.

First, several MV4-11 cell lines expressing the combination of the FRB- and
FKBP12-based constructs were generated. The expression of the fusion
constructs was verified by immunoblotting (Fig. 4.40a, b). Second, the generated
cell lines were incubated for six hours with rapamycin. Luminescence
measurement showed that rapamycin treatment decreased a mere 10% of WDR5
protein level in the presence of FRB-tagged VHL when compared to FRB (Fig.
4.40c). The result was validated by immunoblots for cells expressing WDRS5 fusion
proteins (Fig. 4.40d). Noteworthy, the NLuc-FKBP12 expression was in some
conditions increased by rapamycin treatment as analyzed by luciferase activity
measurement (Fig. 4.40c). This could not be verified by western blot due to lack of
a proper antibody. Stable cell line generation and the follow-up experiments were
performed within the bachelor thesis of Isabella Kurrer.

It could be speculated that the inefficiency of the assay might be a result of
differences in the expression levels of the chimeric proteins. As revealed in this
study higher expression of the involved E3-ligase increased the degradation
efficacy of PROTACs (see section 4.2.6). Moreover, from immunoblots it became
obvious that the expression level of WDR5 fusion proteins was extremely high
compared to endogenous WDR5 levels (Fig. 4.40a). To test this hypothesis, a
transfection-based system was utilized where expression level of protein could be
tuned easily. Moreover, transfection-based system is faster and more scalable for

screening approaches than a stable cell line-based assay. Therefore, HEK293
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cells were transfected with WDR5-NLuc-FKBP12 along with VHL-FRB or FRB
plasmids in the ratio of 1:1 and 1:10 (FKBP12: FRB) and were treated with
rapamycin or DMSO for 6 hours. Both luciferase measurement and immunoblots
displayed that WDRS5 levels were decreased by rapamycin for a transfection ratio
of 1:10 but not for 1:1 (Fig. 4.40.e, f). The result demonstrated that the
stoichiometry of the target and E3-ligase was essential for the assay.
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Figure 4.40: Establishment of the RIP assay.

(a, b) Immunoblots of WDR5 or VHL. MV4-11 cells were transduced to express
FKBP12 tagged NLuc or WDR5-NLuc along with N- or C-terminally VHL-tagged FRB
or untagged FRB. The expression level of (a) WDRS, (b) VHL was compared to the
control cells. 1 Overexpressed chimeric protein; 11 endogenous protein;, * free
exogenous VHL from its chimeric form. This experiment was performed by Isabella
Kurrer. (c) NLuc containing fusion protein levels based on luciferase measurements.
MV4-11 cells expressing combination of different FKBP12, and FRB fusion proteins
were treated with 0.5 uM rapamycin for 6 hours and compared to DMSO treated cells.
This experiment was performed by Isabella Kurrer. (d) Immunoblot of WDR5. MV4-11
cells expressing combination of different WDR5-FKBP12, and FRB fusion proteins
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were treated with indicated concentrations of rapamycin for 6 hours and the expression
of WDR5 fusion proteins were compared. T Overexpressed chimeric WDRS5; 1t
endogenous WDRS5. This experiment was performed by Isabella Kurrer. (e, f) WDR5
levels based on luciferase measurement or immunoblot. HEK293 cells were
transfected with vectors encoding WDR5-NLuc-FKBP12 and VHL-FRB/ FRB in the
indicated weight to weight ratio. The transfected cells were treated with 100 nM
rapamycin for 6 hours and WDRS protein level was measured and compared using (e)
luciferase assay, (f) immunoblotting. + VHL-FRB; 1t endogenous VHL; * free
exogenous VHL from VHL-FRB. (g, h) Immunoblots of WDRS5 and VHL. HEK293 cells
were transfected with combinations of WDR5-NLuc-FKBP12/ NLuc-WDR5-FKBP12
and VHL-FRB/ FRB-VHL/ FRB vectors in the ratio of (g) 1:10, (h) 1:100. The
transfected cells were treated with 100 nM rapamycin overnight. WDR5 and VHL
fusion protein level was compared to the untreated controls and against each other.

Next, WDR5-NLuc-FKBP12 and NLuc-WDR5-FKBP12 constructs were co-
transfected with FRB-VHL, VHL-FRB, and FRB constructs in the ratio of 1:10 and
treated with rapamycin or DMSO. Immunoblots illustrated that both chimeric WDR5
proteins were degraded by VHL fusion proteins in the presence of rapamycin,
whereas no degradation was observed by FRB without VHL (Fig. 4.40g9).
Moreover, VHL that was C-terminally tagged to FRB (VHL-FRB) showed better
degradation than the one with N-terminal FRB tag (FRB-VHL) (Fig. 4.40g). The
experiment was repeated with a transfection ratio of FKBP12: FRB of 1:100 and a

similar results to that with 1:10 were observed (Fig. 4.40h).

In summary, these results demonstrated that a transfection-based method was
superior to the stable cell line-based method and that the expression of E3-ligase

needs to be higher than the target.

4.3.3 Assay validation

After the optimization, RIP assay was used to predict the degradation of WDRS5 by
another E3 ligase, CRBN. None of the CRBN recruiting PROTACSs tested in this
study were able to degrade WDRS5 (see section 4.2.2). CRBN-FRB and FRB-
CRBN vectors were generated and co-transfected in HEK293 cells with WDR5-
NLuc-FKBP12. The transfected cells were treated with two different concentrations
of rapamycin and the level of WDR5 chimera was evaluated by western blot. The
immunoblot corroborated the expression of both tagged versions of CRBN (Fig.
4.41a). However, no significant degradation of the WDRS5 fusion protein was

observed upon the addition of rapamycin (Fig. 4.41a).
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For the validation, a time-course study was performed using WDR5-NLuc-FKBP12,
VHL-FRB, CRBN-FRB, and FRB constructs. HEK293 cells were transfected with
a combination of vectors and treated with rapamycin for different time points.
Luminescence measurement showed that VHL was capable of WDR5 degradation
in a time-dependent fashion, whereas CRBN was not (Fig. 4.41b). Immunoblot of
WDRS on samples from 6-hour treatment confirmed the result from the

luminescence measurement (Fig. 4.41c).
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Figure 4.41: Validation of the RIP assay to predict functional E3-ligase.

(a) Immunoblots of WDR5 and CRBN. HEK293 cells were transfected with WDR5-
NLuc-FKBP12 and CRBN-FRB / FRB-CRBN. The transfected cells were treated with
different concentrations of rapamycin for 6 hours and WDR5 and CRBN protein levels
were analyzed. 1 transfected chimeric proteins; 11 endogenous proteins. (b) WDR5
fusion protein levels based on luciferase measurement. HEK293 cells were transfected
with WDR5-NLuc-FKBP12 and CRBN-FRB/ VHL-FRB/ FRB, treated with 10 nM
rapamycin for indicated time points and the expression level of WDR5 chimera was
measured by luciferase assay. (¢) Immunoblots of WDR5, VHL and CRBN fusion
proteins. The western blot corresponds to the 6 h time point shown in (b). (d) Aurora-
A fusion protein levels based on luciferase measurement. HEK293 cells were
transfected with Aurora-A-NLuc-FKBP12 and CRBN-FRB/ FRB, treated with 10 nM
rapamycin for indicated time points and the expression level of Aurora-A chimera was
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measured by luciferase assay. (e) Immunoblots of Aurora-A and CRBN fusion proteins.
The western blot corresponds to the 6 h time point shown in (d).

In a second validation experiment, the RIP assay was used to test the ability of
CRBN for Aurora-A degradation. JB170, a CRBN-based PROTAC, displayed
degradation of Aurora-A in this study (see section 4.1.2). The Aurora-A-NLuc-
FKBP12 construct was cloned and co-expressed with CRBN-FRB or FRB in
HEK293 cells. The transfected cells were treated with rapamycin for various time
points. Both luciferase measurement and immunoblot displayed Aurora-A

degradation by CRBN in agreement with previous results (Fig. 4.41d, e).

Thus, the RIP assay correctly predicted and validated the productive degradation
of WDRS5 by VHL but not CRBN and Aurora-A by CRBN.
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5 Discussion

The expression of transcription factor Myc is deregulated in many different cancer
types. A large body of evidence has indicated that Myc is vital for the development
and maintenance of cancer. However, approaches to directly target Myc have not
been successful so far due to its structural limitations. In recent years, efforts have
been made to study and identify the interactors of Myc that promote its
oncogenicity. An alternate approach to indirectly target Myc is by inhibiting Myc-

interacting oncoproteins.

In this study, two of such Myc-interacting oncoproteins, Aurora-A and WDRS5, were
successfully targeted using bifunctional molecules, PROTACs. PROTACs are
potent tools and overcome the limitations of traditional modalities. Being a relatively
new technique, it has quickly become a powerful tool in biology research and
therapeutics (Gao et al., 2022; E. Hamilton et al., 2022; E. P. Hamilton et al., 2022).
Aurora-A and WDRS5 were chosen as their interaction with Myc was validated by
co-crystallization with N-Myc and Myc, respectively (Richards et al., 2016; Thomas
et al., 2015). Furthermore, the ligands for both proteins are published and their
crystal structures in complex with those ligands were also reported (Grebien et al.,
2015; Sloane et al., 2010; Wang et al., 2018). This facilitated the PROTAC design
as the linker attachment point could be designated to the solvent-exposed residue

of the ligand without affecting its binding to Aurora-A or WDR5.

5.1 Aurora-A degraders

5.1.1 Aurora-A degraders hijacking CRBN degrade Aurora-A

Seven different PROTACs based on the Aurora-A inhibitor alisertib were tested
with five of them recruiting CRBN and two VHL. In leukemia MV4-11 cells only the
CRBN-based PROTACSs successfully degraded the steady state level of Aurora-A.
It was not investigated systematically why VHL-based PROTACs were not able to
degrade Aurora-A. But the inability of the VHL-based degraders to degrade Aurora-
A was not due to their failure to bind Aurora-A, since biophysical measurements
showed similar efficient binding to Aurora-A as CRBN-based degraders (Adhikari
et al., 2020). Furthermore, a lack of VHL expression in the MV4-11 cells was ruled
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out as well, as several proteins have been successfully degraded in MV4-11 cells
using VHL-based PROTACSs within this study (see section 4.2.2) and other studies
(Burslem, Song, et al., 2018; Chan et al., 2018). Presumably it is due to either the
lack of a ternary complex formation or unfavorable conditions for ubiquitination
within the ternary complex.

Having a closer look at the CRBN-based degraders, the longer PEG linkers (PEGo,
JB170 and PEGs3, JB158) were more efficient than the short PEG linker (PEG1,
JB171) or the short aliphatic linkers (propyl, JB159 and pentyl, JB169). On one
hand, a suitable linker is vital for ternary complex formation and target
ubiquitination (Burslem & Crews, 2017). On the other hand, the interaction of the
linker with residues in the ternary complex increases the cooperativity and thus
degradation efficiency and selectivity of PROTACs (Gadd et al., 2017; Roy et al.,
2019).

These observations were supported by a recent publication from the Lindon lab on
Aurora-A PROTACSs using alisertib as the warhead (Wang et al., 2021). In their
study, the authors tested eight PROTACSs, four VHL-based and four CRBN-based,
and only the CRBN-based degraders could degrade Aurora-A. In addition, they
observed a similar correlation between linker length and degradation efficacy, as
the degrader with a smaller linker length showed lesser degradation (Wang et al.,
2021). As a conclusion from study by Wang et al. and my own observations, the
linker length and the choice of the E3-ligase are crucial for PROTAC efficiency and
need to be optimized for each target.

JB170 was the most potent PROTAC in the here presented study and was further
characterized in detail. The degradation of Aurora-A by JB170 was concentration-
and time-dependent. The maximum degradation concentration by JB170 at 6 hours
was observed between 100 to 1000 nM with a DCsg value of 28 nM. These values
are in the range of reported concentrations in the PROTAC field (An & Fu, 2018;
Y. Wang et al., 2020). The cellular Aurora-A levels were decreased by 25% within
one hour to 65% after three hours of treatment and degradation was sustained for
24 hours. However, Aurora-A degradation by JB170 decreased after 24 hours
(data not shown). This might be due to the metabolism of the degrader by the cells
over time. Therefore, for long-term experiments like cell viability, the compound
was either added again or media and compound were refreshed daily.

In addition, it was demonstrated that the JB170-mediated decrease in the Aurora-

A level was via successful ternary complex formation followed by degradation. The
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addition of the individual CRBN and Aurora-A warheads were not able to decrease
the protein level. Furthermore, the coincubation of the ligands with JB170
abrogated the degradation of Aurora-A in a dose-dependent manner. JB211, a N-
methylated analog of JB170 disabled in CRBN-binding, did not diminish Aurora-A
levels demonstrating that its degradation was due to the induced proximity between
CRBN and Aurora-A, mediated by JB170. Notably, Aurora-A transcriptional levels
were not affected by JB170 as ruled out by gPCR analysis. In the CHX chase assay
it was observed that JB170 decreased the half-life of Aurora-A from 3.8 hours to
1.3 hours. Altogether, these results demonstrated that the JB170-mediated
reduction of Aurora-A steady levels was not due to inhibition of transcription or

translation but via UPS-mediated degradation.

5.1.2 JB170 is highly selective to Aurora-A

Kinobead selectivity profiling for JB170 along with alisertib in MV4-11 cell lysate
was performed to find out which proteins they bind to in a complex cellular system.
Apart from Aurora-A, alisertib bound to ACAD10, Aurora-B, ABL2, and AK2, while
JB170 lost the binding to ABL2 and AK2 compared to alisertib. ABL2 and AK2 are
tyrosine and adenylate kinases, respectively, and ACAD10 is a dehydrogenase but
harbors of a serine/threonine kinase domain. The alisertib binders observed in this
study were in line with previous kinobead studies (Heinzlmeir et al., 2016; Klaeger
et al., 2017). Aurora-B is a mitotic serine/threonine kinase and a member of the
Aurora family proteins. Aurora-B shares a remarkable 71% sequence homology of
kinase domain to that of Aurora-A (Willems et al., 2018). More importantly, the
ATP-binding pocket of Aurora-A to -B differs by just three amino acids (Dodson et
al., 2010). With such striking structural similarity, the binding affinity of Aurora-A
over Aurora-B for alisertib was 13-fold, but it was increased to 52-fold for JB170.
The selectivity of the degrader by the addition of the linker and the E3-recruiting
moiety is due to steric hindrances offered by the conjugation of those residues.
These findings agree with a work by Bondeson and colleagues, in which they
showed that the addition of linker and VHL-ligand to the foretinib warhead, which
itself bound to 133 kinases, resulted in the loss of binding to 81 kinases. Likewise,
the conjugation to the linker and CRBN-ligand retained 62 kinases (Bondeson et
al., 2018).

Comprehensive proteomics studies using two different approaches in two different

cell lines revealed that out of >4200 reliably detected proteins, only Aurora-A was
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significantly degraded by JB170. No additional proteins were degraded with a p-
value less than 0.001 and a decrease of more than 50% abundance in comparison
to alisertib, JB211, or the vehicle treatment. Even though JB170 binds to Aurora-
B, degradation of Aurora-B was not observed. This could be due to differential
ternary complex formation with Aurora-B or constraints in other steps of the
degradation cascade. ACAD10 was not detected in both proteomics studies and
can therefore not be assessed properly. Increased PROTAC selectivity was also
described for CDK6 and BRD4 degraders (Brand et al., 2019; Gadd et al., 2017).
When degrader BSJ-03-123 was synthesized using inhibitor palbociclib that binds
both CDK4 and CDK®6, the degrader selectively degraded CDK6 (Brand et al.,
2019). Similarly, Gadd et al. reported selective degradation of BRD4 by VHL
recruiting PROTAC AT1 with warhead JQ1, which binds BRD2, BRD3, and BRD4
(Gadd et al., 2017).

Furthermore, PROTACSs can achieve ubiquitination of bystander proteins that are
associated with target protein (Bond & Crews, 2021; Guenette et al., 2022).
PROTACSs against a protein complex subunit have been reported to degrade the
whole complex or to decrease the level of other subunits. For example, degrader
against PRMT5 reduced the abundance of its binding partner WDR77 (Shen et al.,
2020). Similarly, PROTACs against EED led to the degradation of Polycomb
repressive complex 2 (PRC2) subunits EZH2 and SUZ12 (Hsu et al., 2020;
Potjewyd et al., 2020). The degradation of the interactors or complex members
could be due to their cross-ubiquitination or destabilization of the complex upon
degradation of one subunit. Knockdown of subunits of PRC2 complex have been
shown in literature to decrease the protein levels of other members, which points
towards the destabilization of complex (Liu et al., 2019; Xu et al., 2015). However,
using the EZH2 degrader Liu et al. demonstrated that cross ubiquitination of other
subunits is possible (Liu et al., 2021). Degraders affecting a whole complex hold
more potency to completely inhibit downstream processes. Nonetheless, JB170
did not significantly degrade any known Aurora-A interactors like TPX2 and
TACCS.

Unfortunately, neither Myc (in MV4-11) nor N-Myc (in IMR5) were identified in the
total proteomics but using immunoblotting, it was seen that Myc protein levels were
not affected by JB170 (data not shown). Aurora-A binding to Myc and N-Myc
prevents their FBWX7 mediated degradation and thus stabilizes them (Brockmann
et al., 2013; Dauch et al., 2016; Otto et al., 2009). It was expected that degradation
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of Aurora-A with JB170 would decrease the Myc protein level either by increased
FBXW7-mediated reduction in stability or bystander ubiquitination. However, due
to partial degradation of Aurora-A by JB170, remaining Aurora-A might have been
enough to stabilize the Myc protein. Moreover, altering the FBXW?7 expression
levels in the cells in the presence and absence of degrader and analyzing Myc

level could give more insight why Myc reduction was not observed by JB170.

5.1.3 The protein-protein interaction supports the ternary complex

formation

To investigate the selectivity and efficiency of JB170 to Aurora-A, an in-silico
modeling approach was used. Many solutions were generated by protein-protein
docking of Aurora-A/alisertib and CRBN/lenalidomide, where the best-ranked
solution was ACc1. JB170 fitted to ACc1 without significant rearrangement of the
ligands alisertib and lenalidomide. Interestingly, besides JB170, only the second-
best degrader, JB158, could fit in ACc1 without significant distortion. Both JB170
and JB158 were compatible with the 15M-ranked solution, Aurora-A-CRBN
complex 2 (ACc2). ACc1 and ACc2 showed extensive interface between Aurora-A
and CRBN. Such PPI of the target and E3-ligase have been established to display
positive cooperativity on the ternary complex formation (Farnaby et al., 2019; Gadd
et al., 2017; Law et al., 2021). Positive cooperativity is vital in achieving efficient
and selective degradation by the degrader even when low-affinity ligands are used
for degrader synthesis (Han et al., 2019; Smith et al., 2019). The docking study
was not performed for the analysis of Aurora-A and VHL complex. Nonetheless,
the result from Aurora-A and CRBN suggests that modeling is effective tool that
could be used in linker design for PROTAC synthesis.

By calculating side-chain energy contributions, twelve critical residues in Aurora-A
were identified for the interaction with CRBN. To study the importance of PPI, those
twelve residues were mutated in Aurora-A™! which resulted in complete
abrogation of JB170-mediated Aurora-A degradation. Likewise, Aurora-A™! did
not induce co-precipitation of CRBN in the presence of JB170, while wildtype did.
Using single amino acid modifications, proline 191 residue was identified as critical
residue for JB170-mediated degradation. As an important control, HiBiT assay
showed that binding of alisertib to Aurora-AP"®"™ was not affected. Furthermore,

the experiments using Aurora-B swop mutants reinforced the importance of the
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PPI for JB170 selectivity and efficacy. In Aurora-B swop mutants the ATP-binding
pocket of Aurora-A was mimicked by mutating the three amino acids R159, E161,
and K164 in Aurora-B corresponding to L215, T217, and R220 in Aurora-A
(Dodson et al., 2010; Sloane et al., 2010; Tsuchiya et al., 2020). The swop mutants
Aurora-BE'?T and Aurora-BR160L E162T. K163R \yere barely degraded by JB170. As
alisertib binding affinity should be similar to that of Aurora-A, the distinction was in
the amino acid residues for Aurora-B at the interface with CRBN. This result
indicates that just by increasing binding affinity of the PROTAC to the target does
not increase the degradation potential. This finding was supported by the report
that the binding affinity of the ligand to the POI does not correlate to the degradation
efficiency of the PROTACs (Bondeson et al., 2018; Chan et al., 2018).
Afterwards, ternary complex formation by both CRBN- and VHL-based degraders
was tested by immunoprecipitation assays. Strikingly, the amount of co-
precipitated CRBN highly correlated with degradation efficiency with JB170
inducing the strongest co-IP, closely followed by JB158. No co-IP of VHL was
observed by the VHL-based PROTACs in line with the fact that none of those
PROTACs lead to Aurora-A degradation. As a positive control, BRD4 in the
presence of MZ1 had led to efficient co-IP of VHL (Adhikari et al., 2020). Such co-
IP experiments could be a useful tool in analyzing the PROTAC efficiency. These
results led to the conclusion that JB170 was most suitable for inducing proximity
between Aurora-A and CRBN and that ternary complex formation was rate-limiting
for degrader efficacy.

Interestingly, a co-IP between Aurora-A and CRBN was even observed without the
presence of the degrader. This suggested that CRBN might be a natural E3-ligase
for Aurora-A. However, in the literature, CRBN was not reported to interact or to be
an E3-ligase for Aurora-A so far. For detailed investigation, a cycloheximide chase
experiment was performed in IMR5 cells after siRNA-mediated depletion of CRBN
to analyze the half-life of Aurora-A. Biological replicates indicated that in the
absence of CRBN, the stability of Aurora-A slightly increased but did not reach
statistical significance (data not shown, performed by Jessica Schwarz). Thus,
confirming CRBN as a physiological E3-ligase for Aurora-A would require more
analysis. In vitro ubiquitination assay with CRBN and Aurora-A or DiGly remnant
affinity proteomics with altered CRBN expression (overexpression or depletion)
could be performed. The observed interaction between CRBN and Aurora-A might

be essential in certain cell cycle stages or biological conditions.
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5.1.4 Aurora-A degradation shows distinct cellular phenotype

JB170 was further characterized to examine the phenotypic effect of Aurora-A
degradation in MV4-11 and IMR5 cells. The inhibition of Aurora-A with alisertib
caused G2/M arrest of both cell types as previously reported (Gorgun et al., 2010;
Gustafson et al., 2014; Li et al., 2015; Manfredi et al., 2011). In contrast, the
degradation of Aurora-A by JB170 led to lesser G2/M arrest and more
accumulation of BrdU-negative cells in S-phase. The cells were either arrested in
S-phase or the progression of S-phase was delayed. The overexpression of

Aurora-AT217D

, which is functional but has a lower affinity to alisertib than wildtype
Aurora-A, completely rescued the S-phase phenotype in IMRS cells confirming that
the observed cellular effect was due to the degradation of Aurora-A. Depletion of
Aurora-A by siRNA also led to an accumulation of BrdU-negative cells in S-phase
over time (Adhikari et al., 2020). G2/M arrest was expected with the siRNA-
mediated depletion of Aurora-A as a near complete decrease of Aurora-A was
observed compared to controls. However, the remaining protein was apparently
enough to perform the mitotic functions. As expected, the RNAseq experiment
confirmed no enrichment of the gene set for the G2/M cell cycle in the JB170
treated cells.

The disparity between Aurora-A inhibition and degradation could be because of
two reasons. On the one hand, JB170 is more specific than alisertib (see section
4.1.3) and the phenotype observed was exclusively by targeting Aurora-A.
However, Aurora-A is a mitotic kinase, and alisertib is a fairly Aurora-A selective
inhibitor (Klaeger et al., 2017). On the other hand, the phenotype culminated from
the non-catalytic or scaffolding role of Aurora-A in S-phase. The second scenario
seems more reasonable as alisertib could not target the scaffolding function of
Aurora-A, while siRNA mediated decrease of Aurora-A led to the same phenotype
as PROTAC-mediated degradation. The interactomic study of Aurora-A also
revealed several non-substrate interaction partners. Some interactors like
DICER1, TARBP2, AGO2, and DROSHA form large microRNA processor
complexes and are linked to RNA metabolism (Chendrimada et al., 2005;
Koscianska et al., 2011). In line with this observation, a study showed that Aurora-
A is present in RNA-mediated complexes (Caudron-Herger et al., 2019). It could
thus be hypothesized that the interaction of RNA-binding proteins mediates this

scaffolding function of Aurora-A in S-phase. More studies in this regard are
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required to explore this hypothesis. For example, one could check the localization
of Aurora-A and its RNA-binding interactors during various cell cycle phases and
observe their localization change upon Aurora-A degradation. Alternatively, one
could directly deplete the interactors by shRNA or siRNA and investigate the
cellular phenotypes. In a study by Zeng et al., silencing DICER1 with siRNA in
tongue squamous cell carcinoma increased the number of cells in S- and G2/M
phases (Zeng et al., 2014).

The role of Aurora-A in the S-phase has also been explored in other studies. Blchel
et al. reported that Aurora-A associates with N-Myc during S-phase and regulates
the pause release of RNA polymerase Il (Buchel et al., 2017). Similarly, a study by
Roeschert and colleagues revealed that Aurora-A phosphorylates histone H3 at
S10 in an N-Myc-dependent manner during S-phase and prevents transcription-
replication conflicts (I. Roeschert et al., 2021). These findings indicate that Aurora-
A has more functions during S-phase than the stabilization of Myc.

Unfortunately, in this study due to limited time no experiments could not be
performed to elucidate the role of Myc in the context of Aurora-A degradation. First,
the consequences of Aurora-A degradation on Myc levels should be systematically
studied. Second, the effect on Myc activity after Aurora-A degradation should be
investigated by analyzing the changes in Myc binding to its target genes and the
changes in target gene expression. Third, the sensitivity for Aurora-A PROTACs
should be examined in various Myc amplified or dependent versus non-amplified

or independent cell systems.

Several studies using Aurora-A degraders have also been published recently. The
warheads employed for Aurora-A in those works were alisertib, MK-5108 and
modified ribociclib, and all the effective degraders recruited CRBN (Bozilovic et al.,
2022; Donovan et al., 2020; Rishfi et al., 2022; Tang et al., 2022; Wang et al.,
2021). Donovan et al. synthesized a degrader that resembled JB158 and showed
its excellent antiproliferative activity over parent compound alisertib in multiple
myeloma cell lines (Donovan et al., 2020). In another study, a MK-5108-based
degrader showed a significant increase in degradation efficiency and potency than
alisertib-based JB170 in MV4-11 cells (Bozilovic et al., 2022). N-Myc amplified
neuroblastoma cells has been reported to be sensitive to Aurora-A knockdown and
inhibition (Otto et al., 2009; I. Roeschert et al., 2021). However, a recent preprint
used PROTACs based on MK-5108, for which they observed no correlation
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between the sensitivity to Aurora-A degradation and N-Myc amplification status of
neuroblastoma cell lines. Instead, they proposed that sensitivity correlates with
Aurora-A and CRBN levels (Rishfi et al., 2022). Another preprint study used a
modified CDK4/6 inhibitor, ribociclib, to develop the degraders and showed that
their degrader, PROTAC 4, also degraded N-Myc along with Aurora-A (Tang et al.,
2022). N-Myc degradation was only observed after substantial degradation of
Aurora-A (greater than 75%). JB170 did not achieve such high degradation of
Aurora-A. No decrease in Myc nor N-Myc levels was observed in our study as the
remaining amount of Aurora-A might have been sufficient to stabilize the Myc
protein. However, in the study by Tang et al., fifteen other proteins apart from
Aurora-A and N-Myc were significantly decreased (>30%) after PROTAC 4
treatment and the effect of these proteins on the stability of N-Myc was not further
studied (Tang et al., 2022). Finally, Wang and colleagues reported an alisertib-
based Aurora-A degrader and demonstrated that the PROTAC degraded only the
non-centrosomal Aurora-A pool (Wang et al., 2021). The differential degradation
of Aurora-A from different localization was not investigated for JB170 in this thesis.
Whether the incomplete degradation of Aurora-A by JB170 is due to the
inaccessibility of JB170 for all Aurora-A pools or some other mechanisms needs to

be explored.

All in all, along with JB170, all the reported Aurora-A degraders illustrated that
targeting the non-catalytic or scaffolding functions rather than the catalytic or
mitotic function of Aurora-A would provide an innovative way of tackling this

oncoprotein in cancer.

5.2 WDRS5 degraders

5.2.1 WDRS5 degraders recruiting VHL degrade WDR5

Two different WDRS5 ligands were used to synthesize two series of PROTACs: AD-
series with OICR-9429-based scaffold (Grebien et al., 2015) and JW-series with
pyrroloimidazole-based inhibitor scaffold (Wang et al., 2018). In total, 25 degraders
were synthesized to recruit CRBN (5), VHL (17), or MDM2 (3) from both series.
The three nutlin-based PROTACs to harness MDM2 exhibited very weak binding
affinity and were not used in further cellular degradation analysis (Dolle et al.,
2021). On the one hand, the HiBiT assay showed that only JW48 of the JW-series
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which recruit VHL was successful in degrading WDR5. However, the degradation
was 53% and DCso at 24 hours was 1.24 uM being relatively higher than the range
reported in the literature (Y. Wang et al., 2020). The increased DCso of JW48 might
be due to its decreased solubility or limited cellular permeability. On the other hand,
several VHL-based AD-series PROTACs demonstrated degradation of WDRS.
The best was AD122, with 58% degradation and DCsp of 53 nM after 24 hours.
Strikingly, the increase or decrease of linker length from the butyl linker of AD122
significantly decreased the degradation potential of PROTAC, while the degrader
with PEG+ linker was unable to degrade WDRS5. The linkerology is crucial in
degrader design for target selectivity, cooperativity, solubility, membrane
permeability, and stability (Li & Crews, 2022; Troup et al., 2020). CRBN-based
degraders were not able to decrease WDRS5 protein levels. The failure of target
degradation by CRBN might be due to either incompatibility of WDR5 and CRBN
to form a ternary complex, or the absence of lysine residues for ubiquitination on
the surface of WDRS5 in the vicinity of the CRBN, or the ternary complex is not
formed long enough for ubiquitination to occur.

Both AD122 or JW48 only partial degraded WDRS5. Incomplete degradation could
be due to the inaccessibility of WDRS5 in some cellular locations. A similar
observation of an undegradable target pool was reported for Aurora-A PROTACs
(Wang et al., 2021). Moreover, WDRS interacts with many proteins through its win-
site (Guarnaccia et al., 2021). As AD122 and JW48 are both based on win-site
ligands, such interactions might prevent the binding of the degrader to WDRS5,
thereby decreasing degradation efficiency.

Various experiments validated that AD122- and JW48-mediated decrease in
WDRS5 levels was a result of proteasomal degradation. As an important control, the
enantiomer analogs of AD122, AD153, and JW48, JW89, which could not bind to
VHL, did not decrease the protein levels. These analogs are particularly valuable
as controls, because with the same molecular weight as their corresponding
PROTACS, they share similar solubility and cellular permeability. On the contrary,
the ligands itself are characterized by lower molecular weight, increased solubility

and permeability compared to the resultant degraders.

5.2.2 AD122 and JW48 are selective for WDR5

Label-free quantitative mass spectrometry in MV4-11 cells attested high selectivity
for AD122 and JW48. For both degraders, from the detectable proteome of 5805
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proteins, WDRS5 was the only significantly decreased protein with a p-value of less
than 0.001 and log2FC of less than -0.5 as compared to DMSO-treated cells, while
the ligands AD100 and JW39 did not significantly affect WDR5 abundance.
However, JW48 treatment significantly upregulated (p-value <0.001 and log2FC <
0.5) three enzymes involved in sterol metabolism compared to DMSO treatment.
SQLE, CYP51A1, and HMGCS1 were upregulated with log2FC of 0.5, while two
more enzymes of sterol metabolism, FDFT1 and LDLR, were increased by log2FC
of 0.49. Contrarily, these enzymes were not altered by AD122 treatment. Further
systematic experiments are required to find if the upregulation of these proteins by
JW48 is due to a primary or secondary effect of WDR5 degradation or simply an
off-target effect.

For the optimization of both AD122 and JW48, ternary complex crystallization was
attempted. Due to the lower solubility of JW48, the crystallization was not feasible.
However, for AD122, the co-crystal structure was solved with WDRS5, VHL, Elongin
B, and Elongin C by Andreas Kramer from the group of Prof. Dr. Stefan Knapp (Fig.
5.1). In the crystal structure, interactions between residues of VHL and WDR5 were
observed. Positive cooperativity due to the PPl could be the main reason for
successful degradation by AD122. The improvement of AD122, however, seems
challenging as the linker is exposed outside towards the solvent, and the chances
of increasing the stability of the ternary complex with optimized PROTAC are small.
Furthermore, crystal structures with degraders containing longer and shorter
linkers than for AD122 could explain the differences observed in degradation
efficiency. Moreover, co-IP of E3-ligases with WDRS immunoprecipitation in the

presence of the degraders could give the information on ternary complex formation.

WDR5

Elongin C VHL

Figure 5.1: Crystal structure of WDR5-AD122-VHL ternary complex.

The molecular surface representation of the ternary complex with PROTAC AD122
(black), WDRS5 (green), VHL (blue), Elongin B (sky blue) and Elongin C (aqua). (PDB:
7Q2J)
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5.2.3 WDRS5 degradation shows modest cellular effects

AD122 did not show any proliferation defect in various cancer cell lines, whereas
JW48 showed a significant effect at higher concentrations. It was hypothesized that
a higher concentration of JW48 achieved long-term depletion of WDRS5 protein
below the level required for inhibition of cell growth, while AD122 or lower
concentrations of JW48 could not. By further experiments the E3-ligase substrate
receptor, VHL, was identified as limiting for efficient degradation in this case.
Overexpression of VHL enhanced degradation efficacy of both AD122 and JW48
in MV4-11 and HL-60 cells. Along the same line, some studies have reported a
direct correlation between degradation efficiency and expression level of the E3-
ligase (Li & Song, 2020; Tang et al., 2022). Indeed, upon VHL overexpression the
proliferation assay showed pronounced proliferation inhibition by JW48, even at
lower concentrations. For AD122, however, no effect was observed in MV4-11 and
moderate effect in HL-60 cells. The discrepancy between the antiproliferative effect
of the two degraders, AD122 and JW48, might be due to various reasons. First,
AD122 could be less stable for long-term experiments. The stability of both AD122
and JW48 were not studied in cell culture conditions for longer treatment times.
Second, as the linker attachment point of AD122 and JW48 are different, their
binding to WDRS alone or recruitment of VHL could sterically prevent interaction
to a different subset of WDRS5 interactors. The proliferation defect observed by
JW48 might be due to the combinatorial effect of WDRS degradation and loss of
WDRS5 interaction with its partners. These changes in WDRS interaction could be
studied by incubating the cells with AD122 and JW48 along with controls,
immunoprecipitating WDRS5, and carefully analyzing its interactome. Third, AD122
and JW48 could target different pools of WDRS, leading to the activation or
deactivation of different pathways. Immunofluorescence or fractionation
experiments could be implemented to analyze the change in WDRS5 levels at
different subcellular compartments after degrader treatment. For example, JW48
might induce degradation of chromatin bound WDRS5 in comparison to AD122.
Fourth, RNAseq or total proteomics could be carried out after long-term PROTAC
treatment to identify the pathways they impact.

WDRS5 was chosen as a target, since it interacts and recruits Myc to chromatin,
regulates genes linked to protein synthesis and promotes oncogenicity of Myc

(Thomas et al., 2019; Thomas et al., 2015). Therefore, changes in Myc occupancy
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at its target genes should be analyzed after degrader-mediated WDR5 depletion.
Furthermore, sensitivity towards these compounds should be tested across various
cancer cell lines that are Myc-dependent and independent. Moreover, the VHL
overexpression data suggests that sensitive cancer cell lines could be identified by
screening for cell lines with higher VHL expression. In blood vessel tumors and
renal carcinomas downregulation of VHL and alteration of its localization promotes
tumorigenesis (Kaelin, 2018; Shiao et al., 2003). Cell lines from such cancer

entities would not be ideal for testing sensitivity of VHL-based degraders.

A recently published work characterized and studied WDR5 PROTACs in many
acute myeloid leukemia (AML) cells (Yu et al., 2021). In their study, the WDRS
degrader MS33 was synthesized with OICR-9429 based scaffold and linked to a
VHL-ligand with a relatively long aliphatic linker (contains piperazine moiety in
upper phenyl ring of OICR-9429 scaffold as compared to AD122, Fig. 5.2a, b).
Then the design of MS33 was optimized based on a ternary complex crystal
structure. The optimized PROTAC, MS67, contained modifications in the WDRS5
warhead, a very short linker and methylated VHL-ligand (Fig. 5.2c). MS67 was
more effective than MS33 and suppressed the growth of AML cell lines both in vitro
and in vivo. Comparing the ternary complex crystal structure with AD122 to MS67,
MS67 induced more PPIs between VHL and WDRS5, which could explain the better
degradation efficiency and potency of MS67 than AD122. Based on MS67 and
AD122 ternary complex crystal structures, connecting the linker to position 2 of the
upper phenyl ring (like in MS67) in AD122 might result in more PPl between VHL
and WDRS5. Similarly, this could increase the efficiency of the degraders with

shorter linkers.
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Figure 5.2: Structure of WDR5 degraders.

(a-c) The structure of OICR-9429 based degrader (a) AD122 (from this study), (b)
MS33 and (c) MS67 (optimized based on MS33) from the study by Yu et al, 2021.

To sum up, identification of WDR5 as oncoprotein has led to discovery of many
PPI inhibitors to inhibit WDRS5 binding with its interactors, but such inhibitors were
not effective to inhibit all oncogenic functions of WDRS5. Therefore, degradation of
scaffolding proteins like WDRS5 offers better therapeutic strategy than inhibition as

shown by degraders from this study and other studies.
5.3 RIP assay predicts degradative E3 ligase for a target

As illustrated by the PROTACs developed and tested within this thesis, the
PROTAC design approach severely lacks a technique to choose the right E3-ligase
leading to successful degradation of the target. For the two targets, Aurora-A and
WDRS5, PROTACs were tested recruiting several E3-ligases, however, for both
targets only one of the tested E3-ligases was able to induce UPS-mediated
degradation. That not every E3-ligase is compatible with degrading a particular
target of interest could have three reasons: first, an incompatibility to form a stable
complex between target and E3-ligase; second, the absence of K48 activity of the
E3-ligase required for proteasomal degradation; third, expression of the target and
E3-ligase in different cellular compartments.

In a recent study, VHL and CRBN-recruiting PROTACs showed varying degree of
dTAG and HaloTAG degradation in different subcellular context (Simpson et al.,
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2022). The authors utilized various localization signals to express dTAG and
HaloTAG in different subcellular compartments. They showed that outer
mitochondrial membrane (OMM) localized dTAG was degraded by CRBN but not
by VHL, while HaloTAG expressed in OMM was degraded by VHL. Contrarily,
CRBN was less efficient in degradation of dTAG in Golgi-lumen, whereas VHL
efficiently degraded both dTAG and HaloTAG in the same compartment. This study
highlighted the importance compatibility of the target and E3-ligase and their
subcellular context for PROTAC design.

In this thesis, a rapamycin-based proximity (RIP) assay was designed to predict
E3-ligases that could induce degradation of the POI. The results demonstrated that
the expression level of the E3-ligase is crucial for the assay and a transfection-
based method holds superiority over a stable cell line-based method. The
transfection-based assay is less time-consuming and scalable to a screening
fashion. The RIP assay correctly validated the E3-ligases for degradation of WDR5
and Aurora-A. However, the assay needs to be further validated for other targets
and E3-ligases after utilizing successful and unsuccessful targets/ E3-ligases pairs
from the literature. Furthermore, this assay could expand the repertoire of the E3-
ligases that can be utilized for PROTAC development. Even though more than 600
E3-ligases are found in humans, the type of ubiquitin chains added by many E3
ligases that dictate the substrate's fate is still unknown. Finally, this assay can be
applied to screen the best-suited tissue-specific E3-ligase for the degradation of
the POI. Most E3-ligases used for developing PROTACs are either ubiquitously
expressed or not essential to the cell. Utilizing ubiquitous E3-ligase could cause
toxicity to healthy tissues by degrading the target everywhere. Similarly, using non-
essential E3-ligases could lead to resistance mechanisms either by simply
downregulating E3-ligase expression or by introducing mutation of the E3-ligase
that does not support PPl with the target. Tissue-specific and tissue-essential E3-

ligase recruiting PROTACs would therefore be ideal for therapeutics.

5.4 Concluding remarks

The field of targeted protein degradation has shown incredible potential in targeting
previously thought undruggable targets. With PROTACs and molecular glues in
clinical trials, the field holds a bright future. Although the degraders investigated in

this thesis need further improvements and characterization, they are a resourceful
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tool that will facilitate further understanding of Aurora-A and WDRS5 biology and

help in the development of Aurora-A and WDRS5 degraders for cancer therapeutics.
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