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1 Summary

Acute myeloid leukemia (AML) is a heterogeneous blood-borne malignancy and
represents a particularly aggressive form of leukemia accounting for the majority of leukemic
deaths (Park et al., 2020). Despite substantial genetic characterization in the last decades and
the development of novel agents including FLT3 and IDH inhibitors, AML treatment still largely
relies on chemotherapy and hematopoietic stem cell transplantation. Therefore, the
identification of new actionable vulnerabilities is highly demanded. Investigating disease-
specific post-translational modifications such as ubiquitylation holds great promise to provide
new target structures in AML. In addition to the identification of the E3-ubiquitin ligase FBXL2
as a tumor suppressor in AML (B. B. Chen et al., 2012), the NEDDS8 inhibitor pevonedistat
showed promising results in clinical trials when combined with azacytidine in AML patients
(Ades et al., 2022). NEDD8 inhibitors impair Cullin-dependent ubiquitin ligases, of which
SKP1-CUL1-F-box (SCF) ligases represent the largest family, thus supporting the clinical
relevance of these ligases in AML.

Aiming to uncover novel vulnerabilities in AML within the group of SCF ubiquitin
ligases, CRISPR/Cas9-based screening identified the barely studied F-box protein FBXL6 as
a potential dependency in AML. Analysis of over 1,000 ubiquitin-related genes in an AML
patient cohort encompassing over 700 cases revealed that FBXL6 was one of the highest
upregulated genes in AML, supporting a pro-tumorigenic role of FBXL6. In competition
assays, FBXL6-depleted AML cells had a significant growth disadvantage compared to
control cells, confirming the results of the pooled CRISPR/Cas9 screen. FBXL6 knockout
impaired the proliferation of AML cells, while no increase in cell death, arrest in a specific cell
cycle phase, or increased myeloid differentiation was observed. A patient-derived xenograft
(PDX) mouse model suggested that FBXL6 might also be a dependency in vivo.

In search for ubiquitylation substrates of FBXL6, the systematic integration of four
independent mass spectrometry-based interaction and ubiquitylation-specific functional
screens identified the protein phosphatase PPM1G as the most promising candidate.
Immunoprecipitation experiments confirmed the interaction between PPM1G and FBXL6 and
in-vivo-ubiquitylation assays demonstrated that FBXL6 overexpression specifically increases
PPM1G K63-linked poly-ubiquitylation. Preliminary studies to assess the functional
consequences of FBXL6-mediated ubiquitylation of PPM1G precluded a change in the
subcellular localization of PPM1G.

The AML-specific occurrence of an undescribed second form of FBXL6 instigated the
analysis of up-stream regulatory processes of FBXL6. In-vitro-cleavage assays revealed
protease-dependent processing of FBXL6 as the underlying cause. Combining top-down and
bottom-up proteomics, the cleavage site was located between Leu47 and Ser50 in the N-
terminal region of FBXL6. Database search for enzymes with a similar cleavage motif and
functional annotation of the interactome screens identified Cathepsin G (CatG) as the FBXL6-
directed protease. Similar to previous reports on CatG in AML (Schuster et al., 2007), the
cleavage of FBXL6 unfortunately proved to be an artifact during standard cell lysis of myeloid
cells without any biological relevance in living cells.

Taken together, this study describes FBXL6, a novel vulnerability in AML, which
ubiquitylates PPM1G, and highlights the necessity to perform experiments in AML cells under
special precautions to avoid artifacts through excessive proteolytic activity in cell lysates.



2 Introduction

2.1 Acute myeloid leukemia

Acute myeloid leukemia (AML) is an aggressive hematopoietic cancer characterized
by rapid proliferation and accumulation of immature clonal hematopoietic cells in the bone
marrow and blood (Déhner, Weisdorf, and Bloomfield 2015). Despite extensive research in
the last decades, the current prognosis for patients is still extremely poor and new treatment
options for this disease are urgently needed.

2.1.1 Epidemiology and pathogenesis

With an annual incidence of approximately 30 to 40 per million inhabitants in Western
countries, AML is the most common acute leukemia affecting adults (Dong et al., 2020). While
the disease occurs at all ages, the median age of diagnosis is approximately 70 years (Khwaja
et al. 2016). AML is an aggressive disease with an overall 5-year survival rate of only 25
percent (Park et al., 2020). The prognosis varies widely depending on several factors,
including age, cytogenetic and molecular abnormalities, and response to the initial therapy.
While AML was regarded as an incurable disease till the 1960’s (Khwaja et al., 2016), younger
patients below the age of 65 have since then profited from advances in intensive
chemotherapy and supportive care, resulting in a long-term survival rate of 45% (Owenberg
et al., 2017). In contrast to that, elderly patients are often ineligible for intensive chemotherapy
and have a particularly poor prognosis with a 5-year survival below 10% (Juliusson et al.,
2012).

Table 1 Frequency of genetic changes in AML categorized into functional groups

Functional groups Examples of mutated genes in AML Frequency in patients
with AML (%)
Signaling pathways FLT3, KIT, KRAS, NRAS, Ser/Thr kinases 59
DNA methylation DNMT3A, TET2, IDH1, IDH2 44
Chomatin modifiers MLL (alias KMT2A) fusions, ASXL1, EZH2 30
Nucleophosmin NPM1 27
Myeloid transcription factors RUNX1, CEBPA 22
Transcription factors PML-RARA, MYH11-CBFB, RUNX1-RUNX1T1 18
Tumor suppressors TP53, WT1, PHF6 16
Spliceosome complex SRSF2, U2AF1 14
Cohesin complex STAG2, RAD21, SMC1, SMC3 13

AML, acute myeloid leukemia; ASXL1, additional sex combs-like 1 transcriptional regulator; CBFB, core-binding
factor subunit-B; CEBPA, CCAAT/enhancer-binding protein-a; DNMT3A, DNA methyltransferase 3A; EZH2,
enhancer of zeste 2 polycomb repressive complex 2 subunit; FLT3, FMS-related tyrosine kinase 3; IDH, isocitrate
dehydrogenase; MLL, myeloid/lymphoid mixed-lineage leukemia; MYH11, myosin heavy chain 11 smooth muscle;
NPM1, nucleophosmin; PHF6, PHD finger protein 6; PML, promyelocytic leukemia; RARA, retinoic acid receptor-
a; RUNX1, Runt-related transcription factor 1; RUNX1T1, RUNX1 translocated to 1; SMC, structural maintenance
of chromosomes protein; SRSF2, serine/arginine-rich splicing factor 2; STAG2, stromal antigen 2; TET2, tet
methylcytosine dioxygenase 2; U2AF1, U2 small nuclear RNA auxiliary factor 1; WT1, Wilms tumour 1. ‘Changes
within a category are largely mutually exclusive. Table adapted from Khwaja et al. 2016.



Like other cancers, AML originates from abnormalities in cell proliferation, survival,
and differentiation, which are caused by various genetic and epigenetic changes in the tumor
cells (Khwaja et al., 2016). About half of all AMLs are characterized by gross structural
cytogenetic changes such as translocations and chromosomal gains or losses (Mrozek et al.,
2012). In general, AML genomes carry far fewer mutations than other cancers such as solid
epithelial tumors (Weinstein et al., 2013). Typically, more than one cooperating mutation is
required to induce AML, demonstrated by experimental data from leukemogenesis mouse
models (Grisolano et al., 2003; Schessl et al., 2005). Affected genes are mostly found among
the functional groups of transcription factors, epigenetic modifiers, and cell signaling
pathways regulating proliferation and survival. Considerable genome sequencing efforts
extended these functional categories by mutations in the cohesin complex and the
spliceosome (Table 1) (Weinstein et al., 2013). The coexistence of these genetic changes in
functionally distinct groups, which are acquired sequentially in a multistep process, affects
various cellular functions and ultimately leads to a fully transformed malignancy (Khwaja et
al., 2016). The extreme heterogeneity of AML is reflected by the characteristics of recurrent
mutations. While next-generation sequencing of 200 adult AML samples identified nearly
2,000 different mutated genes, only 23 of them were frequently mutated. On average, 13
mutations were identified per patient with 5 of these in recurrently mutated genes. Importantly,
most recurrent mutations were present in less than 10% of all patients, while only three genes
(FLT3, NPM1, DNMT3A) were mutated in more than 25% of patients (Weinstein et al., 2013).

a Normal hematopoiesis b amL

LSCs or HSCs

[Leukemic progenitors Progenitor cells
Precursor cells
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Figure 1 Normal and leukemic hematopoiesis. (a) The general hierarchical structure of normal hematopoiesis is
shown. The long-term hematopoietic stem cells (HSCs), which have extensive self-renewal potential, give rise to
various hematopoietic progenitor cells. These progenitor cells still have extensive proliferative capacity but have
lost the ability to self-renew and are committed to one or more cell lineages. Progenitors produce various precursor
cells and then mature hematopoietic cell types as indicated. (b) Aberrant hematopoiesis observed in acute myeloid
leukemia (AML) is shown. Leukemic stem cells (LSCs) reside at the top of the developmental pyramid, giving rise
to AML progenitor cells and the more mature (but still morphologically primitive) myeloid blast cells that make up
the bulk of the neoplasm. Note the overall expansion of the hematopoietic cell mass. Lymphopoiesis is relatively
preserved. Figure created with BioRender, adapted from Khwaja et al. 2016.



Cells with the potential for malignant myeloid transformation reside at the top of the
hierarchical structure of normal hematopoiesis, comprising hematopoietic stem cells (HSCs)
and myeloid progenitor cells. These cells harbor extensive proliferative capacity to fulfill the
task of building and maintaining every type of mature blood cells under physiologic
conditions. After acquiring genetic alterations that lead to uncontrolled proliferation and
impaired differentiation, these cells become so-called leukemic stem cells or morphologically
primitive myeloid blasts, which are more mature, that fill up the bone marrow and prevent
normal hematopoiesis (Fig. 1) (Khwaja et al. 2016).

Beyond genetic and epigenetic aberrations, the resulting AML blasts are affected by
the microenvironment, through direct or indirect contact with mesenchymal stem cells,
exposure to cytokines and chemokines, and stimulation by the hypoxic milieu that exists
within the AML remodeled bone marrow (Hu et al. 2019). Therefore, the biology of AML cells
is a defined by combination of the pre-existing and acquired genetic and epigenetic changes
and the environment the cell resides in. The possible combinations of alterations at each of
these levels produce a seemingly infinite number of states and abnormalities, resulting in an
extreme degree of heterogeneity (Hu et al., 2019).

2.1.2 Diagnosis and classification

AML typically manifests with nonspecific symptoms such as tiredness and a loss of
appetite next to the characteristic features of bone marrow failure: fatigue and shortness of
breath on exertion due to anemia, recurrent infections due to neutropenia, and an increased
tendency for bruising or bleeding due to thrombocytopenia (Khwaja et al., 2016). A complete
blood count is therefore an initial step in the diagnosis of the disease. For a definite diagnosis
and the definition of AML subtypes, the diagnostic procedures comprise morphologic
assessment of bone marrow aspirates and blood smears, analysis of cell-surface markers by
flow cytometry, conventional cytogenetic testing, and molecular screening for characteristic
genetic lesions (Ddhner et al., 2015).

Historically, AML diagnosis and classification were solely based on cellular
morphology within the French-American-British (FAB) classification (Bennett et al., 1976).
Integrating genetic criteria with morphological and cytochemical characteristics, AML
subtypes are now defined by the World Health Organization (WHO) classification system of
hematolymphoid tumors (Khoury et al., 2022). The recently published 5" edition separates
two distinct families: i) AML with defining genetic abnormalities comprising 13 subtypes, and
i) AML defined by differentiation with 8 subtypes resembling the previous FAB classification
(Table 2). Especially the classification into genetic subtypes provides important prognostic
information and is used to guide therapeutic decisions. Risk stratification of AML patients into
the three groups ‘favorable’, ‘intermediate’, and ‘adverse’ is commonly assessed by genetics
at initial diagnosis according to the European LeukemiaNet (ELN) guidelines (Déhner et al.,
2022). Cytogenetics play an essential role in the stratification guidelines: gene fusions such
as RUNX1:RUNX1T1 or CBFB::MYH11 define a favorable prognosis, while other
chromosomal rearrangements and a complex karyotype are defined as adverse risk.
Molecular abnormalities in the genes NPM1 and CEBPA can positively affect the outcome,
while mutations in the FLT3 gene, which cause an internal tandem repeat (FLT3-ITD), and
mutations in several other genes (ASXL1, BCOR, EZH2, RUNX1, SF3B1, SRSF2, and or
others) indicate a worse prognosis (Déhner et al., 2022).



Table 2 Subtypes of AML according to the World Health Organization (WHO) classification system

AML with defining genetic abnormalities AML, defined by differentiation
APL with PML::RARA fusion AML with minimal differentiation
AML with RUNX1::RUNX1T1 fusion AML without maturation

AML with CBFB::MYH11 fusion AML with maturation

AML with DEK::NUP214 fusion Acute basophilic leukemia

AML with RBM15::MRTFA fusion Acute myelomonocytic leukemia
AML with BCR::ABL1 fusion Acute monocytic leukemia

AML with KMT2A rearrangement Acute erythroid leukemia

AML with MECOM rearrangement Acute megakaryoblastic leukemia

AML with NUP98 rearrangement
AML with NPM1 mutation

AML with CEBPA mutation

AML myelodysplasia-related

AML with other defined genetic alterations

AML, acute myeloid leukemia; APL, acute promyelocytic leukemia; ABL1, Abelson murine leukemia viral oncogene
homolog 1; BCR, Breakpoint cluster region; CBFB, core-binding factor subunit-B; CEBPA, CCAAT/enhancer-
binding protein-a; KMT2A, Lysine Methyltransferase 2A; MECOM, MDS1 And EVI1 complex locus; MRTFA,
Myocardin-related transcription factor A; MYH11, myosin heavy chain 11 smooth muscle; NPM1, nucleophosmin;
NUP214, Nucleoporin 214; NUP98, Nucleoporin 98, PML, promyelocytic leukemia; RARA, retinoic acid receptor-
a; RBM15, RNA-binding motif protein 15; RUNX1, Runt-related transcription factor 1; RUNX1T1, RUNX1
translocated to 1; Table adapted from Khoury et al. 2022.

2.1.3 Current treatment

The general therapeutic strategy for AML patients consists of induction therapy
followed by consolidation and maintenance phases which have not changed substantially in
the past decades. Despite recent advancements in targeted therapies using for example FLT3
and IDH inhibitors as well as hypomethylating agents, the current disease management still
largely depends on classical chemotherapy and allogeneic hematopoietic stem cell
transplantation (HSCT) (Park et al., 2020).

The standard induction therapy consists of the pyrimidine analog cytarabine for 7 days
combined with an DNA-interaclating anthracycline (usually daunorubicin or idarubicin) for 3
days which is termed ‘7 plus 3’ and was first described in 1973 (Lichtman, 2013). Alternatively,
FLAG-Ida is applied for remission induction, where fludarabine and granulocyte colony-
stimulating factor are added on top of high-dose cytarabine and idarubicin (Khwaja et al.,
2016). The tolerated dose intensity of this cytotoxic chemotherapy varies with the
performance status of the patient which is strongly linked to age. Even though induction
therapy achieves complete remission in 60-80% of patients younger than 60 years, most
patients eventually relapse (Daver et al., 2020). To decrease the risk of relapse, consolidation
therapy with lower doses of chemotherapy and/or HSCT is applied. HSCT reduces relapse
rates and prolongs remission, which can be attributed to the beneficial graft-versus-leukemia
effect exerted by allogeneic donor T cells and natural killer cells (Dickinson et al., 2017).
However, HSCT is associated with elevated treatment-related mortality and is only chosen



for consolidation therapy in adverse-risk and a fraction of intermediate-risk AML patients who
can tolerate the transplant and have a suitable donor (Déhner et al., 2015; Park et al., 2020).

In the last decade, treatment options could be improved by novel, more targeted
therapies, including inhibitors of FLT3 (midostaurin, gilteritinib), IDH (enasidenib, ivosidenib),
and BCL-2 (venetoclax) (Daver et al., 2020; Park et al., 2020). FLT3 and IDH inhibitors are now
used in combination with intensive chemotherapy of younger patients with the respective
genetic characteristics. For older patients, venetoclax can be used on top of low-dose
chemotherapy and/or a hypomethylating agent like azacytidine (Park et al., 2020). Survival
rates of both younger and older AML patients have increased dramatically in past decades,
which is however not clearly attributed to the development of novel agents but rather the
result of improved supportive care, better strategies for chemotherapy, and advances in
HSCT (Burnett & Stone, 2020; Rowe, 2019).

There is only one subtype of AML that is considered curable: acute promyelocytic
leukemia (APL) which is characterized by gene fusions of the retinoic acid receptor alpha
(RARA) to other genes such as the promyelocytic leukemia gene PML, resulting in PML-RARA
(Khwaja et al., 2016). The accompanied differentiation block can be reversed by all-trans
retinoic acid (ATRA), which leads to ubiquitin-dependent degradation of the PML-RARA
fusion protein and subsequently cell cycle arrest (Thomas, 2019). Even though AML is
generally characterized by a differentiation block combined with uncontrolled proliferation of
myeloid cells, differentiation therapy was not found to be efficient in other subtypes than APL
(Koeffler, 2010; Thomas, 2019).

Taken together, thorough genomic characterization of AML has led to sophisticated
risk stratification and more personalized treatment strategies. However, most patients will
eventually relapse and die from this disease, resulting in a strong need for the identification
of novel cellular targets that define true and non-redundant vulnerabilities in AML.

2.2 Protein ubiquitylation

Protein ubiquitylation is one of the major post-translational modifications in cells and
enables rapid and reversible adjustments in protein networks to orchestrate key dimensions
of cellular life including proliferation, survival, and differentiation (Hershko & Ciechanover,
1998; Komander & Rape, 2012). The covalent attachment of the highly conserved 8.5 kDa
protein ubiquitin (Ub) to a target protein can lead to tremendous changes in its abundance,
activity, interaction behavior, or cellular localization (Komander, 2009). Thousands of proteins
have been found to be ubiquitylated by enzymes called ubiquitin ligases, emphasizing the
significance of this modification (W. Kim et al.,, 2011). The adaptivity of the protein
ubiquitylation system is accomplished by deubiquitinating enzymes (DUBSs), which counteract
ubiquitin ligases by erasing or modifying attached Ub. Deregulation of the ubiquitylation
machinery has been reported to be associated with various diseases including cancer
(Bassermann et al., 2014; Komander, 2009; Z. Wang et al., 2014).

The attachment of Ub is achieved by a three-step enzymatic cascade (Fig. 2). First, a
Ub monomer is activated in an ATP-dependent manner by the ubiquitin-activating enzyme
(E1) resulting in a highly reactive thioester bond between E1 and Ub. In the next step,
activated Ub is transferred to a conserved cysteine residue of the ubiquitin-conjugating
enzyme (E2). Finally, the E3 ubiquitin ligase specifically recognizes target proteins and
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attaches Ub to a substrate by forming an isopeptide bond between the g-amino group of the
substrate and the free carboxyl group of the Ub C-terminus (Hershko & Ciechanover, 1998;
Scheffner et al., 1995). Substrate proteins are typically ubiquitylated on lysine residues (Lys
or K), while attachment to the N-terminal methionine has also been observed occasionally
(Ciechanover & Ben-Saadon, 2004). Ubiquitin itself carries seven lysine residues (K6, K11,
K27, K29, K33, K48, and K63), which can be connected to other Ub moieties to form
polyubiquitin chains (Dammer et al., 2011). Depending on which lysine is used for attachment,
the resulting chain type determines the consequences of polyubiquitylation by its
architecture. The emerging complexity of protein ubiquitylation seems endless: next to
homogenous polyubiquitin chains there can be mixed chains; branched topologies can be
formed by attaching Ub moieties to more than one lysine of another Ub; monoubiquitylation
can occur once or multiple times on one substrate protein (Komander & Rape, 2012; Swatek
& Komander, 2016). However, the most abundant linkage type found in cells is K48
polyubiquitylation, which typically marks the substrate protein for degradation by the 26S
proteasome (Dammer et al., 2011; Komander, 2009). Acting as a protein recycling machine,
the 26S proteasome is a large multiprotein complex, which facilitates the recognition of
polyubiquitylated proteins, the removal of Ub-moieties, and the unfolding and proteolytic
cleavage of target proteins into peptides with the size of 7-9 amino acids (Coux et al., 1996).
The second most common linkage type is formed via K63, which was found to have
pleiotropic non-degradative functions including protein sorting and inflammation (Bhoj &
Chen, 2009; Hicke & Dunn, 2003).
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Figure 2 The enzymatic cascade of protein ubiquitylation. First, ubiquitin (Ub) is activated in an ATP-dependent
manner and covalently attached to the ubiquitin-activating enzyme (E1) resulting in a highly reactive thioester
bond. Next. the ubiquitin molecule is transferred to the catalytic cysteine of the ubiquitin-conjugating enzyme (E2),
which recruits an E3 ligase which mediates the transfer of ubiquitin to a lysine amino acid residue of the substrate
protein (depicted as a polypeptide in blue) or a ubiquitin molecule already attached to it. Ubiquitin-moieties can
be removed from the substrate by deubiquitinating enzymes (DUBS) via proteolytic cleavage. ATP, adenosine-5'-
triphosphate; AMP, adenosine monophosphate; PPi, pyrophosphate.

2.2.1 SCF-type E3 ubiquitin ligases

While only two E1 and approximately 40 different E2 enzymes exist in human cells,
there are over 600 E3 ubiquitin ligases that confer substrate specificity to the ubiquitylation
system (Buetow & Huang, 2016). According to their protein structure and mode of ubiquitin
transfer, E3 ligases are grouped into three families: the RING (really interesting new gene),
HECT (homologous to EBAP C-terminus), and RBR (RING-between-RING) types. HECT and
RBR enzymes first bind directly to Ub before transferring it to a substrate, whereas RING-
type ligases mediate ubiquitylation of a substrate by bringing it in close proximity to the E2
enzyme (Buetow & Huang, 2016; Hershko & Ciechanover, 1998). RING-type ligases that are



built on a cullin scaffold (cullin-RING ligases, CRL; Fig. 3) represent the largest family of E3
ligases (Sarikas et al., 2011). Depending on which of the eight cullin proteins encoded in the
human genome is used, different multisubunit CRLs can be formed.

The best characterized CRL is the S phase kinase-associated protein 1 (SKP1)-cullin
1 (CUL1)-F-box protein (SCF) complex, which has a defined modular structure: CUL1 binds
the RING domain protein RBX1 with its C-terminus to recruit the E2 enzyme. With the N-
terminus, CUL1 binds to SKP1 which acts as an adaptor for recruiting one of 72 different F-
box proteins (Bai et al., 1996; Petroski & Deshaies, 2005). Shared by all F-box proteins is the
F-box domain, which measures approximately 50 amino acids and serves as an interface for
binding SKP1 (Kipreos & Pagano, 2000). The remaining part of F-box proteins harbors
different domains for substrate binding that can be classified into three subgroups: leucine-
rich repeats (LRR)-containing (FBXLs), WD40-containing domains (FBXWs), and other
domains (F-box only, FBXOs) (Jin et al., 2004). Substrate proteins are recognized at short
conserved amino acid sequences, so-called degrons. To rapidly respond to stimuli by
ubiquitylation, the binding between F-box protein and the substrate is tightly regulated, which
often happens via phosphorylation of the substrate at the degron-motif (Skaar et al., 2013).
One of the best characterized F-box proteins that binds to such phosphodegrons is B-
transducin repeat-containing protein (B-TrCP/FBXW1), which targets several substrate
proteins for proteasomal degradation by K48-ubiquitylation (Cardozo & Pagano, 2004; Lau et
al., 2012). The most common linkage type transferred by SCF-type ligases is K48, however,
several F-box proteins have recently been described to mediate non-proteolytic K63-
ubiquitylation (Bassermann et al., 2014; Jiang et al., 2022; Li et al., 2018; Yao et al., 2018).

Proteasomal degradation
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Non-proteolytic functions
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o Subcellular localization

Figure 3 SCF complex-mediated (poly-)ubiquitylation and its consequences. The SKP1-cullin 1 (CUL1)-F-box
protein (FBP) complex, short SCF complex, is composed of the large scaffold protein CUL1, which binds via its
C-terminal part to the RING domain protein RBX1. At its N-terminus, CUL1 associates with the adaptor protein
SKP1, which recruits one of 72 different F-box proteins by binding to the F-box domain. As substrate receptors
of the complex, F-box proteins specifically bind to a subset of substrate proteins and ubiquitin (Ub) is eventually
transferred from the RBX1-bound E2 enzyme onto the substrate or a ubiquitin molecule already attached to it.
(Poly-)ubiquitylation of proteins can lead to degradation via the 26S proteasome (depicted in its barrel-like
structure) or to non-proteolytic effects such as changes in protein-protein interaction, protein activity or subcellular
localization.

Depending on the type of ubiquitylation, F-box proteins can have dramatic effects on
the protein abundance or cellular function of their substrates. For substrate proteins involved
in cancer-relevant pathways such as proliferation and survival, dysregulation of the respective
regulatory SCF complex has been found to drive tumor development and progression
(Tekcham et al., 2020; Z. Wang et al., 2014). For instance, the F-box protein SKP2 was found
to be a potential oncogene by targeting the key cell cycle regulators p27 and p21 for
proteasomal degradation (Carrano et al., 1999; Z. K. Yu et al., 1998). Besides oncogenic
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properties, SCF complex components can also exert tumor-suppressive functions. By
targeting oncogenes like MYC and cyclin E for proteasomal degradation, FBXW?7 functions
as a tumor suppressor in different types of cancer (Lau et al., 2012; Yada et al., 2004). As to
hematologic cancers, implications of SCF complexes have predominantly been described for
lymphoid malignancies such as DLBCL and multiple myeloma (Baumann et al., 2014; Q. Chen
et al.,, 2008; Fernandez-Saiz et al., 2013). Nevertheless, selected reports have provided
insights into the roles of SCF complexes in AML. By destabilizing cyclin D2, FBXL2 was
described to have an antiproliferative function and act as a tumor suppressor in AML (B. B.
Chen et al., 2012). Furthermore, the NEDDS8 inhibitor pevonedistat demonstrated promising
results in clinical trials when combined with azacytidine in AML patients (Adés et al., 2022).
Notably, NEDD8 inhibitors impair the activation of CRL complexes, thereby supporting the
clinical relevance of SCF ligases in AML.

Even though several SCF complexes have been functionally investigated including the
identification of their substrate, most of the 72 human F-box proteins are only rudimentarily
characterized, and identification of their ubiquitylation targets is still pending.

2.2.2 The human F-box protein FBXL6

FBXL6 is one of the barely studied F-box proteins, which was first identified and
cloned in 1999 (Cenciarelli et al., 1999; Winston et al., 1999). As an evolutionarily conserved
member of the FBXL family, it contains the typical F-box fold near the N-terminus, while the
C-terminal part comprises twelve LRR domains (Winston et al., 1999). The FBXL6 gene on
chromosome 8924.3 encodes two isoforms, of which isoform 1 is the canonical form and
harbors 539 amino acids (aa) resulting in a predicted molecular weight of approximately 59
kDa. The second isoform is generated by alternative splicing and lacks seven amino acids (aa
208-213) inside the second LRR domain (Bateman et al., 2023). FBXL6 is expressed across
all human tissues and protein/mRNA expression data from cancer cell lines deposited on the
Human Protein Atlas indicates low cancer specificity (Uhlén et al., 2015).

An initial report on the biological function of FBXL6 showed that ectopic expression of
FBXL6 caused increased E2F-regulated transcription in colorectal cancer cells using a
fluorescence-based reporter assay, hinting at a potential oncogenic role of FBXL6 in the
cyclin-dependent cell cycle regulation (J. T. Kim et al., 2003). First mechanistic insights into
FBXL6 function were obtained by researchers investigating transcription factors of the ETS
family (derived from the erythroblastosis virus) from human cells and the fruit fly Drosophila
melanogaster. In a yeast-two-hybrid screen, FBXL6 was identified as interaction partner of
Tel (ETV6) and subsequent experiments in the human osteosarcoma cell line U20S indicated
ubiquitylation of Tel and the related transcription factor Tel2 (ETV7) by FBXL6 and its
Drosophila homologue (Roukens et al., 2008). Even though no functional experiments were
performed, these preliminary results provide a link between FBXL6 and the regulation of
differentiation and proliferation by transcription factors. Regarding its function as the
substrate recognition adaptor of an SCF-type E3 ligase, a cytokine receptor-based two-
hybrid screen in HEK293 cells identified FBXL6 as an interaction partner of SKP1 (Lievens et
al., 2009) and a mass spectrometry-based approach revealed binding of FBXL6 to
immunoprecipitated FLAG-tagged CUL1 (Reitsma et al., 2017). Since concrete mechanistic
and disease-specific information is absent, FBXL6 remains an understudied F-box protein
which likely confers substrate specificity to an SCF complex.



2.3 Previous data on this project

Aiming to identify novel vulnerabilities in AML within the SCF-type family of ubiquitin
ligases, Dr. David Brockelt initiated this project in the group of Prof. Dr. Florian Bassermann.
The following section will present relevant data generated before the project was handed over
to be the main topic of this thesis.

2.3.1 CRISPR/Cas9 screening identified FBXL6 as novel dependency in AML
cell lines

In search for dependencies in AML within the F-box protein family, an unbiased pooled
CRISPR/Cas9 screen was conducted using two independent, custom-assembled sgRNA
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Figure 4 CRISPR/Cas9 screening identifies FBXL6 as novel dependency in AML cell lines. (a) CRISPR/Cas9
screen results from two independent, custom-designed sgRNA libraries targeting all 72 human F-box proteins with
six sgRNA sequences per gene (three sgRNAs per library). Non-targeting sgRNAs were included as negative
controls, positive controls targeted core essential genes like polymerases. Additional positive controls were the
top 10 F-box genes from a whole-genome CRISPR screen published by T. Wang et al. performed in 14 AML cell
lines (T. Wang et al., 2017). Cas9-expressing OCI-AML3 and MOLM-13 cells were lentivirally transduced with the
pooled libraries and sorted for GFP (green fluorescent protein) positive cells. Samples taken on day 0, and day 14
were subjected to next-generation sequencing (NGS) analysis. Fold changes between day 0 and day 14 for each
sgRNA were calculated from normalized log2 transformed read counts. sgRNAs showing a dropout in both cell
lines are found in the lower left quadrant of each plot. (b) Competitive growth assay for CRISPR/Cas9 screen
validation. Cas9-expressing AML cell lines were transduced with the individual sgRNAs targeting FBXL6 (sgFBXL6)
or POLII (sgPOLII), or non-targeting control (sgCtrl) at 30-50% efficiency. The ratio of sgRNA expressing/GFP
positive to non-transduced cells was measured by flow cytometry at the indicated time points after infection and
normalized to day 2 or day 4, respectively. A dropout below 80% on the last day of measurement compared to
the initial day is marked by red bars. **; P < 0.001; **, P < 0.01; *, P < 0.05, by One sample t-test. [Data for a
provided by R. Ollinger and T. Engleitner; Data in b provided by D. Brockelt]
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libraries targeting all 72 human F-box proteins with three sgRNA sequences per gene in each
library. The sgRNA sequences were extracted from the GeCKO v2 library (Sanjana et al., 2014)
and cloned for library assembly by former lab member Dr. Oleksandra Karpiuk. Non-targeting
sgRNAs were included as negative controls, while sgRNAs targeting core essential genes like
polymerases, and hits from a whole-genome CRISPR screen published by T. Wang et al.
performed in 14 AML cell lines (T. Wang et al., 2017) served as positive controls for
dependencies. To exclude cell line-specific effects, two Cas9-expressing AML cell lines with
different genetic aberrations were lentivirally transduced with the pooled libraries and cultured
for 14 days. Comparative next-generation sequencing (NGS) of samples taken on day O,
which reflected the library composition, and day 14 revealed FBXL6 as one of the most
essential hits in both OCI-AML3, harboring mutations in NPM1 and DNMT3A, and MOLM-13,
an FLT3-ITD positive cell line (Fig. 4a). For validation of the screen results, AML cells were
transduced with the individual sgRNAs targeting FBXL6 at 30-50% efficiency. Competitive
growth assays of transduced (GFP+) versus non-transduced (GFP-) cells visualized by flow
cytometry confirmed the dropout of FBXL6-depleted cells from the mixed population found
in the screen (Fig. 4b). Being nearly uncharacterized at the time of performing the initial
experiments of the project, FBXL6 was considered a highly interesting novel dependency in
AML and was chosen for further investigations.

2.3.2 FBXL6 was found in nuclear fractions of AML cell lines

To functionally characterize FBXL6, first experiments regarding the subcellular
localization of FBXL6 and its potential ubiquitylation substrates as an E3 ubiquitin ligase were
conducted.

Investigating the location of FBXL6 within AML cells, subcellular fractions were
prepared from three different cell lines and subjected to immunoblot analysis. For all cell lines
tested, FBXL6 was found in the nuclear fractions and not in lysates from the cytoplasm (Fig.
5). While OCI-AML3 and MV4-11 showed FBXL6 in the insoluble nuclear fraction, which
comprises chromatin and nuclear membranes, FBXL6 from HL-60 cell was detected in the
soluble nuclear fraction, providing a first hint that FBXL6 resides in the nucleus of AML cells.
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Figure 5 FBXL6 is found in nuclear fractions of AML cell lysates. (a-c) Immunoblot analysis of cytoplasmic
and nuclear fractions prepared from OCI-AML3 (a), MV4-11 (b), and HL-60 (c) cell lines. Tubulin, Cullin-1 (CUL1),
and H2B-Ub (ubiquitylated Histone H2B) served as controls for pure cellular fractions. [Data in a-c provided by D.

Brockelt]
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2.3.3 Mass spectrometry-based screening for FBXL6 ubiquitylation substrates

F-box proteins typically act as substrate recognition adaptors for SCF-type ubiquitin
ligases. For the identification of ubiquitylation substrates of FBXL6, a combination of i)
interactome screening for physical interaction partners, and ii) functional screening for
ubiquitylation targets was employed.

To search for physical interaction partners of FBXL6, affinity purification of
overexpressed FBXL6 with subsequent mass spectrometric analysis was performed. In the
first experiment, Strep-FLAG-FBXL6 (SF-FBXL6) or empty vector control (EV) were transiently
overexpressed in HEK293T cells, a cell line derived from human embryonic kidney cells widely
used as a protein production machinery. The applied dual tag allowed for a tandem-affinity
purification (TAP) using Strep-Tactin and anti-FLAG coupled beads to improve the signal to
noise ratio. In a second experiment, the AML cell line HL-60 was transduced with FLAG-
tagged FBXL6 (FL-FBXL6), or EV for stable overexpression. Cells were harvested in triplicates
to perform single-FLAG immunoprecipitation (FLAG-IP). For both experiments, successful
overexpression, and purification of FBXL6 were confirmed using immunoblot analysis and
silver staining of inputs and eluted proteins (Fig. 6a, b, d, f). Subsequent mass spectrometric
analysis yielded 405 proteins for the TAP experiment, and 328 proteins for the FLAG-IP which
were specifically enriched (log2FC > 2) in the FBXL6 sample versus empty vector control (Fig.
6¢, ). Among the interacting proteins, the SCF-complex components SKP1 and CUL1 were
found, suggesting FBXL6 indeed acts as the substrate recognition adaptor of an E3 ubiquitin
ligase.

To cross-validate the lists of interacting proteins with ubiquitylation-specific functional
data, another mass spectrometry-based screen was set up, in which all ubiquitylated proteins
were purified from cells with and without FBXL6 knockdown. For this purpose, MOLM-13
cells were grown in SILAC (stable isotope labeling with amino acids in cell culture) medium
until fully labeled and transduced with shRNA constructs targeting FBXL6 versus non-
targeting control. Depletion of FBXL6 was validated using gPCR on the third day after
transduction before harvesting the cells on the next day (Fig. 6g). Following cell lysis and
trypsin-digest of all proteins, ubiquitin-remnant peptides characterized by the Lysine-e-
Glycine-Glycine (K-GG or DiGly) motif were purified using immunoprecipitation (IP) and
analyzed by mass spectrometry (Fig. 6h). Quantification of peptides not bound to the beads
during immunoprecipitation (flow through) was used to identify proteins regulated by FBXL6
depletion and to normalize values from the DiGly-IP to total protein abundance, yielding 191
proteins to be less ubiquitylated in the shFBXL6 sample compared to control (cut-off 30%
less ubiquitylation in at least one ubiquitin-remnant peptide).

The substrate screens described above were performed by Dr. David Brockelt during
the final weeks of his affiliation with the group of Prof. Dr. Florian Bassermann. The project
was handed over during the bioinformatic workup of the mass spectrometric data done by
the collaboration partners at the chair of Proteomics at TUM headed by Prof. Dr. Bernhard
Kuster. The integrative data analysis and cross-validation of potential ubiquitylation
substrates are therefore included in the main part of this thesis.
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Figure 6 Mass spectrometry-based screening for FBXL6 ubiquitylation substrates. (a) Silver staining, (b)
immunoblot, and (c) mass spectrometric (MS) analysis of tandem affinity purification (TAP) of Strep-FLAG-tagged
FBXL6 (SF-FBXL6) from transfected HEK293T cells. After immobilization on Strep-Tactin beads and elution with
desthiobiotin in the first step, FBXL6 was immunoprecipitated with anti-FLAG resin and eluted with 3XFLAG
octapeptide in the second step. Empty vector (EV) served as control for background signal. 2.5% of the final
elution was separated by SDS-PAGE and visualized by silver staining (a) and immunoblot analysis (b). (d) Silver
staining, (e) immunoblot, and (f) MS analysis of FLAG immunoprecipitation (FLAG-IP) of FLAG-tagged FBXL6 (FL-
FBXL6) versus EV control from HL-60 cells transduced for stable overexpression. After FLAG-IP an elution with
3XFLAG peptide, 2.5% of the eluates were separated by SDS-PAGE and visualized by silver staining (d) and
immunoblot analysis (f). (g) Relative quantification of FBXL6 mRNA levels from MOLM-13 cells transduced with
shRNA constructs for FBXL6 or non-targeting control on day 3 after infection. (h) MS analysis of
immunoprecipitated ubiquitin-remnant peptides (DiGly-IP, right panel) and peptides from the flow through (left
panel) from MOLM-13 cells in (g) on day 4 after infection. FC, fold change; LFQ, label-free quantification intensity;
SCF, SKP1-CUL1-F-box protein complex. MS data represents either single peptides (h) or proteins (c, f) by the
mean of corresponding peptides. [Data for a, b, d, f, g provided by D. Brockelt; Data for c, e, h provided by Prof.
B. Kister, J. Zecha and J. Krumm.] 13



2.4 Aim of this study

Acute myeloid leukemia (AML) is a particularly aggressive form of leukemia,
accounting for the majority of leukemic deaths (Park et al., 2020). Substantial genetic
characterization of this disease has led to risk stratification strategies and decision-making
algorithms as to whether to include allogeneic transplantation on top of classical
chemotherapeutic regimens. However, true vulnerabilities and novel targeted treatment
approaches based on genetic information have largely failed to evolve (Burnett & Stone,
2020). Therefore, investigating post-translational mechanisms such as ubiquitylation holds
great promise to identify new actionable vulnerabilities in AML. Given that the NEDDS8 inhibitor
pevonedistat demonstrated promising results in clinical trials when combined with azacytidine
in AML patients (Adés et al., 2022), searching for vulnerabilities among ubiquitin ligases of the
SCF-type seems to hold great potential. To kick off this project, Dr. David Brockelt conducted
a CRISPR/Cas9 dropout screen in AML cell lines, which identified the barely studied F-box
protein FBXL6 as one of the most significant hits. Preliminary characterization of FBXL6 in
AML pointed toward a nuclear localization and a functional SCF complex assembly due to
the interaction with SKP1 and CUL1. Since E3 ubiquitin ligases exert their biological function
through post-translational modification of their respective substrates, identification thereof
was initiated by performing mass spectrometry-based screens that were still analyzed by
collaboration partners when the project was handed over.

The aims of this study were therefore, i) to characterize the role of FBXL6 as a novel
vulnerability in AML by analysis of primary patient samples, tissue culture models, and in-vivo
model-based experiments, ii) to identify ubiquitylation substrates of FBXL6 by systematic
integration of mass spectrometry-based interaction and functional screens with validation of
the newly identified ligase-substrate pair(s), and iii to delineate up-stream regulatory
mechanisms of FBXL6 which contribute to its function in AML.
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3 Material and methods

3.1 Material

3.1.1 Devices and Instruments

Agilent 1100 HPLC column
Aqualine water bath
Axiovert 40 CFL with HBO50

Mini-Sub® Cell GT system for agarose electrophoresis

BioSAFE SC-smart CHRONOS 220
BransonSonifier 250

Centrifuge 5417R with rotor F453011
Centrifuge 5424 with rotor FA452411
Concentrator plus

Curix 60

Dionex Ultimate 3000 RSLCnano
ENVAIReco safe Comfort Sterilwerkbanke
Exploris 480 mass spectrometer
FACS Accuri C6 plus

FACS Calibur

FACS Aria Fusion

Fridges and lab freezers

GEL IX IMAGER 20

GloMax Explorer Multimode Microplate Reader
HERAcell™ 150i CO2 incubator
HERAfreeze™

HERASafe™ KS safety cabinet
Hypercassette™

Innova® 40 shaker for bacteria
Invitrogen Chamber for Ready Gels
Magnetic thermo stirrer RCT basic
Mastercycler nexus

microTOF mass spectrometer

Mini-PROTEAN Tetra cell SDS electrophoresis system

Mithras LB 940 Multimode Microplate Reader
Multifuge 3SR+

NanoPhotometer

Neubauer chamber

Novex Mini cell system for precast NUPAGE gels
Orbitrap Eclipse mass spectrometer
pegSTAR Thermocycler

Pipetman neo

Polymax 1040 platform shaker

PowerPac Basic power supply

PowerPac HC power supply

Agilent Technologies
Lauda-Brinkmann

Carl Zeiss

Bio-Rad Laboratories
Cryotherm

Heinemann

Eppendorf

Eppendorf

Eppendorf

Agfa

Thermo Fisher Scientific
ENVAIR

Thermo Fisher Scientific
BD Biosciences

BD Biosciences

BD Biosciences
Liebherr

INTAS

Promega

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Amersham Biosciences
New Brunswick Scientific
Invitrogen

IKA Laboratory Equipment

Eppendorf

Bruker Daltonics
Bio-Rad Laboratories
Berthold Technologies
Thermo Fisher Scientific
Implen

Marienfeld

Thermo Fisher Scientific
Thermo Fisher Scientific
Peqglab Biotechnology
Gilson

Heidolph Instruments
Bio-Rad Laboratories
Bio-Rad Laboratories
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Precision balance 572-37
QuantStudio™ 5 Real-Time-PCR machine
Quintix® Analytical Balance
Scanner V850 Pro
SevenCompact pH/lon pH-meter
SP8 confocal microscope
Thermo block MBT250
Thermomixer compact

Tube rotator

Tumbling roller mixer RM5
Vi-Cell Blu Cell Counter

3.1.2 Consumables

3mm CHR paper (Whatman)

Amicon® Ultra-15 Centrifugal Filters
Cell culture flasks

Cell culture plates

Cell scraper

CL-XPosure™ Films

Glass Cover slips for microscope slides
Hypodermic needles

Immobilon-P PVDF transfer membrane
Insulin syringes Microfine Plus 29G
MicroAmp Fast 96-Well Reaction Plate
MicroAmp Optical Adhesive Film
NuPAGE™ 4-12% BIS-TRIS gel
Pierce™ Protein Concentrators PES 10K MWCO
Pipette tips

SafeSeal tubes

Serological pipettes

Syringe filters

Syringes

UVette routine pack

x-well chamber slides on PCA detachable

3.1.3 Chemicals and Reagents

16% Formaldehyde, methanol free

2-Propanol

3XFLAG Peptide

4-Methylmorpholine

5-Bromo-2’-deoxyuridine (BrdU)
B-Mercaptoethanol

B-Glycerolphosphate disodium salt hydrate (G-2-P)
Acetic acid glacial

Acetone

AEBSF HCI serine protease inhibitor

Kern & Son

Thermo Fisher Scientific
Sartorius

Epson

Mettler-Toledo

Leica Microsystems
Kleinfeld Labortechnik
Eppendorf

Frébel Labortechnik
Neolab

Beckman Coulter

GE Healthcare

Merck Millipore

Greiner Bio-One
Biochrom/Falcon/Techno
Sarstedt

Thermo Fisher Scientific
Sarstedt

Braun

Merck Millipore

BD Biosciences
Applied Biosystems
Applied Biosystems
Thermo Fisher Scientific
Thermo Fisher Scientific
Sarstedt

Sarstedt

Greiner Bio-One
TPP/Biochrom

Braun

Eppendorf

Sarstedt

Thermo Fisher Scientific
Carl Roth
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Carl Roth

Carl Roth

Selleckchem
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Agarose NEEO

Albumin Fraction V (BSA)
Ammonium persulfate (APS)
Ampicillin sodium salt

Anti-FLAG M2 Affinity Gel

Aprotinin from bovine lung

Aqua ad injectable, sterile

Bacto Agar

Bacto Tryptone

Bacto Yeast Extract

BES buffered saline

Bestatin (Ubenimex, NK421)
Blasticidin S HCI

Boric acid

Bortezomib

Bromphenol Blue

C&L fixer solution type F

C&L developer solution type E
Cathepsin G inhibitor |

Calcium chloride dihydrate

CellTiter 96® Aqueous One Solution
CHAPS detergent

Coomassie Brilliant Blue R-250
Cycloheximide (CHX)

Deoxycholic acid sodium salt
Di-sodium hydrogene phosphate dihydrate
Dimethylsulfoxid (DMSO)

Disodium Phosphate
DL-Dithiothreitol

DNA Loading Dye (6x)

dNTP Mix, 10 mM each
Dodecylsulfate-Na-salt (in pellets, SDS)
Doxycyline Monohydrat

E-64 cysteine protease inhibitor
Ethanol

Ethylenediaminetetraacetic acid (EDTA)
FACS Clean

FACS Flow

FACS Rinse

Fc block

Formaldehyde, 16% (PFA)

Fluoride ion solution (NaF)

Gelatin from cold water fish skin
GelRed Nucleic Acid Gel Stain
Gibco™ Trypan Blue Solution, 0.4%
Glucose

Glycine

Carl Roth

Carl Roth
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

B. Braun Melsungen
BD Diagnostics

BD Diagnostics

BD Diagnostics
Sigma-Aldrich
Selleckchem
Thermo Fisher Scientific
Sigma-Aldrich
Janssen-Cilag
Sigma-Aldrich

Christiansen and Linhardt
Christiansen and Linhardt

Calbiochem
Sigma-Aldrich

Promega

Merck Millipore

Carl Roth
Sigma-Aldrich
Sigma-Aldrich

Merck Millipore

Carl Roth

Carl-Roth
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
SERVA

Sigma-Aldrich
Selleckchem

Merck Millipore
Sigma-Aldrich

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Biotium

Thermo Fisher Scientific
Sigma-Aldrich

Carl Roth
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Glycerol

Hexadimethrine bromide (polybrene)
Hexanucleotide Mix, 10x conc.
Hoechst33258

Hydrochloric acid 32%

Hydrochloric acid fuming 37 %
Leupeptin

Lipofectamine 2000 Reagent
Live/dead Fixable Dead Cell Stain APC-coupled
Magnesium chloride anhydrous
Magnesium sulfate anhydrous
Methanol

MG132

Sigma-Aldrich
Sigma-Aldrich

Roche

Sigma-Aldrich

Carl Roth

Carl Roth

Sigma-Aldrich

Thermo Fischer Scientific
Thermo Fischer Scientific
Sigma-Aldrich
Sigma-Aldrich

J. T. Baker
Biotechne/Tocris Bioscience

N-p-Tosyl-L-phenylalanine chloromethyl ketone (TPCK) Sigma-Aldrich

N,N,N’,N"-tetramethyl-ethylenediamine (TEMED)
Neutrophil elastase inhibitor IV (ONO-5046)
Nonidet P-40 substitute (10%)

NuPAGE™ LDS buffer

NuPAGE™ MES SDS Running buffer (20x)

Sigma-Aldrich
Calbiochem

Roche

Thermo Fisher Scientific
Thermo Fisher Scientific

Na-Tosyl-L-lysine chloromethyl ketone hydrochloride (TLCK) Sigma-Aldrich

PBS Dulbecco, powder

Pepstatin A

Phenylmethanesulfonylfluoride solution (PMSF)
PI/RNase staining buffer

Ponceau S solution

Potassium chloride

PowerUP™ SYBR™ Green Master Mix
ProLong™ Diamond Antifade Mountant
Protein G Agarose, Fast Flow

Puromycin

RNaseOUT Recombinant Ribonuclease Inhibitor
Rotiphorese NF-Acrylamide/Bis-solution 40% (29:1)
Saponin

DNA Stain Clear G

Skim Milk Power

Sodium acetate

Sodium azide

Sodium carbonate

Sodium chloride

Sodium dihydrogen phosphate monohydrate
Sodium fluoride

Sodium hydroxide solution 45%

Sodium orthovanadate

Sodium phosphate dibasic

Sodium tetraborate

Sodium thiosulfate pentahydrate

Strep-Tactin Superflow

Merck Millipore/Biochrome
Selleckchem
Sigma-Aldrich

BD Pharmingen
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Carl Roth
Sigma-Aldrich

SERVA Electrophoresis
Sigma-Aldrich

Merck

Merck

Merck

Carl Roth

Merck

Sigma-Aldrich

Carl Roth
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

IBA Lifesciences
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SuperSignal West Femto Max. Sensitivity Substrate
SuperSignal West Pico Chemiluminescent Substrate

TRIS-acetat-EDTA (TAE) buffer (50x)
Trichloroacetic acid solution (TCA)
Trifluoroacetic acid solution (TFA)
TRIS

Tris-Buffered Saline (TBS)

Triton X-100

Trypsin inhibitor from soybean
Tween 20

Water

3.1.4 Commercial Kits

AQueous One Solution Cell Proliferation Assay
DC Protein Assay

GeneJET Gel Extraction Kit

NucleoBond Xtra Midi

peqGOLD Plasmid Miniprep Kit

Pierce™ Silver staining kit

QIAquick PCR Purification Kit

QlAshredder

Rapid DNA Dephos & Ligation Kit

RNeasy Mini Kit

3.1.5 Enzymes

Agel (BshTl)

BamHI

EcoRlI

KspAl (Hpal)

Miul

SuperScript Il Reverse Transcriptase
Q5 DNA-polymerase

3.1.6 Oligonucleotides

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Carl Roth
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Promega

Bio-Rad Laboratories
Thermo Fisher Scientific
MACHEREY-NAGEL
Peqglab

Thermo Fisher Scientific
Qiagen

Qiagen

Roche

Qiagen

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
New England Biolabs

All oligonucleotides were purchased from Eurofins Genomics, Ebersberg, Germany.

Nucleotide sequences are written in 5’ to 3’ direction.

3.1.6.1 Cloning oligonucleotides
FBXL6_Agel_Kozak_fw

CCCACCGGTGCCACCATGGCTGCCCC

FBXL6-FLAG_MIlul_noStop_rvn  CCCACGCGTCTTATCGTCGTCATCCTTGTAATCGCTGG

FBXL6-V48_Agel_Kozak_fw

CCCACCGGTGCCACCATGGTGCTGTCCGAAC

FBXL6-FLAG_MIul_noStop_rvv  CCCACGCGTCTTATCGTCGTCATCCT
FBXL6-FLAG_Hpal_Kozak_fw CCCGTTAACGCCACCATGGATTACAAGGATGACGACG
ATAAGGCTGCCCCAGCCTCC

FBXL6_BamHI_Stop_rv

CCCGGATCCCTAGCTGGGTGAGGGGC
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FBXL6_Hpal_Kozak _fw
FBXL6-FLAG_BamHI_Stop_rv

3.1.6.2 sgRNA sequences

non-targeting gRNA
POLII sgRNA
FBXL6 sgRNA_1
FBXL6 sgRNA_2
FBXL6 sgRNA_3
FBXL6 sgRNA_5
FBXL6 sgRNA_6
FBXL6 sgRNA_8

3.1.6.3 shRNA sequences

non-targeting shRNA
FBXL6 shRNA_1
FBXL6 shRNA_2
FBXL6 shRNA_3

3.1.6.4 Sequencing primer

pHIV seq_fw
pHIV seq_rv
pTRI2A seq_fw
pTRI2A seq_rv

3.1.6.5 gqPCR primer

FBXL6 qPCR_fw
FBXL6 gPCR_rv

CD11b gPCR_fw
CD11b gPCR_rv
CSF1R gPCR_fw
CSF1R gPCR_rv
RPLPO gPCR_fw
RPLPO gPCR_rv

3.1.7 Bacteria
NEB 5-alpha competent E. coli

3.1.8 Standards
GeneRuler 1 kb DNA Ladder

PageRuler Plus Prestained Protein Ladder

CCCGTTAACGCCACCATGGCTGCCCCAGCCTCC
CCCGGATCCCTACTTATCGTCGTCATCCTTGTAATCGC

TGGGTGAGGGGC

ACGGAGGCTAAGCGTCGCAA
CAACAAGATCACGCACGAAG
GGCTTATGCCCAATCGGTGA
TCCCCTTCAGCTGCCTGTCG
GCTGAAGGGGAATGCTATTA
GAGCGTCAGCAGTCACACCG
CAAGAAGCTCACCACAGCTG
AGACCGGCTGACTCTAGCCA

CCTAAGGTTAAGTCGCCCTCG
GCACCGGCATCAACCGTAATA
AGACCGCATTCCCTTGGAAAT
CACCGGCATCAACCGTAATAG

TGGAATTTGCCCTTTTTGAG

AGGAACTGCTTCCTTCACGA

GTGGGAGGCCTATATAAGCAG
GCGGGCCGCTGTCCTGAG

CCGTGTTGAAGCTGGTAGGT
AGTGCTGTAGGTCCAGGCTA
GGGCTGGTGGAGTCTTTCTAT
TTCTGCCTGAACATCGCTA
CCTGAAGGTGGCTGTGAAGATG
GCTCCCAGAAGGTTGACGATG
GCACTGGAAGTCCAACTACTTC
TGAGGTCCTCCTTGGTGAACAC

New England Biolabs

Thermo Fisher Scientific
Thermo Fisher Scientific



3.1.9 Plasmids

pCDH iScaffold-EF1-mTagBFP-P2A-Puro FBXL6 sgRNA_5
pCDH iScaffold-EF1-mTagBFP-P2A-Puro FBXL6 sgRNA_6
pCDH iScaffold-EF1-mTagBFP-P2A-Puro FBXL6 sgRNA_8

R. Ludwig, AHS
R. Ludwig, AHS
R. Ludwig, AHS

pCDH iScaffold-EF1-mTagBFP-P2A-Puro non-targeting control ~ R. Ludwig, AHS

pcDNA 3.1 C-MYC-FBXL6

pcDNA 3.1 FLAG-FBXL1

pcDNA 3.1 FLAG-FBXL16

pcDNA 3.1 FLAG-FBXL3

pcDNA 3.1 FLAG-FBXL7

pcDNA 3.1 FLAG-PPM1G

pcDNA 3.1 HA-Ubiquitin K48 only
pcDNA 3.1 HA-Ubiquitin K63 only
pcDNA 3.1 HA-Ubiquitin wild type (WT)
pcDNA 3.1 MYC-FBXL1

pcDNA 3.1 MYC-FBXL16

pcDNA 3.1 MYC-FBXL3

pcDNA 3.1 MYC-FBXL5

pcDNA 3.1 N-MYC-FBXL6

pcDNA 3.1 N-Strep-FLAG-FBXL6
pcDNA 3.1(+) Zeo Empty vector
pHIV DsRed C-FLAG-FBXL6

pHIV DsRed Empty vector

pHIV DsRed N-FLAG-FBXL6

pLenti Cas9 Blast

pLenti CRISPR GFP FBXL6 sgRNA _1
pLenti CRISPR GFP FBXL6 sgRNA_2
pLenti CRISPR GFP FBXL6 sgRNA_3
pLenti CRISPR GFP FBXL6 sgRNA_5
pLenti CRISPR GFP FBXL6 sgRNA_6
pLenti CRISPR GFP non-targeting control
pLenti CRISPR GFP POLII sgRNA
pLKO.1 DsRed FBXL6 shRNA _1
pLKO.1 DsRed FBXL6 shRNA_2
pLKO.1 DsRed FBXL6 shRNA_3
pLKO.1 DsRed scrambled control
pMD2.G

psPAX2

pTRI2A C-FL-FBXL6

pTRI2A C-FLAG-FBXL6 Fragment starting at Val48

pTRI2A Empty vector

3.1.10 Antibodies

Antibody (clone)

Dilution (application)

D. Koch

F. Bassermann

D. Koch

D. Brockelt

D. Koch

Genscript

Addgene (#17605), T. Dawson
Addgene (#17606), T. Dawson
Addgene (#17608), T. Dawson
D. Koch

D. Koch

D. Koch

D. Koch

D. Koch

D. Brockelt

Thermo Fisher Scientific

A. Sperk, this study

R. Eichner

A. Sperk, this study
Addgene (#52962), F. Zhang
Sperk, this study

. Karpiuk

. Karpiuk

. Karpiuk

. Karpiuk

. Karpiuk

. Karpiuk

. Brockelt

. Brockelt

. Brockelt

. Heider

Addgene (#12259), D. Trono
Addgene (#12260), D. Trono
A. Sperk, this study

A. Sperk, this study

R. Spallek

<vEvEvioNoNoNoRoNoRr 4

Supplier (catalog#)

Caspase-3 (clone 8G10) 1:1,000 (IB)
Cathepsin G (clone 12H15L69) 1:1,000 (IB)

Cell Signaling (#9665S)
Thermo Fisher Scientific (#703590)
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CD11b APC-coupled

Cleaved caspase-3 (Asp175)
CuULA1

Donkey anti-mouse 1gG-AF488
Donkey anti-rabbit IgG-AF594

1:50 (FICy)
1:400 (IB)
1:1,000 (IB)
1:1,000 (IF)
1:1,000 (IF)

ECL anti-mouse IgG, HRP-linked 1:15,000 (IB)

eBiosciences (#17-0112-83)
Cell Signaling (#9664S)
Abcam (#ab85152)
Invitrogen (#A21202)
Invitrogen (#A21207)

GE Healthcare (#NA931)

ECL anti-rabbit IgG, HRP-linked 1:15,000 (IB) GE Healthcare (#NA934)

Erk1/2 (clone C-9) 1:1,000 (IB) Santa Cruz (#sc-514302)

FBXL6 1:400 (IB), 1:50 (IF)  Thermo Fisher (#PA564927)

FLAG 1:1,000 (IB) Sigma (#F7425)

FLAG-M2 1:1,000 (IB) Sigma (#F3165-1MG)

GAPDH 1:1,000 (IB) Santa Cruz (#sc-47724)

HA-tag (clone 16B12) 1:1,000 (IB) Biolegend (#901501)

IKB-a 1:1,000 (IB) Cell Signaling (#4814S)
IgG2b-APC isotype control 1:50 (FICy) BD Biosciences

MYC-tag 1:1,000 (IB) Millipore (#06-549)

p-GSK-3p (Ser9) 1:1,000 (IB) Cell Signaling (#9322S)

p27 1:1,000 (IB) BD Pharmingen (#554069)
Phospho-Erk1/2 (Thr202/Tyr204) 1:1,000 (IB) Cell Signaling (#9101S)

PPM1G 1:1,000 (IB), 1:500 (IF) Bethyl (#A300-880A)

SKP1 1:500 (IB) Santa Cruz (#sc-7163)

a-Tubulin (clone DM1A) 1:500 (IF) Sigma (#T9026)

B-Actin 1:3,000 (IB) Sigma (#A2228)

3.1.11 Cell lines

Cell line Type (human) Supplier Medium

MOLM-13  AML DSMZ (ACC 554) RPMI + 10% FBS (h.i.)
OCI-AML3  AML DSMZ (ACC 582) AlphaMEM + 20%FBS (h.i.)
MV4-11 AML DSMZ (ACC 102) IMDM + 10% FBS (h.i.)
THP-1 AML DSMZ (ACC 16) RPMI +10% FBS (h.i.)
HL-60 AML DSMZ (ACC 3) RPMI + 10% FBS (h.i.)
Kasumi-1 AML DSMZ (ACC 220) RPMI + 10% FBS (h.i,)
NB-4 AML DSMZ (ACC 207) RPMI + 10% FBS (h.i.)
PLB-985 AML kind gift of Prof. P. Jost RPMI +10% FBS (h.i.)
NOMO-1 AML kind gift of Dr. R. Eichner ~ RPMI + 10% FBS (h.i.)
HEL AML kind gift of Dr. R. Eichner ~ RPMI + 10% FBS (h.i.)
KGla AML kind gift of Dr. R. Eichner RPMI + 10% FBS (h.i.)
K562 CML kind gift of Dr. R. Eichner RPMI + 10% FBS (h.i.)
KCL-22 CML kind gift of Dr. R. Eichner RPMI + 10% FBS (h.i.)
LAMA-84 CML kind gift of Dr. R. Eichner RPMI + 10% FBS (h.i.)
HEK293T embryonic kidney ATCC (CRL-3216) DMEM + 10% NCS
U937 histiocytic lymphoma DSMZ (ACC 5) RPMI + 10% FBS (h.i,)
HelLa cervival cancer DSMZ (ACC 57) DMEM + 10% FBS
u20S Osteosarcoma ATCC (HTB-96) McCoy's + 10% FBS (h.i.)
H1437 LuAD ATCC (CRL-5872) RPMI + 10% FBS (h.i.)
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HCC44 LuAD

MM1.S MM
L363 MM
Amof MM
Riva DLBCL
TMDS8 DLBCL
3.1.12 Animals

DSMZ (ACC 534)
ATCC (CRL-2974)
DSMZ (ACC-49)

DSMZ (ACC-538)
DSMZ (ACC 585)

kind gift of Prof. D.

Krappmann

RPMI + 10% FBS
RPMI + 10% FBS

RPMI + 10% FBS
RPMI + 10% FBS

RPMI + 20% FBS
RPMI + 10% FBS

(h.i.)
(h.i)
(h.i)
(h.i)
(h.i.)
(h.i.)

NOD scid gamma (NSG) mice (NOD.Cg-Prkdc*® IL2rg™"1/SzJ)  The Jackson Laboratory

3.1.13 Tissue culture media and supplements

AlphaMEM

Dulbecco’s Modified Eagle’s Medium (DMEM)

Fetal Bovine Serum (FBS) superior

Iscove’s Modified Dulbecco’s Media (IMDM)

L-Glutamin (100X)

GlutaMAX™ (100X)

McCoy’s 5A Medium Modified
Newborn Calf Serum (NCS)
Opti-MEM I, reduced serum media

Phosphate buffered saline (PBS), 10X, sterile

Penicillin/ Streptomycin (100X)
RPMI 1640 GlutaMAX medium
rhFLT3L

rhSCF

rhTPO

rhiL3

StemPro-34 Medium
Trypsin-EDTA (10X) solution

3.1.14 Buffers and solutions

Thermo Fisher Scientific
Thermo Fisher Scientific
Merck Millipore/Biochrom
Thermo Fisher Scientific
Gibco

Gibco

Thermo Fisher Scientific
Merck Millipore/Biochrom
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Peprotech

Peprotech

Peprotech

Peprotech

Thermo Fisher Scientific
Merck Millipore/Biochrome

Coomassie destaining solution  45% methanol
10% acetic acid

Coomassie staining solution 45% methanol
10% acetic acid
0.25% Coomassie Brilliant Blue R-250

FACS buffer PBS (1x)
3% FBS

Freezing medium

90% FBS (heat inactivated)

10% DMSO
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IF blocking buffer

IF permeabilization buffer

IF staining buffer

Inhibitors in lysis buffers

Inhibitor cocktail expansion

Laemmli buffer (5x)

Luria-Bertani (LB) medium (1x)

LB-agar plates

Lysis buffer (standard)

PBS (1x)
0.25% gelatin from cold water fish skin
0.01% Saponin

PBS (1x)
0.1% Triton-X

PBS (1x)
0.5% BSA
0.01% saponin

1 pg/ml aprotinin

1 mM DTT

10 mM G-2-P

1 pg/ml leupeptin

0.1 mM PMSF

0.1 mM N33VO4

10 pg/ml soybean trypsin inhibitor
5 pg/ml TLCK

10 pg/ml TPCK

0.5 mM AEBSF
10 uM E-64

20 uM Bestatin
20 UM Peptstatin

300 mM TRIS (pH 6.8)
10% SDS

5% B-mercaptoethanol
0.05% bromphenolblue
50% glycerol

1% Bacto Tryptone
0.5% Bacto Yeast Extract
170 mM NaCl

1.5% Bacto Agar
LB medium

50 mM TRIS (pH 7.5)
150 mM NaCl

0.1% NP40

5 mM EDTA

5 mM MgCl,

5% Glycerol
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Lysis buffer (250 mM NaCl)

Lysis buffer (SDS-containing)

SDS running buffer (10x)

Separating gel buffer

Stacking gel buffer

Stripping buffer

Transfer buffer (10x)

Washing buffer

50 mM TRIS (pH 7.5)
250 mM NaCl

0.1% Triton X-100

1 mM EDTA

50 mM NaF

10 mM TRIS (pH 8.5)
2% SDS

250 mM TRIS (pH 7.5)
1.92 M glycine
1% SDS

1.5 M TRIS (pH 8.8)

0.5 M TRIS (pH 6.8)

62.5 mM TRIS (pH 6.8)

2% SDS

0.867% B-mercaptoethanol
48 mM TRIS (pH 7.5)

20% methanol

39 mM glycine

PBS (1x)
0.1% Tween20

3.1.15 Software and Databases

Alphafold

BioVenn

cBioPortal

Compass™ Data Analysis
CRAPome

DAVID

DepMap
Firebrowse
Flowdo v10
GeneCards
GPP Web Portal
IMARIS Viewer
Maximum Entropy software
MaxQuant
MEROPS

Prism 9

DeepMind and EMBL-EBI

Tim Hulsen

Memorial Sloan Kettering Cancer Center

Bruker Daltonics

University of Michigan and Samuel Lunenfeld Research
Institute Toronto

Laboratory of Human Retrovirology and Immunoinformatics
Broad Institute

Broad Institute

Tree Star

Weizmann Institute of Science

Broad Institute

Oxford Instruments

Bruker Daltonics

Max Planck institute of biochemistry

EMBL-EBI

Graph Pad Software
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Primer-BLAST NCBI

ProteomicsDB Technische Universitat Miinchen and Cellzome GmbH
SnapGene GSL Biotech LLC

The human protein atlas The human protein atlas Consortium

UniProt UniProt Consortium

Vizome Oregon Health & Science University

3.2 Methods

3.2.1 Molecular biology

3.2.1.1 Molecular cloning

Expression vectors are commonly utilized to alter the expression of specific genes
within target cells. These vectors consist of circular dsDNA strands that can be engineered
through molecular cloning. In this process, a segment known as the insert, which may contain
cDNA for overexpression or a shRNA-stretch for expression reduction, can be either
synthetically synthesized or amplified by PCR from template DNA. The insert is then stably
integrated into a DNA-vector, termed plasmid. To achieve this, both the insert and plasmid
are cleaved using restriction enzymes derived from bacteria. Subsequently, they are
combined through an enzymatic reaction called ligation, forming a circular DNA construct,
which can be amplified in bacteria.

3.2.1.2 Polymerase chain reaction

Polymerase chain reaction (PCR) designates a molecular biology technique for the
rapid in-vitro amplification of specific DNA sequences, based on repeated cycles of DNA-
denaturation, annealing of specific primers and elongation by a thermo-resistant DNA
polymerase (Mullis & Faloona, 1987).

To amplify a specific insert, PCR primers were designed with short overhanging ends
encoding for palindromic restriction sites, which were equally present or compatible to
restriction sites in the multiple cloning site (MCS) of the target plasmid. For each primer pair
the annealing temperature was set 5-10°C below the respective melting temperature. The
elongation time was adjusted to the length of the expected PCR product and the elongation
rate of the NEB Q5-polymerase (20-30 sec/kb) stated by the manufacturer. The general
composition and setup of the PCRs are outlined below. Of note, the addition of the Q5 High
GC Enhancer largely increased the PCR efficiency to amplify the GC-rich FBXL6 coding
sequence.

Reagent/compound Amount
DNA-Template 20-100 ng
Forward primer (10 pM) 2.5yl
Reverse primer (10 pM) 2.5yl
dNTPs (10 mM) 1l
Q5-Reaction Buffer (5x) 10 ul

Q5 High GC Enhancer (5x) 10 ul
Q5-High-Fidelity Polymerase 0.5 ul
Nuclease free dH,O To 50 pl
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Program step Temperature Time Repetitions
Initial Denaturation 98°C 3 min

Denaturation 98°C 20 sec 30 Cycles
Annealing X 30 sec

Elongation 72°C X

Final Elongation 72°C 3 min

Storage 8°C )

PCR fragments were subjected to agarose gel electrophoresis and gel purification (see
section 3.2.1.3) to confirm the proper size of the PCR product.

3.2.1.3 Agarose gel electrophoresis and gel purification

Agarose gels are used to separate DNA in an electric field according to its size, thus
exploiting the electrostatic properties of DNA molecules due to their negatively charged
phosphate backbones. Visualization can be achieved by addition of a fluorescent DNA-
intercalating agent. In this study, 1% agarose gels were produced by dissolving agarose in
the appropriate volume of TAE buffer by heating. The liquid agarose was cooled down for a
couple of minutes and supplemented with DNA Stain Clear G according to the manufacturer’s
instructions and poured into a gel chamber to solidify. The resulting gel was transferred to a
gel running chamber and covered in TAE buffer. DNA samples were mixed with 6x DNA
loading dye and run next to a 1kb DNA ladder at 100V for 30-45 min. The DNA was visualized
using UV-light and analyzed for size. If desired, DNA fragments were excised and extracted
using the Genedet Gel Extraction Kit according to the manufacturer’s protocol.

3.2.1.4 Restriction digest and ligation of DNA

Restriction enzymes recognize and cleave DNA at defined palindromic sequences
producing sticky- or blunt-end DNA fragments. Two or more DNA fragments with compatible
ends can later be fused by an enzymatic reaction called ligation.

All digests conducted in this study resulted in single-stranded DNA overhangs (sticky
ends) facilitating specific annealing of two particular fragments and ligation. For cloning
distinct DNA constructs, 0.5-3 ug DNA (plasmids and/or inserts) were digested using 0.5-1 pl
of restriction enzyme in the respective buffer for up to 1 h at 37°C. For simultaneous digestion
with multiple enzymes, buffer conditions were chosen as recommended by the manufacturer.
After the digest, plasmids were analyzed by gel electrophoreses and gel purified (see section
3.2.1.3), whereas smaller PCR products or inserts were separated from the digestion mixture
by Genedet Gel Extraction Kit according to the manufacturer’s protocol. Subsequently, the
Rapid DNA Dephos & Ligation Kit was used to ligate insert and plasmid DNA in a molar ratio
of 4:1, using 40 ng of digested plasmid DNA, according to the manufacturer’s protocol.

3.2.1.5 Annealing and ligation of short hairpin RNA-oligonucleotides

Oligonucleotides for cloning short hairpin RNA (shRNA) expression constructs were
designed using the GPP-Web Portal (Broad Institute) and ordered from Eurofins Genomics
(Ebersberg, Germany). Diluted and mixed oligos were annealed and subsequently ligated into
the pLKO.1 TRC cloning vector. The annealing mixture was composed of 1 yL of forward and
reverse oligonucleotide each (100 pM) and Buffer G in a total volume of 50 pL. This mixture
was incubated in a beaker of boiling water and set to cool down overnight. 2 pl of the annealed
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oligos were ligated with 50 ng of the pLKO.1 TRC cloning vector cut with Agel and EcoRIl and
transformed into chemically competent NEB 5-alpha E. coli (see section 3.2.1.6).

3.2.1.6 Transformation of plasmids into bacteria

After ligation, the resulting DNA constructs were transformed into bacteria for
amplification and/or insert screening. For this purpose, 1.5-2 pl ligation or 100 ng DNA were
added to 15-20 pl of chemically competent NEB 5-alpha E. coli and incubated on ice for 20
min, followed by a 45 sec heat shock at 42°C and a 2 min incubation on ice. To select for
plasmid-carrying bacterial colonies versus non-transformed clones, bacteria were plated on
LB agar plates containing antibiotics, matching the plasmid-encoded antibiotic resistance,
usually ampicillin. Agar plates were then incubated at 37°C overnight. Single colonies were
picked and inoculated in LB medium containing the respective antibiotic and incubated at
37°C and 250 rpm shaking overnight.

3.2.1.7 Plasmid DNA extraction from bacteria

Amplified plasmid DNA from bacteria was purified using commercially available
plasmid purification kits. Depending on the amount of bacterial culture, either the peqGOLD
Plasmid Miniprep Kit or the QIAGEN Plasmid Maxi Kit was used according to the
manufacturer’s instructions. This method uses alkaloid lysis to break down the bacterial cell
wall and subsequent immobilization of DNA on an anionic column. Contaminants such as
RNA and protein are removed by raising salt concentrations. Finally, DNA is eluted with high
salt buffer and precipitated using isopropanol. Pelleted DNA is cleared from salt with 70%
ethanol and resuspended in a suitable storage buffer. After cloning, test digests using suitable
restrictions enzymes were performed, and positive clones were sent for sequencing. For long-
term storage of positive clones, an aliquot of the bacterial culture was mixed 1:1 with glycerol
and frozen at -80°C. In case the sequence identity of a plasmid was not clear, for example
after molecular cloning, the resulting plasmids were analyzed by test digest and/or
sequencing at Eurofins Genomics (Ebersberg, Germany), using promoter- or gene-specific
primers.

3.2.1.8 RNA extraction from eukaryotic cells

For the analysis of gene expression on the transcriptional level, mRNA needs to be
extracted from cells. Due to the low stability of RNA and the omnipresence of RNA-degrading
enzymes, called RNases, the extraction has to be performed on ice and by using RNase-free
solutions. In this study, total RNA from AML and other cell lines was extracted using the
RNeasy Mini Kit (Qiagen), which exploits the reversible binding of RNA to silica-membrane
spin columns, according to the manufacturer’s instructions. RNA concentration in the final
eluates was determined spectrophotometrically. For maintaining stability, RNA was stored in
RNase-free water at -80°C.

3.2.1.9 Reverse transcription

Reverse transcriptases are enzymes of viral origin, synthesizing complementary DNA
(cDNA) based on an RNA template in a process called reverse transcription. The resulting
cDNA is the basis of different gene expression analyses such as quantitative PCR. To obtain
cDNA, 1 ug of extracted RNA (see section 3.2.1.8) was reversed transcribed using oligo-dT
primers, which allow specific transcription of mRNA via annealing to polyA-tails, dNTPs and
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the SuperScript Il Reverse Transcriptase according to the manufacturer’s protocol: after
primer annealing at 42°C for 5 min, cDNA was synthesized at 72°C for 60 min.

3.2.1.10 AQuantitative PCR

Quantitative PCR (gPCR), or real-time gPCR, is a PCR-based method that employs
fluorochromes to monitor the amount of amplified DNA in real time after each PCR cycle.
SYBR Green, a commonly used gPCR dye, binds to double-stranded DNA non-specifically,
forming a DNA-SYBR Green complex that absorbs blue light and emits green light. The
intensity of fluorescence is directly proportional to the amount of DNA present, enabling the
quantification of gene expression relative to reference genes.

In this study, gPCR was performed on a QuantStudio™ 5 Real-Time-PCR instrument
using the PowerUP™ SYBR™ Green Master Mix (both Thermo Fisher), according to the
manufacturer’s instructions, with reverse transcribed cDNA from AML/other cell lines (see
section 3.2.1.9) as a template. Specific gPCR primers were designed with the primer-BLAST
platform (NCBI) to amplify short sequences (around 100 bp) of FBXL6, CD11b, and CSF1R.
For normalization, the expression of the housekeeping gene RPLPO was determined.

3.2.2 Cell culture and cell-based assays

3.2.2.1 Culture of eukaryotic cells

Mammalian cell cultures were grown in a humidified incubator (HERAcell™ 150i CO2
incubator, Thermo Fisher Scientific) at 37°C with 5% CO2 and handled in biological safety
cabinets (HERAsafe™, Thermo Fisher Scientific). All cell lines were grown in media containing
1% penicillin/streptomycin and GlutaMax supplement (containing L-alanyl-L-glutamine, a
stabilized form of L-glutamine), if not indicated otherwise. The respective media composition
for each cell line can be found in the material section, where the cell lines used are listed.
Heat inactivation (h.i.) of serum (FBS) was achieved by incubation for 60 min at 65°C. Adherent
cells were kept on dishes and sub-cultured at 70-80% confluency. After a PBS wash, cells
were detached by incubation with trypsin at 37°C for 3-10 min. Trypsin was quenched by the
addition of culture medium, the resulting single-cell suspension was pelleted by centrifugation
at 1200 rpm for 4 min and a proportion of cells were transferred to a new plate in fresh
medium. Suspension cells were grown in appropriately sized cell culture flasks at maximum
densities between 1-10 x10° cells/ml and split every 2-3 days at a ratio of 1:4-1:10. To
determine the number of cells in culture, an aliquot of the cell solution was mixed in a 1:1 ratio
with trypan blue, a dye only penetrating and thus coloring dead cells, and viable cells were
counted in a Neubauer chamber.

3.2.2.2 Freezing and thawing of cells

Cryopreservation of mammalian cells was achieved by resuspending 1-10x10°
exponentially growing cells in 1 ml of FBS supplemented with 10% DMSO, an agent which
prevents crystallization and thus cell damage at low temperatures. To reduce the cell damage
further, cells aliquoted in cryotubes were transferred to a -80°C freezer inside of an
isopropanol-containing freezing device, assuring a cooling rate of 1°C per min. After at least
24 hrs at -80°C, frozen cells were transferred to liquid nitrogen for long-term storage.
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While unfreezing, it is important to rapidly wash out DMSO, which can be toxic at
prolonged exposures. Therefore, cells were rapidly thawed at 37°C, diluted in the respective
growth medium, centrifuged, and plated in fresh growth medium.

3.2.2.3 Harvesting of cells

For subsequent protein or RNA extraction, supernatants of adherent cultured cells
were removed, and cells were detached from culture plates by scraping in PBS. The obtained
suspensions or collected non-adherent cells were pelleted by centrifugation at 1200 rpm for
4 min and washed once in PBS. Cell pellets were either used immediately for cell lysis (e.g.
for in-vivo-ubiquitylation assays or denaturing lysis with SDS-containing buffers) or frozen at
-80°C.

3.2.2.4 MTS cell viability assay

To estimate the number of viable, metabolically active cells in a given population, the
MTS cell viability assay utilizes a colorimetric tetrazolium reagent ((3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), MTS). The tetrazolium
compound is metabolized by viable cells into a colored formazan product. For measuring the
resulting absorbance at 490 nm, a multi-well plate reader is commonly used. Since dead cells
lack the ability to metabolize tetrazolium reagents, the resulting absorbance is considered to
be proportional to the number of viable cells.

In this study, AML cells were subjected to MTS assay by plating 100 pl of homogenous
cell suspension into flat-bottom 96-well plates and adding 20 pl of CellTiter 96® Aqueous
One Solution (Promega) using a multi-channel pipet without producing air bubbles. Cell
culture medium plus MTS solution served as a control for background signal. Cells were
incubated for 1-2 hrs at 37°C before measuring the absorbance at 490 nm on a GloMax
Explorer Multimode Microplate Reader (Promega). Absorbance values were reduced by the
background signal determined from medium controls and depicted in relation to an internal
control such as non-targeting sgRNA in knockout experiments.

3.2.2.5 Transient transfection of cells with DNA

Transient transfection of HEK293T cells with plasmid DNA was carried out using the
calcium phosphate method described previously (Kingston et al., 1999). In brief, for a 10 cm
cell culture dish at 50-70% confluency, 10 ug of DNA were dissolved in 450 pl sterile dH.O
and 50 pl of 2.5 M CaCl, was added. After mixing thoroughly and incubation at room
temperature (RT) for 5 min, 500 ul BES buffer was added dropwise while constantly vortexing.
After additional 20 min at RT, the DNA calcium phosphate solution was carefully dripped onto
the cells. Cells were incubated with the formed DNA-Calcium complexes for 4-24 hrs and
subsequently analyzed or processed further.

To achieve equal amounts of more than two different plasmids transfected
simultaneously (e.g. for in-vivo-ubiquitylation assays), Lipofectamine 2000 was used a
transfection reagent according to the manufacturer's protocol. In brief, equal amounts of
serum-free Opti-MEM were mixed with DNA and Lipofectamine 2000 reagent in separate
reactions and incubated for 5 min at RT. The DNA-containing solution was then added to the
Lipofectamine 2000 dilution and mixed by inverting the tube. After 20 min incubation at RT,
the transfection mix was added to cells in P/S-free medium. The medium was renewed after
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3-4 h. For maximizing the transfection efficiency while retaining low cytotoxicity, a DNA to
Lipofectamine ratio of 1:3 was chosen. Cells were transfected at 50-70% confluency.

3.2.2.6 Production of lentiviral particles and viral transduction of cells

Lentiviral transduction of cells is a method that allows the stable expression of a
desired DNA sequence by permanently integrating it into a cell’s genome. Lentiviral particles
were produced by transient transfection of HEK293T cells in a 10 cm dish using the calcium
phosphate method, or alternatively, with Lipofectamine 2000 (if especially high viral titers were
necessary) (see section 3.2.2.5) to deliver 15 pg packaging plasmid (psPAX2), 5 ug envelope
plasmid (pMD2.G) and 20 ug of the plasmid of interest (e.g. an shRNA construct or a pHIV-
based overexpression construct). 24 hrs after transfection, the medium was replaced with 6-
10 ml Opti-MEM, which was harvested as viral supernatant after another 24 hrs. To clear the
supernatant from cell debris, it was passed through a 0.45 pm filter and used either directly
or stored at -80°C.

For lentiviral infection of non-adherent cells such as AML cell lines, 0.5-1x10° cells
were plated in 0.5 ml of growth medium per well of a 6-well plate. Next, 2 ml of viral
supernatant and polybrene (at a final concentration of 8 ug/ml) were added. Polybrene is a
cationic polymer facilitating the interaction of virions and the eukaryotic cell surface (Davis et
al., 2002). For increased efficiency, the cells were subjected to spin-infection at 700xg for 30
min at 30°C and subsequently incubated with the viral supernatant for 24 hrs before
exchanging the growth medium. Transduction efficiency was evaluated three days after
infection using flow cytometry.

3.2.2.7 Doxycycline treatment for transgene expression

To induce the expression of a transgene at a specific time point after viral transduction,
a doxycycline-inducible system can be applied. In this study, FBXL6 was expressed under
the control of a doxycycline-inducible promotor in the pTRI2A backbone after stable
integration into the genome of AML cell lines. After selection for transduced cells using
puromycin, the transgene expression was induced by the addition of doxycycline at a final
concentration of 1 pg/ml into the growth medium. For prolonged transgene expression,
doxycycline was renewed every 48 h.

3.2.2.8 Protein stability assay with cycloheximide

Analysis of protein stability and turnover can be achieved by inhibiting the translation
machinery of the cell for different periods of time with subsequent analysis of the protein
abundance, for instance by immunoblot analysis (Dietachmayr et al., 2020; Fung et al., 2018).
Cycloheximide (CHX) is a naturally occurring compound that inhibits eukaryotic ribosomes
and thereby stalls de novo protein translation. In this study, CHX was dissolved in 100%
ethanol to create a fresh stock solution of 100 mg/ml before each experiment. Cells were
treated with 200 pg/ml for different time points of up to 8 h. To investigate whether the
destabilization was proteasome-dependent or not, the proteasome inhibitor MG132 was
added together with CHX for the indicated time points at a concentration of 10 pM.
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3.2.3 Flow cytometry

Flow cytometry is a laser-based technique for the characterization of cells at single-
cell resolution, which is broadly used for analysis and cell sorting. In a stream of fluid, single
cells pass lasers and detectors that measure the physical properties such as size and
granularity next to fluorescent signals from e.g. fluorochrome-coupled antibodies or
expressed fluorochromes.

Data presented in this study were either obtained at a FACS Calibur or a FACS Accuri
C6 plus (both BD Biosciences) and analyzed using the software FlowJo v10. To determine
the transduction efficiency of AML cell lines infected with a viral vector containing GFP as a
fluorescent marker, cells from the growing culture were collected at the indicated time points.
These were then washed with 2 ml PBS, resuspended in PBS, and analyzed using one of the
mentioned flow cytometers.

3.2.3.1 Fluorescence activated cell sorting

FACS (fluorescence activated cell sorting) describes the sorting of cells based on their
flow cytometric properties and fluorescent markers. In this study, FACS was used in case of
insufficient transduction rates to purify infected cells, that expressed GFP or DsRed-Express2
as a selection marker to obtain a homogenous cell population. FACS was performed on a
FACS Aria Fusion cell sorter in the Core Facility Cell Analysis at TranslaTUM, Klinikum rechts
der Isar. For sorting, the cells were washed, resuspended in FACS buffer at a concentration
of 1-10x10° cells/ml, filtered to obtain a single-cell solution, and stored on ice until sorting.
Sorted cells were recovered in FBS h.i. and cultured in the usual growth medium.

3.2.3.2 Live/dead staining

To determine the relative number of dead cells within a given population, live/dead
staining was performed, utilizing an amine-binding dye that discriminates between viable cells
and dead cells by signal intensity. The dye binds to amines on the cell surface of both viable
and dead cells. Perforation of the membranes of dead cells additionally facilitates the binding
of the dye to intracellular amines, resulting in an increase in signal intensity compared to living
cells measured by flow cytometry.

For complementarity with GFP-expressing AML cells in knockout experiments, an
APC-coupled live/dead stain (Thermo Fisher Scientific) was used in this study. The lyophilized
dye was dissolved in DMSO for generating a stock solution according to the manufacturer’s
instructions. For the staining, cells were washed once with PBS and subsequently incubated
with the live/dead stain at a 1:2,000 dilution in PBS for 15 min at RT on an overhead rotator
to assure even staining. After washing with PBS, cells were resuspended in an appropriate
volume of PBS for flow cytometric analysis.

3.2.3.3 Cell cycle analysis

To analyze the cell cycle stage of a cell, one commonly used method is to monitor its
DNA content. For this purpose, a DNA-intercalating fluorescent dye called propidium iodide
(P1) is utilized. This dye allows for discriminating between cells in the GO/G1 phase and those
in the G2/M phase. Cells in the G2/M phase have a DNA content of 4N, which is twice the
amount found in GO/G1 phase cells (2N). Consequently, G2/M phase cells exhibit significantly
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higher fluorescence when labeled with Pl and measured by flow cytometry, typically at around
617 nm emission. During the S- or Synthesis phase of the cell cycle, cells undergo DNA
duplication in preparation for division. As a result, they possess an intermediate amount of
DNA and PI signal.

In this study, PI/RNase staining buffer (BD Pharmingen) was used for Pl staining,
following the manufacturer's protocol. After fixation of the cells in 70% ice-cold ethanol, the
derivate was stained with PI/RNase staining buffer for 15 min at RT and analyzed by flow
cytometry. The relative amount of cells in the respective cell cycle phase was determined in
the FlowJo software using the Watson (Pragmatic) model.

3.2.3.4 CD11b surface staining

The integrin CD11b is specifically expressed on the cell surface of cells at late stages
during myeloid differentiation, such as granulocytes, monocytes, and macrophages (Kansas
et al., 1990). Surface staining of CD11b with subsequent flow cytometric analysis is commonly
used to assess the differentiation status within the myeloid lineage of AML cells (Bestilny &
Riabowol, 2000; Jing et al., 2018).

To this end, AML cells were washed once with PBS before blocking Fc receptors by
incubating with Fc block (BD Biosciences) at a 1:20 dilution in PBS for 10 min at RT. Fc
receptors are expressed on various immune cells including myeloid cells and might bind non-
specifically to detection antibodies used in the staining process, thus causing a false positive
signal. After removing the Fc block, cells were stained with fluorochrome-coupled anti-CD11b
antibody or isotype control in a 1:50 dilution in PBS for 30 min at 4°C on an overhead rotator
to assure even staining. The staining solution was washed off with PBS and cells were
resuspended in PBS for flow cytometric analysis.

3.2.4 Immunofluorescence of non-adherent cells

Immunofluorescence (IF) is a method to visualize proteins and their subcellular
localization using fluorescent markers such as fluorochrome-coupled antibodies and a
fluorescence microscope for detection. Immunofluorescence microscopy of non-adherent
cells, especially AML cells, harbors a few challenges since attachment of the cells to a
microscopic slide without the induction of myeloid differentiation needs to be achieved for
the staining of intracellular proteins. In this study, a protocol was established which utilizes
the attachment of AML cells under serum-free conditions to plastic multi-well chamber slides
without prior coating. An analogous procedure has been described for lymphocytes (Tsang
et al., 2017).

To prepare AML cell lines for the IF staining, cells were counted in a Neubauer
chamber. Subsequently, 120,000 cells were washed once with PBS and resuspended in 500
pl PBS to be transferred to one well of a detachable, 8-well chamber slide for microscopy
(plastic, Sarstedt). The slide was briefly centrifuged (max. 1500 rpm) to accelerate the
sedimentation to the well bottom. Cells were allowed to attach to the surface for exactly 5
min at RT. Importantly, a longer incubation time was observed to induce a certain degree of
myeloid differentiation, as the cells changed their morphology from blast-like, round cells to
a more spread-out form resembling macrophages. Following attachment, the PBS was
removed and replaced by 4% PFA in PBS for fixation of the cells for 10 min at RT. Cells were
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washed once with PBS and then permeabilized using IF permeabilization buffer for 10 min.
After another PBS washing step, unspecific antibody binding sites were blocked with IF
blocking buffer for 30 min. To stain the proteins of interest, primary antibodies were incubated
over night without agitation at 4°C. Fluorochrome-coupled secondary antibodies were
incubated for 1 h at RT. Nuclei were stained with Hoechst33258 for 15 min at RT. Between
each staining step, cells were washed three times with PBS. After the staining, the chamber
was removed from the slide and washed once with water. Finally, mounting medium was
dripped on the slide, covered with a glass coverslip, and let cure for 24 hrs before imaging on
a confocal microscope.

3.2.5 Protein Biochemistry

3.2.5.1 Standard cell lysis

To analyze the protein content of a cell population or to perform protein-protein
interaction studies, cells need to be lysed by disruption of their membranes and organelles
while keeping proteins in solution and preventing their degradation.

For standard cell lysis, harvested cell pellets were resuspended in suitable buffers
containing high amounts of salts and/or detergents. To prevent the degradation of proteins
or changes in post-translational modifications, specific protease and phosphatase inhibitors
were added. If not specified otherwise, ice-cold 150 mM NaCl lysis buffer (standard for cell
lysis) supplemented with DTT, protease (PMSF, TLCK, TPCK, PIN) and phosphatase inhibitors
(Nava, Glycerol-2-Phospate) was used. Additionally, benzonase was added to lysis buffers at
a 1:3,000 dilution to assure complete lysis of chromatin and thus solubilization of nuclear
proteins such as FBXL6. Cell pellets were resuspended in lysis buffer and incubated for 20
min on ice. After 10 min of incubation, lysates were pressed four times through an Insulin
syringe to increase the efficiency of breaking up all organelles and chromatin. Lysates were
cleared of DNA and membrane debris by centrifugation at 14,000 rpm at 4°C for 15 min.
Subsequently, protein concentrations of the cleared supernatants were measured by a
modified Lowry assay (Lowry et al. 1951) using the Bio-Rad DC protein assay according to
the manufacturer’s instructions. Protein-containing supernatants were either denatured by
the addition of Laemmli buffer and heating to 95°C for 5 min or used in immunoprecipitations
or in-vitro-cleavage assays.

3.2.5.2 Denaturing cell lysis

To obtain an immediate snapshot of cellular proteins, thus excluding any artificial
processes caused by cellular enzymes such as excessive protease cleavage happening
during standard cell lysis, cell pellets were lysed under denaturing conditions.

For denaturing lysis, fresh cell pellets were resuspended in 2% SDS-containing lysis
buffer without prior freezing. Using a cut pipet tip allowed for easier handling of the sticky
lysates, which were subsequently boiled for 5 min at 95°C and before placing on ice for 5 min.
To reduce the viscosity of the lysate, samples were subjected to one freeze-thaw cycle (-
80°C, followed by boiling for 5 min 95°C) and acidified with 10% TFA (Trifluoroacetic acid,
final concentration 1-2% depending on viscosity). Samples were immediately vortexed after
TFA addition and subsequently quenched with 20% NMM (4-Methylmorpholine, final
concentration 2-4%, proportional to TFA concentration: e.g. 1% TFA and 2% NMM) and
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mixed by vortexing. Samples were put on ice and tested for a pH of 7.5 - 8.5. If necessary,
the pH was adjusted using NaOH or NH.OH. Finally, lysates were cleared by centrifugation at
21,000xg, 4°C for 5 min and the supernatant was transferred to a fresh tube.

3.2.5.3 SDS polyacrylamide gel electrophoresis

SDS polyacrylamide gel electrophoresis (SDS-PAGE) is a method that allows for the
separation of proteins in a complex mixture based on their protein mass. By the addition of
SDS, denatured proteins are coated in negatively charged detergent molecules, which allows
them to move through a polyacrylamide gel at a mass-specific speed that is independent of
their inherent charge, as soon as an electric field is applied. SDS-acrylamide gels were cast
using Mini-PROTEAN Tetra Electrophoresis System. A standard gel consisted of a short
upper part, the so-called stacking gel containing 3.9% acrylamide, and a lower separating gel
containing 6-14% acrylamide, depending on the size of the proteins of interest.

Reagent per gel in ml Separating Gel Stacking Gel
(10 ml) (5 ml)
5% | 8% | 10% | 12%
Acrylamide 40% (29:1) 1.25 | 2.0 2.5 3.0 1.25
H-O to 10 ml to5 ml
Separating Buffer 2.5 -
Stacking Buffer - 1.25
SDS (10%) 0.1 0.05
APS (10%) 0.1 0.05
TEMED 0.004 0.005

After polymerization, 10-25 pg of denatured protein sample were loaded into the
pockets of a gel assembled in a running buffer-filled chamber next to a protein ladder and
resolved at 80-120 V. After electrophoresis, gels were incubated in Coomassie or silver stain
(section 3.2.5.4) to visualize proteins within the gel or transferred to a membrane for
immunoblot analysis (section 3.2.5.5).

3.2.5.4 Coomassie- and silver-staining

Proteins can be visualized directly within an acrylamide gel using Coomassie- or silver-
staining. Both methods stain proteins based on charges present in the amino acid chains.
Coomassie-staining is less sensitive compared to silver-staining, as Coomassie interacts with
the positive amine groups through van der Waals interactions and visualizes =50 ng protein,
while the reduction of silver ions to elementary silver by negatively charged residues detects
a minimum of 1 ng of protein.

For a Coomassie staining, gels were incubated in Coomassie staining solution for at
least 1 h or overnight while shaking. Excess dye was removed by repeated washes with
Coomassie destaining solution. Silver stains were carried out using the Thermo Scientific
Pierce Silver Stain Kit according to the manufacturer’s instructions.

3.2.5.5 Immunoblot analysis

Immunoblot analysis (Western blot) is a method used to detect proteins bound to a
membrane using specific antibodies.
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Proteins separated by SDS-PAGE were transferred to polyvinylidene difluoride (PVDF)
membranes, which bind proteins via hydrophobic and polar interactions. PVDF membranes
were activated in methanol for 1 min before the transfer of proteins from the SDS-gel to the
membrane by electroblotting at either 100 V for 80 min or at 30 V overnight. For quality control,
membranes were colored with Ponceau solution that reversibly stains all proteins bound to a
membrane. After destaining in washing buffer (WB) and blocking in 5% milk in WB for 30 min,
the membranes were incubated with primary antibodies diluted in 5% milk or 5% BSA in WB
on a roller mixer at 4°C overnight. If not further specified, B-Actin served as an internal loading
control. After washing (three times 10 min) in WB, membranes were incubated with the
respective HRP (horse raddish peroxidase)-coupled secondary antibody at a dilution of
1:15,000 in 5% milk for 45 min at RT. After washing again (three times 10 min), blots were
incubated with enhanced chemiluminescent (ECL) solution (Pierce™ ECL Western Blotting
Substrate, Thermo Fisher Scientific) and exposed to photosensitive films (Amersham
HyperfilmT" ECL). An automatic film developer machine (Curix 60, Agfa) was used to visualize
protein bands.

3.2.5.6 Stripping of membranes

To re-probe a PVDF membrane with another antibody, the previously bound primary
and secondary antibodies can be removed via incubation with a denaturing buffer containing
SDS and B-mercaptoethanol in a process called stripping. To this end, membranes were
incubated with stripping buffer for 45 min at RT, followed by four washes with PBS for 15 min
each. Subsequently, membranes were blocked in 5% milk in WB and incubated with a new
primary antibody.

3.2.5.7 In-vivo-ubiquitylation assay

An established method to analyze the ubiquitylation status of a protein in a specific
cellular context is the so-called in-vivo-ubiquitylation assay. For this purpose, cells plated on
6 cm dishes were transfected with plasmids encoding 0.3-1 pg HA-tagged ubiquitin or one of
its variants, 1-3 pg FLAG-tagged substrate-candidate and 1-2.5 pg E3-ligase of interest or
respective controls using Lipofectamine 2000 (section 3.2.2.5). 24 hrs after transfection cells
were treated with 10 pM MG132 for 3 hrs to enrich for proteins which might otherwise be
degraded by the proteasome. Harvested cells were lysed freshly, without prior freezing, in
110 pl ice-cold 250 mM NaCl lysis buffer supplemented with protease and phosphatase
inhibitors. After 15 min of incubation on ice, lysates were cleared by centrifugation, and
supernatants were denatured by the addition of 1% SDS, 5 mM EDTA and heating to 95°C
for 5 min. Samples were allowed to reach room temperature and diluted with 900 pl 250 mM
NaCl lysis buffer supplemented with 1% Triton X-100 and incubated on ice for 15 min. Finally,
a FLAG-IP was performed as described in section 3.2.5.8.

3.2.5.8 Immunoprecipitation

Immunoprecipitation (IP) is a technique used to purify proteins form cell lysates using
specific antibodies raised against a protein or protein-tag of interest. These antibodies are
commonly coupled to agarose beads by a covalent bond and allow for sedimentation of
bound proteins by centrifugation. In this study, IPs were performed from whole-cell extracts
(WCE) using standard lysis buffers (see section 3.2.5.1).
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For IPs of Flag-tagged proteins, lysates were incubated with FLAG-M2 agarose beads.
Before use, the beads were washed three times in lysis buffer and diluted 1:1 with the buffer
to produce a slurry suspension. Per 4x10” cells used for lysis, 32 pl of slurry beads (or a
minimum of 20 pl slurry beads per reaction if smaller amounts of cells were lysed) were added
and incubated for 1-1.5 hrs at 4°C on a rotating wheel. Beads were then sedimented at low
centrifugation speed and washed three times with lysis buffer to reduce unspecific binding. If
unspecific binding was causing problems in further analyses, a pre-clear was done using plain
agarose beads. These ‘empty beads’ were added to every lysate before the actual IP-beads
for 30min at 4°C, removed from the lysates and discarded. If not further specified, beads were
eluted by addition of 60 pl of 2x Laemmli buffer and cooked at 95°C for 10 min. Samples of
WCE and IPs were analyzed by SDS-PAGE and immunoblot (see section 3.2.5.5).

3.2.6 Mass spectrometry

Mass spectrometry (MS) is a technique to measure the mass and charge of
substances and has emerged as a powerful tool to analyze single proteins or entire
proteomes. Two MS-based proteomics approaches can be distinguished according to the
desired gain of information: bottom-up and top-down proteomics. In a bottom-up proteomics
approach, complex protein mixtures are analyzed by measuring peptides resulting from
enzymatic digestion (e.g. by trypsin) that are ionized and separated according to their mass-
to-charge ratio in an electric or magnetic field. Based on the detected spectra, peptides are
identified by correlation to the mass-to-charge ratio of known peptides (generated by the
respective enzyme), enabling the identification and quantification of the protein of origin
(Yates et al., 2009). In a top-down proteomics experiment, intact proteins are ionized to
determine the total mass of a protein and its post-translational modifications (Catherman et
al., 2014). For this, less complex protein samples such as immunoprecipitations of a protein
of interest are needed.

3.2.6.1 Bottom-up proteomics

In this study, bottom-up proteomics was performed for the identification of FBXL6
interaction partners and to determine the cleavage site in the FBXL6 sequence. In both cases,
FLAG-tagged FBXL6 was purified from AML cell lines according to the general protocol in
section 3.2.5.8 with minor adjustments. Instead of a denaturing elution from the FLAG beads,
bound proteins were eluted using 3XFLAG peptide at a concentration of 1 mg/ml in TBS
(elution volume was 2.5x the bead slurry volume; 30 min at 4°C on an overhead rotator) for
retaining anti-FLAG antibodies on the beads. The single elution step was followed by a TBS
wash to increase the yield of the elution without further increasing the amount of FLAG
peptide in the eluate.

For the cleavage site identification, eluates separated on an SDS-gel were stained with
Coomassie, and bands corresponding to FBXL6 were cut out and sent to Dr. Barbara
Steigenberger at the proteomics core facility of the Max Planck Institute (MPI) of Biochemistry
in Martinsried, Germany for further processing and MS analysis.

For the interactome analysis, eluates were precipitated with 20% TCA, washed with
Acetone, and dried in a vacuum concentrator. After reconstitution in LDS buffer (NUPAGE™),
reduced with DTT and alkylated with chloroacetamide (CAA). Half of the sample was run on
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a 4-12% BIS-TRIS NuPAGE gel and stained with Coomassie before handing over to Dr. Piero
Giansanti of the BayBioMS@MRI core facility at TUM.

Further processing by the collaboration partners started with in-gel trypsin digestion
of the proteins. Tryptic peptides were extracted, dried, and reconstituted in buffer containing
0.1% formic acid (FA) and analyzed by LC-MS/MS (liquid chromatography tandem mass
spectrometry) either on a Dionex Ultimate 3000 RSLCnano system (Thermo Fisher Scientific)
coupled to an Orbitrap Eclipse mass spectrometer (Thermo Fisher Scientific) for the
interactome analysis, or on a 30-cm column (inner diameter: 75 microns; packed in-house at
MPI with ReproSil-Pur C18-AQ 1.9-micron beads, Dr. Maisch GmbH) coupled to an Exploris
480 mass spectrometer (Thermo Fisher Scientific) for the cleavage site identification. Peptide
and protein identification and quantification were performed using MaxQuant by searching
the MS2 spectra against the human reference proteome supplemented with common
contaminants.

3.2.6.2 Top-down proteomics

Top-down proteomics was performed to determine the protein mass of the lower-
running form of FBXL6. For direct injection of the intact protein into the mass spectrometer,
the detergent NP-40 had to be substituted in the lysis buffer by the more MS-friendly
detergent CHAPS. To this end, AML cell lines were lysed with the 150 mM lysis buffer without
NP-40 but with 0.5% CHAPS, and FLAG-FBXL6 was purified and eluted from the beads using
3XFLAG peptide as described in section 3.2.6.1. Eluates were concentrated 25X using
Pierce™ Protein Concentrators with a molecular weight cut-off of 10 kDa, which allowed for
excluding most of the 3XFLAG peptide used for the elution of the purified proteins. For quality
control, equivalent amounts of the initial eluate, the concentrator flow through and the final
eluate were separated by SDS-PAGE and subjected to silver staining. Concentrated eluates
were denatured using 1% TFA and sent to Martinsried for analysis by Victoria Sanchez at
MPI.

Subsequent work by Victoria Sanchez included LC-MS (liquid chromatography mass
spectrometry) measurement of the samples on an Agilent 1100 HPLC column (Phenomenex
Aeris™ 3.6 ym WIDEPORE C4 100 mm x 2.1 mm ID, 200 A pore size) coupled to a microTOF
mass spectrometer (Bruker Daltonics, mode: positive, mass range 800-3000 m/z). To elute
the sample from the column, LC Buffer A (0.05% TFA in H.O pH 2.0) and LC Buffer B (0.05%
TFA in ACN pH 2.0) were used at a flow rate of 250 pl/min and increasing percentage of LC
Buffer B. The resulting mass spectrometric data was processed using the Compass™ Data
Analysis software and deconvoluted with the Maximum Entropy software (both Bruker
Daltonics) applying 10,000 instrument resolving power.

3.2.7 Patient-derived xenograft mouse model

Mouse models are central preclinical models in cancer research, enabling the
investigation of tumors in vivo. Xenografts in immunodeficient mice allow for performing
functional studies on patient-derived cancer cells. All in-vivo experiments were carried out by
Romina Ludwig and Jan Philipp Schmid from the research unit Apoptosis in Hematopoietic
Stem Cells (AHS) at the Helmholtz Center in Munich headed by Prof. Dr. Irmela Jeremias.
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In this study, a competition-based patient-derived xenograft (PDX) mouse model was
chosen to evaluate the role of FBXL6 as a novel vulnerability in AML. In this setting, PDX cells
expressing a control sgRNA are simultaneously injected into mice with PDX cells harboring
the desired knockout (KO) in a 1:1 ratio for competition. Control and KO are distinguished by
different fluorescent markers, which are analyzed by flow cytometry.

To this end, PDX cells were generated by injection of primary patient cells into
immunocompromised NOD scid gamma (NSG) mice (NOD.Cg-Prkdc®®® IL2rg™"/SzJ) with
subsequent re-isolation and serial transplantation into secondary recipient mice (Vick et al.,
2015). For CRISPR/Cas9-based knockouts, PDX cells were lentivirally transduced to generate
stable Cas9-overexpression cells, which were then amplified by serial transplantation into
donor mice. Lentiviral particles encoding sgRNAs were concentrated using cellulose
membrane concentrating columns (Amicon® Ultra-15 Centrifugal Filters, Millipore) according
to the manufacturer’s protocol. Virus titration was performed by transduction of NALM-6 cell
lines with subsequent flow cytometric analysis of the transgene marker. PDX-Cas9 cells were
transduced overnight with the lentiviral constructs and polybrene (8 ug/ml). After recovery of
four days, cells were FACS-sorted for pure populations and mixed 1:1 (sgControl marked by
T-Sapphire and sgFBXL6 marked by BFP) before injection into NSG mice. After two or three
weeks, mice were sacrificed. Cells isolated from bone marrow (BM) and spleen were analyzed
by flow cytometry to determine the ratio between sgFBXL6 and sgCtrl. BM cells from femur,
tibia, sternum, and spine were filtered and washed with PBS. To isolate splenic cells, spleens
were smashed and isolated using a Ficoll density gradient (centrifugation at 400xg for 30 min
at RT) and washed with PBS.

3.2.8 Statistical Analysis

All quantified experiments were performed in triplicates, meaning three independent
biological replicates. The non-quantified immunoblot data generally shows results
representative of at least two independent experiments. Statistical analyses of the results
were performed with the GraphPad Prism software. Depending on the type of data,
significance was calculated using the Logrank test (Mantel-Cox), Student’s t-test, one-sample
t-test, or one-way ANOVA, according to assumptions of the test. Statistical analysis of relative
ratios was performed using one-sample t-tests with hypothetical means of 1.0. The error bars
shown in the figures represent the mean + standard deviation (S.D.). The P values are denoted
in the figure legends where a statistically significant difference was found: *, P < 0.05; **, P <
0.01; **, P < 0.001; *™*, P < 0.0001.
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4 Results

This study was performed as a collaborative project in the research group of Prof. Dr.
Florian Bassermann at Klinikum rechts der Isar der TUM with help from collaborators at other
institutes and colleagues within the research group. To ensure a comprehensive
understanding of the project, relevant data obtained by other researchers are also presented
here. The respective contributions are indicated in text and figure legends.

4.1 Characterization of FBXL6 in AML

Despite intense research on the genomic level, AML remains a deadly disease in
urgent need of new actionable vulnerabilities. Investigation of post-translational modifications
such as ubiquitylation holds great promise to identify new targets in AML. FBXL6 is the
substrate recognition adaptor of a ubiquitin ligase, which was identified as a new vulnerability
in AML in a CRISPR/Cas9 dropout screen, performed by Dr. David Brockelt.

4.1.1 FBXL6 is overexpressed in AML patient samples

To evaluate the role of FBXL6 as a new vulnerability in AML, the expression of over
1,000 ubiquitin-related genes were analyzed in a large AML patient cohort encompassing over
700 cases (data provided by T. Haferlach and W. Walter from MLL Munich Leukemia
Laboratory, Stengel et al. 2020).

Among the 72 F-box protein genes, only four genes (FBXO41, FBXL6, FBXL19, and
FBXW9) showed significantly enriched mRNA expression in AML samples compared to
healthy bone marrow controls (n=64), with FBXL6 being the second highest hit (Fig. 7a).
Taking all analyzed genes into account, FBXL6 was among the top five upregulated genes.
Strikingly, FBXL6 was overexpressed in 95% of all cases (Fig. 7b). High FBXL6 expression
was observed in all AML subtypes according to the current WHO classification (Khoury et al.,
2022), while patients harboring PML-RARA translocation showed the highest median
expression (Fig. 7c). Survival analysis of all AML patients revealed that those with high levels
of FBXL6 mRNA (n=223) had slightly decreased overall survival compared to those with low
levels (n=192) (Fig. 7d). However, the difference was not statistically significant. To ensure
high consistency, the MLL cohort comprised intensively treated patients only. In order to gain
a broader view of FBXL6 in AML patient samples, publicly available datasets from The Cancer
Genome Atlas (TCGA) (Weinstein et al., 2013) and BeatAML2.0 (Bottomly et al., 2022) projects
were additionally analyzed, which include samples from different disease stages.

In line with the results from the MLL cohort, high FBXL6 mRNA levels correlated weakly
with worse overall survival in the TCGA dataset comprising 200 AML patient samples (Fig.
8a). A similar analysis of the larger BeatAML2.0 study (n=671) demonstrated a marginal trend
toward decreased survival in the FBXL6 high group only at late time points starting at 60
months (Fig. 8b). Interestingly, samples from the BeatAML2.0 cohort showed a correlation
between FBXL6 expression and risk stratification according to the European LeukemiaNet
(ELN) (Déhner et al., 2017) standards. Patients classified as adverse risk had significantly
higher levels of FBXL6 compared to those categorized as favorable (Fig. 8c).
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Figure 7 FBXL6 is significantly overexpressed in AML patient samples encompassed in the MLL cohort.
(a) Differential gene expression analysis of 1,041 Ubiquitin (UBQ)-related genes in the MLL AML patient cohort
(n=762) compared to total bone marrow controls from healthy donors (n=64). Enriched in AML versus control:
log2FC > 1.5, significant: P < 0.05 by Student’s t-test. (b) Individual values from (a) for FBXL6 mRNA expression
in AML patients and healthy controls. CPM, counts per million reads mapped. ****, P < 0.0001, by Student’s t-test.
(c) Individual values from (a) for FBXL6 mRNA expression grouped by specific AML subtype. Classification
according to the current WHO guidelines, subtypes with min. 6 cases are shown. (d) Kaplan-Meier-Plot for overall
survival comparison between the groups FBXL6 high (above the median that is marked in (a) with a dashed line,
log2CPM range 1.48 - 3.43, n=223) and low (below the median, log2CPM range -1.82 - 1.48, n=192). Logrank P
by Mantel-Cox test, Hazard ratio (HR) by Mantel-Haenszel test. [Data for a-d provided by collaborators from MLL
Munich, T. Haferlach, and W. Walter (Stengel et al., 2020).]

Furthermore, the BeatAML2.0 dataset was explored regarding clinical attributes
comparing patients with high versus low FBXL6 expression. Basic patient characteristics
were similar in the two groups since no differences between FBXL6 high and low were
observed for sex distribution, age, and blast count in the bone marrow and peripheral blood
(data not shown). In contrast, differences were observed regarding mutation profiles and blast
morphology. FLT3 mutations were slightly more frequent in FBXL6 high patients (110/335,
32.8%) compared to FBXL6 low (94/335, 28.1%), while NPM1 mutations occurred
significantly more often in FBXL6 low (106/335, 31.6%) versus FBXL6 high patients (68/265,
20.4%) (Fig. 9a). Both increased FLT3 mutations and decreased NPM1 mutations in the
FBXL6 high group point toward a correlation of high FBXL6 expression with a poorer
prognosis (Fig. 9b), which is in line with the ELN-2017 stratification pattern described above
(Fig. 8c). Differences in blast morphology were mainly found for patients categorized in the
M3 class according to the French-American-British (FAB) classification (Bennett et al., 1976).
Patients with FBXL6 high (13/166, 8%) were more than twice as likely to be classified as M3
compared to FBXL6 low (5/156, 3%), which is consistent with the finding from the MLL cohort,
where FBXL6 expression was highest in PML-RARA translocated AML patients (Fig. 7c).
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Taken together, FBXL6 was found to be highly overexpressed in AML patient samples
on the transcriptional level, which is likely associated with poorer prognosis.
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Figure 8 High FBXL6 levels are potentially associated with decreased survival and adverse risk in AML
patients. (a) Kaplan-Meier-Plot from The Cancer Genome Atlas (TCGA) study (Weinstein et al., 2013) for overall
survival comparison between the groups FBXL6 high (above median, log2RSEM range 8.73 — 11.02, n=72) and
low (below median, log2RSEM range 6.88 — 8.72, n=79). RSEM, RNA-Seq by Expectaition-Maximization. (b)
Kaplan-Meier-Plot from the BeatAML2.0 study (Bottomly et al., 2022) for overall survival comparison between
the groups FBXL6 high (above median, RPKM range 4.79 — 6.35, n=322) and low (below median, RPKM range
3.66 —4.78, n=327). (a-b) Logrank P by Mantel-Cox test, Hazard ratio (HR) by Mantel-Haenszel test. (c) Individual
FBXL6 mRNA expression values from the BeatAML2.0 study for comparison of favorable and adverse risk
patients classified according to the European LeukemiaNet (ELN-2017) guidelines. RPKM, reads per kilobase of
transcript per million reads mapped. ***, P < 0.001, by Student’s t-test.
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Figure 9 High FBXL6 mRNA expression is associated with genetic markers for a worse prognosis. (a)
Relative number of patients from the BeatAML2.0 study (Bottomly et al., 2022) with FLT3 or NPM1 mutation,
respectively. Variant allele frequency (VAF) > 5%. Comparison of FBXL6 high (above median, RPKM range 4.79 -
6.35, n=333) versus low (below median, RPKM range 3.66 — 4.78, n=335). ***, P < 0.001; ns, not significant by
Student’s t-test. (b) Relative distribution of patients from the BeatAML2.0 study categorized into MO-M7 AML
subtypes according to French-American-British (FAB) classification (Bennett et al., 1976). Comparison of FBXL6
high (above median, RPKM range 4.79 — 6.35, n=166) versus low (below median, RPKM range 3.66 — 4.78, n=156).

4.1.2 FBXL6 is highly expressed in various cancer entities

To elucidate, whether FBXL6 overexpression was specific for AML or FBXL6 rather
represents a more general oncogene across cancer entities, the large gene expression
dataset of cancer cell lines deposited on the Dependency Map portal (DepMap Consortium,
2018) was analyzed. Cell lines from myeloid cancers, mainly comprising AML cell lines,
showed the second-highest median FBXL6 mRNA expression (Fig. 10a). Notably, most
cancer cell lines from various entities had much higher FBXL6 levels compared to non-
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cancerous fibroblasts, hinting at a pro-tumorigenic role of FBXL6. On the protein level, FBXL6
expression was highest in cancer cell lines from the ovary and fallopian tube, while myeloid
cell lines ranked at position five (Fig. 10b). Since the proteomics dataset lacked a non-cancer
control, no conclusion on overexpression in cancer versus normal cells could be drawn on
the protein level. In summary, FBXL6 is highly expressed in various cancer entities on
transcriptional and translational levels, and cancer cell lines from the myeloid lineage were
found among the highest-expressing lineages.
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Figure 10 FBXL6 is highly expressed across
various cancer entities. Data for (a-c) was
downloaded from the Dependency Map portal
(DepMap Consortium, 2018). Each dot
represents a single cell line. (a-b) Relative
FBXL6 mRNA expression (a) and FBXL6
protein expression (b) in cell lines from different
cancer entities or non-cancerous origin. (c)
CRISPR scores for FBXL6 knockout generated
in whole-genome CRISPR/Cas9 screens. Red
dashed line represents the threshold
perturbation effect for a dropout, while -1.0
represents the median CRISPR score of all
common essential genes.

Next, the functional genomics data deposited on DepMap was utilized to investigate
whether FBXL6 serves as an AML-specific dependency or alternatively as a common
vulnerability in various cancer types. The analyzed data comprised CRISPR scores from
genome-wide CRISPR/Cas9 dropout screens performed in over 1,000 cell lines from 24
different cancer entities plus nine non-cancerous cell lines. For FBXL6 knockout, a
perturbation effect below the threshold for a dropout of -0.5 was found for total 74 cell lines
from 21 entities, while none of the non-cancerous cell lines scored below the threshold (Fig.
10c). Within the myeloid lineage, the AML cell line MOLM-13 showed the strongest
dependency upon FBXL6 depletion, thus confirming the results from the CRISPR screen
performed by Dr. D. Brockelt (Fig. 4). Overall, the 24 cancer entities showed modest
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perturbation effects upon FBXL6 knockout, with median scores ranging from the biggest
effect of -0.34 in pleural cancer cells to the smallest effect of -0.19 in cell lines from head and
neck cancers. Cell lines from the myeloid lineage, including 24 AML cell lines, ranked at
position six with a median score of -0.29. Taken together, FBXLG6 likely serves as a moderate
dependency in various cancer entities.

4.1.3 AML cell lines show two forms of FBXL6 in immunoblots

In order to validate the observations from the publicly available DepMap cell line data
and to choose the most appropriate cell line systems to investigate FBXL6 in further
experiments, a large cell line panel was analyzed regarding FBXL6 expression. First, whole-
cell lysates were prepared from leukemic cell lines using the standard lysis buffer containing
commonly used protease and phosphatase inhibitors. FBXL6 protein levels varied across the
14 different leukemia cell lines without showing a clear preference for any subtype (Fig. 11a).
Interestingly, a prominent second band was detected with the FBXL6-specific antibody in
AML cell lines of the FAB M4 and M5 subtypes. Relative quantification of FBXL6 mRNA levels
of the leukemic cell lines did not strictly correlate with the respective protein levels, indicating
post-transcriptional and/or post-translational regulation of FBXL6 expression (Fig. 11b). Next,
a similar analysis of protein and mRNA levels was performed for cell lines from other lineages.
In line with the data from the DepMap portal, FBXL6 expression was higher in AML cell lines
compared to cell lines derived from the lung (lung adenocarcinoma, LUAD) or the lymphoid
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Figure 11 AML cell lines highly express FBXL6 mRNA and show a distinct band pattern for the FBXL6
protein. (a) Immunoblot analysis of whole-cell extracts prepared under standard lysis conditions derived from cell
lines of different AML subtypes according to French-American-British (FAB) classification and selected CML
(chronic myeloid leukemia) cell lines. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as a loading
control. (b) Relative quantification of FBXL6 mRNA levels using gPCR for the cell lines in (a). Values are normalized
to the expression of the housekeeping gene RPLPO and are shown in relation to DMSO control. (c) Immunoblot
analysis of whole-cell extracts from cell lines of different entities, including lung adenocarcinoma (LuUAD), multiple
myeloma (MM) and diffuse large B-cell lymphoma (DLBCL). B-Actin served as a loading control. (d) Relative
quantification of FBXL6 mRNA levels using gPCR for cell lines in (c). Values are normalized to the expression of
the housekeeping gene RPLPO and are shown in relation to DMSO control.
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lineage (multiple myeloma, MM, and diffuse large B-cell lymphoma, DLBCL), both in
immunoblots and gPCR (Fig. 11c, d). Of note, the distinct band pattern of FBXL6 detected in
AML cells was not found in cells from other cancer entities. Only U937, a cell line from
histiocytic lymphoma, showed a second band for FBXL6 similar to AML cells. U937 cells are
commonly used as a pro-monocytic model (Skopek et al., 2023), as their morphology
resembles early myeloid progenitors, indicating a common regulatory mechanism with AML
cells.

Aiming to confirm the identity of the bands detected in FBXL6 immunoblots of AML
lysates, THP-1 cells were transduced with three different shRNAs for acute knockdown of
FBXL6 versus non-targeting control and harvested four days after infection. Immunoblot
analysis of whole-cell extracts showed efficient depletion of both upper and lower running
bands by FBXL6 knockdown as compared to control cells (Fig. 12a). Thus, the prominent
bands detected by the antibody represented two distinct forms of FBXL6 at approximately
59 kDa and 54 kDa, herein termed FBXL6-59kDa and FBXL6-54kDa, respectively.

Since 59 kDa represented the predicted molecular weight of FBXL6, the lower-running
FBXL6-54kDa might be produced by a so far unknown shorter isoform or by a cleavage
mechanism. To test this hypothesis, FBXL6 overexpression constructs were generated with
a FLAG-tag on the C- or N-terminus of the canonical isoform of FBXL6 (isoform 1). THP-1
cells were transduced with C-FL-FBXL6 versus N-FL-FBXL6 or empty vector control (EV) and
sorted by FACS for infected cells. After a few days of recovery, cells were harvested and
subjected to cell lysis and immunoblot analysis. C-FL-FBXL6 gave rise to both forms in
immunoblots stained with anti-FLAG antibody, therefore excluding that the bands
represented different isoforms of FBXL6. Interestingly, N-FL-FBXL6 showed only the higher-
running form of FBXL6 at approximately 59 kDa. After removing the anti-FLAG antibody using
stripping buffer, membranes were analyzed with anti-FBXL6 antibody in the second step.
Surprisingly, both forms were visible in the FBXL6 blot for either of the overexpression
constructs (Fig. 12b). The discrepancy between anti-FLAG and anti-FBXL6 immunoblots
strongly indicated a cleavage mechanism in the N-terminal part of FBXL6. The obvious
difference in running height of the lower-running form between C- and N-terminally tagged
FBXL6 strengthened this hypothesis since cleavage within the N-terminal part would also
remove the FLAG-tag from N-FL-FBXL6 while the tag would still be present in C-FL-FBXL6.
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Figure 12 AML cells produce two forms of FBXL6 by cleavage. (a) Immunoblot analysis of THP-1 cells
transduced with shRNA constructs targeting FBXL6 or non-targeting control (shCtrl). Cells were harvested 3 days
after infection and subjected to standard cell lysis with subsequent SDS-PAGE and immunoblot analysis. B-Actin
served as a loading control. (b) Immunoblot analysis of THP-1 cells lentivirally transduced to ectopically express
FBXL6 with an N-terminal (N-FL-FBXL6) or C-terminal FLAG tag (C-FL-FBXL6), or empty vector (EV) control. Cells
were FACS- sorted for infected cells subjected to standard cell lysis with subsequent SDS-PAGE and immunoblot
analysis. CUL1 served as a loading control.
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In summary, the analysis of selected model cell lines recapitulated high FBXL6 protein
and mRNA expression in AML cells and revealed a so far undescribed AML-specific cleaved
form of FBXL6. Based on the high expression, the presence of FBXL6-54kDa, and the results
from the CRISPR screen performed by Dr. D. Brockelt, the four model cell lines OCI-AMLS,
THP-1, MV4-11, and MOLM-13 were chosen for further studies on the role of FBXL6 in AML.

4.1.4 FBXL6 is localized in the nucleus in AML cell lines

To provide a framework for the functional characterization of FBXL6 in AML, the
subcellular localization of FBXL6 was determined. Therefore, immunofluorescence (IF)
staining of AML cell lines coupled with confocal microscopy was performed. Using an FBXL6-
specific antibody next to DNA (Hoechst33258) and cytoskeleton (a-Tubulin) staining,
endogenous FBXL6 was predominantly detected in the nuclei of MV4-11 and MOLM-13 cells
(Fig. 13a). Since the fluorescence signal for FBXL6 remained low despite experimental
optimization and the spherical morphology of AML cells, an additional localization to the
cytoplasm or other cellular compartments could not be excluded. Therefore, AML cell lines
were transduced with an overexpression construct for FBXL6 (Fig. 13b). IF staining of
overexpressed FBXLG6 revealed a clear nuclear localization, validating the results obtained by
endogenous IF staining, and the observations by Dr. D. Brockelt in chromatin fractionation

a anti-FBXL6 Hoechst (DNA) anti-Tubulin Merge

MV4-11

MOLM-13

b Hoechst (DNA) anti-Tubulin
MV4-11

FL-FBXL6

THP-1
FL-FBXL6

Figure 13 FBXLS6 is localized in the nucleus of AML cells. (a) Representative maximum projection images of
immunofluorescence staining (IF) with subsequent confocal microscopy. Wild type AML cell lines were allowed to
attach to plastic 8-well chamber slides in PBS (120,000 cells per well), fixed with 4% PFA, permeabilized with IF
permeabilization buffer. After blocking of unspecific binding sites using IF blocking buffer, cells were stained with
the primary antibodies anti-FBXL6 (green), and anti-a-Tubulin (red) over night at 4°C, followed by washing and
incubation with fluorochrome-coupled secondary antibodies. Nuclei were counterstained using Hoechst33258
(blue). (b) Representative maximum projection IF images of AML cell lines transduced with lentiviral FLAG-FBXL6
overexpression constructs. Staining procedure as in (a). Scale bars represent 10 pm.
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experiments (Fig. 5). Thus, it was concluded that FBXL6 is localized in the nucleus in AML
cells.

4.1.5 FBXL6 is regulated upon myeloid differentiation

AML is characterized by a differentiation block of immature cells in the bone marrow
and blood, which causes uncontrolled proliferation of these cells. Thus, oncogenic drivers in
AML often have differentiation-inhibiting and/or proliferation-promoting functions. In order to
investigate a possible relationship between FBXL6 and myeloid differentiation, THP-1 and
OCI-AMLS3, two commonly used model cell lines for myeloid differentiation studies, were
treated with the differentiation-inducing agent ATRA (all-trans-retinoic acid) (Fig. 14a). Upon
immunoblot analysis of treated THP-1 cells, the FBXL6 band pattern markedly shifted from a
dominance of the cleaved form to the higher running form after 6 hrs of ATRA exposure. In
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Figure 14 FBXL6 is regulated upon myeloid differentiation. (a-c) Immunoblot analysis of whole-cell extracts
prepared under standard lysis conditions. B-Actin served as a loading control. (a) Immunoblot analysis of THP-1
and OCI-AMLS3 cells treated with all-trans-retinoic acid (ATRA), harvested after the indicated time points. (b)
Immunoblot analysis of THP-1 cells treated with 12-O-Tetradecanoylphorbol-13-acetate (TPA) for the indicated
timepoints or with DMSO as a control for 24 hrs. (c) Relative quantification of FBXL6 and CD11b mRNA levels
from samples in (@) and two additional biological replicates. Values are normalized to the expression of the
housekeeping gene RPLPO and are shown in relation to DMSO control. (d) Immunoblot analysis of OCI-AMLS3 cells
treated with TPA for the indicated timepoints or with DMSO as a control for 24 hrs. (e) Relative quantification of
FBXL6 and CSF1R mRNA levels from samples in (d) and two additional biological replicates. Values are normalized
to the expression of the housekeeping gene RPLPO and are shown in relation to DMSO control. *, P < 0.05; ™, P
< 0.01, by Student’s t-test.

47



OCI-AML3, where FBXL6-54kDa was much more pronounced in untreated cells than in THP-
1 cells, the lower form was decreased without an increase of FBXL6-59kDa. Furthermore, the
downregulation of FBXL6 happened much later in OCI-AML3 compared to THP-1, which
correlated with a later onset of differentiation, indicated by decreased p-Erk1/2, a common
marker for cell proliferation and differentiation (Shaul & Seger, 2007).

To rule out drug-specific effects, both cell lines were treated with another
differentiation-inducing agent, TPA (12-O-Tetradecanoylphorbol-13-acetate / PMA, Phorbol
12-myristate 13-acetate). In line with ATRA treatment, exposure to TPA produced a clear shift
from FBXL6-54kDa to the higher running form, for both TPH-1 and OCI-AMLS3, while inducing
a cell cycle arrest in G1, marked by p27 upregulation (Fig. 14b, d). When FBXL6-59kDa was
upregulated, the total FBXL6 protein levels were decreased when compared to untreated
cells. To investigate, whether this was caused by transcriptional downregulation of FBXL6, a
gPCR analysis was performed. Upregulation of CD11b or CSF1R confirmed myeloid
differentiation upon TPA treatment in THP1 and OCI-AMLS3, respectively (Fig. 14c, €). In THP-
1, FBXL6 mRNA was significantly downregulated after 6 hrs, followed by a significant
upregulation after 48 hrs. Hypothesizing, that the cleaved form of FBXL6 was stemness
promoting, the upregulation of FBXL6 mRNA could be interpreted as a potential
compensatory mechanism. However, gPCR of TPA-treated OCI-AMLS3 cells did not replicate
any changes in FBXL6 mRNA levels.

Taken together, forced myeloid differentiation of AML cells causes a specific shift from
FBXL6-54kDa to the higher running FBXL6-59kDa, which hints at a functional link between
FBXL6 cleavage and the stemness of AML cells.

4.2 FBXL6 depletion reduces the proliferation of AML cell lines

The observed dropout phenotype of FBXL6-depleted AML cells (Fig. 4) can be a result
of different cellular mechanisms such as an increase in cell death, a defect in cell cycle
progression, or failures in other pathways such as metabolism or releasing the differentiation
block of myeloid blasts. To address this question, AML cell lines were transduced with
sgRNAs targeting FBXL6 versus non-targeting control (sgCtrl) and sorted by FACS for pure
populations three days after infection. For two weeks, sorted cells were followed up regarding
their viability, proliferation, and differentiation status. The two FLT3-ITD positive cell lines
MV4-11 and MOLM-13 were chosen for these experiments due to the significant dropout
upon FBXL6 depletion in competition-based experiments by Dr. D. Brockelt and the highest
dependency scores compared to other AML cell lines in CRISPR screens found in the
DepMap database (Fig. 10).

Immunoblot analysis of whole-cell extracts confirmed the efficient depletion of FBXL6
(Fig. 15a). To determine the cell viability and basic metabolic activity, cells were counted using
the trypan blue exclusion method and subjected to an MTS viability assay that measures
mitochondrial activity via metabolization of the substrate tetrazolium into the colored product
formazan. While the relative number of viable cells was moderately depleted to 80% upon
FBXL6 knockout in MV4-11 cells, MOLM-13 cells were reduced to approximately 60%
compared to sgCtrl (Fig. 15b). The cell viability measured by MTS metabolization was
consistent with the cell counts, indicating the reduction in the MTS signal was due to reduced
cell numbers rather than a metabolic defect with reduced mitochondrial activity (Fig. 15c).
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Interestingly, the strongest reduction in cell viability was observed 7 days after infection and
did not drop further at later time points. Instead, there was even a tendency of recovery,
hinting at compensatory mechanisms.
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Figure 15 FBXL6 depletion reduces the proliferation of AML cell lines. (a) Immunoblot analysis of AML Cas9
cell lines that were transduced with GFP-expressing sgRNA constructs targeting FBXL6 or non-targeting control
(sgCtrl) and FACS sorted for infected cells on day 3 post-infection. Cells were harvested 9 days post-infection and
whole-cell extracts prepared under denaturing lysis conditions were subjected to SDS-PAGE and immunoblot
analysis. B-Actin served as a loading control. (b) Cells from (a) and two additional biological replicates were
counted using the trypan blue exclusion method on an automatic cell counter (Vi-Cell Blu, Beckman Coulter) to
distinguish viable from dead cells at the indicated time points. (c) Cells from (a) and two additional biological
replicates were subjected to MTS viability assay using the CellTiter 96® Aqueous One Solution by Promega at the
indicated time points. The resulting absorbance at 490 nm was measured with a Promega 96-well plate reader.
Results in (a) and (b) are normalized to day 4 and presented in relation to sgCtrl. ***; P < 0.001; *, P < 0.05, by One
sample t-test.

To elucidate whether FBXL6 depletion causes cell death, cells were stained with a
fluorescent stain that permeates only damaged membranes of dead cells and thereby
distinguishes dead from living cells by signal intensity measured with flow cytometry. Neither
of the tested cell lines showed an increase of dead cells upon FBXL6 knockout (Fig. 16a).
Especially MV4-11 cells seemed to suffer from the sorting procedure but recovered during
the experiment, indicated by a general decrease in dead cells. To test whether FBXL6-
depleted cells show a defect in their cell cycle progression, cells were fixed and stained with
propidium iodide (PI) for determining the number of cells in a certain cell cycle phase based
on the DNA content. A slight enrichment of cells in the G1 phase was observed for MV4-11
cells transduced with sgFBXL6_6 (Fig. 16b). However, this effect was not reproduced with
the second sgRNA used and was completely absent for MOLM-13 cells, indicating a generally
slower proliferation rather than an arrest in a specific phase of the cell cycle. To investigate
whether FBXL6 knockout causes a release of the differentiation block in AML cells, the
surface expression of CD11b, a well established marker for myeloid differentiation, was
analyzed by flow cytometry. Comparison of sgFBXL6 with sgCtrl revealed unchanged CD11b
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surface levels (Fig. 16c), indicating that the differentiation status was not affected by FBXL6
depletion.

Taken together, FBXL6 depletion causes a marked reduction of AML cell numbers,
which is not caused by cell death, cell cycle arrest in a specific phase, or induction of myeloid
differentiation, but rather a slowed-down proliferation rate.
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Figure 16 Reduced number of FBXL6-depleted cells does not result from cell death, cell cycle arrest in a
specific phase, or myeloid differentiation. (a) Flow cytometric analysis of cells from Fig. 15, which were stained
with a fluorescent viability dye (APC-coupled live/dead stain, Thermo Fisher Scientific) that permeated only
damaged membranes of dead cells and analyzed by flow cytometry at the indicated timepoints. (b) Cell cycle
analysis of cells from Fig. 15 fixed at the indicated time points, which were stained with propidium iodide (Pl) for
discriminating the cell cycle phases by DNA content. Results are presented in relation to sgCitrl. (c) Flow cytometric
analysis of cells from Fig. 15 stained for CD11b-surface expression with fluorescently conjugated antibodies (anti-
CD11b-APC). IgG-APC (IgG Ctrl) served as negative control for the CD11b-specific staining. [Flow cytometry for
figures b and ¢ was performed for two independent replicates. In ¢, results from replicate 3 are shown.]

4.3 FBXL6 might be essential for AML maintenance in vivo

Given that FBXL6 acts as a dependency in AML cell lines, it was investigated whether
FBXL6 also exerts anti-proliferative effects in vivo. To this end, a patient-derived xenograft
(PDX) mouse model was set up together with Romina Ludwig and Jan Philipp Schmid from
the research unit Apoptosis in Hematopoietic Stem Cells (AHS) at the Helmholtz Center in
Munich headed by Prof. Dr. Irmela Jeremias.
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In preparation for the PDX model, first, an appropriate PDX sample had to be chosen
from the PDX sample collection at the AHS. The group of Prof. Dr. Irmela Jeremias generated
all PDX samples by injection of primary patient cells into immunocompromised NOD scid
gamma (NSG) mice with subsequent re-isolation and serial transplantation into secondary
recipient mice (Fig. 18a) (Vick et al., 2015). For CRISPR/Cas9-based knockouts, PDX cells
were lentivirally transduced to generate stable Cas9-overexpression cells, which were then
amplified by serial transplantation. To choose a PDX sample for this project, ideally with a
high FBXL6 expression, whole-cell extracts of eight different PDX samples were subjected to
immunoblot analysis. Most of the PDX samples showed FBXL6 protein levels comparable to
MV4-11 cells (Fig. 17a). Interestingly, the cleaved form of FBXL6 at approximately 54 kDa
observed in AML cell lines could also be detected in the PDX samples and, in some cases,
was even more pronounced than in MV4-11 cells. Due to the highest FBXL6 expression, the
PDX sample AML-388 was chosen for initial mouse experiments. This sample was derived
from a 57-year-old male patient at initial diagnosis with an MLL-rearranged, KRAS mutated
AML stratified as adverse prognosis and classified as FAB M4.
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Figure 17 In-vitro validation for setting up the PDX mouse model. (a) Immunoblot analysis of whole-cell lysates
prepared under standard conditions of PDX samples derived from different AML patients and two cell lines as a
reference. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and total protein staining with Ponceau S served
as loading controls. S.e., short exposure; l.e., long exposure. (b) Immunoblot analysis of THP-1 cells transduced
with sgRNA constructs targeting FBXL6 or non-targeting control (sgCtrl) cloned into the pCDH backbone used in
PDX experiments. Transduced cells were selected with puromycin and harvested after the indicated time points.
CUL1 served as a loading control. (c) Competitive growth assay for validating the pCDH-sgRNA constructs. AML
Cas9 cell lines were transduced with the individual sgRNAs targeting FBXL6 (sgFBXL6) or POLII (sgPOLII), or non-
targeting control (sgCtrl) at 30-50% efficiency. The ratio of sgRNA expressing to non-transduced cells was
measured by flow cytometry at the indicated time points after infection and normalized to day 4. A dropout below
80% on day 18 compared to day 4 is marked by red bars. ***; P < 0.001; **, P < 0.01; *, P < 0.05, by One sample
t-test. [PDX samples for a were provided by Prof. Dr. I. Jeremias (Vick et al., 2015); pCDH-sgRNA constructs
targeting FBXL6 for b, ¢ were cloned by R. Ludwig]
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For compatibility with the established protocols for PDX models at the AHS, the
sgRNAs targeting FBXL6 were subcloned into the pCDH vector by Romina Ludwig. To
confirm the functionality of the pCDH-sgRNA constructs, THP-1 and MOLM-13 cells were
transduced at 30-50% infection efficiency for a competitive growth assay. In parallel, a
fraction of infected THP-1 cells was selected for transduced cells using puromycin and used
for knockout verification. Indeed, immunoblots of THP-1 whole-cell extracts showed an
efficient depletion of FBXL6 with all three different sgRNAs (Fig. 17b). Flow cytometry of THP-
1 and MOLM-13 cells transduced for the competitive growth assay recapitulated the dropout
effect seen with the original sgRNA constructs (Fig. 17c). To exclude sgRNA-specific effects,
two sgRNAs (sgFBXL6_5 and sgFBXL6_6) were chosen for first in-vivo experiments.
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Figure 18 FXBL6 might be essential for AML maintenance in vivo. (a) Schematic overview of the competition
assay-based PDX (patient-derived xenograft) model for FBXL6 knockout versus non-targeting sgRNA (sgCtrl) in
NSG (NOD scid gamma) mice performed by the group of Prof. Dr. I. Jeremias. In brief, PDX cells were generated
by tail-vein injection of primary AML cells into NSG mice. Re-isolated PDX cells were transduced with a Cas9
expression construct and amplified via serial transplantation of donor mice. Cas9-PDX cells were transduced with
either sgFBXL6 or sgCtrl containing a blue (blue fluorescent protein, BFP; sgFBXL6) or a green (T-sapphire; sgCtrl)
fluorescent marker. Cells were sorted by FACS for pure populations and mixed 1:1 before injection into recipient
mice. After two or three weeks, mice were sacrificed. Cells isolated from bone marrow (BM) and spleen were
analyzed by flow cytometry to determine the ratio between sgFBXL6 and sgCitrl. (b-c) Relative number of cells
positive for the indicated sgRNA construct as a percentage of all human cells (PDX sample AML-388) in the bone
marrow or spleen (as indicated) determined by flow cytometry after sacrificing. The input sample on day 0
represents the mixture of sorted cells before injecting into the mice. [Data in b and ¢ was provided by R. Ludwig,
J. Schmid, Prof. Dr. I. Jeremias]

The in-vivo competition-based experiments were set up according to the established
protocol of the group of Prof. Dr. Irmela Jeremias and carried out by Romina Ludwig and Jan
Philipp Schmid at the AHS (Fig. 18a). In brief, PDX-Cas9 cells were transduced with sgRNA
constructs targeting FBXL6 or non-targeting control containing either a blue (BFP, sgFBXL6)
or a green (T-Sapphire, sgCtrl) fluorescence marker. After recovery of four days, cells were
sorted for pure populations and mixed 1:1 before injecting them into NSG mice for the
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competition assay. After two or three weeks, mice were sacrificed. The earlier time point
represents the early-onset stage of the disease while at the later time point of three weeks,
mice have usually developed full-blown leukemia with metastases affecting the spleen. Cells
isolated from bone marrow (BM) and spleen were analyzed by flow cytometry to determine
the ratio between sgFBXL6 and sgCitrl. Cells infected with sgFBXL6_5 showed markedly
impaired PDX leukemia growth in mice sacrificed after two or three weeks (Fig. 18b). The
effect was more pronounced at the earlier timepoint, suggesting a disadvantage of FBXL6-
depleted cells primarily with respect to homing into the bone marrow niche next to impaired
proliferation of PDX cells in mice. However, cells infected with sgFBXL6_6 did not recapitulate
the results from the other sgRNA (Fig. 18c), despite comparable behavior in in-vitro
experiments (Fig. 17).

Thus, further experiments including a repetition of this first PDX model and the
selection of a different set of sgRNAs and/or PDX samples are required to elucidate the effects
of FBXL6 depletion in vivo.

4.4 FBXL6 acts as a K63-type ubiquitin ligase toward PPM1G

Ubiquitin ligases accomplish their biological function by modifying substrate proteins
on the post-translational level. F-box proteins specifically regulate this process by acting as
substrate-recognition adaptors of multi-subunit ligase complexes. Thus, identifying the
ubiquitylation substrates of FBXL6 was considered one of the most important tasks in this
project.

4.4.1 Ubiquitylation substrate identification via integrated data analysis

Initial work on FBXLG6 carried out by Dr. David Brockelt comprised three different mass
spectrometry-based screens to identify FBXL6 substrates. A short time after the project was
handed over, the bioinformatic workup of those screens was completed by collaborators at
the chair proteomics and bioanalytics at TUM headed by Prof. Dr. Bernhard Kister. Based
on the recent findings about the so-far undescribed AML-specific cleaved form of FBXL6 (Fig.
11), an additional interactome screen was performed. In the following, data from all
approaches will be integrated and subjected to cross-validation of substrate candidates.

Given that AML cells specifically harbor FBXL6-54kDa, which was only weakly or not
at all present in HL-60 and HEK293T cells, another interactome screen was set up in MV4-11
cells, which show cleaved FBXL6 (Fig. 11), very high FBXL6 expression levels (Fig. 11) and a
pronounced dependency on FBXL6 expression (Fig. 4). Similar to the previously conducted
FLAG-IP from HL-60 cells (Fig. 6), MV4-11 cells were transduced to overexpress FLAG-
tagged FBXL6 versus empty vector control and harvested in biological triplicates to perform
a single-step FLAG immunoprecipitation. In contrast to the HL-60 interactome, where an N-
terminal FLAG-tag was used, a C-terminal FLAG-tag was deployed to enrich both upper- and
lower-running FBXL6 (described in section 4.1.3). Purified proteins were eluted from the
beads using 3XFLAG-peptide, of which 5% were used for quality control, while the remaining
volume was subjected to mass spectrometric analysis. Immunoblot analysis of input samples
showed sufficient overexpression of FL-FBXL6 with a strong signal corresponding to the
cleaved form (Fig. 19a). Silver staining of the quality control samples revealed an efficient and
even enrichment of the bait protein among all three replicates (Fig. 19b). Using a BSA (bovine
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serum albumin) standard in the silver staining analysis, the total amount of purified FL-FBXL6
was estimated to be 20 ug per replicate. The eluates were precipitated with 20% TCA, dried,
reconstituted in a small volume of LDS buffer, and visualized with Coomassie staining after
SDS-PAGE. To exclude the high amounts of 3XFLAG-peptide, which would interfere with the
mass spectrometric analysis, the gel was cut below 15 kDa and the upper part of the stained
gel was sent to the BayBioMS@MRI core facility, where Dr. Piero Giansanti performed mass
spectrometry and data processing. A total of 456 proteins were specifically enriched in FL-
FBXL6 samples over EV controls (Log2FC > 2), of which 400 proteins were statistically
significant (Fig. 19c). Co-purification of the SCF-complex components SKP1 and CUL1
strengthened the hypothesis of FBXL6 being part of a functional ubiquitin ligase, replicating
the results from the interactomes performed by Dr. D. Brockelt from HL-60 and HEK293T
cells (Fig. 6).
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Figure 19 Interactome screening for FBXL6 substrates in MV4-11 cells. (a) Immunoblot analysis of whole-cell
lysates prepared under standard conditions from MV4-11 cells transduced to express FLAG-tagged FBXL6 (FL-
FBXL6) or empty vector control (EV). B-Actin served as a loading control. S.e., short exposure; l.e., long exposure.
(b) Silver staining of FLAG immunoprecipitation (FLAG-IP) of samples in (a). After immobilization on anti-FLAG-
resin and elution with 3XFLAG octapeptide, 2.5% of the eluates were separated by SDS-PAGE and visualized by
silver staining before sending the remaining sample for mass spectrometric analysis. (c) Mass spectrometric
analysis of samples in (b). Co-purified proteins were identified by mass spectrometry and log2 ratios of averaged
FBXL6/EV LFQ (label-free quantification) values were plotted against the negative Log10 of the calculated p-value
by Student’s t-test. FC, fold change; SCF, SKP1-CUL1-F-box protein complex. [MS Data for ¢ provided by
BayBioMS@MRI core facility, Dr. P. Giansanti]

In an effort to identify robust interaction partners, which bind repeatedly to FBXL6,
independent of a specific genetic background and a certain form of FBXL6, the data from all
three interactome screens (presented in Fig. 6 and Fig. 19) were combined in a cross-
validation approach. The cut-off for enriched proteins was set at a 2-fold enrichment (log2FC
> 1) in FBXL6 samples versus EV controls to not exclude weak but relevant interactors. To
avoid excluding biologically relevant substrate candidates, that were not significantly
enriched, there was no cut-off for the p-values calculated in statistical tests. This procedure
identified 342 proteins to be enriched in at least two of the interactome screens, while 115
proteins were enriched in all three (Fig. 20a). To enhance the probability of identifying true
ubiquitylation substrates over other interaction partners, the 342 proteins were additionally
cross-validated with the ubiquitome screen (DiGly-IP) from MOLM-13 cells (presented in Fig.
6). For 59 out of 342 proteins, a decrease of at least 30% in ubiquitylated peptides upon
FBXL6 knockdown versus control was observed (Fig. 20b). In the next processing step,
agarose-binding proteins, that were detected in more than 300 out of 716 affinity-based
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interaction screens deposited on the CRAPome database (Mellacheruvu et al. 2013) and
therefore deemed unspecific binders, were removed. For the remaining 24 cross-validated
substrate candidates a total rank was calculated by summarizing the individual ranks among
the 24 candidates from each of the four mass spectrometric screens (Fig 20c). Literature
search and functional annotation clustering using the bioinformatic resource DAVID (Sherman
et al., 2022) revealed that many of the candidate proteins were involved in essential pathways
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Figure 20 Cross-validation of mass spectrometry-based screens for FBXL6 substrate proteins. (a) Venn-
diagram of proteins co-purified with overexpressed FBXL6 in the three different interactome screens: i) one-step
FLAG-immunoprecipitations (IP) from MV4-11 (Fig. 19) and i) HL-60 cells (Fig. 6), and ii) tandem-affinity
purification (TAP) from HEK293T cells (Fig. 6). Proteins that were at least two-fold enriched in FBXL6 samples
versus empty vector controls were analyzed for overlaps using the BioVenn web tool (Hulsen et al., 2008). Circle
sizes represent the number of proteins identified in each condition. (b) Venn-diagram of proteins enriched in at
least two interactome screens (total overlap in (a)) and found to be less ubiquitylated upon FBXL6 knockdown in
the DiGly-IP from MOLM-13 cells (Fig. 6). The cut-off for differentially ubiquitylated peptides was set to 30% in
FBXL6-depleted versus control cells. The 59 proteins within the overlap were searched for agarose-binding
proteins in the CRAPome database (Mellacheruvu et al., 2013). An arbitrary cut-off of 300/716 identifications in
affinity-based screens deposited on CRAPome was set to exclude unspecific binding partners, yielding 24
substrate candidates. (c) Heat map for ranking the cross-validated substrate candidates according to the sum of
their ranks among the 24 candidate proteins in the individual substrate screens. Missing values are marked by a
cross. Proteins with the overall highest rank are listed on top and proteins with the lowest rank on the bottom of
the heat map. (d) Functional clustering of the 24 substrate candidates based on the DAVID functional annotation
tool (Sherman et al., 2022) and literature search.
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of the cell such as proteasomal proteins or general regulators of the DNA damage response
and protein expression (Fig. 20d). Since FBXL6 depletion caused defects in AML cell
proliferation of moderate effect size, it seemed reasonable to search for respective substrate
proteins outside these common essential clusters. Notably, two of the candidate proteins
were not found in any cluster, among which the protein phosphatase PPM1G represented the
most interesting hit due to its rank among the top five of the 24 candidates and its implication
in cell cycle control and cell growth (Kamada et al., 2020; Khoronenkova et al., 2012; Sun et
al., 2016). The second non-clustered protein was SRSF1 which functions as a splicing factor
and ranked at position 22 out of 24 (Das & Krainer, 2014). For PPM1G, two ubiquitin-remnant
peptides were identified, which were 50% and 30% less abundant in FBXL6-depleted cells
versus control, while the total abundance of the protein was unchanged. In the interactome
screens, PPM1G was highly enriched in FBXL6 versus EV samples from both HL-60 (log2FC
4.4) and HEK293T cells (log2FC 9.4). Thus, PPM1G was chosen to be evaluated regarding its
role as FBXL6 substrate.

Together, the integration of a multi-angled screening approach identified potential
FBXL6 substrates, of which PPM1G represented the most promising candidate.

4.4.2 PPMA1G specifically interacts with FBXL6

After cross-validation of FBXL6 substrate screens identified PPM1G as the most
promising substrate candidate, a panel of validation experiments was set up together with
Daniela Koch, who contributed to this part of the project while working on her medical
doctorate in the group of Prof. Dr. Florian Bassermann.

First, semi-endogenous FLAG-IPs were performed from lysates of HL-60 and THP-1
cells to confirm the interaction between PPM1G and FBXL6. Both cell lines were transduced
and FACS-sorted for pure populations to overexpress either C- or N-terminally FLAG-tagged
FBXL6 or empty vector as a negative control. Immunoblot analysis of the IP samples revealed
a weak but clear co-IP of endogenous PPM1G with both C- and N-FL-FBXL6 in HL-60 cells
(Fig. 21a). However, there was no specific PPM1G co-IP detectable in THP-1 cells. Co-IP of
the SCF complex components SKP1 and CUL1 were detected in all FL-FBXL6 IP samples
and not in EV controls, confirming previous experiments (Fig. 6). Comparing the IP levels of
the two FBXL6 forms with the amount of co-purified interaction partners, it was concluded
that both FBXL6-54kDa and FBXL6-59kDa bind to PPM1G and are effective in forming the
SCF complex. Since ubiquitylation of substrate proteins often leads to their proteasomal
degradation, overexpression of the responsible ubiquitin ligase would supposedly result in
decreased protein levels of the substrate (Komander & Rape, 2012). Here, FBXL6
overexpression did not alter the total amount of PPM1G in immunoblots of the input samples
(Fig. 21a), providing a first hint toward non-proteolytic ubiquitylation.

To evaluate whether PPM1G specifically binds to FBXL6 instead of binding generally
to proteins of the FBXL family, different FLAG-tagged FBXL-proteins were overexpressed
alongside FL-FBXL6 in HEK293T cells. Despite varying expression levels in the input samples
among the different F-box proteins, comparable FLAG-IP levels were achieved (Fig. 21b). For
FBXL6, a very strong interaction with PPM1G was detected, while FBXL1 (alias SKP2) and
FBXL7 showed no binding to PPM1G. For FBXL16 and FBXL3, a weak co-IP of PPM1G was
found, which seemed neglectable compared to the interaction with FBXL6. Co-
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immunoprecipitation of the SCF complex components SKP1 and CUL1 validated the
performance of the experiment for all FBXL proteins.

Together, immunoprecipitation experiments recapitulated the binding of PPM1G to
FBXL6 found in the interactome screens from HL-60 and HEK293T cells. As closely related
proteins of the FBXL family failed to bind PPM1G or showed much weaker interaction with
PPM1G, the binding to FBXL6 was considered to be a specific interaction.
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Figure 21 PPM1G specifically interacts with FBXL6. (a) Inmunoprecipitation (IP) of FLAG-FBXL6 (FL-FBXL6)
from HL-60 and THP-1 cells transduced with the indicated overexpression constructs or empty vector control (EV)
and sorted for pure populations before harvesting and freezing of cell pellets at -80°C. Lysates using the standard
lysis buffer were subjected to FLAG-IP and analyzed by immunoblot analysis. B-Actin served as a loading control.
(b) Immunoprecipitation of FLAG-tagged proteins of the FBXL family or EV control overexpressed in HEK293T
cells. 24 hrs after transient transfection with the indicated constructs, cells were harvested, and pellets were frozen
at —80°C before cell lysis. Lysates were subjected to FLAG-IP and analyzed by immunoblot analysis. B-Actin served
as a loading control. [Data for a and b provided by D. Koch]

4.4.3 FBXL6 modulation does not influence PPM1G protein stability

Ubiquitin ligases often influence the protein stability of their respective substrates by
targeting them for proteasomal degradation. In a first attempt to test whether modulation of
FBXL6 levels influences the protein abundance of PPM1G, AML cell lines were transduced
with shRNA constructs targeting FBXL6 or non-targeting control. Immunoblot analysis of
lysates from HL-60 and THP-1 cells after 4 days of culturing showed no change in total protein
levels for PPM1G upon FBXL6 knockdown (Fig. 22a). This finding was reproduced in a similar
experiment with MV4-11 and NOMO-1 cells harvested seven days after transduction (Fig.
22b). Thus, FBXL6 knockdown did not affect PPM1G total protein abundance, independently
of the cell lines used or the duration of FBXL6 depletion.

In a second approach, the protein stability of PPM1G was assessed in a well-
established assay using cycloheximide (CHX) to inhibit the ribosome and thereby stall protein
translation in a time-dependent manner (Dietachmayr et al., 2020; Fung et al., 2018).
Immunoblot analysis of THP-1 cells expressing either EV control or FL-FBXL6 revealed that
PPM1G levels were decreased upon CHX treatment (Fig. 22c). Simultaneous proteasomal
inhibition using MG132 reversed this effect, indicating PPM1G is degraded via the
proteasome. FBXL6 overexpression did not enhance or accelerate the destabilization of
PPM1G, as it would have been expected for a ligase-substrate relationship inducing
proteasomal degradation of the substrate. This experiment also showed that FBXL6-54kDa
was degraded by the proteasome to a similar extent as the short-lived control protein 1kB-a,
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while the FBXL6-59kDa was stable for the whole duration of the experiment. This accounted
for endogenous as well as ectopically expressed FBXL6 and hinted at specific mechanisms
differing between the two forms of FBXL6.

Taken together, PPM1G protein abundance and stability were not altered upon FBXL6

modulation.
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Figure 22 PPM1G stability is not altered upon FBXL6 modulation. (a) Immunoblot analysis of HL-60 and THP-
1 cells harvested four days after transduction with shRNA constructs targeting FBXL6 or non-targeting control
(@hCtrl). (b) Immunoblot analysis of MV4-11 and NOMO-1 cells harvested seven days after transduction with
shRNA constructs targeting FBXL6 or non-targeting control (shCtrl). (¢) Immunoblot analysis of THP-1 cells stably
expressing empty vector (EV) or FLAG-tagged FBXL6 (FL-FBXLS6) treated with 200 pg/ml cycloheximide (CHX) and
10 uM MG132. Cells were harvested at the indicated time in hours (hrs) after starting the treatment and whole-cell
extracts were subjected to immunoblot analysis. Whole-cell extracts in a-c were prepared under standard lysis
conditions. B-Actin served as a loading control. S.e., short exposure; l.e., long exposure.

4.4.4 FBXL6 ubiquitylates PPM1G via K63-linkage

After confirming the interaction between FBXL6 and PPM1G (Fig 21.), in-vivo-
ubiquitylation assays were performed by Daniela Koch to establish PPM1G as a substrate of
SCF-FBXL6. First, HEK293T cells were transfected with the indicated combinations of
plasmids encoding for HA-ubiquitin, FL-PPM1G, and C-/N-MYC-FBXL6 to investigate the
effect of FBXL6 overexpression on PPM1G ubiquitylation. Before harvesting, cells were
treated with the proteasome inhibitor MG132 to allow the accumulation of ubiquitylated
proteins that would otherwise be degraded by the proteasome. Whole-cell extracts were
subjected to FLAG-IP under denaturing conditions, to ensure purification of FL-PPM1G
without co-purification of interaction partners. Immunoblot analysis revealed a strong
increase in ubiquitylated PPM1G upon FBXL6 overexpression, independent of applying the
MYC tag on the C- or N-terminus of FBXL6 (Fig. 23a). The detected ubiquitin signal showed
the characteristic laddering pattern from approximately the size of the protein toward higher
molecular weights, representing poly-ubiquitylated forms of PPM1G. To investigate whether
the increased ubiquitylation of PPM1G was specific for FBXL6 overexpression, other
members of the FBXL family were tested in a similar experiment. Notably, only FBXL6
overexpression led to a strong increase of PPM1G ubiquitylation, while FBXL3, FBXL5, and
FBXL16 did not have an effect (Fig. 23b). At first glance, FBXL1 might also increase PPM1G
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ubiquitylation to a certain extent, but FBXL1 seemed to be co-purified with FL-PPM1G,
indicated by a band on the corresponding height in MYC immunoblots. Since FBXL1 (SKP2)
is known to be auto-ubiquitylated (Wirbelauer et al., 2000), the increase in the ubiquitylation
signal was presumably due to the impure enrichment of FL-PPM1G in this condition.
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Figure 23 FBXL6 ubiquitylates PPM1G via K63-type linkage. (a) /n-vivo-ubiquitylation assay of FLAG-tagged
PPM1G (FL-PPM1G). HEK293T cells were transfected with the indicated plasmids encoding for HA-ubiquitin, FL-
PPM1G, and C- or N-terminally MYC-tagged FBXL6 (C-/N-MYC-FBXLG6). After 24 hours, cells were treated with
10 uM MG132 for 3 hours before harvesting. Whole-cell extracts from standard lysis were subjected to FLAG-IP
under denaturing conditions with subsequent immunoblot analysis. (b) In-vivo-ubiquitylation assay of FL-PPM1G
from HEK293T cells analogous to (a). Alongside MYC-tagged FBXL6, other FBXL proteins with N-terminal MYC
tag were expressed as indicated. (c) /n-vivo-ubiquitylation assay of FL-PPM1G from HEK293T cells upon N-MYC-
FBXL6 overexpression with wild type (WT) and mutant HA-ubiquitin. Ubiquitin mutants harbor lysine to arginine
mutations in six out of seven lysine residues, allowing only the indicated poly-ubiquitin linkage type. Procedure as
in (a). [Data for a-c provided by D. Koch]

Since PPM1G protein stability was unaffected by FBXL6 modulation (Fig 22.), it was
conceivable that FBXL6 might attach ubiquitin moieties not via the most common,
degradative linkage on lysine 48 (K48), but via the second most common, non-degradative
linkage on lysine 63 (K63). To test this hypothesis, mutant forms of ubiquitin that bear lysine
to arginine exchanges in six out of seven residues leaving only one specific lysine to form
poly-ubiquitin chains were used in another in-vivo-ubiquitylation assay. Recapitulating the
results in Fig. 23a and 23b, overexpression of FBXL6 increased PPM1G ubiquitylation when
wild type (WT) HA-ubiquitin was co-expressed (Fig. 23c). Strikingly, only the ubiquitin mutant
that exclusively allows for K63-linkage reproduced the FBXL6-mediated increase in PPM1G
ubiquitylation while co-expression of the K48-only mutant had no effect. The ubiquitylation
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levels were similar between WT ubiquitin and K63-only mutant, suggesting that FBXL6
predominantly caused PPM1G ubiquitylation via K63-linkage.

Polyubiquitylation via K63 can serve as a signal for different cellular mechanisms
including altered protein localization (Komander & Rape, 2012). To investigate whether
FBXL6-mediated K63-type polyubiquitylation might affect the localization of PPM1G in AML
cells, FBXL6-depleted versus control cells were subjected to immunofluorescence staining
with a PPM1G-specific antibody. MOLM-13 cells transduced with sgRNA constructs and
sorted for pure populations were chosen for this experiment since these cells showed a strong
dependency on FBXL6 in previous assays (Fig. 4, Fig. 15). Confocal microscopy showed a
clear nuclear localization of PPM1G in AML cells, which was not affected by FBXL6-depletion
(Fig. 24), suggesting that FBXL6-mediated ubiquitylation might have other effects than altered
localization.

Overall, in-vivo-ubiquitylation assays revealed specific poly-ubiquitylation activity of
FBXL6 toward PPM1G via lysine 63, thereby solidifying the hypothesis of FBXL6 and PPM1G
acting as a ligase-substrate pair. The biological consequences of FBXL6-mediated PPM1G-
ubiquitlyation remain elusive at this point.
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4.5 Investigation of AML-specific up-stream regulatory processes
of FBXL6

Given that AML cells showed a so-far undescribed second form of FBXL6 (Fig. 11)

which was specifically affected by myeloid differentiation (Fig. 14), a crucial part of this project

was to unravel the underlying up-stream regulatory mechanisms of FBXL6.

(120.000 cells/well) and fixed with 4% PFA
on day 6 after infection. After
permeabilization and blocking, cells were
stained with the primary antibody anti-
PPM1G (green) followed by incubation
with a fluorochrome-coupled secondary
antibody. Nuclei were counterstained
using Hoechst33258 (blue). Scale bars
represent 10 pm.

4.5.1 FBXL6 is regulated by protease cleavage at the N-terminus

Based on the results from the ectopic expression of FBXL6 isoform 1 with a C- or N-
terminal FLAG-tag in AML cells (Fig. 12), it was hypothesized that FBXL6 is specifically
cleaved to produce a C-terminal fragment of 54 kDa. To validate protease cleavage as the
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underlying mechanism for the distinct FBXL6 forms, an in-vitro-cleavage assay was
performed. Since an enrichment of FBXL6-54kDa was observed when leaving the lysates for
several hours on ice in previous experiments (data not shown), incubation times of up to 4 hrs
on ice and up to 2 hrs at 25°C were chosen to enable potential protease cleavage. Indeed,
THP-1 whole-cell extracts displayed a shift from mostly the upper form in lysates without
incubation to the predominant appearance of the FBXL6-54kDa within 4 hrs of incubation on
ice (Fig. 25a, lanes 1-3). After an incubation period of 2 hrs at 25°C, nearly no upper form was
detectable, while an even lower-running third band appeared (Fig. 25a, lane 4). Of note, the
standard lysis buffer used here contained a panel of protease inhibitors at commonly used
concentrations (aprotinin, leupeptin, soybean trypsin inhibitor, PMSF, TPCK, TLCK; see
section 3.1.14), which apparently was not sufficient to inhibit processing of FBXL6. When the
inhibitor cocktail was supplemented with the protease inhibitors AEBSF, Bestatin, E-64, and
Pepstatin A, the shift in the FBXL6 band pattern was markedly delayed (Fig. 25a, lanes 5-8).
To determine which of the additional protease inhibitors was responsible for the delay in
FBXL6 cleavage, THP-1 lysates were subjected to an in-vitro-cleavage assay with individual
addition of the inhibitors. Strikingly, the serine protease inhibitor AEBSF alone was able to
fully replicate the effect of the expanded inhibitor cocktail (Fig. 25b, lane 5). Individual addition
of the other inhibitors targeting metalloproteases (Bestatin), cysteine proteases (E-64), or
aspartic acid proteases (Pepstatin) resulted in the same FBXL6 band pattern as the standard
inhibitor cocktail (Fig. 25b). Even though additional protease inhibitors could not completely
abolish the processing of FBXL6 in vitro, these results solidified protease cleavage as the
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Figure 25 FBXL6 is cleaved by a serine-type protease in vitro in AML cell lysates. (a-c) Immunoblot analysis
of in-vitro-cleavage assays under different conditions. (a) In-vitro-cleavage assay of THP-1 cell lysates which
were incubated for the indicated time points on ice or at 25°C or denatured by addition of Laemmli buffer without
incubation after cell lysis. The standard inhibitor cocktail contained (aprotinin, leupeptin, soybean trypsin inhibitor,
PMSF, TPCK, TLCK; see section 3.1.14). The expanded inhibitor cocktail consisted of the standard cocktail plus
0.5 mM AEBSF, 20 uM Bestatin, 10 uM E-64, and 20 pM Pepstatin. B-Actin served as a loading control. (b) /In-
vitro-cleavage assay of THP-1 cell lysates analogous to (a) with individual addition of the indicated protease
inhibitors specific for serine proteases (AEBSF, 0.5 mM), cysteine proteases (E-64, 10 uM), metalloproteases
(Bestatin, 20 pM), or aspartic acid proteases (Pepstatin, 20 pM). (c) In-vitro-cleavage assay of HEK293T cell
lysates analogous to (a).
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underlying mechanism of the distinct FBXL6 band pattern and pointed toward a protease of
the serine-type family to be responsible for FBXL6 cleavage.

Immunoblot analysis of a large panel of cell lines from various cancer entities indicated
that the appearance of the FBXL6-54kDa was specific for AML cell lines (Fig 11). To test
whether FBXL6 is eventually cleaved in vitro in cells that do not readily show FBXL6-54kDa
under standard lysis conditions, the in-vitro-cleavage assay was conducted in HEK293T cells.
Immunoblot analysis revealed, that even after an incubation of 6 hrs at 25°C, lysates from
HEK293T showed only one band for FBXL6 at the full-length size of 59 kDa (Fig. 25c). Hence,
FBXL6 cleavage might be regulated by AML-specific signals such as post-translational
modifications, or executed by an enzyme that is specifically expressed in AML cells.

Aiming to evaluate the proposed cleavage mechanism of FBXL6 by a serine protease
in living cells, AML cell lines were treated with AEBSF in culture. First, THP-1 and MV4-11
cells were treated with 100 uM ABSF for up to 6 hrs before cell lysis. Immunoblot analysis
revealed that FBXL6 cleavage was efficiently inhibited after 1 hour of treatment before cells
went into apoptosis after 3 hrs as marked by caspase-3 cleavage (Fig. 26a). In a similar
experiment, MV4-11 cells were treated with different concentrations of AEBSF for 3 hrs.
Immunoblot analysis showed that a concentration of 50 uM AEBSF was sufficient to
completely inhibit FBXL6 cleavage in living cells (Fig. 26b).

Together, these results indicate that FBXL6 is processed by protease-cleavage in AML
cell lysates and in living AML cells, which can be inhibited in a dose- and time-dependent
manner by the serine protease-specific inhibitor AEBSF.
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Figure 26 AEBSF inhibits FBXL6 cleavage in a dose- and time-dependent manner in living cells. (a)
Immunoblot analysis of THP-1 and MV4-11 cells treated with 100 pM AEBSF before harvesting at the indicated
time points and subjecting to standard cell lysis. (b) Immunoblot analysis after cell lysis of MV4-11 cells treated
with AEBSF at the indicated concentrations for 3 hrs. (a-b) B-Actin served as a loading control.

4.5.2 FBXL6 is cleaved between Leu47 and Ser50

In order to identify the protease-cleavage site within the protein sequence of FBXLSG,
a dual mass spectrometry-based experiment combining top-down and bottom-up
proteomics was set up in collaboration with the proteomics core facility of the Max Planck
Institute (MPI) of Biochemistry in Martinsried, Germany. C-terminally FLAG-tagged FBXL6
versus EV control was overexpressed in THP-1 cells and purified via FLAG-IP for two different
mass spectrometric analyses. For the bottom-up proteomics approach, the two bands
corresponding to FBXL6 were cut out from a Coomassie-stained SDS-gel and subjected to
trypsin-digest for differential identification of peptides produced from FBXL6-59kDa versus
FBXL6-54kDa. For the additional top-down proteomics analysis, the purified proteins were
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left intact and directly injected into the mass spectrometer for determining the total protein
mass of full-length and cleaved FBXL6 (see schematic in Fig. 27).

IP: FLAG-FBXL6 Gel Trypsin
from AML lysate  purification digest
Bottom-up o Egi ET .
proteomics 2& - - /S e — £ — Peptides
- .
m/z
o
Top-down Intact protein CE ‘\ Total protein
proteomics il I ™ mass
W AN

Figure 27 Schematic of the dual mass spectrometry-based approach to identify the cleavage site of FBXL6.
FLAG-FBXL6 versus empty vector control was purified via immunoprecipitation (IP) from THP-1 cells and divided
into two samples. One sample was separated via SDS-PAGE and stained with Coomassie. Bands corresponding
to FBXL6 were isolated and subjected to trypsin digest for peptide identification (bottom-up proteomics). The
remaining sample was used for direct injection into the mass spectrometer to determine the total protein mass of
cleaved and full-length FBXL6 (top-down proteomics).

For the differential peptide identification, 20% of the purified proteins were separated
by SDS-PAGE and visualized with Coomassie-staining for isolating FBXL6 (Fig. 28a). The two
corresponding bands at approximately 59 kDa and 54 kDa were cut-out and sent to
Martinsried for further processing. Mass spectrometric analysis by Dr. Barbara Steigenberger
revealed that the higher-running band produced peptides within the first 58 amino acids of
the FBXL6 sequence, while these were missing in the lower-running band (Fig. 28b). Peptides
from 70 to 455 amino acids were detected in comparable amounts from both upper-and
lower-running bands, indicating that FBXL6 was cleaved within the first 69 amino acids of the
protein sequence.

For the total protein mass analysis, the remaining 80% of eluted proteins were
concentrated using centrifugal protein concentrators with a molecular weight cut-off of 10
kDa, enabling a sufficient target protein concentration while reducing the amount of FLAG-
peptide used for elution. For quality control, equivalent amounts of the initial eluate, the
concentrator flow through, and the final eluate were separated by SDS-PAGE and subjected
to silver staining (Fig. 28c). After confirming sufficient amounts of FBXL6, final eluates were
denatured using 1% TFA and sent to Martinsried for analysis by Victoria Sanchez. To extract
the protein masses corresponding to FBXLS, first, all values present in the EV control were
omitted. In the second step, a fragment search was performed where the detected protein
masses were compared to in-silico generated C-terminal fragments of FBXL6. Strikingly, one
of the detected protein masses showed a deviation of only 0.03 Da compared to the
calculated molecular weight of FBXL6 lacking the first 47 amino acids, providing a strong
indication for cleavage of FBXL6 at this position (Fig. 28d). Additional values with only minor
deviations from the calculated fragment weight pointed toward the cleavage of FBXL6
between the amino acids Leud47 and Ser50, while neglecting other post-translational
modifications to contribute to the molecular weight of FBXL6.

Taken together, the mass spectrometric data from top-down and bottom-up
proteomics approaches solidified the hypothesis of FBXL6 cleavage in the N-terminal region,
supposedly between the amino acids Leu47 and Ser50.
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Figure 28 Mass spectrometric analysis identifies the FBXL6 cleavage site between Leu47 and Ser50. (a)
Coomassie staining of eluted proteins using 3XFLAG-peptide after FLAG-IP from THP-1 cell lysates (standard
conditions) expressing empty vector control (EV) or C-terminally FLAG-tagged FBXL6 (C-FL-FBXL6) after
separation via SDS-PAGE. Rectangles mark the isolated gel slices (1-4) for bottom-up proteomics. (b) Peptide
intensities measured by mass spectrometry from samples 3 and 4 in (a). (c) Silver staining of the remaining eluates
from (a) which were subjected to centrifugal protein concentration for top-down proteomics. Equivalent amounts
of original eluate (Eluate 1), concentrator flow through (Conc. FT), and concentrated eluate (Eluate 2) were loaded
for quality control. Bovine serum albumin (BSA) served as a measure for purified protein amount. (d) Comparison
of total protein masses determined by mass spectrometry with calculated molecular weights based on the FBXL6
amino acid sequence. Values are derived from two biological replicates. [Data for b generated by Dr. B.
Steigenberger. Data for d provided by V. Sanchez.]

Since the protein structure of FBXL6 has not been solved to this date, the artificial
intelligence-based webtool Alphafold was deployed to investigate the predicted 3D protein
structure of FBXL6 to gain insights whether cleavage of FBXL6 has a biological relevance.
Based on the amino acid sequence of the query protein and empirically solved 3D structures
of related proteins, Alphafold generates 3D models at amino acid accuracy (Varadi et al.,
2022). The predicted 3D structure of full-length FBXL6 showed a large C-terminal horseshoe-
like domain, which is often found in members of the FBXL family and described as a
substrate-binding domain (Mason & Laman, 2020; Schulman et al., 2000) (Fig. 29a). The F-
box fold was modeled to reside orthogonal to the C-terminal domain. The remaining N-
terminal part was forming a loop with unstructured regions and a structured region inside the
horseshoe-like domain. Interestingly, the cleavage site identified by mass spectrometry
resided within this structured N-terminal part, while the protein domains responsible for SCF
complex formation and substrate binding are left intact. Even though the model confidence
for the relative position of the N-terminal part of FBXL6 was very low, the 3D model hinted at
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a potential influence of FBXL6 cleavage on either substrate binding or SCF complex formation
by steric hindrance (Fig. 29b).

Alphafold model confidence:
Substrate B Very high (pLDDT >90)
C ~ ' binding? — A Confident (90 > pLDDT > 70)
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Figure 29 3D protein structure for FBXL6 generated by Alphafold. (a) FBXL6 three-dimensional (3D) protein
structure predicted by Alphafold (Sherman et al., 2022). Marked in grey are C-terminus, N-terminus, and F-box
domain of FBXL6. The red arrow indicates the identified protease-cleavage site around Leu47-Ser50 in the
FBXL6 sequence (Fig. 28). (b) Rotated view of the FBXL6 structure shown in (a) with an indication of the supposed
binding sites of the SCF complex component SKP1 and the ubiquitylation substrate. The model confidence is
visualized in different colors depicting the per residue confidence score (pLDDT) that ranges vom 0 (lowest
confidence) to 100 (highest confidence).

4.5.3 Identification of Cathepsin G as the FBXL6-directed protease

Aiming to identify the protease responsible for FBXL6 cleavage, the interactome
screens from HL-60 and MV4-11 cells were re-analyzed, focusing on interaction partners
harboring proteolytic function. The lists of potential interactors were subjected to functional
annotation using the DAVID database (Sherman et al., 2022), and proteins classified by GO
terms containing “protease” or “peptidase” were extracted. This approach identified three
proteases in the HL-60 interactome and seven for MV4-11, while cathepsin G (CatG, gene
name CTSG) was the only protease enriched in both screens (Fig. 30a-b). To narrow down
the list of potential FBXL6-specific proteases, the identified cleavage site around Leu47-Ser50
(Fig. 28) was searched in the peptidase database MEROPS (Rawlings et al., 2014) for enzymes
with cleavage activity toward a similar motif. The query yielded 32 human proteases, which
could be reduced to ten candidates after filtering for serine-type proteases (Fig. 30c, Fig. 25).
Strikingly, two out of four major serine-proteases expressed in myeloid cells were found in
this list of candidates, namely neutrophil elastase (NE, gene name ELANE) and CatG.

In order to test, whether CatG or NE have cleavage activity toward FBXL6, an in-vitro-
cleavage assay with specific protease-inhibitors was performed. THP-1 cells were lysed in
standard lysis buffer containing the standard protease inhibitors plus increasing amounts of
either CatG-specific inhibitor or NE-specific inhibitor. Immunoblot analysis revealed that
addition of NE inhibitor had no effect on FBXL6 cleavage even at the highest concentration
of 250 uM, while the CatG-specific inhibitor nearly abolished FBXL6 processing already at 50
MM (Fig. 30d).
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Figure 30 Identification of CatG as the FBXL6-directed protease. (a-b) Volcano plots of mass spectrometry
(MS)-based interactome analysis of FBXL6 purified from (a) HL-60 (described in section 2.3.3) and (b) MV4-11
cells (described in section 4.4.1) after functional annotation of binding partners using DAVID webtool (Sherman et
al., 2022). Highlighted are proteins classified by GO (gene ontology)-terms containing “protease” or “peptidase”.
(c) Results from the MEROPS database (Rawlings et al., 2014) search for enzymes with cleavage activity toward
a similar sequence motif as identified for FBXL6 (Fig 28). The output of 32 human enzymes was filtered for
proteases of the serine-type family. Proteases that are known to be expressed in myeloid cells are marked in blue.
(d) /In-vitro-cleavage assay of cell lysates from THP-1 cells using specific protease-inhibitors for Cathepsin G
(CatG) and neutrophil elastase (NE) at increasing concentrations (2.5 pM, 25 pyM or 250 pM) in addition to the
standard inhibitor cocktail (Std. inhib.). B-Actin served as a loading control. Inc, incubation. (e) FLAG-IP of full-
length FBXL6 and FBXL6AN, a fragment mutant starting at Val48 representing the cleaved form of FBXL6, from
MV4-11 cells with subsequent immunoblot analysis. CUL1 served as a loading control. EV, empty vector. [MS
Data for a provided by J. Krumm, MS data for b provided by Dr. P. Giansanti]

For validation of the interaction between FBXL6 and CatG found in the interactome
screens, a semi-endogenous immunoprecipitation was conducted. Next to EV control and
FL-FBXL6, the C-terminal fragment mutant of FBXL6 (FBXL6AN), which started at Val48
based on the identified cleavage site (Fig. 28), was overexpressed in MV4-11 cells. Assuming
that a protease dissociates from its substrate after cleavage is completed, it would be
expected that only the intact protein binds to CatG. Immunoblot analysis of whole-cell
extracts confirmed a similar running height of the FL-FBXL6AN fragment mutant with the
cleaved form generated from FL-FBXL6 (Fig. 30e). The subsequent FLAG-IP showed binding
of CatG to full-length FBXL6 only, while FBXL6AN failed to pull down the protease (Fig. 30e),
thus solidifying CatG to be the FBXL6-directed protease.

Since FBXL6 cleavage was found specifically in a subset of AML cell lines and not in
cells from other cancer entities, samples from Fig. 11 were probed with anti-CatG antibody
to evaluate whether CatG protein levels correlate with FBXL6 cleavage. Across all tested cell
lines, CatG protein expression was clearly associated with the appearance of cleaved FBXL6
(Fig. 31a-b). Furthermore, the FBXL6 band pattern was remarkably altered upon myeloid
differentiation induced by TPA or ATRA (Fig. 14). To test whether the observed effect was
caused by CatG cleavage, immunoblots from Fig. 14 were analyzed with anti-CatG antibody.
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Indeed, CatG protein levels were massively decreased upon forced myeloid differentiation
(Fig. 31c-d), solidifying the hypothesis of FBXL6 cleavage by CatG .

Taken together, these results identify the serine-protease CatG to specifically cleave
FBXL6 in AML cells.
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Figure 31 CatG protein levels correlate with FBXL6 cleavage. (a-b) Immunoblot analysis of whole-cell extracts
from various cell lines prepared under standard conditions (samples from Fig. 11) probed with Cathepsin G
antibody. (c-d) Immunoblot analysis of AML cell lysates treated with TPA or ATRA for forced myeloid differentiation
prepared under standard conditions (samples from Fig. 14) probed with Cathepsin G antibody. S.e., short
exposure; l.e., long exposure. B-Actin served as a loading control.

4.5.4 Overexpression of FBXL6 does not affect TPA-induced differentiation

Since the shift in FBXL6 band pattern upon myeloid differentiation could be attributed
to protease cleavage by CatG, the biological relevance thereof should be investigated. To
test, whether acute overexpression of full-length FBXL6 or FBXLG6AN, which supposedly
mimics the function of cleaved FBXL6, could counteract TPA-induced myeloid differentiation,
a doxycycline-inducible system was employed in MV4-11 cells. After lentiviral transduction
with Flag-tagged FBXL6, FL-FBXL6AN or EV, cells were selected with puromycin to eliminate
non-transduced cells. For acute overexpression of FBXL6, cells were treated with DMSO (-
Doxy) or with doxycycline (+Doxy) for 24 hrs before inducing differentiation with TPA for 24
hrs. Immunoblot analysis of cell lysates confirmed successful overexpression and showed a
similar shift in the FBXL6 band pattern for overexpressed full-length FBXL6 (Fig. a). Of note,
a marginal promotor leakiness was detected in the -Doxy controls, which was likely due to
the very high expression levels achieved by lentiviral transduction. To avoid misinterpretation
of the results due to promotor leakiness, -Doxy controls were included throughout the
experiment. CD11b surface staining with subsequent flow cytometric analysis revealed that
overexpression of neither full-length FBXL6 nor FBXL6AN affected TPA-induced myeloid
differentiation (Fig. 32b). Thus, enrichment of full-length FBXL6 upon TPA treatment was
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considered to be a bystander effect of CatG protein loss during myeloid differentiation (Fig.
31).
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Figure 32 Overexpression of full-length FBXL6 or FBXL6AN does not affect TPA-induced differentiation. (a)
Immunoblot analysis of MV4-11 cells transduced with doxycycline-inducible expression constructs for FLAG-
tagged full-length (FL-FBXL6) or fragment mutant FBXL6 representing the cleaved form (FL-FBXL6AN) or empty
vector control (EV). Cells were treated for 24 hrs with DMSO (-Doxy) or with 1 pg/ml doxycycline (+Doxy) to induce
expression before the addition of 25 ng/ml TPA or vehicle control (DMSO) for 24 hrs. Whole-cell extracts were
prepared under standard conditions. CUL1 served as a loading control. S.e., short exposure; l.e., long exposure.
(b) Quantification of cells in (a) positive for CD11b surface staining in flow cytometric analysis. ns, not significant
by Student’s t-test.

4.5.5 Cleavage of FBXL6 is an artifact during cell lysis

After identifying CatG as the responsible protease for FBXL6 cleavage in AML cells,
thorough literature research on CatG was performed. Surprisingly, several publications
reported on excessive proteolytic activity of CatG in standard lysis buffers which led to major
pitfalls in interpreting immunoblot data generated from cells with high expression of CatG and
other myeloid serine-proteases (Franzoso et al., 1994; Schoenherr et al., 2019; Schuster et
al., 2007). For instance, STAT5 was initially described as a proteolytic substrate of CatG with
potential relevance in myeloid differentiation until Schuster et al. proved that cleaved STAT5
is absent in living cells but represents an artifact during high salt cell lysis (Schuster et al.,
2007). Since cleaved STAT5 could not be detected in lysates prepared under denaturing
conditions by boiling the cells in an SDS-containing buffer, Schuster et al. concluded that
CatG does not cleave STATS in living cells.

To evaluate whether FBXL6 cleavage is naturally occurring in living cells or instead a
cell lysis artifact, different lysis conditions were applied to MV4-11 cell pellets of equal size.
Next to the standard protocol for cell lysis applied for all previous cell lysates within this
project, cells were lysed under denaturing conditions by boiling in SDS-containing buffers.
According to Schuster et al., a buffer containing 2% SDS was used as well as lysis and boiling
in 1X or 2X Laemmli buffer according to Schoenherr et al., who described a similar
phenomenon for CatG-activity induced by depletion of RUNX1-ETO (Schoenherr et al. 2019).
Immunoblot analysis showed a substantially decreased amount of cleaved FBXL6 under
denaturing lysis compared to the standard lysis buffer (Fig. 33a). Notably, a small portion of
cleaved FBXL6 was still detectable in all three denaturing conditions. To exclude any CatG
activity before protein denaturation was completed, the experiment was repeated with the
standard lysis buffer supplemented with excessive amounts of the CatG-specific inhibitor.
Additionally, the protocol for the denaturing lysis using SDS buffer was improved by
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immediate resuspension of fresh cell pellets without storage on ice in between. This time,
both MV4-11 and THP-1 lysates failed to show any cleaved species of FBXL6 under standard
lysis with up to 500 pM CatG inhibitor or denaturing lysis with SDS buffer (Fig. 33b). Therefore,
it had to be concluded that cleavage of FBXL6 is a mere artifact during standard cell lysis and
lacks any biological relevance in AML cells.
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Figure 33 Cleavage of FBXL6 is an artifact of cell lysis. (a) Immunoblot analysis of lysates prepared under
standard (Std. lysis buffer) or denaturing conditions (Laemmli and SDS buffers) from MV4-11 pellets of equal size.
1X Laemmli buffer contained 2% SDS, 2X Laemmli buffer contained 4% SDS. S.e., short exposure; l.e., long
exposure. (b) Immunoblot analysis of lysates from MV4-11 and THP-1 cells prepared analogous to (a) with addition
of excessive amounts of CatG-specific inhibitor to the standard lysis buffer. (a-b) B-Actin served as a loading

control.
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5 Discussion

Acute myeloid leukemia (AML) is an aggressive malignancy of the myeloid system with
an extremely poor prognosis resulting from failure to achieve complete remission and a high
relapse rate (Park et al., 2020). Even though extensive research on the genomic level in the
last decades has led to sophisticated risk stratification strategies and the development of
novel agents including FLT3 and IDH inhibitors, AML treatment still largely relies on
chemotherapy and hematopoietic stem cell transplantation (Burnett & Stone, 2020; Rowe,
2019). Thus, the identification of new actionable vulnerabilities is critically needed.
Investigating post-translational modifications (PTM) such as ubiquitylation holds great
promise to provide new target structures in AML, as recent reports suggest. Next to the
identification of the SCF-type ubiquitin ligase FBXL2 as a tumor suppressor in AML (B. B.
Chen et al., 2012), the NEDDS inhibitor pevonedistat showed promising results in clinical trials
when combined with azacytidine in AML patients (Adeés et al., 2022). However, systematic
discovery campaigns for vulnerabilities in AML among E3 ubiquitin ligases such as the family
of F-box proteins were still missing.

Against this background, Dr. David Brockelt performed a CRISPR/Cas9-based screen
in AML cell lines with libraries targeting all SCF-type ubiquitin ligases in the group of Prof. Dr.
Florian Bassermann. This approach identified the barely studied F-box protein FBXL6 as a
promising new dependency in AML (Fig. 4). Preliminary data pointed toward FBXL6 being a
functional substrate-recognition adaptor of an E3 ubiquitin ligase with nuclear localization, as
immunoprecipitation assays and chromatin fractionations showed (Fig. 5-6). The systematic
characterization of FBXL6 as a new vulnerability in AML and the underlying molecular
mechanisms including up- and down-stream regulatory pathways, was still pending when the
project was handed over to become the main topic of this thesis.

5.1 FBXL6 as a novel vulnerability in AML

5.1.1 Identification of FBXL6 by CRISPR/Cas9-based essentiality screening

CRISPR/Cas9-based gene essentiality screens on a whole-genome scale were first
applied in 2014 in leukemia cells and have since then been widely used across various cancer
entities (DepMap Consortium, 2018; Shalem et al., 2014; T. Wang et al., 2014). Due to the
competition-based principle, large-scale approaches with sgRNA libraries targeting the entire
genome often reveal only the most central oncogenes that have by now been extensively
studied, while masking many other, eventually less prominent dependencies. For
investigating a distinct pathway or a certain group of genes, a focused library approach can
overcome this limitation, as has already been shown for epigenetic regulators or microRNAs
(Henser-Brownhill et al., 2017; Kurata & Lin, 2018). Recent reports showing a link between
SCF-type ubiquitin ligases and AML provided an additional rationale for the custom design of
a sgRNA library focusing on all human F-box proteins instead of using a commercially
available genome-wide library. Notably, the CRISPR/Cas9 screen by Dr. D. Brockelt
recapitulated strong dependencies within the group of F-box protein genes seen in genome-
wide screens in AML such as Cyclin F (FBXO1) and FBXW11 (Erb et al., 2017; T. Wang et al.,
2017), confirming the validity of the experiment. At the same time, FBXL6 was one of the
strongest hits in the SCF-focused screen (Fig. 4), while the whole-genome screens showed a
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moderate dependency that would not stand out beside other more essential hits. Still, in both
large-scale dropout screens in AML, FBXL6 ranked among the top 20 of all 72 F-box protein
genes, reflecting a robust dropout phenotype of FBXL6 depletion in pooled CRISPR/Cas9
screens.

5.1.2 FBXL6 in primary AML patient samples and public datasets

Analysis of over 700 primary AML patient samples in the MLL cohort revealed a vast
upregulation of FBXL6 mRNA compared to healthy bone marrow which was one of the highest
upregulated hits among over 1,000 analyzed ubiquitin-related genes (Fig. 7). Since FBXL6
expression was high across all AML subtypes, FBXL6 activity in AML does presumably not
depend on any specific oncogenic driver(s) or the activation of particular signaling pathways.
Systematic analysis of the MLL cohort and two additional datasets (TCGA and BeatAML2.0)
consistently revealed a slightly decreased overall survival in the FBXL6 high versus low group,
even though none of the observed differences were huge or significant. Furthermore, high
FBXL6 expression significantly correlated with adverse prognosis according to ELN
stratification and further characteristics which can be associated with poorer outcome such
as FLT3 or NPM1 mutations (Fig. 7-8).

The pro-tumorigenic role of FBXL6 in AML was undermined by the analysis of
expression data from various cancer cell lines from DepMap, where FBXL6 mRNA levels were
second highest in the myeloid lineage compared to the other 23 lineages, and highly
increased when compared to non-cancerous fibroblasts (Fig. 10). Since most of the analyzed
cell lines showed highly elevated FBXL6 expression compared to non-cancer cells, an
oncogenic role of FBXL6 in different cancer entitles can be assumed. This hypothesis was
strengthened by analysis of the essentiality screens from DepMap, where a total of 74 cell
lines from 21 entities showed a perturbation effect upon FBXL6 deletion below the threshold,
while none of the non-cancer controls scored (Fig. 10). Indeed, very recent publications
demonstrated the tumor-promoting role of FBXL6 in different solid tumors including
hepatocellular carcinoma, gastric carcinoma, and renal cell carcinoma (Li et al., 2021; Meng
et al.,, 2023; Shi et al., 2020; Y. Yu et al., 2022). Since solid tumors differ strongly in their
pathogenic mechanisms and deregulated pathways from hematologic malignancies, the
mechanism of action of FBXL6 may be completely different in AML than in the described
types of carcinomas. Even among solid tumors, two contrasting roles have been observed
for FBXL6. While in hepatocellular carcinoma FBXL6 confers K63-linked ubiquitylation toward
HSP90AA1 for protein stabilization, phosphorylated p53 is targeted for proteasomal
degradation by K48 polyubiquitylation by FBXL6 in colorectal cancer (Li et al., 2021; Shi et
al., 2020).

Collectively, the analyses of mMRNA expression in primary patient samples and cancer
cell lines strongly suggest a role of FBXL6 as a novel oncogene in AML. However, a similar
analysis on the protein level would be even more desirable since ubiquitin ligases are known
to be regulated on the post-translational level. In addition to the activation of SCF-type ligases
by neddylation of the central cullin scaffold, F-box proteins are commonly regulated by
proteasomal degradation through (auto-)ubiquitylation (Schmidt et al., 2009; Wirbelauer et al.,
2000; Zhou & Howley, 1998). Therefore, large proteomics datasets from primary patient
samples and corresponding healthy tissue would be of high interest for the identification of
novel vulnerabilities in AML and other types of cancer. Efforts in this direction are already the
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subject of current research, as seen in a very recent publication on the proteogenomic
subtypes of AML (Jayavelu et al., 2022). Unfortunately, FBXL6 has not been detected in any
of the primary AML patient samples or healthy bone marrow controls, reflecting one of the
major challenges of current proteomic approaches: limited sensitivity. As the methodology on
the level of laboratory work and computational data analysis is currently rapidly improved,
even more conclusive datasets will certainly be generated in the near future (Rosenberger et
al., 2023; The et al., 2022).

5.1.3 FBXL6 in pre-clinical in-vitro and in-vivo AML models

Further evidence for FBXL6 exerting a pro-tumorigenic role in AML was generated in
pre-clinical in-vitro and in-vivo models. Competition assays in AML cell lines showed a
marked growth disadvantage of FBXL6-depleted cells compared to control cells, thus
confirming the results of the CRISPR/Cas9 screen (Fig. 4). Given that the effect was present
in MOLM-13, OCI-AMLS3, and MV4-11 cells, which harbor different genetic aberrations, this
finding further supports the hypothesis that FBXL6 essentiality is independent of a specific
genetic background. A consistent decrease in viable cell numbers measured by cell counting
and MTS assay suggested a reduction in cell proliferation capacity rather than a metabolic
defect (Fig. 15). FBXL6-depleted cells did not show more cell death, arrest in a specific cell
cycle phase, or increased myeloid differentiation, thus strengthening the assumption of a
slowed-down proliferation rate (Fig. 16). Another possible approach to unravel the cellular
consequences of FBXL6 depletion in AML cells would be to perform transcriptomic or
proteomic analyses of MOLM-13 cells transduced with sgFBXL6 versus sgCtrl. Considering
the timeframe in which anti-proliferative effects were observed for FBXL6 depletion, it would
be of high interest to harvest the samples between day 3 and day 6 after infection, ideally in
a time-resolved manner. Applying RNA-Seq (RNA sequencing) for gene expression analysis
and mass spectrometry for proteomic analysis with a very high detection sensitivity would
provide conclusive data in an unbiased approach to identify deregulated pathways by
bioinformatic enrichment analysis.

Even though the mechanistic determinants for the FBXL6-dependency of AML cells
are still unclear, the repeatedly seen effects in cell line-based assays prompted the question
of whether FBXL6 is also essential in vivo. A competition-based patient-derived xenograft
(PDX) mouse model was set up with two different sgRNAs targeting FBXL6 versus non-
targeting control. sgFBXL6_5 markedly impaired PDX leukemia at both early and late time
points (Fig. 18). The earlier timepoint showed a more pronounced effect, which reflected the
observations from in-vitro proliferation and competition assays and suggested a defect of
FBXL6-depleted cells primarily with respect to homing into the bone marrow niche next to
impaired proliferation of PDX cells in mice. Another reason for a stronger tumor suppressive
effect of FBXL6 depletion at early time points compared to later time points might be cellular
compensatory mechanisms like the upregulation of genes/proteins that are able to substitute
for the function of FBXL6. Since cancer cells are characterized by high genomic instability,
they are capable of adapting expression patterns quickly (Hanahan & Weinberg, 2000).
Unexpectedly, the second sgRNA did not recapitulate these promising results, even though
both sgRNA constructs showed comparable behavior in the in-vitro validation experiments
(Fig. 17). A possible explanation for the discrepancies between the two sgRNA constructs
might be found in CRIPSR/Cas9-specific mechanisms, such as the correct repair of the Cas9-
induced DNA double-strand break. Since the FBXL6 knockout was not confirmed in the
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murine bone marrow samples, only sgFBXL6_5 might have caused a knockout, whereas
sgFBXL6_6 might have failed to deplete FBXL6. To robustly show that FBXL6 has anti-
proliferative effects in vivo, additional experiments will be necessary. First, the PDX model
should be repeated to generate biological replicates using both sgRNA constructs and a third
independent sgRNA. Choosing additional PDX samples with high FBXL6 expression will help
to solidify the obtained results, as variability among PDX samples derived from AML patients
with different genetic aberrations has been shown before by the group of Prof. Dr. Irmela
Jeremias for other vulnerabilities in AML (Bahrami et al., 2023). Next to repeating the PDX
mouse model, it would be highly interesting to apply a syngeneic transplantation-based AML
mouse model, where murine bone marrow cells are transduced with AML drivers with or
without additional FBXL6 overexpression prior to transplantation into recipient mice. Such
models are well established for the AML-driving aberrations FLT3-ITD, MLL-ENL, AML-ETO,
HOXA9, and MEIS1 (Cozzio et al., 2003; Kelly et al., 2002; Mohr et al., 2017; Yan et al., 2004).
Since the FLT3-ITD-positive cell line MOLM-13 showed highest dependency on FBXL6
expression in this study, and FBXL6 mRNA expression slightly correlated with FLT3 mutation
counts in AML patient samples, initial experiments might be performed in the FLT3-ITD
transplantation-based mouse model (Héckendorf et al., 2016; Kelly et al., 2002). Comparing
FLT3-ITD-expressing bone marrow with and without forced expression of FBXL6 regarding
the onset of leukemia by sequential blood analyses as well as with regard to survival might
help to unambiguously demonstrate the oncogenic nature of FBXL6.

5.2 PPM1G is a ubiquitylation substrate of FBXL6

Ubiquitin ligases exert their biological function by modifying substrate proteins on a
post-translational level. The pivotal role of F-box proteins as substrate recognition adaptors
of multi-subunit ligases highlights the importance of substrate protein identification for FBXL6
in AML.

5.2.1 Multi-angled screening reveals PPM1G as a substrate of FBXL6

Combination and cross-validation of three interactome screens and one
ubiquitylation-specific functional screen identified 24 potential substrates of FBXL6 (Fig. 20).
Among these substrate candidates, many proteins were involved in key essential cellular
pathways including DNA damage recognition and translation initiation. The phenotypic
observations in AML cells upon FBXL6 depletion argued for prioritizing substrate candidates
outside these common essential clusters. The protein phosphatase PPM1G has been
described as a tumor suppressor that regulates different proteins involved in cell survival, cell
growth, and DNA damage response (Kamada et al., 2020), and was found as one of the most
significant cross-validation hits from the substrate screens (Fig. 20). In immunoprecipitation
experiments, the interaction between FBXL6 and PPM1G could be confirmed, while other
members of the FBXL-type family of ligases failed to bind PPM1G or showed a neglectable
interaction compared to FBXL6 (Fig. 21). The total protein abundance of PPM1G was
unchanged upon FBXL6 modulation and PPM1G was not destabilized by FBXL6
overexpression in a cycloheximide time course, which strongly suggested a non-degradative
effect of FBXL6 on PPM1G (Fig. 21-22). Importantly, only overexpression of FBXL6 caused
an increase in PPM1G-ubiquitylation which was found to be K63-linked polyubiquitylation in
in-vivo-ubiquitylation assays (Fig. 23).
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K63-type ubiquitylation represents the second most common form of
polyubiquitylation and is known to have effects on protein interactions, protein activity, and
subcellular localization (Komander & Rape, 2012). PPM1G is described to reside
predominantly in the nucleus, while re-localization to the cytoplasm was observed under
certain conditions such as binding to a PP2A regulatory subunit (Kumar et al., 2019; Liu et al.,
2013). This shuttling of PPM1G between nucleus and cytosol results in an altered
dephosphorylation-substrate spectrum (Kumar et al., 2019). Hypothesizing that FBXL6 might
affect the localization of PPM1G by ubiquitylation via K63-linkage, confocal imaging with
immunofluorescent staining of endogenous PPM1G was performed of FBXL6-depleted AML
cells versus control (Fig. 24). PPM1G showed a nuclear localization in MOLM-13 cells which
was not changed upon FBXL6 knockout, suggesting a different role of FBXL6-mediated
ubiquitylation on PPM1G.

To elucidate in which way PPM1G is affected by FBXL6, future experiments may
investigate the effect of FBXL6 depletion or overexpression on dephosphorylation substrates
downstream of PPM1G. Several different substrates of PPM1G are known, including the
histones H2A-H2B, the deubiquitinating enzyme USP7, and the cell cycle inhibitor p27
(Khoronenkova et al., 2012; Kimura et al., 2006; Sun et al., 2016). Thereby PPM1G exerts its
functions as a tumor suppressor through the regulation of cell growth and DNA-damage
response. For instance, DNA damage stimulates a tumor suppressive function of PPM1G: the
dephosphorylation of USP7, which finally leads to the upregulation of p53 to induce a cell
cycle arrest (Khoronenkova et al., 2012). Likewise, PPM1G-mediated dephosphorylation of
p27 induces a cell cycle arrest by stabilization of p27 (Sun et al., 2016). Research on PPM1G
has mainly been focused on solid tumors such as hepatocellular carcinoma, while its role in
hematologic malignancies is still unclear (Chaudhary & Maddika, 2014; D. Chen et al., 2021;
Kumar et al., 2019). Therefore, an unbiased approach seems useful to investigate the
downstream effects of PPM1G under FBXL6 modulation in AML cells. It would be highly
interesting to generate a PPM1G interactome by immunoprecipitation with subsequent mass
spectrometry under FBXL6 knockout or overexpression versus control. The obtained lists of
FBXL6-affected interactors could then be cross-validated with a second unbiased screen
looking at differentially phosphorylated proteins upon FBXL6 modulation that could be
identified in a phospho-proteomics experiment. Even though no functions of PPM1G have
been described beyond specific dephosphorylation of substrate proteins, there might be
other, so far undescribed activities of PPM1G in AML cells. The mass spectrometric screen
for PPM1G interactors might shed light on novel PPM1G functions.

Furthermore, evidence for a direct connection between PPM1G-ubiquitylation and the
phenotypic effects of FBXL6G depletion is still pending. For established substrate-ligase pairs
the phenotypic effects of the ligase-knockout can usually be reversed or rescued by
simultaneous depletion of the substrate (Fung et al., 2018). Due to the non-degradative nature
of the FBXL6-mediated ubiquitylation of PPM1G, mere modulation of PPM1G expression by
knockout or overexpression will likely not be conclusive since the protein abundance of
PPM1G is not affected by FBXL6. A possible approach would be to establish a knockout of
PPM1G in AML cells and investigate the phenotypic effects of simultaneous overexpression
of wild type PPM1G versus a point mutant that cannot be ubiquitylated by FBXL6 anymore.
To this end, the respective lysine residues which were differentially ubiquitylated upon FBXL6-
depletion in the DiGly-IP (Fig. 6) will have to be confirmed by single amino acid exchanges
from lysine to arginine using site-directed mutagenesis and in-vivo-ubiquitylation
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experiments. Further evidence for PPM1G being an AML-relevant ubiquitylation substrate of
FBXL6 will eventually lead to a deeper understanding of the cellular function of FBXL6 and
the cell biological effects of aberrant overexpression of FBXL6 in AML.

5.2.2 Recent publications on FBXL6 substrates in solid tumors

Two very recent publications have described FBXL6 as a vulnerability in two solid
tumor entities. While this confirms our findings that FBXL6 has pro-tumorigenic functions,
different ubiquitylation substrates were identified. One study identified the major cellular
chaperone HSP90AA1 as a K63-type ubiquitylation substrate in hepatocellular carcinoma (Shi
et al., 2020). The second study provided evidence for degradative ubiquitylation of the tumor
suppressor p53 (Li et al., 2021). Even though F-box proteins are known to specifically bind to
more than one substrate (Cardozo & Pagano, 2004), it seems very unlikely that HSP90AA1
and p53 are ubiquitylated by FBXL6 in AML, since neither of the two proteins scored under
the applied criteria for substrate identification. HSP9QOAA1 was enriched in two out of three
interactome screens, which is not surprising under the circumstances of ectopic
overexpression of FBXL6 since HSP9O0 ensures correct protein folding (Schopf et al., 2017).
However, the detected ubiquitin-remnant peptides of HSP90AA1 were not changed in their
abundance upon FBXL6 depletion in the DiGly-IP. For p53, neither of the four proteomic
substrate screens described above yielded hints for a link between p53 and FBXL6 in AML.

Another recent study demonstrated the implication of FBXL6 in the quality control of
mitochondrial ribosomal proteins (Lavie et al., 2023). Experiments conducted in cervical
cancer cells showed that FBXL6 interacts with ribosomal proteins while residing in the
cytoplasm. Given that FBXL6 was found to be solely localized in the nucleus of AML cells
(Fig. 13), the activity toward cytosolic ribosomal proteins can be neglected for AML.

5.3 Excessive protease activity marks a pitfall for AML research

The detection of a so far undescribed second form of FBXL6 in immunoblots, which
was specifically present in AML cell lines and not in any other tested cancer entity prompted
the question of how FBXL6 is regulated in AML (Fig. 11). Importantly, a distinct shift of the
FBXL6 band pattern in favor of the higher running form was observed upon forced myeloid
differentiation of AML cell lines, independent of the applied differentiating agent (Fig. 14). As
blocked differentiation is a hallmark of AML (Ddhner et al., 2015), a regulatory mechanism
dependent on the stemness status of myeloid cells was considered of high relevance for this
project. The running height of the bands, with the upper band corresponding to the predicted
molecular weight of the canonical FBXL6 amino acid sequence, and the finding that both
bands were i) depleted by FBXL6 knockout/knockdown and ii) generated by ectopic
expression of FBXL6 isoform 1 cDNA led to the hypothesis of proteolytic cleavage as the
underlying mechanism (Fig. 12). Indeed, in-vitro-cleavage assays indicated that FBXL6 is
cleaved by a member of the serine-type family of proteases (Fig. 25-26). A dual approach
combining bottom-up and top-down proteomics identified the cleavage site in the N-terminal
part of FBXL6 between Leud47 and Ser50, generating a C-terminal fragment of FBXL6 with
fully intact F-box and LRR domains (Fig. 28). Lacking a solved 3D structure of FBXLS, artificial
intelligence-based modeling of the FBXL6 protein structure indicated that the cleaved
unstructured N-terminal part might alter the substrate specificity of FBXL6 (Fig. 29).
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Functional annotation of the FBXL6 interactome screens pointed toward Cathepsin G (CatG)
as the responsible protease, which could be confirmed by in-vitro-cleavage assays using a
CatG-specific inhibitor and immunoprecipitation assays (Fig. 30).

While searching the literature for CatG and its implications in the stemness of AML,
several publications surfaced which reported on excessive proteolytic activity of CatG during
cell lysis which led to major misinterpretations of immunoblot data. For STAT5, which was
believed to be a CatG substrate that specifically affects the stemness of AML cells,
preparation of cell lysates under denaturing conditions using an SDS-containing buffer proved
that CatG-mediated cleavage of STAT5 does not occur naturally in living cells (Schuster et
al., 2007). A similar artifact has previously been reported for the cleavage of STAT3 by
neutrophil elastase (NE) as well as the processing of p65 by CatG already in 1994 (Franzoso
et al., 1994; Kato et al., 2004). In each case, this phenomenon could be explained by
insufficient protease inhibition during standard cell lysis despite the addition of widely used
inhibitors or commercially available cocktails for protease inhibition. Physiologically, myeloid
cells produce high levels of serine proteases for immune-related roles such as generating
peptides for antigen presentation or regulation of cytokine activity by cleavage (Pham, 2006).
To prevent uncontrolled cleavage of cellular proteins, proteases are stored in cytoplasmic
granules of living cells (Kettritz, 2016). As soon as all cellular compartments are broken down
during cell lysis, the released proteases may cleave proteins that normally reside in other
cellular compartments. Since FBXL6 was found to be localized in the nucleus, an artifact
seemed plausible. Preparation of cell lysates under denaturing conditions in comparison to
the standard lysis that was applied throughout this study, unfortunately, confirmed that CatG-
mediated cleavage of FBXL6 is a mere technical artifact and lacks any biological relevance
(Fig. 33).

Since many of the commonly used AML cell lines express high levels of CatG (Fig. 11)
and presumably also other serine proteases (Kettritz, 2016), special precautions must be
taken when preparing extracts from these cells. For instance, denaturing cell lysis using an
SDS-containing buffer might be the first choice whenever cell extracts are not processed
further but are directly used for immunoblot analysis. Conversely, if the native conformation
of extracted proteins is crucial for example in immunoprecipitation studies, additional
protease inhibitors or higher concentrations thereof may be used. In the case of FBXL6 in
AML cells, the addition of a CatG-specific inhibitor abolished FBXL6 cleavage (Fig. 33). A
recent study on the proteomic and phospho-proteomic landscapes of AML described a
protocol for thawing bone marrow aspirates from a biobank in the presence of di-isopropyl
fluorophosphate (DFP) to avoid cleavage artifacts by serine proteases in mass spectrometric
measurements (Kramer et al., 2022). Due to its potent neurotoxicity, DFP is commonly
substituted by the less toxic but also less reactive inhibitors AEBSF and PMSF, which were
also used in this study and inhibited CatG insufficiently (Hedstrom, 2001). DFP might still be
used in crucial experiments under strict safety measures. Additional strategies to avoid
cleavage artifacts by serine proteases in AML cells comprise the usage of cell lines with
generally low protease expression levels or the generation of protease knockout cells, as
demonstrated in a study on the transcription profile of HOXA9 (Zhong et al., 2018). Notably,
HOXA9 was rapidly degraded in cell extracts from human AML cell lines and primary murine
HSPCs (hematopoietic stem/progenitor cells), which could only be overcome by a triple-
knockout of the serine proteases CatG, NE, and proteinase-3, while high concentrations of
AEBSF or PMSF failed to inhibit proteolysis of HOXA9 (Zhong et al., 2018).
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Some pieces of data in this study must be re-evaluated after the cleavage of FBXL6
was discovered to be an artifact during cell lysis. The panel of AML and non-AML cell lines
should be reproduced with cell pellets subjected to denaturing lysis to determine the correct
total protein levels of FBXL6 across the whole panel (Fig. 11). The same accounts for the
investigation of FBXL6 protein abundance upon forced differentiation using TPA or ATRA.
FBXL6 might be downregulated or not regulated at all on the protein level upon myeloid
differentiation, an effect masked by CatG cleavage (Fig. 14, Fig. 31). Regarding the proteomic
screens for substrate identification, only the interactome from MV4-11 cells might be affected
by the cleavage artifact, since the cell lines used for the additional screens generally showed
rather low CatG expression and cleaved FBXL6. In the MV4-11 interactome, there might be
false positive as well as false negative results: the cleaved form of FBXL6 might bind to non-
physiologic interaction partners during the immunoprecipitation that might then be
misinterpreted as substrate candidates. On the contrary, true interaction partners might also
be subjected to misguided proteolytic cleavage in the used lysis buffer and therefore be
unable to co-precipitate with FBXL6. From a technical perspective, it might be possible that
proteolytic cleavage of E3-ligase substrates affects the generation of tryptic peptides in the
sample preparation process prior to mass spectrometry, which might impede correct protein
identification. The latter point is likely more important when generating a full (phospho-)
proteome as stated by Timothy Ley and colleagues (Kramer et al., 2022), since protein
identification in the interactome studies presented above required more than one unique
peptide for each protein. Conversely, substrate identification screens such as the herein
described DiGly-IP with subsequent identification of ubiquitin-remnant motives might be
affected by excessive protease cleavage, since the detection of differential ubiquitylation
might depend on one particular tryptic peptide.

In conclusion, cell biological and biochemical assays in AML cells need to be
performed with special precautions to avoid artifacts through excessive, unphysiological
protease activity. Despite these challenges, FBXL6 could be identified as a nhovel vulnerability
in AML, which ubiquitylates the protein phosphatase PPM1G. Further studies are required to
define the molecular and cellular consequences of K63-linked polyubiquitylation of PPM1G
by FBXL6.
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