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Abstract

Abstract

Acute leukemia, a disease of the hematopoietic system, is characterized by a block of
differentiation and an accumulation of immature blood cells. MLL rearrangements are
frequently detected in childhood acute lymphoblastic leukemia (ALL). Among them,
patients with a t(4;11) rearrangement have a high risk leukemia with bad prognosis
and new therapeutic options are definitively needed. Although intensive research was
performed so far to understand the function of this translocation, many questions
remain open. In this project, | investigated the importance of the two chimeric fusion
proteins MLL/AF4 and its reciprocal AF4/MLL for tumor maintenance in patients’ tumor
cells in vivo.

To achieve precise targeting of the fusion proteins, breakpoint specific short-hairpin
(sh) ribonucleic acids (RNAs) were designed and expressed by previously established
constitutive and inducible knockdown (KD) systems. In order to optimize the running
technigue and increase the KD efficiency, the inducible KD system was improved using
on the one hand a stronger miR-30-based backbone and on the other hand shRNA
concatamers. In addition to RNA interference (RNAI), a dominant negative Tapasel
was expressed to molecularly inhibit the reciprocal AF4/MLL fusion protein. In addition
to leukemic cell lines, patient-derived xenograft (PDX) leukemia cells were used for in
vivo experiments as a highly clinically related model system.

The experiments performed here revealed no essential function of AF4/MLL in
established leukemia, despite inhibition of AF4/MLL by dnTASP1 expression induced
alterations of cell cycle related genes, as detected by gene expression analysis.
Analysis of the second fusion protein MLL/AF4 revealed, in contrast to the reciprocal
AF4/MLL fusion protein, an essential function of MLL/AF4 for leukemia maintenance.
MLL/AF4 played a clearly essential role upon constitutive KD using a breakpoint
specific sShRNA. More importantly and directly mimicking the situation of patients
before treatment, even an inducible KD of MLL/AF4 in established patients’ t(4;11)
leukemia showed an essential function and reduced tumor growth. Accordingly, gene
expression profiles showed alterations in proliferation, differentiation and apoptosis
upon MLL/AF4 silencing in PDX cells re-isolated from murine bone marrow.

Taken together, MLL/AF4 represents a potent, highly specific target for molecular

therapy of t(4;11) leukemia, which is not expressed in healthy cells and might be
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Abstract

addressed by future treatment to improve prognosis and outcome of patients suffering
t(4;11) ALL.



Zusammenfassung

Zusammenfassung

Die akute Leukadmie, eine Erkrankung des hamatopoietischen Systems, ist durch eine
gehemmte Zelldifferenzierung und einer Akkumulierung unreifer Blutzellen
gekennzeichnet. Hierbei treten MLL-Rearrangements haufig bei akuten lymphatischen
Leukdmie (ALL)-Patienten im Kindheitsalter auf. Darunter gehéren Patienten mit einer
t(4;11) Translokation, die zu einer schweren Form der Leukamie mit schlechter
Prognose fuhrt und woflir neue Therapieoptionen dringend bendétigt werden. Obwohl
intensiv an der Funktion der Translokation geforscht wird, stehen weiterhin viele
Fragen offen. In diesem Projekt habe ich die Bedeutung der chiméren Fusionsproteine
MLL/AF4 und AF4/MLL fur die Tumorerhaltung in Patienten abgeleiteten Tumorzellen
untersucht.

Um die Fusionsproteine prazise zu inhibieren wurden bruchpunkt spezifische shRNAs
designt und mit zuvor etablierten konstitutiven und induzierbaren knockdown (KD)
Systemen exprimiert. Um die Technik und die KD Effizienz zu erhdhen, wurde das
induzierbare System auf der einen Seite mit Hilfe einer starkeren miR-30 basierten
Kassette und auf der anderen Seite durch shRNA Konkatamerisierung verstarkt.
Zusatzlich zu der RNA Interferenz wurde eine dominant negative Taspasel
(dnTASP1) exprimiert um das reziproke AF4/MLL Fusionsprotein zu inhibieren. Fur die
Versuche wurden zuséatzlich zu Zelllinien auch Patienten abgeleitete Xenograft (PDX)
Leukdmie Zellen als kliniknahes Modellsystem in vivo verwendet.

Die hier durchgefuhrten Versuche zeigten keine essentielle Funktion fur AF4/MLL in
einer etablierten Leukamie, jedoch fuhrte die Inhibierung von AF4/MLL durch
dnTASP1 zu Veranderungen im Zellzyklus, wie in Genexpressionsanalysen gezeigt
werden konnte. Bei der Analyse des zweiten Fusionsproteins, MLL/AF4, konnte im
Gegensatz zu AF4/MLL eine essentielle Funktion von MLL/AF4 fur die
Leukdmieerhaltung gezeigt werden. Ein konstitutiver KD von MLL/AF4 mit einer
bruchpunkt spezifischen shRNA zeigte die essentielle Rolle von MLL/AF4. Mit Hilfe
eines induzierbaren KD Systems konnte die Situation der Patienten vor einer
Behandlung simuliert werden. Selbst mit diesem System konnte das Wachstum der
t(4;11) Leukamiezellen durch einen induzierbaren KD von MLL/AF4 reduziert werden.
Genexpressionsanalysen zeigten Verédnderungen in der Proliferation, Differenzierung
und Apoptose nach MLL/AF4 Inhibierung in PDX Zellen.

3



Zusammenfassung

Zusammengefasst reprasentiert MLL/AF4 einen wirksamen und hoch spezifischen
Kandidaten fur die molekulare Therapie von t(4;11) Leukd&mien, welches nicht in
gesunden Zellen exprimiert wird und fur zukinftige Therapien genutzt werden kénnte,

um die Prognose von t(4;11) ALL Patienten zu verbessern.
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1. Introduction

1.1 Acute leukemia

Acute leukemia (AL) was first described in the early nineteenth century when cases of
patients with altered or uncommon blood were reported (Piller, 2001). The term
‘leukemia” was established in 1945 by Bennett to describe a disease of the
hematopoietic system. Defined by a block of differentiation and proliferation of
immature blood cells, AL is the most common childhood cancer accounting for one
third of all pediatric cancers (Siegel et al., 2020, Esparza and Sakamoto, 2005).
Furthermore, death caused by leukemia is the second most frequent cause of cancer
death for men younger than 40 years and women younger than 20 years in the United
States (Siegel et al., 2020). In AL, acute lymphoblastic leukemia (ALL) and acute
myeloid leukemia (AML) are distinguished according to the lineage that is altered
(Fig. 1). AML is a heterogeneous disease mostly present in elderly people while ALL

mainly occurs in children.
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Figure 1: Altered blood cell differentiation in acute leukemia

Blood stem cells normally differentiate into myeloid or lymphoid stem cells and finally into platelets, red
blood cells or white blood cells. In acute leukemia, the differentiation process is altered and leads to an
accumulation of immature myelo- or lymphoblasts.

111 Acute lymphoblastic leukemia

According to the Robert-Koch-Institute, ~4.3 cases per 100,000 children under the age
of 15 are diagnosed with ALL each year in Germany. These patients have a relatively
good prognosis with a five-year overall survival above 90 %, except in defined

subgroups (Brenner and Spix, 2003, Pulte et al., 2008). In adults, the prognosis
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declines with cure rates of 30 — 40 % for patients over the age of 40, due to frequent
relapses (GOkbuget et al., 2012).

In ALL different subtypes are distinguished that are based on the lineage in which the
leukemogenic event occurred, B- or T-cell lineage, and on the stage of lymphoid
differentiation. 80 % of all ALL cases are precursor B-ALL, 1 — 2 % have a mature B-
ALL and 15 — 20 % of patients have a T-ALL (Chiaretti et al., 2014). In some cases,
independent from the specific ALL subtype, the initiating leukemogenic event occurred
prenatally (Taub et al., 2002). Especially in infants with precursor B-ALL, the mutational
load is very low with in average 2.5 mutations per genome, representing the most
stable genome across 24 different cancer cohorts among children (Agraz-Doblas et
al., 2019). Secondary alterations can be acquired during disease progression
(Mullighan et al., 2007).

Alterations found in ALL vary between patients. Loss or gain of whole chromosomes,
chromosomal translocations or sequence mutations disturbing for example the
lymphoid development, tumor suppression or chromatin modifications are common
alterations in ALL patients (lacobucci and Mullighan, 2017). Due to advances in
treatment, many children can be cured, with the exception of some specific alterations
resulting in high-risk leukemia. While a high hyperdiploidy with a gain of at least five
chromosomes is associated with good prognosis, chromosomal translocations with
MLL belong to the high-risk group (Paulsson et al., 2015, Pieters et al., 2007).

1.1.2 Chromosomal translocations in acute leukemia

Chromosomal translocations are frequent alterations in acute leukemia. They occur
when at least two double-strand breaks (DSBs) take place simultaneously in separate
chromosomes and when free double-strand ends of different chromosomes are ligated
(Richardson and Jasin, 2000). DSBs arise either spontaneously during DNA
replication, DNA repair and V(D)J recombination or they can be induced by treatment
with e.g. topoisomerase Il inhibitors like Etoposide leading to DSBs in the KMT2A
(MLL) gene (Libura et al., 2005).

A translocation results in fusion genes and leads to dysregulated partner genes or to
fusion proteins with new biological functions. This process is often an early or initiating
event in leukaemogenesis, but usually additional events are required to cause
leukemia (Daley et al., 1990, Yuan et al., 2001). The different AL subtypes are

characterized by distinct translocations. Identification of chromosomal translocations
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is of special interest for risk classification and determination of the therapy intensity. In
childhood leukemia, more than 200 genes involved in translocations have been found.
However, there are certain predominate genes like KMT2A, TEL or AML1 that are
found with more than 15 different partner genes after chromosomal translocation
(Greaves and Wiemels, 2003). KMT2A rearrangements are found especially in infants
with ALL younger than one year and are associated with poor prognosis (Pui et al.,
2002). In ALL, the major chromosomal translocation is t(4;11), described intensively in

the following chapter.

1.2 t(4;11) translocation

The t(4;11) chromosomal translocation is a rearrangement of KMT2A and AFF1 (Gu
et al., 1992). KMT2A transcribes the mixed lineage leukemia (MLL) protein and AFF1
the ALL1-Fused Gene from Chromosome 4 (AF4) protein.

A translocation of the KMT2A gene occurs in ~80 % of all ALL cases in infants and in
~15 % of all adult ALL cases (Esparza and Sakamoto, 2005). The fusion partner differs
regarding the type of leukemia and the age of the patient (Meyer et al., 2018). Until
now, 135 different translocation partners could be identified but only 9 account for more
than 90 % of all MLL translocations (Meyer et al., 2018).

The most prominent fusion partner in ALL with ~57 % is AF4 regardless of the age of
the patients (Fig. 2). Infants with a t(4;11) translocation have a very bad prognosis with
survival rates of 10 — 30 % (Isoyama et al., 2002, Pui et al., 2002). There, the t(4;11)
translocation is often acquired in utero with only very few further alterations so that the
translocation is sufficient to initiate leukemia (Andersson et al., 2015, Ford et al., 1993).
As a consequence of the MLL/AF4 translocation two new chimeric fusion proteins are
generated, MLL/AF4 and the reciprocal AF4/MLL. These fusion proteins and their

newly acquired functions are described in detail in chapter 1.2.3.
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Figure 2: MLL fusion partners according leukemia type and patient age

Most frequent MLL fusion partners of a cohort with 2345 MLL-rearranged acute leukemia patients.
Patient were classified as ALL or AML and distributed regarding the age of the patients (infant: 0.03-12
month; pediatric: >12 month-18 years; adult: >18 years). Name of fusion partners are written in black,
frequencies are written as white numbers, negative numbers indicate patients that were not classified
as ALL or AML subtype (Meyer et al., 2018).

1.2.1 Mixed lineage leukemia (MLL) protein

MLL is a nuclear protein encoded by the KMT2A gene, located on chromosome 11 at
g23. It shares its function with the Drosophila homologue Trithorax as important
regulator of development by regulating the Hox gene expression (Ernst et al., 2004).
MLL is expressed in most fetal and in adult hematopoietic cell types including stem
cells and progenitors (Kawagoe et al., 1999). Loss of MLL is lethal, as shown using
MLL-deficient mice (Hess et al., 1997, Yagi et al., 1998).

KMT2A consists of 37 exons and encodes the 4,005-amino-acid MLL protein
(Marschalek et al., 1997, Nilson et al., 1996). Of note, in ~90 % of all MLL transcripts
exon 2 is missing (Meyer et al., 2006). Furthermore, alternative splicing leads to
different MLL mRNA transcripts that can change the activity of MLL from being a
positive modulator of gene transcription to a transcriptional repressor complex (Ma et
al., 1993, Mbangkollo et al., 1995, Rdssler and Marschalek, 2013).

MLL has multiple domains (Fig. 3) (Tkachuk et al., 1992). At the N-terminus MLL has
three AT-hook maotifs for binding AT-rich DNA (Zeleznik-Le et al., 1994). Further, sub-

nuclear localization signals (SNL) and a DNA methyltransferase homology domain are
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part of MLL. This DNA methyltransferase homology domain recognizes and binds DNA
with unmethylated CpG sequences and represses transcription and targets MLL to
specific promoter sites like, for example, the promoter of some HOX genes (Birke et
al., 2002, Ono et al., 2005, Prasad et al., 1995). MLL has four cysteine-rich plant
homeodomain (PHD) zinc fingers mediating protein-protein interactions (Fair et al.,
2001). At the C-terminus the protein has a transactivation domain and a SET
(Su(var)3—9/Enhancer of zeste/trithorax) domain (Tkachuk et al., 1992). The SET
domain binds to histone H3, Sbfl, ASH1 and itself and has an intrinsic H3 lysine 4
methylation activity inducing target genes like HOX (Rozovskaia et al., 2000, Milne et
al., 2002, Nakamura et al., 2002, Hsieh et al., 2003b).

BCR
-

[ )

AT SNL DNA PHD TCS TAD SET
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Figure 3: Functional domains of MLL
Depiction of MLL protein domains. (SNL: subnuclear localization signal; DNA MT: DNA
methyltransferase homology domain; PHD: cysteine-rich plant homeodomain zinc fingers; TCS:
Taspasel cleavage site; TAD: transactivation domain; SET: Su(var)3—9/Enhancer of zeste/trithorax
domain; BCR: breakpoint cluster region).

The MLL protein is post-translationally cleaved by the threonine aspartase 1
(Taspasel) between amino acid positions 2666/2667 and 2718/2719 next to the
transactivation domain resulting in a 320 kDa N-terminal and a 180 kDa C-terminal
fragment (Hsieh et al., 2003b, Hsieh et al., 2003a). These fragments immediately
heterodimerize to form a stable complex and translocate into the nucleus, where MLL
assembles into a supercomplex composed of at least 29 proteins that remodels,
acetylates, deacetylates and methylates free histones and nucleosomes (Yokoyama
et al., 2004, Nakamura et al., 2002). The N-terminal MLL fragment possesses
transcriptional repression activity mediated by transcriptional co-regulators like Host
cell factor 1 and 2 (HCF-1, HCF-2), by co-repressors C-terminal-binding protein (CtBP)
and Polycomb group (PcG) proteins or by histone deacetylases (Xia et al., 2003,
Yokoyama et al., 2004). The C-terminal MLL fragment can activate transcription for
example through the recruitment of the co-activator CREB Binding Protein (CBP) with
histone acetyltransferase activity leading to acetylation of histones H3 and H4 at target
genes (Ernst et al., 2001, Yokoyama et al., 2004).

Over 100 fusion partners were found for MLL, but the most frequent MLL fusion

partners are AF4, ALL1-fused gene from chromosome 9 (AF9), ALL1-fused gene from
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chromosome 10 (AF10) and eleven-nineteen leukemia (ENL) all belonging to the
1.5 MDa super elongation complex (SEC) (Lin et al., 2010). The function of SEC and

the importance of the complex for the fusion proteins are described below.

1.2.2 ALL1-Fused Gene From Chromosome 4 (AF4) protein

AF4 is encoded by AFF1 and located on chromosome 4 at q21 (Chen et al., 1993, Gu
et al., 1992). It consists of 23 exons with four alternative first exons, lal, 1a2, 1b and
1c and is translated into a 131 kDa protein, mainly located in the nucleus (Nilson et al.,
1997). AF4 belongs to the ALF (AF4, LAF4 and FMR2) family including the fragile X
mental retardation 2 (FMR2), the lymphoid nuclear protein related to AF4 (LAF4) and
the ALL-1 fused gene from 5931 (AF5g31, also named major CDK9 elongation factor-
associated protein (MCEF)). The ALF family share a N- and C-terminal homology
domain, a serine-rich transactivation domain (TAD), a nuclear localization signal (NLS)
and a ALF homology domain (Fig.4). The ALF homology domain promotes
proteasomal degradation by interaction with the ubiquitin ligase seven in absentia
homologue (SIAH) (Nilson et al., 1997, Prasad et al., 1995, Bursen et al., 2004).

BCR
| |

[ )

NHD ALF TAD NLS CHD

Figure 4. Functional domains of AF4

Depiction of AF4 protein domains. (NHD: N-terminal homology domain; ALF: ALF homology domain;
TAD: transactivation domain; NLS: nuclear localization signal; CHD: C-terminal homology domain; BCR:
breakpoint cluster region).

AF4 is widely expressed in hematopoietic and hon-hematopoietic cells; especially high
expression levels are found in the lymphoid system (Chen et al., 1993, Frestedt et al.,
1996, Isnard et al., 1998). Inactivation of AF4 by homologous recombination in mice
influences the development of B and T cells showing a critical function for lymphoid
development (Isnard et al., 2000). Overexpression of Af4 was studied using a robotic
mouse generated by phenotype-based mutagenesis. Here, a point mutation in the ALF
domain led to overexpression of Af4 resulting in cerebellar ataxia and Purkinje cell loss
as well as in abnormalities in T cell development (Isaacs et al., 2003).

The AF4 protein is part of the transcriptional regulatory chromatin remodeling complex
called SEC. Beside AF4 it includes AF9, AF10, ENL, the eleven-nineteen Lys-rich
leukemia (ELL) family member ELL1, ELL2, ELL3 and the positive transcription

elongation factor b (P-TEFb) (Bitoun et al., 2007, Lin et al., 2010). SEC regulates gene
10
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transcription by P-TEFb mediated RNA Polymerase Il (Pol Il) activation. Further, SEC
mediates disruptor of telomeric silencing 1-like (Dotl) recruitment leading to H3K79
methylation and to an open chromatin structure (Bitoun et al., 2007). Thus, not only

MLL but also AF4 play an important role in gene regulation.

1.2.3 MLL/AF4 and AF4/MLL fusion proteins

The t(4;11) translocation can lead to the expression of two chimeric fusion proteins,
MLL/AF4 and AF4/MLL alongside the wildtype MLL and AF4 proteins. MLL/AF4
consists of the N-terminal part of MLL and the C-terminal part of AF4, while for
AF4/MLL it is the other way round.

Translocations occur in specific breakpoint cluster regions (BCR). The main BCR in
the KMT2A gene is in the introns between exon 9 and 11 (Meyer et al., 2013). Only
~6.5 % of the patients with MLL rearrangement have a MLL breakpoint outside the
BCR (Meyer et al., 2018). The BCR of AFF1 is between exon 3 and 7 (Nilson et al.,
1997). This implies that in general MLL/AF4 consists of the N-terminal part of MLL with
AT-hook motifs, subnuclear localization signals and a DNA methyltransferase
homology domain fused to the C-terminal part of AF4 having a transactivation domain,
a C-terminal homology domain and a nuclear localization signal (Fig. 5). In contrast,
AF4/MLL consists of the N-terminal part of AF4 with the N-terminal homology domain
and the ALF homology domain and is combined with the C-terminal part of MLL with
PHD zinc fingers, a Taspasel cleavage site, a transactivation and a SET domain. The
resulting fusion proteins are characterized by new biological functions.

In detail, the missing C-terminal part of MLL in MLL/AF4 affects the methylation pattern
and the target gene activity as the SET domain is lost. However, gene expression
profiles of leukemia patient cells showed that MLL/AF4 is capable of activating MLL
target genes like the HOX genes HOXA4, HOXA5 and HOXA9 as well as MEIS1 which
encodes a cofactor for HOX proteins (Milne et al., 2002, Armstrong et al., 2002, Yeoh
et al.,, 2002, Rozovskaia et al., 2001). This expression profile was observed in MLL
translocated leukemia patients independent from the specific fusion partner. The N-
terminal part of MLL is able to bind to MLL target genes by associating with Menin
(MEN1) and lens epithelium-derived growth factor (LEDGF, also named PC4 and
SFRS1 interacting protein 1). The C-terminal part of AF4 interacts with the other
common MLL fusion partner AF9, AF10, ENL and DOT1L. This interaction stabilizes
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the SEC machinery at MLL target genes and leads to overexpression of these genes
(Lin et al., 2010, Krivtsov et al., 2008).
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Figure 5: Functional domains of MLL and AF4 in wildtype and fusion proteins

MLL and AF4 protein domains are depicted in native proteins and after t(4;11) translocation. (SNL:
subnuclear localization signal; DNA MT: DNA methyltransferase homology domain; PHD: cysteine-rich
plant homeodomain zinc fingers; TCS: Taspasel cleavage site; TAD: transactivation domain; SET:
Su(var)3-9/Enhancer of zeste/trithorax domain; BCR: breakpoint cluster region; NHD: N-terminal
homology domain; ALF: ALF homology domain; NLS: nuclear localization signal;, CHD: C-terminal
homology domain).

The reciprocal AF4/MLL fusion protein is cleaved by Taspasel at the C-terminal part
of MLL. The cleaved protein heterodimerizes and competes with the endogenous MLL
for binding partners to form a supercomplex and leads to a new H3K4 and H3K79
methylation pattern resulting in aberrant gene expression (Benedikt et al., 2011).
Wildtype AF4 is degraded after each cycle of transcriptional elongation by interaction
with SIAH. However, for the AF4/MLL fusion protein, the ubiquitin ligase is not able to
initiate the degradation leading to a prolonged protein half-life of 72 — 96 h (Bursen et
al., 2004).

It remains unclear whether MLL/AF4, AF4/MLL or both fusion proteins are essential for
the development and maintenance of a t(4;11) leukemia. While all patients with a
t(4;11) translocation express MLL/AF4, only 50 — 80 % express both fusion proteins
(Agraz-Doblas et al., 2019, Kowarz et al., 2007, Trentin et al., 2009, Downing et al.,
1994, Reichel et al., 2001). Different groups have generated MII/AF4 knock-in mouse
models or MLL/AF4 expressing cord blood cells using CRISPR/Cas9 which result in
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B-cell ymphoma and leukemia (Chen et al., 2006, Krivtsov et al., 2008, Secker et al.,
2019). Furthermore, inhibition of MLL/AF4 by siRNA in t(4;11) cell lines led to impaired
proliferation and clonogenicity (Thomas et al., 2005). In contrast, Lin—/Sca1+ purified
cells (LSPCs) retrovirally transduced with MLL/AF4 were not capable of inducing
leukemia in mice (Bursen et al., 2010). However, LSPCs transduced with AF4/MLL
could induce ALL in mice (Bursen et al., 2010), while AF4/MLL expression in neonatal
CD34+ hematopoietic stem/progenitor cells (HSPCs) did not initiate leukemia (Prieto
et al., 2017). Nevertheless, a transient AF4/MLL KD in cell line did not show any
changes in proliferation, cell cycle or apoptosis (Kumar et al., 2011b). Moreover, a
cooperation of MLL/AF4 and AF4/MLL during hematopoietic development was
described and co-transfection of cell lines with MLL/AF4 and AF4/MLL increased
resistance against apoptotic triggers and enhanced the cell cycling capacity (Bueno et
al., 2019, Gaussmann et al., 2007). Recently, Agraz-Doblas et al. (2019) published
that HOXA genes were exclusively expressed in t(4;11) leukemia patients with
AF4/MLL expression. These patients had a significantly better 4-year overall survival
with 73.7 % compared to 25.2 % of t(4;11) leukemia patients without AF4/MLL
expression (Agraz-Doblas et al., 2019). The reason for the prolonged survival by
AF4/MLL expression is unknown.

In summary, it is still under discussion which impact both fusion proteins have for the

development and maintenance of leukemia and further investigations are required.

1.3 Proteases in cancer
Proteases are enzymes that regulate physiological processes like gene expression,
differentiation and cell death by determining the overall turnover of proteins. They are
able to hydrolyze peptide bonds between amino acids and are responsible e.g. for
protein degradation to recycle or inactivate proteins or to destroy misfolded ones. In
humans, more than 600 proteases are known and are classified as aspartic, cysteine,
glutamic, metallo, asparagine, serine and threonine proteases (Barrett et al., 2001,
Ordoiiez et al., 2009).
Proteases play a critical role in cancer as they can control tumor invasion,
angiogenesis and metastasis. Tumor cells can induce expression of proteases in
neighboring cells to increase the nutrient and oxygen supply (Yang et al., 2009). Due
to upregulation of proteases during cancer progression, proteases are ideal
therapeutic targets and inhibitors are developed for cancer therapy.
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Here, the role of a specific threonine protease, the threonine aspartase 1, is described
more in detail, as it is necessary for the cleavage of MLL and of the reciprocal fusion
protein AF4/MLL.

1.3.1 Threonine aspartase 1

The threonine protease Taspasel is encoded by the taspasel gene located on
chromosome 12 at pl2. It encodes a 420 amino acid proenzyme that gets
autoproteolytically processed after dimerization into a 28 kDa a and 22 kDa 3 subunit
which assemble afterwards in catalytically active homo- (af3) or heterodimers (appa)
(Hsieh et al., 2003b). With an endopeptidase activity, it recognizes a conserved peptide
motif with aspartate residues (Hsieh et al., 2003b, Sabiani et al., 2015).

A genome-wide bioinformatics prediction resulted in 27 putative targets for Taspasel
(Bier et al., 2011). These putative targets are involved in DNA repair, cell cycle,
transcription, transport and developmental and metabolic processes and are known to
play a role in tumorigenesis. Additionally, Taspasel is overexpressed in different types
of cancer representing an interesting target for therapy (Bier et al., 2011, Chen et al.,
2010). However, only few Taspasel target proteins are confirmed: MLL, MLL4, the
transcription initiation factor IIA (TFIIA) and the reciprocal AF4/MLL fusion protein
(Bursen et al., 2004, Hsieh et al., 2003b, Zhou et al., 2006). MLL is cleaved by
Taspasel at two highly conserved sites, CS1 and CS2, heterodimerize and form a
stable multiprotein complex (Hsieh et al., 2003b). Moreover AF4/MLL is processed by
Taspasel leading to a stable multiprotein complex that is resistant against SIAH-
mediated degradation (Kramer et al., 2013). Therefore, Taspasel functions in t(4;11)
leukemia as an oncoprotein and represents an interesting therapeutic candidate.

In Taspasel deficient mice, an impaired proliferation of mouse embryonic fibroblasts
(MEFs) and a reduction of thymocytes were observed (Takeda et al., 2006). Inhibition
of Taspasel by RNAI or small molecule inhibitors in adult mice had no adverse side
effects (Chen et al., 2012, Hsieh et al., 2003b). There, uncleaved MLL led to reduced
histone H3 methyl transferase activity and reduced HOX expression (Takeda et al.,
2006, Hsieh et al., 2003b). Further in vitro studies showed impaired proliferation of
different cancer cell lines upon Taspasel KD (Chen et al., 2010).

Taken together, Taspasel is overexpressed in different cancers and plays an
important role especially in t(4;11) leukemia as it generates a stable AF4/MLL protein.

Therefore, Taspasel is of high interest for putative cancer therapy.

14



Introduction

1.3.2 Dominant negative Taspasel

As Taspasel represents a potential therapeutic target, different inhibitors or small
molecules to inhibit Taspasel have been developed in recent years (Chen et al., 2012,
Hsieh et al., 2003b). Sabiani et al. (2015) created a dominant negative Taspasel
(dnTASP1) by site-directed mutagenesis (C163E and S291A) to specifically inhibit and
analyze the function of AF4/MLL. Upon dimerization of dnTASP1 with a wildtype
Taspasel monomer, the S291A mutation impaired hydrolyzation between D233 and
T234 of dnTASP1 while mutation at site C163E blocked positioning of S291 in the
dimerized wildtype Taspasel. Thus, dimerization with dnTASP1 results in
enzymatically inactive heterodimers (Sabiani et al., 2015).

The function of dnTASP1 was tested in MLL and AF4/MLL transfected HEK-293T cells
in vitro. While in cells expressing wildtype Taspasel, cleaved fragments of MLL and
AF4/MLL could be detected by western blot, no cleaved products could be observed
in dnTASP1 transfected cells (Sabiani et al., 2015). Furthermore, expression of
dnTASP1 had only minor effects on MLL dependent HOX expression, as unprocessed
MLL is still sufficient to induce transcription of target genes (Hsieh et al., 2003a, Sabiani
et al., 2015). Therefore, the normal cell physiology is not significantly impaired by
dnTASP1 expression. In contrast, inhibition of AF4/MLL cleavage by dnTASP1
resulted in fast protein degradation mediated by SIAH, a process which might have a
significant impact for the treatment of t(4;11) leukemia (Sabiani et al., 2015).

In conclusion, Sabiani et al. (2015) generated a dominant negative Taspasel variant
by site-directed mutagenesis that has no overt significant effect on normal cell
physiology but prevents dimerization of AF4/MLL fragments and therefore induces

degradation of the fusion protein.

1.4 RNA interference

RNAI is a technique allowing specific gene silencing by inducing messenger RNA
(mMRNA) degradation using double-stranded RNA (dsRNA). It was first discovered in
Caenorhabditis elegans in 1993 by detecting a small RNA, lin-4, regulating the gene
lin-14 that is partially complementary to the lin-4 RNA (Lee et al., 1993, Wightman et
al., 1993). A few years later in 1998, the term RNA interference was introduced after
the discovery of Fire et al. (1998): injecting dsRNA in C. elegans led to specific gene
silencing. Since then over 300 microRNAs (miRNAs) have been discovered in the
human genome regulating cell differentiation and development (Cullen, 2005).
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Nowadays, RNAI is widely used to study the function of selected genes and as potential
method for disease therapy.

14.1 Inhibition of gene expression by shRNAs

In vertebrates, the post-transcriptional RNAI process relies on ~22 nucleotide (nt),
single-stranded RNAs (ssRNAs) guiding a ribonucleoprotein complex to target mMRNAS
(Fig. 6) (Bartel, 2004, Cullen, 2004). Specifically, these miRNAs are first transcribed
by Pol Il as primary miRNAs (pri-miRNAs, >1 kb) (Lee et al., 2002, Ohler et al., 2004).
After, the pri-miRNA is processed by Drosha, an RNAase IIl endonuclease generating
a ~65 nt precursor mi-RNA (pre-miRNA) hairpin (Lee et al., 2003). This intermediate
is then shuttled from the nucleus to the cytoplasm by the nuclear export factor Exportin-
5. In the nucleus, the pre-miRNA interacts with another RNase Ill enzyme called Dicer
(Lund et al., 2004, Yi et al., 2003). Dicer removes the hairpin loop and generates 22 nt
long short double-stranded miRNAs. These miRNAs interact with the RNA induced
silencing complex (RISC), which binds them as ssRNA (Elbashir et al., 2001, Martinez
et al., 2002). The RISC complex is able to identify mRNAs that have partial sequence
complementarity in the 3’ untranslated region (UTR) to the incorporated miRNA and
induces their cleavage by Argonaute-2 (Cullen, 2005, Lee et al., 2002). Taken
together, RNAI is a post-transcriptional process inducing the silencing of homologous
MRNA.
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Figure 6: RNA interference

Schematic of RNAi mediated gene silencing. The primary miRNA (pri-miRNA) is transcribed by
polymerase Il (Pol Il) and processed by Drosha generating a precursor miRNA (pre-miRNA). Exportin-
5 transports the pre-miRNA into the cytoplasm. Here, Dicer removes the pre-miRNA hairpin loop and
generates a double stranded miRNA. The miRNA interacts with the RNA induced silencing complex
(RISC) and is incorporated as single strand RNA to target complementary mRNA. Entry sites for artificial
gene silencing using shRNA-mir, shRNAs and siRNAs are depicted in grey.
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This natural process can be exploited to achieve artificial gene silencing in specific
target cells using small interfering RNAs (siRNAs), shRNAs or shRNA-mir. siRNAs are
comparable to the natural miRNAs and are directly incorporated into RISC leading to
gene specific silencing (Elbashir et al., 2001). They are delivered into cells by
transfection or electroporation. Thus, using siRNAs for gene silencing is a fast and
easy process, however, only a transient KD is induced and the depletion of stable
proteins is challenging (Harborth et al., 2003). Another option for gene silencing is the
use of shRNAs that are comparable to pre-miRNAs. shRNAs are introduced by
expression plasmids and transcribed by the strong RNA Polymerase 11l (Brummelkamp
et al., 2002, Paddison et al., 2002). However, highly expressed shRNAs compete with
natural miRNAs for factors like Exportin-5. This leads to saturation of the endogenous
mMiRNA pathway and is responsible for cell toxicity (Grimm et al., 2006). A third option
for artificial RNAI is the use of modified microRNAs, which are comparable to the pri-
mMiRNA. To this aim, Zeng and colleagues developed in 2002 a lentiviral vector where
specific ShRNA (22mer long) sequences could be embedded into the miR-30 original
sequence. Thus, the shRNA-miR-30 cassette is integrated into the genome and is
expressed from Pol Il, like the natural pri-miRNA. Thus, a stable, effective and tissue
specific KD is achieved, avoiding cell toxicity (Dickins et al., 2005, Silva et al., 2005,
Zeng et al., 2002).

In conclusion, numerous techniques were developed in the last years to induce gene
silencing, among those the stable KD by miR-30 based shRNA-mir is widely used for
functional studies (Liao and Tang, 2016).

1.4.2  Inducible Cre-ER™ system

Stable shRNA expression results in long term gene silencing and has several
advantages, as it is cost effective, has the ability to inhibit stable proteins and allow
performing long-term studies. Nevertheless, the system has some drawbacks, as it
cannot be used to analyze gene inhibition at defined time points and to study essential
genes, especially in vivo. To overcome these limitations, different inducible RNAI
systems were generated including Cre-loxP, tetracycline-, ecdysone- and lactose-
inducible systems (Ait-ali et al., 2003, Gatz et al., 1992, Mett et al., 1993, Wiznerowicz
and Trono, 2003).

Cre-loxP is a site-specific recombinase system. Cre is a 38 kDa recombinase protein

originally found in bacteriophage P1 (Hoess et al., 1982). It binds to the locus of X-over
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of bacteriophage P1 (loxP) sites that consist of 34 bp nucleotide sequences and
mediates recombination between loxP sites (Guo et al., 1997). If the loxP sites are
placed in the same direction, the intervening DNA sequence is excised and one loxP
site is deleted in the genome. This results in an irreversible deletion of a specific part
of DNA. If the loxP sites are oriented anti-parallel, Cre induces an inversion of the DNA
sequence in between. This inversion is reversible and can direct the DNA sequence in
the opposite direction upon recombination (Hoess et al., 1982). Further, loxP sites can
be placed on different chromosomes to generate specific chromosomal translocations.
To create an inducible Cre-loxP system, Cre was fused to a mutated estrogen receptor
(ER) that does not bind it's natural ligand 173-estradiol at normal concentrations but
responds to tamoxifen (TAM), resulting in a TAM-dependent Cre recombinase (Cre-
ERT) (Metzger et al., 1995, Feil et al., 1996, Zhang et al., 1996). Feil et al. (1997)
improved the system by further mutations in the Cre ligand-binding domains leading to
Cre-ER™ with a G400V/M543A/L544A triple mutation and a 3 to 4-fold increased
sensitivity to TAM, thus reducing putative toxicity in mice (Feil et al., 1997). When using
the system without TAM, Cre-ER' is inactive and binds to heat shock protein 90
(Hsp90) in the cytoplasm. In the presence of TAM, TAM binds to Cre-ERT?, displaces
the heat shock proteins and induces translocation of Cre-ER™ to the nucleus (Mattioni
et al., 1994). Once in the nucleus, Cre-ER' catalyzes DNA recombination at inserted
loxP sites. Thus, induction of Cre-ER™ by TAM enables regulating the expression of
specific loxP directed target genes at defined time points.

The Cre-ER™ system is widely used for genetic manipulations. Stern et al. (2008)
developed a Cre-ER™ mediated sShRNA expression construct (Fig. 7). To this aim, they
used two mutated loxP pairs, which are unable to recombine with each other
(Oberdoerffer et al., 2003). The construct contain a puromycin resistance and the
surface marker Thyl.1 in sense orientation flanked by two different loxP sites.
Additionally, the green fluorescent protein (GFP) and the miR-30 RNAI construct are
located in antisense orientation followed by two loxP sites in the opposite direction to
the first loxP sites. Irreversible recombination requires two steps: First, Cre-ERT?
induces a reversible inversion leading to two different intermediate constructs. Second,
the following recombination deletes the puromycin resistance, Thyl.1 and a loxP site
preventing reversion to the original construct. Thus, at the end GFP and the miR-30
RNAI construct are expressed. This process was termed “flipping” by Stern et al.
(2008).
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Figure 7: Cre-ER™ mediated RNA interference

Inducible shRNA expression construct mediated by a Cre-loxP system. The depicted construct consists
of a puromycine resistance (Puro-2A) and the surface marker Thyl.1 in sense orientation and GFP and
a miR-30 cassette in antisense orientation. Two mutated loxP pairs allow stable and irreversible
recombination in a two step pathway. First, a reversible inversion occurs in the presence of Cre-ERT?
leading to two different intermediate constructs. Second, the puromycine resistance and the surface
marker Thyl.1 are deleted due to the flanked loxP pair. Thus, expression of GFP and the miR-30
cassette are induced by Cre-ERT2 (Stern et al., 2008)

Using the above described FLIP constructs, transgenic cells can be selected by
selection markers (e.g. resistance marker or fluorophores) and shRNA coupled to
transgenic markers can be induced at defined time points. Hence, even genes, which

are essential for cells’ development, can be investigated in vivo.

143 Increased inhibition by optimized shRNAs

The miR-30 based constitutive KD was so far widely used for different kind of studies
as it is a very effective method resulting in high KD efficiencies (Liao & Tang, 2016).
Nevertheless, in some cases, for example when the shRNA is expressed from a single
genomic copy, even potent ShRNAs are not able to induce a strong KD (Fellmann et
al., 2011). Moreover, when targeting specific mutations or translocations weaker
shRNAs are designed due to limitations in the design of the target site, thus resulting
in low KD efficiencies. To overcome these limitations and increase gene silencing by
shRNAs different groups tried to optimize the technique.

One option to increase the shRNA KD efficiency is to use an optimized version of the
miR-30 cassette. The miR-30 cassette used for artificial ShRNA expression differs from
the natural human MIR30A e.g. by the introduction of EcoRI and Xhol restriction sites
for shRNA cloning. Fellmann et al. (2013) reverted all alterations, individually, to
analyze their impact on the shRNA efficiency. They realized that in the miR-30
cassette, the EcoRlI cloning site was placed in a conserved region of the basal stem.

Repositioning this restriction site to a non-conserved region increased the KD
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efficiency and led to a 10 - 30 fold higher shRNA expression (Fellmann et al., 2013).
This optimized backbone was termed miR-E and can be easily used in RNAI studies.
Another possibility to improve gene silencing is by shRNA concatamerization.
Naturally, some miRNAs exist in clusters of identical or different miRNAs (Lagos-
Quintana et al., 2001). Sun et al. (2006) developed an artificial miRNA cluster by
shRNA concatamerization. It was shown that the pre-miRNA is generated efficiently
when it has, beside its own 65 nt hairpin structure, a minimum of 22 nt single-stranded
RNA extensions outside the hairpin (Zeng and Cullen, 2005). Based on this
observation, Sun et al. (2006) extended miR-30 hairpins to 118 nt, plus an artificial
sequence carrying the cloning sites. This strategy allows to connect multiple hairpins
via an artificial sequence; thus, using two or three shRNA copies enhanced the KD
efficiency compared to a single shRNA (Sun et al., 2006). In addition, shRNAs targeting
different genes can be concatamerized resulting in multiple KDs in parallel.

In summary, the use of a more potent miR-30-based cassette and concatamerization
of numerous shRNAs can be used as strategy to increase the KD efficiency especially
when shRNAs are expressed from a single genomic copy or when the shRNA

sequence is weak, due to design related limitations.

1.5 Patient-derived xenograft mouse model of acute leukemia
Studying a disease relies highly on the model system used. As cell lines frequently
have additional, unphysiological mutations, lack the heterogeneity of the disease and
do not represent all clinical subtypes, patient cells or mouse models are often used for
clinical investigations (Leroy et al., 2014). Patient cells are ideal models as they reflect
the disease preserving tumor heterogeneity; however, primary cell material is limited
and primary ALL cells cannot be cultured over long period in vitro thus restricting
experimental settings. To overcome this problem, PDX mouse models were developed
via engraftment of patient-derived cells into immunocompromised mice. Here, the
heterogeneity of tumor cells, the characteristics of the disease as well as the gene
expression profile are retained (Tentler et al., 2012, Cassidy et al., 2015).

To generate PDX models, immunocompromised mice had to be developed first. The
first immunocompromised mice called “nude” were generated in 1962, but the
presence of a still functional innate immune system did not allow transplantation of
human cells (Flanagan, 1966). Therefore, other types of immunocompromised mice
have been developed throughout the years. Mice with a severe combined
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immunodeficiency (SCID) lack functional T and B lymphocytes due to mutated Prkdc
(protein kinase, DNA-activated, catalytic subunit) (Bosma et al., 1983). In non-obese
diabetic (NOD) mice, T lymphocytes infiltrate and destroy pancreatic islets leading to
diabetes mellitus (Makino et al., 1980). In addition, further immune abnormalities were
observed in NOD mice including impaired function of natural killer (NK) cells,
macrophages and dendritic cells as well as loss of the complement system (Kikutani
and Makino, 1992). Breeding of NOD and SCID mice led to NOD/SCID mice that have
multiple defects in the innate and adaptive immune system but they do not develop
diabetes due the lack of T cells (Shultz et al., 1995). To remove some residual NK cell
activity, NOD/SCID mice were crossbred with interleukin-2 (IL-2) receptor y-deficient
mice as the y chain is critical for NK cell development resulting in NSG mice
(Notarangelo et al., 2000, Shultz et al., 1995). Finally, in NSG mice normal and
malignant human cells can be transplanted with high engraftment capacity (McDermott
et al., 2010, Shultz et al., 2005).

PDX models of acute leukemia are generated by injecting patients’ leukemia cells
isolated from BM aspirates or peripheral blood into immunocompromised mice. PDX
cells first engraft in the murine BM, afterward they can infiltrate other organs like spleen
and liver. The success rate of generating PDX relies on the disease characteristics.
For acute leukemia, the engraftment capacity and overall survival of mice correlates
with the prognosis of patients (Woiterski et al., 2013). Cells isolated from patients with
relapses or very aggressive leukemia are especially able to engraft into mice (Vick et
al., 2015). Acute leukemia PDX cells are then used to study e.g. leukemia stem cells,
evolution, interaction of leukemic cells with the microenvironment or minimal residual
disease (MRD) (Hope et al., 2004, Woiterski et al., 2013, Ebinger et al., 2016, Patel et
al., 2014). Furthermore, PDX models are used for drug tests exploiting the wide variety
of different genetic subgroups (Townsend et al., 2016). PDX cells can also be serially
re-transplanted to be amplified for in vivo and in vitro experiments or for repetitive
functional studies. Thus, PDX cells get isolated from the murine BM or spleen and are
re-injected in immunocompromised mice, a process that do not interfere with the
samples’ heterogeneity even over serial passages. Only for some samples, subclonal
skewing was observed (Vick et al., 2015).

In conclusion, the acute leukemia PDX mouse model is currently the best available
model system to study leukemia. It preserves the disease characteristics and growing

of PDX cells in vivo enables reproducible functional studies.
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151 Genetic engineered PDX mouse models

More recently, several groups including the group that | worked in have established
genetic engineering of PDX mouse models. Serially transplantable PDX cells from ALL
patients can be genetically engineered using lentiviruses (genetically engineered PDX,
GEPDX). Stable genetic modifications of PDX cells enables the in vivo follow up of
PDX samples, e.g. tumor growth can be monitored reliably in living mice by integrating
a luciferase reporter gene for bioluminescence imaging in vivo (Jones et al., 2017,
Terziyska et al., 2012, Vick et al., 2015). Alternatively, fluorophores like mCherry or
surface markers like the nerve growth factor receptor (NGFR) can be used to mark
transduced cells. With these, cells can be enriched by fluorescence activated cell
sorting or magnetic cell separation or they can be analyzed by flow cytometry (Carlet
et al., 2021, Ebinger et al., 2016, Liu et al., 2020, Vick et al., 2015). Importantly for my
goal, gene silencing can be performed in PDX cells using knockdown, knockout or
knock-in approaches to investigate the function of specific targets (Carlet et al., 2021,
Liu et al., 2020).

1.6 Aim of this project
The t(4;11) rearrangement leads to an aggressive type of leukemia with bad prognosis.
Upon translocation, two chimeric fusion proteins, MLL/AF4 and AF4/MLL, are
generated, with MLL/AF4 always present, while AF4/MLL is restricted to 50 — 80 % of
the cases. So far, controversial reports have been published concerning the role of the
two fusion proteins in maintaining established leukemias. This question is of major
clinical significance as both fusions, if essential, represent attractive therapeutic
targets.
In the present project, | aimed to investigate whether MLL/AF4 and/or its reciprocal
AF4/MLL might play an essential role for maintaining patients’ leukemias alive and
growing. Towards this aim and to use a model system highly related to patients, I
studied patient-derived xenograft mouse models in vivo and designed specific ShRNAs
against the different break points. | performed translocation-specific knockdown
experiments in both a constitutive as well as a Cre-loxP-based inducible approach, the
latter preventing undesired knockdown already during cell transplantation and homing
that putatively overestimate effects. Beside using shRNAs, | also expressed a
dominant negative Taspasel to inhibit the AF4/MLL fusion protein regardless of the
fusion breakpoint.
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Using these highly patient related techniques, | aimed at gaining new insights into the
function of the fusion proteins MLL/AF4 and AF4/MLL for maintaining established
t(4;11) translocated leukemia alive in vivo.
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2. Material

2.1 Mice

In this project, ALL PDX cells were engrafted into NSG mice. NSG mice have a
non-obese diabetes (NOD) severe combined immune deficiency (SCID) combined with
an interleukin-2 receptor y chain knockout, Thus, they are lacking mature B, T and

natural killer cells and have deficient cytokine signaling pathways (Shultz et al., 2005).

Table 1: Mice
Name Description Provider
NSG NOD.Cg-Prkdc™¢ [120m1W/S 7] Jackson Laboratory, Bar

Harbor, MA, USA

2.2 Cell lines

Table 2: Cell lines

Name Description Provider
CCRF-CEM human T cell leukemia cell line DSMZ, Braunschweig,
Germany

human embryonal kidney cell line
HEK-293T expressing the temperature sensitive
mutant of simian virus 40 large T-antigen

DSMZ, Braunschweig,
Germany

JURKAT human T cell leukemia cell line DN, BELTEE e

Germany
NALM-6 human B cell precursor leukemia cell line DSMZ, Braunschwelig,
Germany
REH human B cell precursor leukemia cell line Bl EICTIEE ]
Germany
. . DSMZ, Braunschweig,
SEM human B cell precursor leukemia cell line S raunschweig
Germany
2.3 Bacterial strains
Table 3: Bacterial strains
Name Description Provider

F ¢80lacZAM15 A(lacZYA-argF)
U169 recAl endAl hsdR17(rk’, mg*)
phoA supE44 thi-1 gyrA96 relA1 A

Thermo Fisher Scientific,
Waltham, MA, USA

Escherichia coli (E.
coli) DH5a
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2.4 Plasmids

Table 4: Plasmids

Name Provider
pMD2.G Addgene, Cambridge,
MA, USA
Addgene, Cambridge,
pMDLg/pRRE MA. USA
DRSV-Rev Addgene, Cambridge,

pCDH-EF1a-eFFly-T2A-mTagBFP
pCDH-EF1a-eFFly-T2A-eGFP
pCDH-SFFV-dsRED-miR30_Renilla
pCDH-SFFV-dsRED-miR30_MLL/AF4

pCDH-SFFV-dsRED-miR30_AF4/MLL_SEM1
pCDH-SFFV-dsRED-miR30_AF4/MLL_PDX3

pCDH-SFFV-dsRED-miR30_AF4/MLL_PDX4

pCDH-SFFV-GLuc-T2A-CreERT2-P2A-mCherry
pCDH-SFFV-GLuc-T2A-CreERT2-P2A-NGFR
pCDH-SFFV-FLIP cassette-mTagBFP-eGFP-miR30_Renilla
pCDH-SFFV-FLIP cassette-mTagBFP-eGFP-
mMiR30_Renilla_Renilla

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP-
miR30_Renilla_Renilla_Renilla_Renilla

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP-miRE_Renilla

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP-
mMiRE_Renilla_Renilla

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP-
MIiRE_Renilla_Renilla_Renilla_Renilla

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP-miR30_MLL/AF4
pCDH-SFFV-FLIP cassette-mTagBFP-eGFP-
miR30_MLL/AF4_MLL/AF4

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP-
miR30_MLL/AF4_MLL/AF4_MLL/AF4_MLL/AF4

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP-miRE_MLL/AF4

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP-
MIiRE_MLL/AF4_MLL/AF4

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP-
MIiRE_MLL/AF4_MLL/AF4_MLL/AF4_MLL/AF4
pCDH-SFFV-FLIP cassette-mTagBFP-eGFP-
miR30_AF4/MLL_SEM1

MA, USA

Cloned by Michela Carlet
Cloned by Michela Carlet
Cloned by Jenny Vergalli
Cloned by Birgitta Heckl
Cloned by Kerstin Volse
for this study

Cloned by Kerstin Volse
for this study

Cloned by Kerstin Volse
for this study

Cloned by Michela Carlet
Cloned by Wen-Hsin Liu
Cloned by Michela Carlet
Cloned by Kerstin Volse
for this study

Cloned by Kerstin Volse
for this study

Cloned by Kerstin Volse
for this study

Cloned by Kerstin Volse
for this study

Cloned by Kerstin Volse
for this study

Cloned by Birgitta Heckl
Cloned by Kerstin Volse
for this study

Cloned by Kerstin Volse
for this study

Cloned by Kerstin Voélse
for this study

Cloned by Kerstin Volse
for this study

Cloned by Kerstin Volse
for this study

Cloned by Kerstin Volse
for this study
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pCDH-SFFV-FLIP cassette-mTagBFP-eGFP- Cloned by Kerstin Volse

mMiR30_AF4/MLL_SEM2 for this study

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP- Cloned by Kerstin Vélse

miR30_AF4/MLL_SEMS3 for this study

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP- Cloned by Kerstin Volse

miR30_AF4/MLL_SEM4 for this study

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP- Cloned by Kerstin Volse

miR30_AF4/MLL_SEM5 for this study

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP- Cloned by Kerstin Vélse

miR30_AF4/MLL_PDX1 for this study

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP- Cloned by Kerstin Vélse

miR30_AF4/MLL_PDX2 for this study

pCDH-SFFV-FLIP cassette-mTagBFP-eGFP- Cloned by Kerstin Volse

miR30_AF4/MLL_PDX3 for this study

pCDH-SFFV-FLIP cassette-iRFP-T-Sapphire-miR30_Renilla Cloned by Michela Carlet

pPCDH-SFFV-FLIP cassette-iRFP-T-Sapphire- Cloned by Kerstin Vélse

mMiR30_Renilla_Renilla_Renilla_Renilla for this study

pCDH-EF 1a-dTomato-AF4/MLL sequence(SEM) _reporter Clongd by Kerstin Volse
for this study

pCDH-EF1a-dTomato-AF4/MLL sequence(PDX) _reporter CIongd by Kerstin Volse
for this study

PCDH- EF1a-iRFP-P2A-dnTASP1 Cloned by Kerstin Volse
for this study

PCDH- SFFV-iRFP-P2A-dnTASP1 Cloned by Kerstin Volse
for this study

: , . I Kerstin Vol

PCDH-SFFV-RFP-miR30_Renilla Cloned by Kerstin Volse

for this study
2.5 Oligonucleotides
Table 5: Oligonucleotides for shRNAs
Name Sequence 5’ > 3’
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCAGGAATTATA
Ren_s ATGCTTATCTATAGTGAAGCCACAGATGTATAGATAAGCATTAT

AATTCCTATGCCTACTGCCTCGG
ATTCCGAGGCAGTAGGCATAGGAATTATAATGCTTATCTATAC
Ren_as ATCTGTGGCTTCACTATAGATAAGCATTATAATTCCTGCGCTCA
CTGTCAACAGCAATATACCTTC
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCAAGAAAAGC
MLL/AF4_s AGACCTACTCCATAGTGAAGCCACAGATGTATGGAGTAGGTCT
GCTTTTCTTTTGCCTACTGCCTCGG
AATTCCGAGGCAGTAGGCAAAAGAAAAGCAGACCTACTCCATA
MLL/AF4_as CATCTGTGGCTTCACTATGGAGTAGGTCTGCTTTTCTTGCGCT
CACTGTCAACAGCAATATACCTTC
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGACCTTCTCAGT
AF4/MLL_PDX1_s CAGTTGAGGAATAGTGAAGCCACAGATGTATTCCTCAACTGAC
TGAGAAGGCTGCCTACTGCCTCGG
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AF4/MLL_ PDX
1_as

AF4/MLL_PDX 2_s

AF4/MLL_ PDX
1 as

AF4/MLL_PDX 3_s

AF4/MLL_ PDX
3 as

AF4/MLL_ PDX 4_s

AF4/MLL_ PDX
4 _as

AF4/MLL_PDX 5_s

AF4/MLL_ PDX
5 as

AATTCCGAGGCAGTAGGCAGCCTTCTCAGTCAGTTGAGGAAT
ACATCTGTGGCTTCACTATTCCTCAACTGACTGAGAAGGTCGC
TCACTGTCAACAGCAATATACCTTC
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCTCTCAGTCAG
TTGAGGAAAAATAGTGAAGCCACAGATGTATTTTTCCTCAACT
GACTGAGAATGCCTACTGCCTCGG
AATTCCGAGGCAGTAGGCATCAGTCAGTTGAGGAAAAACCATA
CATCTGTGGCTTCACTATGGTTTTTCCTCAACTGACTGGCGCT
CACTGTCAACAGCAATATACCTTC
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCGCCTTCTCA
GTCAGTTGAGGATAGTGAAGCCACAGATGTATCCTCAACTGAC
TGAGAAGGCATGCCTACTGCCTCGG
AATTCCGAGGCAGTAGGCATGCCTTCTCAGTCAGTTGAGGATA
CATCTGTGGCTTCACTATCCTCAACTGACTGAGAAGGCGCGCT
CACTGTCAACAGCAATATACCTTC
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCCAGTCAGTT
GAGGAAAAACCATAGTGAAGCCACAGATGTATGGTTTTTCCTC
AACTGACTGATGCCTACTGCCTCGG
AATTCCGAGGCAGTAGGCATCAGTCAGTTGAGGAAAAACCATA
CATCTGTGGCTTCACTATGGTTTTTCCTCAACTGACTGGCGCT
CACTGTCAACAGCAATATACCTTC
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGACTTCTCAGTC
AGTTGAGGAAATAGTGAAGCCACAGATGTATTTCCTCAACTGA
CTGAGAAGGTGCCTACTGCCTCGG
AATTCCGAGGCAGTAGGCACCTTCTCAGTCAGTTGAGGAAATA
CATCTGTGGCTTCACTATTTCCTCAACTGACTGAGAAGTCGCT
CACTGTCAACAGCAATATACCTTC

Table 6: PCR primer for finger printing of mitochondrial DNA

Name Sequence 5’ 2> 3’

mtReg-F1 TCCACCATTAGCACCCAAAGC
mtReg-R1 TCGGATACAGTTCACTTTAGC
mtReg-F3 CGCACCTACGTTCAATATTAC
mtReg-R3 GGGTGATGTGAGCCCGTCTAA

Table 7: qPCR primer

Name Sequence 5’ > 3’

HPRT1-fw TGATAGATCCATTCCTATGACTGTAGA
HPRT1-rev CAAGACATTCTTTCCAGTTAAAGTTG
MLL_fw (MLL/AF4)  AAGTTCCCAAAACCACTCCTAGT
MLL_rev (MLL) GATCCTGTGGACTCCATCTGC
AF4_rev (MLL/AF4) GCCATGAATGGGTCATTTCC

AF4_fw (AF4) TAGGTCTGCTCAACTGACTGAG

AF4_rev (AF4)
AF4_fw (AF4/MLL)
AF4_rev (AF4/MLL)

TAGGTCTGCTCAACTGACTGAG
GCCTTCTCAGTCAGTTGAGGA
TGGAGAGAGTGCTGAGGATGT
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HOXA7_fw CTGGATGCGGTCTTCAGG
HOXAT7_rev GGTAGCGGTTGAAGTGGAAC
HOXA9_fw CCCCATCGATCCCAATAA
HOXA9_rev CACCGCTTTTTCCGAGTG
HOXA10_fw CCTTCCGAGAGCAGCAAA
HOXA10_rev TTGGCTGCGTTTTCACCT

2.6 Enzymes

Table 8: Enyzmes

Name Application Provider

New England Biolabs,
Frankfurt am Main, Germany
New England Biolabs,

BamHI HF Restriction digest

Clal Restriction digest Frankfurt am Main, Germany
_ . New England Biolabs,
EcoRI HF Restriction digest s T, GETET
GoTag G2 DNA PCR Promega, Madison, WI, USA
Polymerase
_ : New England Biolabs,
Notl HF Restriction digest Frankfurt am Main, Germany
Nsil HF Restriction digest New England Biolabs,

Frankfurt am Main, Germany
Phusion High-Fidelity PCR PCR New England Biolabs,
Master Mix Frankfurt am Main, Germany
Quant|s.cr|pt Reverse Reverse Transcription Qiagen, Venlo, NL
Transcriptase

New England Biolabs,

Sall Restriction digest Frankfurt am Main, Germany
Sbfl HF Restriction digest :eavxkfgglzrnd;;fbéérmany
T4 DNA Ligase Ligation w;:?aomlfi;f:rj;i: nite:
Xbal Restriction digest Ereavx;ggl:;d,\?;?fbéérmany
Xhol Restriction digest New England Biolabs,

Frankfurt am Main, Germany

2.7 Antibodies

Table 9: Antibodies

Name Provider

anti-human CD271 (NGFR)-FITC, clone ME20.4, #345104 Biozol, Eching, Germany
BD Bioscience, Heidelberg,
Germany

anti-human CD33-PE, clone IV M505, #555450
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anti-human CD38 PE, clone HB7, #345806

anti-murine CD45-APC, clone 30-F11, #103112

mouse IgG1 APC isotype control, clone MOPC-21,

#400119

mouse IgG1 PE isotype control, clone MOPC-21, #400140

mouse IgG1 FITC isotype control, clone MOPC-21, #BLD-

400107

anti-FLAG-Tag (DYKDDDDK), clone 1042E, #MAB8529

anti-B-Actin, clone AC-15, #NB600-501SS

mouse IgG1 APC anti-human CD38, clone HB-7, #356606

BD Bioscience, Heidelberg,
Germany

Biolegend, San Diego, CA,
USA

BD Bioscience, Heidelberg,
Germany

Biolegend, San Diego, CA,
USA

Biozol, Eching, Germany

R&D Systems, Minneapolis,
MN, USA

Novus Biologicals,
Centennial, CO, USA
Biozol, Eching, Germany

2.8

Table 10: Commercial kits

Commercial Kits

Name

Application

Provider

BCA Protein Assay Kit

CloneJET PCR cloning Kit

MinElute PCR Purifcation
Kit

Monarch DNA Gel
Extraction Kit

Mouse Cell Depletion Kit
NucleoBond Extra Midi

NucleoSpin Gel and PCR
Clean-Up

NuleoSpin Plasmid Easy
Pure

QIAmp DNA Blood Mini Kit
QuantiTect Reverse
Transcription kit
RNase-free DNase Set
RNeasy Micro Kit

RNeasy Mini Kit

Protein concentration
Cloning

Purification of PCR product
DNA extraction

Depletion of mouse cells

Isolation of plasmid DNA
(Midi)

Purification of PCR
products, extraction of DNA
from agarose gels

Isolation of plasmid DNA
(Mini)

Isolation of genomic DNA
Reverse transcription

DNA removal
RNA isolation
RNA isolation

New England Biolabs,
Frankfurt am Main, Germany
Thermo Fisher Scientific,
Waltham, MA, USA

Qiagen, Venlo, Netherlands

New England Biolabs,
Frankfurt am Main, Germany
Miltenyi, Bergisch Gladbach,
Germany

Macherey-Nagel, Duren,
Germany

Macherey-Nagel, Duren,
Germany

Macherey-Nagel, Duren,
Germany
Qiagen, Venlo, Netherlands

Qiagen, Venlo, Netherlands

Qiagen, Venlo, Netherlands
Qiagen, Venlo, Netherlands
Qiagen, Venlo, Netherlands
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2.9 Chemicals and solutions

Table 11: Chemicals and solutions

Name Provider

Acetic acid Carl Roth, Karlsruhe, Germany
Agar-Agar Kobe | Carl Roth, Karlsruhe, Germany
Agarose Life Technologies, Carlsbad, CA, USA

Ampicillin (25 mg/ml)
Anexate

Anti-Mouse Detection Module for

Wes

Anti-Rabbit Detection Module for

Wes

Antisedan Vet
a-Thioglycerol
ATP

Baytril (2.5 %)
B-mercaptoethanol
BSA

CaCl,

Cell lysis buffer (10x)
Coelenterazine
Corneregel

Corn oil

CutSmart buffer
D-Luciferin

DMEM

DMSO

DNA ladder mix
DNA loading dye
DNase |

DNase | Buffer
dNTPs (10 mM each)
Domitor vet
Dormicum

EDTA (0.5 M)
Ethanol

FACS Lysing solution (10x)
Fentanyl

Fetal calf serum
Ficoll

Gentamycin
Glucose (20 %)
Glutamine
Glycerine 98 %
HCI (32 %)
Heparin

Sigma-Aldrich, St. Louis, MO, USA
Hexal, Holzkirchen, Germany

Proteinsimple, San Jose, CA, USA

Proteinsimple, San Jose, CA, USA

Prodivet pharmaceuticals S.A., Raeren, Belgium
Sigma-Aldrich, St. Louis, MO, USA

New England Biolabs, Frankfurt am Main, Germany
Bayer, Leverkusen, Germany

Sigma-Aldrich, St. Louis, MO, USA

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Cell Signaling Technology, Boston, MA, USA
Synchem OHG, Felsberg, Germany

Bausch & Lomb, Berlin, Germany
Sigma-Aldrich, St. Louis, MO, USA

New England Biolabs, Frankfurt am Main, Germany
Biomol GmbH, Hamburg, Germany

Gibco, San Diego, CA, USA

Sigma-Aldrich, St. Louis, MO, USA

Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Roche, Mannheim, Germany

Roche, Mannheim, Germany

Biozym, Hessisch Oldendorf, Germany
Alvetra, Neumdiinster, Germany

Roche, Mannheim, Germany

Lonza, Basel, Switzerland

Carl Roth, Karlsruhe, Germany

BD Bioscience, Heidelberg, Germany
Piramal, Mumbai, India

Gibco, San Diego, CA, USA

GE Healthcare, Freiburg, Germany

Lonza, Basel, Switzerland

Braun, Melsungen, Germany

Gibco, San Diego, USA

Carl Roth, Karlsruhe, Germany

Merck Millipore, Darmstadt, Germany
Ratiopharm, Ulm, Germany
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Hepes (1 M)

IMEM
Insulin-Transferrin-Selenium (100x)
Isoflurane

Isopropyl alcohol

K-Acetate

KCI

KH2PO4

LightCycler 480 Probes Master
L-Glutamine

Midori Green

MnC|2

MOPS

Na;HPO4

NaCl

NEBuffer 3.1

Nitrogen

PBS

Penicillin/Streptavidin (5,000 U/ml)
PMSF

Polybrene (2 mg/ml)
RPMI-1640

Selected peptone 140

Sodium pyruvate (100 mM)
StemPro-34 medium
StemPro-34 Nutrient Supplement
StemSpan SFEM

T4 Ligation buffer

Tamoxifen

Temgesic

Tris

Trypan blue

Trypsin (0.05 %)

Turbofect

Universal ProbeLibrary Probes
Yeast extract

Gibco, San Diego, USA

Gibco, San Diego, USA

Gibco, San Diego, USA

Sigma-Aldrich, St. Louis, MO, USA

Merck Milipore, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA

Merck Milipore, Darmstadt, Germany

Merck Milipore, Darmstadt, Germany

Roche, Mannheim, Germany

Gibco, San Diego, CA, USA

Biozym, Hessisch Oldendorf, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Carl Roth, Karlsruhe, Germany

New England Biolabs, Frankfurt am Main, Germany
Linde AG, Pullach, Germany

Gibco, San Diego, CA, USA

Gibco, San Diego, CA, USA

Cell Signaling Technology, Boston, MA, USA
Sigma-Aldrich, St. Louis, MO, USA

Gibco, San Diego, CA, USA

Gibco, San Diego, CA, USA

Sigma-Aldrich, St. Louis, MO, USA

Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
STEMCELL Technologies, Vancouver, BC, Canada
Thermo Fisher Scientific, Waltham, MA, USA
Sigma-Aldrich, St. Louis, MO, USA

Bayer, Leverkusen, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, MO, USA

Gibco, San Diego, CA, USA

Thermo Fisher Scientific, Waltham, MA, USA
Roche, Mannheim, Germany

Carl Roth, Karlsruhe, Germany

2.10 Buffers and Media

Table 12: Buffers

Name Ingredients
50 mM Hepes

Annealing buffer 100 mM NaCl
pH 7.4

HBG (HEPES buffered glucose)

20 mM HEPES, pH 7.1
5 % glucose wiv
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Phosphate buffered saline (PBS)

PBS + 0.5 % BSA

TAE buffer

TFB | (transformation buffer 1)
buffer

TFB Il (transformation buffer II)
buffer

H20

137 mM NacCl
2.7 mM KCI

10 mM NaxHPO4
1.8 mM KH2P04

H.O

1.8 g Tris/HCI, pH 8.5
1.14 ml acetic acid
0.7 g EDTA

H>O, pH 5.8

100 mM KClI

10 mM CaCl;

30 mM K-Acetate
50 mM MnCl;

15 % glycerine
H20, pH 7.0

10 mM KCI

75 mM CacCl,

10 mM MOPS

15 % glycerine

Table 13: Media

Name

Ingredients

LB agar

LB medium

Medium for cultivation of SEM cells

Medium for cultivation of JURKAT,
NALM-6 and REH cells

Medium for cultivation of HEK-
293T cells

Medium for cultivation of PDX ALL
cells

H.O

1 % Selected peptone 140
0.5 % Yeast extract

1 % NacCl

1.5 % Agar-Agar Kobe |
H20

1 % Selected peptone
0.5 % Yeast extract

1 % NacCl

IMEM

10 % FCS

1 % L-Glutamine
RPMI-1640

10 % FCS

1 % L-Glutamine
DMEM

10 % FCS

1 % L-Glutamine
StemSpan SFEM

10 % FCS

1 % L-Glutamine

1 % Pen/Strep
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2.11 Consumables

Table 14: Consumables

Name

Provider

Amicon-Ultra 15 ml centrifugal filter
units

Bacterial tubes

BD microfine 1 ml syringe

Cell culture EasyFlask T75

Cell culture flasks (T25, T75, T175)
Cell strainer (45 mm, 70 mm)
Centrifuge tubes (15 ml, 50 ml)
Cryotubes

Disposable serological pipettes

(5 ml, 20 ml, 25 ml, 50 ml)
Eppendorf reagent tubes (0.5 ml,
1.5ml, 2.0 ml)

Erlenmeyer flasks

FACS tubes (with and without filter)
Filterunit Millex-HV 0.45 ym
Inoculation loops

LightCycler 480 Multiwell plate 96
LS columns

Microvette, Lithium-Heparin

(200 pl)

Needles RN G32 PST3 51MM
Nitrile gloves

Petri dishes

Pipette filter tips TipOne

Pipette tips TipOne

QiaShredder

Rotilabo syringe filters 0.22 ym
Sealing Foil for LightCycler 480
Surgical disposable scalpel

Well plates for tissue culture (6, 12,
24, 48, 96-well)

12-230 kDa Wes Separation
Module

Merck Milipore, Darmstadt, Germany

Corning, Corning, NY, USA

BD Bioscience, Heidelberg, Germany
Thermo Fisher Scientific, Waltham, MA, USA
Greiner bio-one, Frickenhausen, Germany
Greiner bio-one, Frickenhausen, Germany
Greiner bio-one, Frickenhausen, Germany
Thermo Fisher Scientific, Waltham, MA, USA

Greiner bio-one, Frickenhausen, Germany

Greiner bio-one, Frickenhausen, Germany

SCHOTT AG, Mainz, Germany
Corning, Corning, NY, USA

Merck Millipore, Darmstadt, Germany
Sarstedt, NUmbrecht, Germany
Roche, Mannheim, Germany

Miltenyi, Bergisch Gladbach, Germany

Sarstedt, NUmbrecht, Germany

Hamilton, Reno, USA

Starlab, Hamburg, Germany

Greiner bio-one, Frickenhausen, Germany
Starlab, Hamburg, Germany

Starlab, Hamburg, Germany

Qiagen, Venlo, NL

Carl Roth, Karlsruhe, Germany

Roche, Mannheim, Germany

Braun, Melsungen, Germany

Corning, Corning, NY, USA

Proteinsimple, San Jose, CA, USA

2.12

Table 15: Hardware and Equipment

Hardware and Equipment

Name Provider
BD Calibur BD Bioscience, Heidelberg, Germany
BD FACS Arialll BD Bioscience, Heidelberg, Germany

BD LSRFortessa

BD Bioscience, Heidelberg, Germany
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Biological safety cabinet Safe 2020
Calibration Check pH meter HI 221
Centrifuge Rotanta 460R
ErgoOne pipettes

Freezer (-20 °C)

Freezing container Nalgene Mr.
Frosty

Freezer (-80 °C)

Fridge (4 °C)

Gel documentation E-box VX5
Heating block MixerHC
Incubator Hera Cell 150i

Innova 44 shaking incubator
IVIS Lumina Il Imaging System
Laminar Flow SAFE 2000
LightCycler 480 Il

Light microscope 550 1317
Microbiological incubator B 6060
Microcentrifuge 5417C
Microwave MW 1226CB

Micro Scales Sartorius 2001 MP2
Nanodrop OneC

Neubauer improved counting
chamber

PerfectBlue Gelsystem Mini S
Pipette controller Accu-jet pro
Power supply PowerPac
ProFlex PCR system

Quietek CO: Induction Systems
Refrigerator

Roller mixer SRT6D
Vortex-Genie 2

Water bath

Thermo Fisher Scientific, Waltham, MA, USA
HANNA Instrument, Véhringen, Germany
Andreas Hettich GmbH, Tuttlingen, Germany
STARLAB, Hamburg, Germany

Siemens, Minchen, Germany

Sigma-Aldrich, St. Louis, MO, USA

Thermo Fisher Scientific, Waltham, MA, USA
Bosch GmbH, Stuttgart, Germany

Peglab, Erlangen, Germany

Starlab, Hamburg, Germany

Thermo Fisher Scientific, Waltham, MA, USA
New Brunswick Scientific, Enfield, CT, USA
Caliper Life Sciences, Mainz, Germany
Thermo Fisher Scientific, Waltham, MA, USA
Roche, Mannheim, Germany

Zeiss, Jena, Germany

Heraeus, Hanau, Germany

Eppendorf, Hamburg, Germany

Bomann, Kempen, Germany

Sartorius AG, Gottingen, Germany

Thermo Fisher Scientific, Waltham, MA, USA

Brand, Wertheim, Germany

Peglab, Erlangen, Germany

Brand, Wertheim, Germany

Bio-Rad, Miinchen, Germany

Life Technologies, Carlsbad, CA, USA
Next Advance, Averill Park, USA
Liebherr, Bulle, Germany

Stuart, Staffordshire, UK

Scientific Industries, Bohemia, NY, USA
Memmert GmbH, Schwabach, Germany

2.13 Software

Table 16: Software

Name Provider

Compass for SW 4.0.0 ProteinSimple, San Jose, CA, USA
Endnote X9 Alfasoft GmbH, Frankfurt am Main, Germany
Geneious 11 Biomatters Ltd, Auckland, New Zealand
MylMouse Bioslava, Hagenbach, Germany

GSEA 4.0.1 Broad Institute, Cambridge, MA, USA
FlowJo 10 FlowJo LLC, Ashley, OR, USA

GraphPad Prism 7
Microsoft Office

Graphpad Prism, La Jolla, CA, USA
Microsoft Corporation, Tulsa, OK, USA
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LightCycler 480 software 1.5.1 Roche, Mannheim, Germany
Living Image Software 4.4 PerkinElmer, Krakow, Poland
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3. Methods

3.1 Ethical statements

3.1.1 Patient material

Patients’ acute lymphoblastic leukemia cells were obtained from residual material of
clinical diagnostic done before treatment. Written informed consent was obtained from
all patients and from parents/carers in the cases where patients were minors. The
study was performed in accordance with the ethical standards of the responsible
committee on human experimentation (written approval by Ethikkommission des
Klinikums der Ludwig-Maximilians-Universitat Minchen,
Ethikkommission@med.unimuenchen.de, April 15/2008, number 068-08; September
24/2010, number 222-10; January 18/2019, number 222-10) and with the Helsinki

Declaration of 1975, as revised in 2000.

3.1.2 Animal work

NSG mice were kept under specific pathogen-free conditions with free access to
drinking water and food, constant room temperature (RT) and a 12-hour day-night light
cycle in the research animal facility of the Helmholtz Zentrum Minchen. All animal trials
were performed in accordance with the current ethical standards of the official
committee on animal experimentation (written approval by Regierung von Oberbayern,
tierversuche@reg-ob.bayern.de, January 15/2016, Az. ROB-55.2Vet-2532.Vet 02-
16-7; Az. ROB-55.2Vet-2532.Vet_02-15-193; ROB-55.2Vet-2532.Vet_03-16-56).

3.2 PDX mouse model of acute lymphoblastic leukemia

A PDX mouse model was used by amplifying human acute leukemia cells in
immunocompromised NSG mice (Kamel-Reid et al., 1989, Lee et al., 2007, Liem et al.,
2004, Shultz et al., 2005, Terziyska et al., 2012, Vick et al., 2015).

3.2.1 Expansion of PDX cells
To expand PDX ALL cells, up to 10 million fresh (see 3.2.12 and 3.2.13) or thawed
(see 3.3.2) PDX ALL cells in 100ul sterile filtered PBS were injected intravenously into
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6-15 weeks old NSG mice. After injection, Baytril (2,5 %) was added to the drinking
water of the mice for 7 days to prevent infections.

Leukemia burden was monitored by blood measurements (see 3.2.4) and by
bioluminescence in vivo imaging (see 3.2.3). Mice were sacrificed (see 3.2.11) at
defined time points for specific experiments, when an advanced leukemia was
detected by blood measurement or when clinical signs of iliness were observed. PDX
ALL cells were isolated out of the murine bone marrow (see 3.2.12) and for some PDX

samples out of the spleen as well (3.2.13).

3.2.2 Generation of transgenic PDX cells

Transgenic PDX cells were generated by lentiviral transduction. Therefore, freshly
isolated PDX cells out of mice (see 3.2.12 and 3.2.13) or thawed cells (see 3.3.2) were
lentivirally transduced (see 3.3.7). 4 days after transduction, transgenic cells were
sorted (see 3.3.9) and injected into NSG mice to amplify transgenic PDX cells.
Depending on whether all re-isolated PDX cells expressed the transgene, cells were
either re-sorted and injected into NSG mice for a second passage or cells were
transduced with a further construct or directly used for in vivo experiments. In case
cells were transduced with a constitutively expressed shRNA, cells were sorted 4 days
after transduction and directly used for in vivo experiments. In addition, all transgenic

cells were frozen for future experiments (see 3.3.3).

3.2.3 Bioluminescence in vivo imaging

Leukemia growth was monitored by bioluminescence imaging in vivo (Terziyska et al.,
2012, Barrett et al., 2011, Bomken et al., 2013, Rabinovich et al., 2008). Therefore,
PDX ALL cells were genetically engineered (see 3.2.2) expressing Gaussia luciferase
(GLuc) or enhanced Firefly luciferase (eFFly). Mice were anesthetized using
isoflurane. Then, substrate of the specific luciferase was injected intravenously.
Coelentarazine, substrate for GLuc, was dissolved in methanol containing 32 % HCI
(10 mg/ml) and diluted in HBG buffer for injection; then 100 pug Coelentarazine was
injected. D-Luciferin, substrate for eFFly, was dissolved in sterile PBS (30 mg/ml); here
4.5 mg/ml D-Luciferin was injected. Images were done directly after substrate injection
with the IVIS Lumina Il Imaging System (field of view: 12.5 cm, binning: 8, f/stop: 1 and

open filter setting) and quantified using Living Image Software 4.4.
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3.2.4 Blood measurement for monitoring the leukemia burden

Leukemia burden was monitored by in vivo blood measurements. Therefore, around
50ul blood was obtained from the mouse tail vein using a heparin coated glass
capillary. The blood was mixed with 5 pl heparin and stained with anti-murine CD45
(1:10) and anti-human CD38 (1:10) antibodies for 30 min in the dark at RT. To lyse
erythrocytes, samples were incubated with 1 ml FACS Lysing Solution for 15 min at
RT. Then, cells were washed twice with FACS buffer (5 min, 300 g, RT) and measured
using the flow cytometer BD LSRFortessa X20 (see 3.3.14). Data were analyzed using

the FlowJo software.

3.25 Bone marrow aspiration

Bone marrow aspirations were performed in order to quantify PDX cells’ distribution
overtime in the living mice in vivo, thus reducing the amount of animals for an
experiment. Mice were anesthetized injecting MMF (medetomidine, midazolam and

fentanyl) narcosis intravenously using the composition listed in Table 17.

Table 17: Composition of MMF narcosis used for bone marrow aspirations

Substance Compound dosis [mg/ml]
Fentanyl citrate Fentanyl 0.005
Midazolam Dormicum 0.5
Medetomidine Domitor vet 0.05

NaCl (0.9 %)

Eye ointment was used to prevent drying of the callus during narcosis. Mice fur was
shaved around the knee and intrafemoral aspiration was performed using a 25G
syringe by extracting BM cells from above the knee joint. Then the antagonist (see
Table 18) was injected subcutaneously in the nuchal fold. The cage with the mice was

placed on a heating plate and mice were monitored the next hours.

Table 18: Composition of antagonisation

Substance Compound dosis [mg/ml]
Buprenorphine Temgesic 0.01
Flumazenil Anexate 0.05
Atipamezole Antisedan Vet 0.25

NaCl (0.9 %)
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3.2.6 Tamoxifen treatment of PDX cells in vivo

For Cre-ER™ translocation to the nucleus and induction of RNAi in PDX cells in vivo,
4-Hydoxytamoxifen (TAM) was used. TAM was resuspended in 90 % sterile filtered
corn oil and 10 % filtered ethanol (20 mg/ml), completely dissolved at 55 °C, and stored
for maximum 3 month at -20 °C. Pre-heated (37 °C) TAM was applied orally via
gavaging. TAM concentrations were adjusted to induce shRNA expression in minimum
of 50 % of the cells and were given once at 50 mg/kg for ALL-265 and twice on
consecutive days at 100 mg/kg for ALL-707 and ALL-763.

3.2.7 Constitutive transplantation assay in vivo

Constitutive transplantation assays were performed to analyze if PDX cells expressing
a shRNA against a gene of interest were able to engraft and provoke leukemia in mice.
Therefore, PDX cells were transduced with lentiviruses (see 3.3.7) and positively
transduced cells were enriched by cell sorting (see 3.3.9). Sorted cells were counted
(see 3.3.1) and 4,500 cells were injected intravenously per mouse. Leukemia growth
was monitored by in vivo imaging (see 3.2.3) every second week. Mice were sacrificed
(see 3.2.11) when more than 50 % human blasts were detected in the murine
peripheral blood (see 3.2.4). PDX cells were re-isolated out of the murine bone marrow

(see 3.2.12) and analyzed by flow cytometry (see 3.3.13).

3.2.8 Competitive constitutive transplantation assay in vivo

Competitive constitutive transplantation assays were performed to analyze the growth
behavior of cells expressing a shRNA against a gene of interest in comparison to cells
expressing a control shRNA in the same mouse. Therefore, PDX cells were transduced
with lentiviruses (see 3.3.7) and positively transduced cells were enriched by cell
sorting (see 3.3.9). PDX subpopulations (mTagBFP/sh-CTRL + eGFP/sh-CTRL,
mTagBFP/sh-CTRL + eGFP/sh-AF4/MLL or mTagBFP/sh-CTRL + eGFP/sh-
MLL/AF4) were mixed 1:1 and confirmed by flow cytometry (see 3.3.14). Afterwards,
cell mixtures were counted (see 3.3.1) and 4,000 to 50,000 cells were injected
intravenously per mouse. Leukemia growth was monitored by in vivo imaging (see
3.2.3). Mice were sacrificed (see 3.2.11) when more than 50 % human blasts were
detected in the murine peripheral blood in one of the experimental mice (see 3.2.4).

PDX cells were re-isolated out of the murine bone marrow (see 3.2.12) and the
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subpopulations’ distribution in the mixture was analyzed by flow cytometry (see
3.3.14).

3.2.9 Competitive homing assay

Using competitive homing assays, the influence of specific genes on engraftment in
the murine bone marrow can be analyzed in the presence of control cells in the same
mouse. In order to perform the experiment with an amount of cells that can be re-
isolated afterward, cells transgenic for the inducible KD system (see 4.3.2) were
amplified (see 3.2.1) before starting the homing assay. PDX subpopulations
(mTagBFP/sh-CTRL + iRFP/sh-CTRL or mTagBFP/sh-MLL/AF4 + iRFP/sh-CTRL)
were mixed 1:1 and confirmed by flow cytometry (see 3.3.13). Then, PDX cells were
treated with 150 nM TAM (see 3.2.6 and 3.3.10), cultured for 10 days in vitro (see
3.3.4), counted (see 3.3.1) and injected into mice (2 million cells/mouse) intravenously.
Three days after injection, cells were isolated out of the murine bone marrow (see
3.2.12) and enriched using magnetic cell separation (MACS) (see 3.3.8). Finally, the
subpopulations’ distribution in the mixture was analyzed by flow cytometry (see
3.3.13).

3.2.10 Competitive inducible transplantation assay in vivo

Exploiting competitive inducible transplantation assays, shRNA expression can be
induced at specific time points in vivo by administering TAM, thus resulting in equal
recombination of control and target cells in the same mouse. Thus, PDX cells can
engraft in mice without any RNAIi dependent influences and genes of interest can be
analyzed in growing leukemic cells in vivo in the presence of control cells. Therefore,
PDX subpopulations (mTagBFP/sh-CTRL + iRFP/sh-CTRL or mTagBFP/sh-MLL/AF4
+ iIRFP/sh-CTRL) were mixed 1:1 and confirmed by flow cytometry (see 3.3.13). Cells
were counted (see 3.3.1) and 300,000 cells per mouse were injected intravenously.
TAM was administered seven days after transduction (see 3.2.6) to induce
recombination. Leukemia growth was monitored by in vivo imaging (see 3.2.3) and
mice were sacrificed at defined time points (see 3.2.11). Isolated human PDX cells
(see 3.2.12) were analyzed for the subpopulations’ distribution in the mixture by flow

cytometry (see 3.3.13).
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3.2.11 Sacrificing mice by CO2 exposure

Mice were sacrificed using CO: either at defined time points during an experiment,
when blood measurement showed an overt leukemia or when first clinical signs of
illness were observed. Mice were anesthetized using the Quietek CO:2 Induction
System with a COz flow rate of 10 % (750 ml/min) for one minute that was followed by
an increased CO: flow rate of 30 % (2250 ml/min) for four minutes to sacrifice mice.

Clinical death was verified before organs were removed.

3.2.12 Isolation of PDX cells from the murine bone marrow

For PDX cell isolation out of the murine BM, femur, tibiae, hips, spine and sternum
were crushed in PBS using mortar and pestle. Cells were filtered (70 um cells strainer)
and washed twice with PBS (400 g, 5 min, RT). After this, the cell pellet was

resuspended in PBS or the required buffer.

3.2.13 Isolation of PDX cells from the murine spleen

Advanced leukemia led to an enlarged spleen in mice injected with PDX ALL-763 and
ALL-265. For PDX cell isolation out of the murine spleen, the spleen was homogenized
using a 70 um cell strainer. Cells were resuspended in PBS and underlaid with ficoll.
A gradient centrifugation (400 g, 30 min, no brake, RT) was performed to separate
mononuclear cells from plasma, erythrocytes and other particles. The interphase
containing mononuclear cells was harvested, washed twice with PBS (400 g, 5 min,

RT) and resuspended in PBS or the required buffer.

3.3 Cell culture methods

3.3.1 Cell counting

Cell numbers were determined using a Neubauer counting chamber. Therefore, cells
were adequately diluted and mixed 1:10 with trypan blue to differentiate between living
(colorless) and dead cells (blue). 10 pl of the cell solution were filled into the chamber

for counting. Cell concentration was calculated as follows:

cell concentration = mean of counted cells * dilution factor * 10* cells/ml
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3.3.2 Thawing of PDX cells and cell lines
Cells were thawed at 37 °C and transferred to 10 ml PBS + 10 % FCS. Cells were
centrifuged (400 g, 5 min, RT) and resuspended in the appropriate medium or buffer

for in vivo or in vitro experiments.

3.3.3 Freezing of PDX cells and cell lines

Cells were frozen as aliquots with 5 — 10 x 108 cells in 1 ml FCS + 10% DMSO. For
this purpose, cells were counted (see 3.3.1), centrifuged (5 min, 400 g, RT) and
resuspended in FCS. Then the same volume of freezing medium (80 % FCS +
20 % DMSO) was added dropwise. Cells were transferred in cryotubes and placed in
Nalgene Mr. Frosty container to ensure freezing at a rate of 1 °C/min to -80 °C. For

long-term storage, cells were transferred to -196 °C.

3.34 In vitro cultivation of PDX cells and cell lines

PDX cells were cultured with a cell density of 2 x 10° cells/ml in prepared StemSpan
medium (see 2.10) at 37 °C with 5% COa2. Cell lines were maintained with a cell
density of 0.5 — 2 x 10° cells/ml at 37 °C with 5 % COz. There, SEM cells were cultured
in prepared IMEM medium (see 2.10), CEM, JURKAT, NALM-6 and REH cells were
cultured in prepared RPMI medium (see 2.10). Cells were splitted twice a week to keep
steady cell densities. The adherent HEK-293T cell line was cultured in specific 75 cm?
flasks for adherent cells in prepared DMEM medium (see 2.10). To split cells, the
medium was removed, attached cells were washed twice with PBS and cells were
detached using 0.05 % trypsin. Afterwards, cells were resuspended in fresh medium
and splitted to maintain a cell density of 0.5 — 2 x 10° cells/ml.

3.3.5 Lentivirus production

For genetic engineering, a third generation lentivirus system was used (Dull et al.,
1998, Zufferey et al., 1999). HEK-293T cells were used as packaging cell line and
transfected at a confluency of 50 % - 80 %. The HEK-293T cell medium was
exchanged by fresh DMEM media and a transfection solution containing DMEM
medium without FCS, 2.4 % turbofect, the packaging plasmids pMD2.G (1.25 mg/ml
final concentration), pMDLg/pRRE (5 mg/ml final concentration), pRSV-Rev
(2.5 mg/ml final concentration) and the transfer vector (250 ng/ml final concentration)

was prepared and incubated for 20 min at RT. The transfection solution was added
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dropwise to the cells. The cells were cultured for three days at 37 °C and 5 % CO..
Then, the supernatant was centrifuged (400 g, 5 min, RT) and filtered (0.45 um). The
virus suspension was concentrated by centrifugation in Amicon-Ultra 15 ml centrifugal
filter units (2,000 g, 30 min, RT). The virus titer was determined (see 3.3.6). Virus was

used for lentiviral transduction (see 3.3.7) directly or after storage as aliquots at -80 °C.

3.3.6 Lentiviral titer determination

To monitor the quality of produced viruses (see 3.3.5), the virus titer was determined
for each virus. Therefore, 0.5 x 10° NALM-6 cells were cultured in 0.5 ml medium and
transduced with 0.03 pl, 0.1 pl, 0.3 pl, 1 pl, 3 ml or 10 pl virus plus 8 pg/ml polybrene.
One day after transduction, cells were washed three times with PBS (400 g, 5 min,
RT). Then, 4 days after transduction, the percentage of transduced cells was analyzed

by flow cytometry (see 3.3.13). The virus titer was calculated as follows:

FxZ

virus titer = ( ) TU/ml

F = transduced cells [%]; Z = number of cells at infection; V = volume of virus [ml]

3.3.7 Lentiviral transduction

For genetic engineering of cell lines, 1 —5 x 10° cells were cultured in 1 ml of the
respective medium with the lentivirus (see 3.3.5) and 8 pg/ml polybrene. One day after
transduction, cells were washed three times with PBS (400 g, 5 min, RT). Sorting of
transduced cells was done at least four days after transduction (see 3.3.9).

To increase the transduction efficiency, PDX ALL cells were transduced by
spinocculation. Therefore, 2 x 10° cells were cultured in 1 ml prepared StemSpan
medium with the lentivirus (see 3.3.5) and 8 pg/ml polybrene. Then cells were
centrifuged in a pre-heated centrifuge (1800 rpm, 45 min, 32 °C) and carefully placed
in an incubator at 37 °C and 5 % CO2. One day after transduction, cells were washed
three times with PBS (400 g, 5 min, RT). Sorting of transduced cells was done at least

four days after transduction (see 3.3.9).

3.3.8 Enrichment of cells by magnetic cell separation

Human PDX cells were enriched from murine BM cells by negative selection using
MACS. PDX cells isolated out of the murine BM (see 3.2.12) were resuspended in 3 ml
PBS + 0.5 % BSA and incubated with 100 — 300 ul of mouse cell depletion beads,
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depending on the percentage of human cells in the mixture, for 15 min at4 °C. Two LS
columns were placed in a magnet and rinsed with PBS + 0.5 % BSA. 10 ml PBS +
0.5 % BSA was added to the cell solution and was loaded on the LS columns. The LS
columns were washed twice with PBS + 0.5 % BSA and the collected flow-through was
centrifuged (400 g, 5 min, RT). Cells were resuspended in the required medium or

buffer for further usage.

3.3.9 Enrichment of cells using fluorescence-activated cell sorting

Cells expressing different fluorophores (eGFP, iRFP, mCherry, mTagBFP or
T-sapphire) could be enriched by fluorescence-activated cell sorting (FACS) using the
BD FACS Arialll. Laser and filter settings are listed in Table 19.

Table 19: Filter settings of the BD FACS Arialll

Excitation Longpass filter Bandpass filter
Parameter
[nm] [nm] [nm]
375/405 735 780/60 Qdot710
610 616/23 Qdot605
556 584//42 PacOrange
502 530/30 Cerulan
450/40 DAPI, mTagBFP
488 655 695/40 PerCP-Cy5.5
502 530/30 FITC, eGFP
488/10 SSC
561 735 780/60 PE-Cy7
630 670/14 PE-Cy5
600 610/20 mCherry, mKate
582/15 PE
633 735 780/60 APC-Cy7
660/20 APC

Before sorting, cells were centrifuged (400 g, 5 min, RT), resuspended in PBS and
filtered (35 um). For sorting, lymphocytes with the respective fluorophore were gated
and collected in a FACS tube containing the appropriate medium.

3.3.10 Tamoxifen treatment in vitro

For in vitro TAM treatment, lyophilized TAM was dissolved in 100 % ethanol to obtain
a 5mM stock solution. Aliquots of the stock solution were prepared and stored
at -80 °C for up to three months. For experiments, cell lines were treated with 50 nM
TAM and PDX ALL cells were treated with 150 nM TAM in vitro.
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3.3.11 Competitive constitutive assay in vitro

To analyze the growth behavior of cells expressing ShRNAs or transgenes, competitive
experiments were performed having a control population in the mixture. Therefore,
cells were first genetically engineered to express different fluorophores (mTagBFP or
eGFP) and then transduced with shRNAs (dsRED) or transgenes (iRFP) (see 3.3.7).
Cell populations were mixed 1:1 and 0.5 x 10° cells/ml were cultured in the appropriate
medium for up to six weeks at 37 °C and 5 % CO2 with regularly cell splitting to maintain
a cell density of 0.5 — 2 x 10° cells/ml (see 3.3.4). Cell growth was monitored once to

twice a week by flow cytometry (see 3.3.13).

3.3.12 Competitive inducible assay in vitro

With competitive inducible assays, ShRNA expression can be induced at favored time
points by administering TAM leading to equal recombination of control and target cells
in a mixture. Cells, distinguishable by the expression of different fluorophores, were
mixed 1:1 (mTagBFP/sh-CTRL + iRFP/sh-CTRL or mTagBFP/sh-MLL/AF4 + iRFP/sh-
CTRL) with 0.5 x 10° cells/ml and treated with TAM (see 3.3.10). Cells were cultured
in the appropriate medium for up to five weeks at 37 °C and 5 % CO:2 with regularly
cell splitting to maintain a cell density of 0.5 -2 x 108 cells/ml (see 3.3.4). Induced
recombination was analyzed three days after TAM and then once to twice a week the
subpopulations’ distribution in the mixture was monitored by flow cytometry (see
3.3.13).

3.3.13 Flow cytometric analysis
For flow cytometric analysis, the BD LSRFortessa X20 was used to detect different
fluorophores (APC, eGFP, iIRFP, mCherry, mTagBFP, PE, PerCP-Cy5.5 or T-

sapphire). The instrumental settings are listed in Table 20.
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Table 20: Filter settings of the BD LSRFortessa X20

Excitation Longpass filter Bandpass filter

[nm] [nm] [nm] Parameter
405 750 780/60 BV785
685 710/50 Bv711
653 670/30 BV650
600 610/20 BV605
505 525/70 T-Sapphire, AmCyan, BV510
450/50 mTagBFP, CFP, Bv421
488 685 710/50 PerCP, PerCP-Cy5.5
505 530/30 GFP, FITC, AlexaFluor 488
488/10 SCC
561 750 780/60 PE-Cy7
685 710/50 PE-Cy5.5
635 670/30 PE-Cy5
600 610/20 mCherry, PE-Texas Red
505 585/15 DsRED, PE
640 750 780/60 APC-Cy7
690 730/45 iRFP720, Alexa Fluor 700
670/30 APC

Cells were first gated on living cells using forward scatter against side scatter

(FSC/SSC) and second on the respective fluorophores (Fig. 8).
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Figure 8: Gating strategy for flow cytometric analysis.
Living cells were gated using forward scatter against side scatter (FSC/SSC). Then cells were gated on
the fluorophore of interest. Here, NALM-6 cells were transduced with a mTagBFP expressing construct.

3.4 Microbiological methods

34.1 Generation of competent E. coli DH5a

Competent Escherichia coli (E. coli) DH5a were generated for transformation of
plasmid DNA. 1 ml of an overnight culture of competent E. coli DH5a was used to
inoculate 100 ml LB medium (see 3.4.2). At an ODsoo of 0.4 - 0.5 nm, the culture was

cooled on ice. Cells were centrifuged (4,000 g, 5 min, 4 °C), resuspended in 15 ml|
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TFB | buffer and incubated for 5 min on ice. Cells were centrifuged again (4,000 g,
5 min, 4 °C) and resuspended in 4 ml TFB Il buffer. Aliquots with 50 pl bacteria

suspension were stored at -80 °C.

3.4.2 Culture of E. coli DH5a
E. coli DH5a were cultured in LB medium at 37 °C. After transformation (see 3.4.3),

bacteria were cultured in LB medium or LB agar plates containing 50 pg/ml ampicillin,

3.4.3 Heat shock transformation of plasmid DNA into E. coli DH5a

For heat shock transformation of plasmid DNA into E. coli DH5a, 50 pl bacteria
suspension, stored at -80 °C (see 3.4.1), was thawed on ice. 50 — 100 ng plasmid DNA
(see 3.5.9) or 5 pl of a ligation mixture (see 3.5.7) was added and the suspension was
incubated for 30 min at 4 °C. Heat shock was performed at 42 °C for 60 sec followed
by incubation on ice for 2 min. 400 pl LB medium was added and cells were incubated
for 60 min at 37 °C under shaking. Cells were centrifuged (13,000 rpm, 1 min, RT),
resuspended in 70 yl LB medium, plated on LB agar plates containing 50 pg/ml

ampicillin and incubated at 37 °C overnight.

3.4.4 Single colony picking

Single colonies from transformed E. coli DH5a (see 3.4.3) were picked from agar plates
and cultured in LB medium containing 50 pg/ml ampicillin at 37 °C overnight. Then,
plasmid DNA was isolated (see 3.5.9).

3.5 Molecular biology methods

3.5.1 Polymerase chain reaction
Polymerase chain reaction (PCR) was performed to amplify a coding sequence of
interest according the composition shown in Table 21.

Table 21: Composition for polymerase chain reaction

Compound Volume/amount
Phusion High-Fidelity PCR Master Mix 1x

cDNA or Plasmid DNA 50-100 ng
Forward Primer 25 pmol
Reverse Primer 25 pmol

H.0 up to 50 pl
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The PCR program is depicted in Table 22. Annealing temperature and elongation time
were adjusted for each PCR according to the melting temperatures of the respective
primers and the DNA fragment length of the PCR product.

Table 22: Polymerase chain reaction program

Temperature Time Cycles
95 °C 2 min 1

95 °C 0.5 min

50 - 60 °C 1 min 35

72 °C 0.5 min/kb

72 °C 5 min 1

4°C o0

3.5.2 Purification of PCR products
PCR products were purified using the NucleoSpin Plasmid EasyPure Kit according to
manufacturer’s protocol. DNA concentration was determined using Nanodrop and DNA

was stored at -20 °C.

3.5.3 Agarose gel electrophoresis

DNA fragments were separated according to their size using agarose gel
electrophoresis. To prepare 0.5 — 1.5 % agarose gels, agarose powder was dissolved
in 1x TAE buffer by heating. After cooling down to 50 — 55 °C, 0.01 % Midori Green
was added. The agarose solution was allowed to dry in a gel chamber with a comb.
DNA ladder and samples, mixed with 1x DNA loading dye, were loaded into the gel
pockets. DNA separation was performed in 1x TAE buffer at 100 V for 30 — 40 min and
analyzed using a gel documentation station. For DNA extraction, appropriate bands

were cut out (see 3.5.4).

3.54 DNA extraction from agarose gels

For DNA extraction after agarose gel electrophoresis (see 3.5.3), DNA agarose gel
slices were first cut out. Then, DNA was extracted using the NucleoSpin Gel and PCR
Clean-Up Kit according to manufacturer’s protocol. DNA concentration was determined

using Nanodrop. Samples were stored at -20 °C.
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3.5.5 Restriction enzyme digest
Plasmid DNA was digested using restriction enzymes listed in Table 8. The

composition of the restriction digestion mixture is depicted in Table 23.

Table 23: Composition of restriction digestion mixture

Component Volume/amount
Plasmid DNA 2 ug

Restriction enzyme 5-10U
Restriction enzyme buffer 1x

H20 up to 20 pl

The mixture was incubated 1 — 3 h at 37 °C for restriction digestion. Then, digested
DNA was separated by agarose gel electrophoresis and DNA was extracted for further

cloning.

3.5.6 Annealing of oligonucleotides
shRNAs were ordered as synthesized complementary oligonucleotides and were

annealed to double-stranded DNA with the composition described in Table 24.

Table 24: Composition for annealing of oligonucleotides

Compound Volume/amount
Sense oligonucleotide 100 pmol
Anti-sense oligonucleotide 100 pmol
Annealing buffer 18 ul

Annealing was performed in a thermocycler using the settings listed in Table 25.

Table 25: Cycler program for oligonucleotide annealing

Temperature Time

90 °C 5 min

70 °C 10 min

70 °C to o

37 °C ramp down -0.5°C/20 s
16 °C 20 min

4°C 30 min

Annealed oligonucleotides were used for ligation into a plasmid backbone (see 3.5.7)

and were stored at -20 °C.
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3.5.7 Ligation

For ligation of digested DNA fragments (see 3.5.5) or annealed oligonucleotides, 50 ng
vector backbone was mixed with insert DNA in a 1:3 ratio calculated by the following
formula:

Sizeinsert [kb]

arnountinsert [ng] = * amountvector backbone [ng] * ratio

Sizevector backbone [kb]

Ligation was performed using T4 Ligase for 2 h at 22 °C. Composition of the ligation

mixtures is described in Table 26.

Table 26: Composition of ligation mixture

Compound Volume/amount
Plasmid DNA 50 ng

Insert DNA as calculated

T4 DNA ligase 1p

T4 DNA ligase buffer 1x

H20 up to 10 pl

After ligation, samples were used for transformation into competent E. coli DH5a (see
3.4.3).

3.5.8 shRNA concatamerization

shRNAs were concatamers according to Sun et al. (2006). The shRNAs were cloned
into the backbone using Xhol and EcoRI restriction enzymes. Sbfl, Nsil and BamHI
restriction enzymes were used to concatamerized the shRNAs. The vector backbone
was digested using Nsil and BamHI while the insert shRNA was digested using Sbfl
and BamHI. Nsil and Sbfl recognize a similar sequence, thus the overhang generated
by Sbfl matches with the overhang generated by Nsil. By this, the Sbfl and Nsil
recognition sequence is destroyed (Fig. 9). This cloning step can be repeated to

concatamerized multiple shRNAs.
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l 5' miR-30/E J-_l 3' miR30/E J—L l 5' miR-30/E J-_l 3* miR30/E J—L
Nsil Sbfl
\ ATGC CCTGCAGG /
CGTA GAAcGTCC

Sbfl Xhol EcoRl Nsil BamHI bfl Xhol EcoRl Nsil BamHI

Sbfl Xhol EcoRI Xhol EcoRI Nsil BamHl
l 5' miR-30/E J—_l 3'miR30/E — 5'miR-30/E J-_l 3* miR30/E J—L
ATGCAGG
TACGTCC

Figure 9: Schematic description of ShRNA concatamerization

shRNAs were cloned into the backbone using Xhol and EcoRI restriction enzymes. For shRNA
concatamerization the vector backbone was digested using Nsil and BamHI while the insert shRNA was
digested using Sbfl and BamHI. Nsil and Sbfl recognize a similar sequence, thus the overhang
generated by Sbfl matches with the overhang generated by Nsil. By this, the Sbfl and Nsil recognition
sequence is destroyed.

3.5.9 Plasmid DNA extraction

For plasmid DNA isolation from E. coli DH5a, the NucleoSpin Plasmid Easy Pure or
NucleoBond Extra Midi Kit were used according to manufacturer’'s protocol. DNA
concentration was determined using Nanodrop. DNA was stored temporary at -4 °C

and long-term at -20 °C.

3.5.10 RNA extraction
RNA was extracted from PDX cell and cell lines using the Qiagen RNeasy Kit according
to manufacturer’s protocol. RNA concentration was determined using Nanodrop and

samples were stored at -20 °C.

3.5.11 Complementary DNA synthesis
For generation of complementary DNA (cDNA), RNA was isolated (see 3.5.10) and
reverse transcribed using the QuantiTect Reverse Transcription Kit according to

manufacturer’s protocol. cDNA was stored at -20 °C.

3.5.12 Quantitative real-time PCR
MRNA expression level was analyzed by quantitative real-time PCR (qRT-PCR) using
the Roche LightCycler 480 Probe system according to manufacturer’s instructions. The

composition listed in Table 27 was prepared.
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Table 27: Composition of gRT-PCR

Component Volume/amount
Master mix 10 pl

Forward primer 0.4 yM

Reverse primer 0.4 uM

Probe 0.2

cDNA 5ul

H-0 up to 20 pl

A LightCycler 480 Il was used with the settings described in Table 28.

Table 28: Cycler program for gRT-PCR

Temperature Time Cycles Ramp rate
95 °C 10 min 1

95 °C 10s 4.4 °Cls
60 °C 30s 45 2.2 °Cls
72 °C 1ls 4.4 °Cls
40 °C 30s 1 2.2°Cls

Relative gene expression levels were normalized to HPRT1 using the 222t method.

3.5.13 Finger Printing using PCR of mitochondrial DNA

PDX cells were regularly analyzed for their authentication by sequencing distinct areas
of mitochondrial DNA and analyzing sample specific nucleotide variants (Hutter et al.,
2004). Genomic DNA was isolated using the Qiagen QlAamp DNA Blood Mini Kit
according to manufacturers’ instructions and used for PCR using the scheme shown
in Table 29.

Table 29: Composition of mitochondrial fingerprinting PCR

Component Volume/amount
Reaction buffer 1x

DNA 300 ng

Forward primer 50 pmol
Reverse primer 50 pmol

dNTPs 10 mM

GoTaq 0.25 pl

H20 up to 50 pl

For PCR, the settings described in Table 30 were used.
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Table 30: Cycler program for mitochondrial fingerprinting PCR

Temperature Time Cycles
95 °C 2 min 1

94 °C 30s

60 °C 30s 35

72 °C 30s

72 °C 5 min 1

4°C o0 1

PCR products were purified using the MinElute PCR Purification Kit according to
manufacturer’s instructions and PCR product with a concentration of 100 ng/ul PCR
were sent for Sanger sequencing (see 3.6.1). Sequencing results were compared to
the original reference sequence from the patient sample.

3.5.14 Protein extraction

For protein extraction, cells were first washed twice with PBS (400 g, 5 min, RT) and
then lysed by incubating cells with cell lysis buffer plus PMSF (1:200) for 30 min on
ice. Then, cells were centrifuged (13,000 g, 3 min, 4 °C) and the supernatant was

transferred in a new tube. Protein lysates were stored at -20 °C.

3.5.15 Simple western

For protein quantification, simple western were performed using the WES system
(ProteinSimple, San Jose, CA, USA) according to manufacturers’ instruction. Protein
concentration of lysates (see 3.5.14) was determined by BCA assay (#7780, New
England Biolabs, Frankfurt am Main, Germany) according to manufacturers’ protocol.
For simple western, a protein concentration of 0.2 mg/ml was used. Results were

analyzed using the Compass software 4.0.0.

3.6 Sequencing

3.6.1 Sanger sequencing

Sanger sequencing was performed with GATC Biotech, Konstanz, Germany.
30 — 100 ng/ul DNA were sent for sequencing together with 10 pmol/pl primer.

3.6.2 MACE sequencing
Massive Analysis of cDNA Ends (MACE) is a RNA-Seq variant that generates only a
single sequence from each transcript allowing identification of short and rare
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transcripts with lower sequencing depth and was performed at GenXPro, Frankfurt am
Main, Germany. For this purpose, 50,000 cells were sorted (see 3.3.10) per sample
with three biological replicates and sent to GenXPro for total RNA isolation, MACE
library preparation and strand-specific sequencing using the HiSeq2500 (lllumina,
USA), as previously described (Nold-Petry et al., 2015). First bioinformatic analysis
was performed by GenXPro, further investigations were done in collaboration with
Alexander Wilhelm (AG Marschalek, Frankfurt am Main).

The bioinformatic analysis was conducted in accordance to the analysis pipeline for
MACE libraries by GenXPro GmbH. Distinct Oligo IDs and UMIs on each transcript
enabled initial demultiplexing and subsequent removal of PCR-duplicates for alignment
of adapter-free sequences with Bowtie 2 to the human reference genome (Genome
Reference Consortium Human Build 38 patch release 13, GRCh38.p13). Considering
sequencing depth and RNA composition, the sequencing data was normalized with the
median of ratios method by DESeq2. Gene set enrichment analysis (GSEA) was
carried out to compare the effect of the MLL/AF4 KD in the t(4;11) PDX ALL-707 and
ALL-763 with published transcriptomic data from t(4;11) leukemia patients (expression
data from Stam et al. (2010); GEO database: GSE19475; significant genes were
selected according to Lin et al. (2016): p<0.05, FDR<0.1, fold change =2). The GSEA
software of UC San Diego and the Broad Institute was used for analysis. Permutation
testing was conducted with a gene set specific permutation test, set to 1000

permutations.

3.7 Statistical analysis

GraphPad Prism 7 was used for all statistical analysis if not stated otherwise. Unpaired
t-tests with Welch’s correction were used for gPCR analysis or to analyze competitive
constitutive KD experiments. Unpaired t-test was used to analyze homing assay and
paired t-test was used analyzing competitive inducible KD experiments. Therefore, the
initial distribution three days after TAM was compared to the final time point. Log-rank

(Mantel-Cox) test was used to compare in vivo imaging data.
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4. Results

MLL translocations are frequent in acute leukemia and result in poor prognosis.
MLL/AF4 is the most abundant MLL fusion in acute lymphoblastic leukemia. Many
studies exist on the role of MLL/AF4 while only few reports focus on the reciprocal
fusion protein AF4/MLL. Research on MLL/AF4 was so far mainly performed using cell
lines, which harbor features unknown or rare in patient samples, while few in vivo data
from mouse models could not efficiently mirror the patient situation. Thus,
investigations on the role of those fusion proteins would largely benefit from an in vivo
mouse model using patient cells.

In this project, a MLL/AF4 rearranged patient-derived xenograft mouse model was
used to analyze the essentiality of both fusion proteins for leukemia maintenance in

Vivo.

4.1 Characterization of fusion mRNAs present in t(4;11) cell line and
PDX
While all t(4;11) rearranged leukemia samples express MLL/AF4 mRNA, only
50 — 80 % express the reciprocal AF4/MLL mRNA (Agraz-Doblas et al., 2019, Downing
etal., 1994, Kowarz et al., 2007, Reichel et al., 2001, Trentin et al., 2009). Furthermore,
various breakpoints and alternative splicing are responsible for the existence of
different fusion proteins.
First, | wanted to study our samples to understand the complexity of the t(4;11)
breakpoint and possible fusion variants in the PDX samples present in our lab.
Therefore, eight t(4;11) PDX samples, the t(4;11) SEM cell line and as control the non-
MLL rearranged leukemic NALM-6 cell line were analyzed for the expression of the
MLL/AF4 and the AF4/MLL fusion mRNA. To this aim, RNA was isolated and reverse
transcribed for PCR amplification of either MLL/AF4 or AF4/MLL followed by Sanger
seqguencing.
SEM cells expressed MLL/AF4 and AF4/MLL mRNA while the non-MLL rearranged
leukemic NALM-6 cell line did not express any of these fusion mMRNAS as expected.
Six out of eight tested PDX samples expressed a reciprocal AF4/MLL mRNA while all
t(4;11) PDX samples expressed MLL/AF4 mRNA.
The fusion mMRNAs of the SEM cell line and the PDX ALL-706, ALL-707 and ALL-763
were analyzed more in detail for further studies. Therefore, MLL/AF4 and AF4/MLL
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PCR products were cloned into the pJET vector and amplified in E. coli DH5a.
Plasmids were isolated from single colonies and sent for Sanger sequencing to
determine fusion variants within each sample.

As aresult, the AF4/MLL fusion breakpoint varied between the samples, but no multiple
variants could be identified within one sample (Fig. 10a). In detail, the SEM cell line
had an AF4/MLL breakpoint between exon 3 of AF4 and exon 11 of MLL. The PDX
ALL-706 and ALL-707 had an identical breakpoint between exon 3 of AF4 and exon
10 of MLL (Fig. 10a, c). In contrast, different MLL/AF4 fusion transcripts could be
identified in all tested PDX samples and in the SEM cell line (Fig. 10b). The main
MLL/AF4 fusion transcript with a frequency of over 80 %, present in all tested samples,
had a fusion of exon 9 of MLL and exon 4 of AF4 (Fig. 10b, d). Interestingly, a deletion
of the first amino acid of exon 4 of AF4 was missing in the SEM cell line (8.3 %),
ALL-706 (4.8 %), ALL-707 (10.0 %) and ALL-763 (10.7 %). Further identified variations
were a point mutation at the breakpoint (SEM cell line, 4.2 %), an intronic part of AF4
between the breakpoint (ALL-763, 3.6 %) and a fusion between exon 8 of MLL and
exon 4 of AF4 (SEM cell line, 4.2 %, ALL-706, 9.5 %, ALL-763, 3.6 %). As one main

MLL/AF4 fusion product was detectable in all samples, it was selected for further

studies.
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Figure 10: AF4/MLL and MLL/AF4 fusion variants detected in PDX samples and cell lines
RT-PCR of AF4/MLL and MLL/AF4 using SEM cells and PDX ALL-706, ALL-707 and ALL-763. PCR
products were separated on agarose gels and cloned into a pJET plasmid. Plasmids were amplified in
E. coli DH5a and single colonies were sent for Sanger sequencing. a) Sequencing results of AF4/MLL
fusion transcripts. Amount of colonies analyzed: SEM n=7; ALL-706 n=3; ALL-707 n=5.
b) Sequencing results of MLL/AF4 fusion transcripts. Amount of colonies analyzed: SEM n = 24;
ALL-706 n = 21; ALL-707 n = 20; ALL-763 n = 28. c-d) Schematic description of the main fusion product
per sample.
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Sequencing results and further detailed information on the PDX samples used in this
project are summarized in Table 31.

Table 31: PDX sample characteristics

*mRNA expression (analyzed by RT-PCR), **exon number at the genomic breakpoint (exon of
MLL/exon of AF4, analyzed by DCAL, Frankfurt, Germany), ***Age at diagnosis.
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MLL/AF4* + + + + + + + + - -

AF4/MLL* + + + + + + - - - -

Breakpoint**  9/4 9/4 9/4 10/4 11/4 11/6 9/4 10/4 - -

Agerr* 1,7 5 67 43 52 74 17 47 8 5
Gender m m m f f f f m

Taken together, the t(4;11) samples analyzed expressed different MLL/AF4 fusion
variants while only a part of the samples expressed AF4/MLL mRNA in addition.
Thereof, three PDX samples that shared a main MLL/AF4 fusion mRNA were chosen
for further studies, from which two samples expressed the AF4/MLL mRNA as well.

4.2 shRNA design targeting t(4;11) mRNA breakpoints

To functionally characterize the role of the fusion proteins in ALL, RNA interference
technology was exploited and breakpoint specific shRNAs were designed. Five
shRNAs targeting AF4/MLL in ALL-706 and ALL-707 were designed using the
SplashRNA algorithm (Pelossof et al., 2017), enabling the design of potent shRNA
sequences (Fig. 11a). Here, no cell line model for this specific AF4/MLL mRNA was
available. shRNAs targeting the mutual MLL/AF4 breakpoint in the SEM cell line and
the PDX samples ALL-706, ALL-707 and ALL-763 were manually designed and
previously validated by Birgitta Heckl (Heckl, 2018). The most effective sequence is
shown in Fig. 11b.
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a) sh(R)NA
AF4 - MLL
C 1
ALL-706, 707 SplashRNA score
AF4 MLL
GAAAAACCACCTCCGGTCAATAAGCAGGA
#1 GAA 0.572
#2 GAAAAA 0.306
#3 GA 0.271
#4 GAAAAACCA 0.208
#5 GAAA 0.123
b) Q
MLL s_hl I: AF4
SEM, S - -
ALL-706, 707, 763 MLL AF4
CTGTAAAACAAAAACCAAAAGAAAAG
#1* AAAGAAAAG

Figure 11: shRNAs targeting the AF4/MLL and MLL/AF4 mRNA breakpoint

a) AF4/MLL shRNAs were designed using the SplashRNA algorithm for PDX ALL-706 and ALL-707
(Pelossof et al., 2017). SplashRNA score determine the shRNA efficiency (>1 = >85 % KD efficiency).
b) MLL/AF4 shRNA targeting the fusion in the SEM cell line and in PDX ALL-706, ALL-707 and ALL-763.
shRNA was manually designed and previously validated by Birgitta Heckl.

4.3 Silencing of target genes

To test whether the fusion proteins AF4/MLL and MLL/AF4 are essential for ALL, a
constitutive and an inducible KD approach were used. With these approaches, the
influence of the fusion proteins on leukemia establishment and on leukemia
maintenance could be studied. Competitive in vitro and in vivo assays were performed
to enhance sensitivity and reliability. Below, the different experimental settings are

described.

4.3.1 Constitutive KD

The constitutive KD system was previously established by Michela Carlet. For this
system, the lentiviral pCDH plasmid was modified to obtain the expression of the
fluorophore dsRED coupled to the miR-30 cassette under the control of the spleen
focus-forming virus (SFFV) promoter. As a result, the previously selected shRNA
sequences (embedded into the miR-30 cassette) and dsRED are expressed in
equimolar amount, allowing easy identification of the KD population and a relation of
the fluorophore expression to the KD strength (Fig. 12a).
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Figure 12: Confirmation of a functional constitutive competitive knockdown system

The constitutive competitive KD system was established by Michela Carlet. a) Constructs for two
consecutive lentiviral transductions. First, a fluorophore (mTagBFP or eGFP) combined with a luciferase
under the control of EF-1a is transduced to distinguish two cell populations. Second, the fluorophore
dsRED and a miR-30 cassette with embedded shRNA sequence (sh-CTRL or sh-GOI) under the SFFV
promoter is transduced. b) Gating strategy explained by an experiment with PDX ALL-707 using Renilla
shRNA (sh-CTRL) and MLL/AF4 shRNA (sh-GOl) before and 56 days after injection into mice: Living
cells were gated on dsRED (shRNA expression) expressing cells. Then, the distribution of dsRed
expressing mTagBFP and eGFP positive cells was analyzed. The distribution of the color-coded
populations was monitored over time.

To perform competitive experiments, two consecutive transductions are required. First,
to distinguish two cell populations, cells are molecularly marked using two different
fluorophores, monomeric blue fluorescent protein (mTagBFP) or enhanced GFP
(eGFP). The color constructs are expressed under the control of the eukaryotic
translation elongation factor 1 alpha (EF-1a) promoter together with a Firefly luciferase
for in vivo imaging. Second, cells are transduced with the dSRED shRNA expression
construct. Here, the mTagBFP positive cells are transduced with a shRNA against
Renilla (sh-CTRL) representing the control group, while eGFP positive cells are
transduced with a shRNA against the gene of interest (GOI). To perform experiments,
the two populations (mTagBFP/sh-CTRL + eGFP/sh-GOI) are mixed 1:1 and the
relative proportion is measured over time using flow cytometry. For analysis, living cells
with dsRED (shRNA) expression are gated first and then analyzed for their markers’
distribution (mTagBFP or eGFP) (Fig. 12b). If the distribution of mTagBFP/sh-CTRL
and eGFP/sh-GOlI positive cells changes over time and a loss of the eGFP/sh-GOI

population is observed the GOI probably has an essential function.
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4.3.2 Inducible KD

Studying essential genes for tumor maintenance can be challenging especially in vivo,
where processes like homing end engraftment can be crucial. However, these steps
do not exist in patients already harboring leukemia and might lead to an overestimation
of experimental results. To prevent this and to simulate the patient situation where a
growing leukemia needs to be treated, an inducible KD system was established by
Michela Carlet, Birgitta Heckl and Jenny Vergalli (Fig. 13).
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Figure 13: Schematic description of an inducible knockdown in vivo

Transgenic PDX acute leukemia cells are injected into NSG mice. The tumor load increases over time
until induction of shRNA expression. If the shRNA targets an essential gene, the knockdown leads to a
reduction in tumor burden.

time

With this system, upon injection, transgenic PDX cells can home, engraft and
proliferate without any further influences. Moreover, the expression of a shRNA can be
induced at any given disease stage and the essential role of the targeted gene in tumor
maintenance can be evaluated. If a gene is essential, the KD population will diminish
over time.

The inducible KD was generated using a Cre-ER' loxP system. Thus, a Cre-ER™
vector and a flipping construct were cloned. The TAM inducible Cre-ER™ enzyme is
expressed under the control of a SFFV promoter together with a Gaussia luciferase
(Luc) for in vivo imaging and mCherry for transgenic cell enrichment (Fig. 14a). The
flipping construct is expressed under the SFFV promoter as well and consists of two
fluorophores, a miR-30 cassette (same as in the constitutive system) and two loxP
pairs (Fig. 14b). One marker is in sense orientation (infrared fluorescent protein (iRFP)
or mTagBFP) while the second marker (T-sapphire or eGFP) and the miR cassette are
in antisense orientation flanked by two loxP pairs. In the absence of TAM, only the first
fluorophore (IRFP or mTagBFP) is expressed. Once TAM is administered, two
recombination steps are necessary for the constant expression of the second

fluorophore and the shRNA expression. In the first step, a reversible inversion takes
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place. When the second step occurs, the first fluorophore (iIRFP or mTagBFP) is
deleted and in the end, the flipping construct consists of a constitutive expressed
fluorophore (T-sapphire or eGFP) and a miR cassette expressing a sShRNA of choice.
To perform competitive experiments and increase the sensitivity of this approach, two
independent flipping constructs were developed with different fluorophore
combinations, IRFP/T-sapphire and mTagBFP/eGFP (Fig. 14).
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Figure 14: Schematic representation of the inducible knockdown constructs for competitive
experiments

The inducible competitive KD system was established by Michela Carlet, Birgitta Heckl and Jenny
Vergalli. a) Cre-ERT2 expression vector: Cre-ERT2, a Gaussia luciferase (Luc) for in vivo imaging and
mCherry for cell enrichment (connected via T2A and P2A) are expressed under the control of a SFFV
promoter. b) Flipping constructs: The flipping construct consist of two fluorophore, a miR-30 based
cassette and two loxP pairs under the control of a SFFV promoter. The first fluorophore (iRFP or
mTagBFP) is in sense orientation while the second fluorophore (T-sapphire or eGFP) and the miR
cassette are in antisense orientation. Tamoxifen (TAM) leads to fluorophore (T-sapphire or eGFP) and
shRNA expression after two steps of recombination: a reversible inversion and a deletion of the first
fluorophore (iRFP or mTagBFP). For competitive assays, a control shRNA (sh-CTRL) and a shRNA
against the gene of interest (sh-GOl) are cloned each in one of the two flipping constructs.

The gating strategy for analyzing an experiment using the inducible KD is depicted in
Figure 15. Briefly, after selecting for viable cells using FSC/SSC, mCherry (Cre-ER™?)
positive cells are gated and analyzed for iRFP and T-sapphire (ShRNA) expression
(Fig. 15a). Without TAM, a neglectable leakiness was observed. Once TAM s
administered and recombination takes place, a color switch from iRFP to T-sapphire
can be observed. For competitive experiments, a 1:1 mixture of iRFP (sh-CTRL) and

mTagBFP (sh-GOIl) positive cells is used for in vitro experiments or injected into mice
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for in vivo studies (Fig. 15b). Cells are treated with TAM in vitro or in vivo and the
distribution of recombined shRNA expressing cells (T-sapphire and eGFP) can be
quantified at different time points to monitor the KD effect over time.
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Figure 15: Functional confirmation of the Cre-ER™ inducible knockdown system
The inducible competitive KD system was established by Michela Carlet, Birgitta Heckl and Jenny
Vergalli. a) Gating strategy for inducible KD system: Viable NALM-6 cells, selected via FSC/SSC, were
gated on mCherry (Cre-ER™?) positive cells and analyzed for the fluorophore iRFP and T-sapphire
(sh-CTRL) of the flipping construct. TAM induced recombination led to a loss of iRFP and an increase
of T-sapphire expression (3 days after induction). b) For competitive experiments NALM-6 cells were
either transduced with the iRFP flipping construct (sh-CTRL) or the mTagBFP flipping construct (sh-GOl,
here sh-MLL/AF4) and mixed 1:1. The mixture was used for in vitro experiments but could also be
injected into mice. After TAM (50 nM) administration, the distribution of recombined cells (T-sapphire

and eGFP positive cells) can be measured at different time points using flow cytometry (here 3 days
after TAM induction).

Taken together, | applied the Cre-ER™ Flip system established by Michela Carlet,
Jenny Vergalli and Birgitta Heckl which allows inducible KD in PDX models in vivo, as

treatment of mice with TAM induces the KD at any given disease stage.
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4.4 Inhibition of AF4/MLL

The role of the fusion protein AF4/MLL is so far poorly investigated and the few existing
reports are controversial (Agraz-Doblas et al., 2019, Bueno et al., 2019, Bursen et al.,
2004, Gaussmann et al., 2007, Kumar et al., 2011b). The major reason for this are the
different model systems used as well as the diverse experimental settings.

Herein, the importance for tumor maintenance of AF4/MLL was analyzed via silencing
the fusion protein with two different approaches: shRNA mediated KD and expression
of a dominant negative Taspasel. Both methods were applied using PDX cells in vivo,

to be as close as possible to the patients.

4.4.1 AF4/MLL KD

As a first step, AF4/MLL was silenced using shRNAs. To this aim, different shRNAs
were designed targeting the specific breakpoint in the PDX samples ALL-706 and
ALL-707 (Fig. 11). As the AF4/MLL mRNA of the PDX samples differs from available
cells lines, those cannot be used as a control in vitro. Thus, the shRNA efficiency was

tested using a reporter system.

4.4.1.1 Validation of shRNAs with reporter system

To estimate the KD efficiency of shRNAs, where a cell line model for validation was
missing, a retroviral reporter system published by Fellmann et al. (2013) was further
developed. In this project, | established a lentiviral ShRNA reporter system. Under the
control of an EF-1a promoter, the fluorophore dTomato and the respective AF4/MLL
breakpoint sequence, located in the 3’ UTR of the marker, were expressed (Fig. 16a).
Once a shRNA recognizes the sequence located in the 3’ UTR, the shRNA binds to it
and induces the degradation of the dTomato fluorophore. The drop in fluorophore
expression correlates with the shRNA efficiency.

The shRNA potency was determined using the non-MLL rearranged leukemic cell line
NALM-6. To generate cells expressing the reporter system, several transductions and
sorting steps were carried out. First, cells were transduced with the vector for the
reporter system. Second, the Cre-ER™ construct with NGFR as marker for enrichment
was transduced and as last, the inducible flipping construct with the AF4/MLL shRNA
sequence was transduced (Fig. 16b). After cell recovery, cells were treated with 50 nM

TAM to induce recombination and shRNA expression.
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The dTomato expression was analyzed in recombined cells one week after TAM
application using flow cytometry. All tested shRNAs showed a reduction of the
dTomato (reporter) mean fluorescent intensity (MFI) varying from 70 to 90 %, once
normalized to unrecombined cells without sShRNA expression (Fig. 16c). For further
investigations, sShRNAs were selected based on the results of the reporter system and
on the overlapping regions to AF4 and MLL to avoid unspecific binding to the wild type
genes (Fig. 16c, selected shRNAs marked by stars).
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Figure 16: Determination of AF4/MLL shRNA efficiency using a reporter system

a) A retroviral reporter system published by Fellmann et al. (2013) was optimized. Here, the reporter
system was cloned in the pCDH vector under the control of an EF-1a promoter expressing the
fluorophore dTomato with the respective AF4/MLL sequence located in the 3° UTR of the reporter
system. Expression of a shRNA targeting the AF4/MLL sequence in the 3° UTR of the reporter system
reduces the dTomato expression correlating with the efficiency of the shRNA. Representative FACS
blots are shown using transgenic NALM-6 cells transduced with the reporter system and an inducible
AF4/MLL shRNA before and seven days after shRNA induction using 50 nM TAM. b) Generation of
triple transgenic cells using single integrations (<10 % transduction efficiency). NALM-6 cells were
transduced with the shRNA reporter system, a Cre-ERT-NGFR construct and an inducible shRNA
flipping construct with the respective AF4/MLL shRNA. After recovering of transduced and sorted cells,
cells were treated with 50 nM TAM and reporter expression (dTomato) was analyzed after one week
using flow cytometry. c) Mean fluorescence intensity (MFI) of dTomato reporter system normalized to
unrecombined cells (CTRL: no shRNA expression, mTagBFP positive cells). #1-5 represent the different
AF4/MLL shRNAs tested. The stars mark shRNAs selected for further experiments. The experiment was
performed only once.
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4.4.1.2 Constitutive competitive AF4/MLL KD in PDX ALL samples in vivo

To analyze a putative essential function of AF4/MLL, a competitive growth experiment
was performed. In a first step, ALL-707 was transduced with a color construct
expressing either mTagBFP or eGFP (constructs are described in Fig. 12a).
Transgenic cells were sorted and injected into NSG mice for amplification. As a second
step, mTagBFP positive cells were transduced with a dsRed-control shRNA targeting
Renilla (sh-CTRL), while eGFP positive cells were transduced with either the same
dsRed-control shRNA (sh-CTRL) or a shRNA targeting AF4/MLL (sh-AF4/MLL). For
the experiment, two different AF4/MLL shRNAs (#3 and #4) were used which were
selected using the shRNA reporter system described before (Fig. 16c). Transgenic
cells were sorted and mixed in a 1:1 ratio (sh-CTRL/sh-CTRL or sh-CTRL/sh-
AF4/MLL) and injected into NSG mice (Fig. 17a). Growth of the PDX cells was
monitored by in vivo imaging using a luciferase, which is expressed in the color
constructs. Eight weeks after injection, PDX cells were isolated out of the murine BM
and analyzed by flow cytometry and qPCR.

At time of injection, the mixtures contained 50 % eGFP positive control or AF4/MLL KD
cells. When the distribution of the mixtures were analyzed again eight weeks after
injection, the control mixture and the mixtures containing AF4/MLL KD and control cells
did not significantly change over time (Fig. 17b). In line with this result, the in vivo
imaging did not detect any difference in the growth kinetic of the two mixtures
compared to the control mixture (Fig. 17c). qPCR analysis showed an AF4/MLL KD
efficiency of 51 % and 63 % for shRNA #3 and #4, respectively (Fig. 17d). However,
the endogenous MLL and AF4 expression level decreased as well, raising the problem
of shRNA specificity. Thus, the shRNA might also target the wildtype sequences of
MLL and AF4 mRNA. To analyze the AF4/MLL KD at the protein level, we cooperated
with Rolf Marschalek, one of the leading MLL/AF4 experts, but unfortunately, it was
not possible to detect AF4/MLL using Western Blot as it was reported before (Kumar
et al., 2011b).

In summary, reducing the AF4/MLL fusion mRNA by a factor two or three did not
influence the growth of PDX ALL-707 in vivo, despite that both AF4 and MLL mRNAs

were diminished to similar degrees.
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Figure 17: Moderate KD of AF4/MLL, wtMLL and wtAF4 does not impair growth in ALL-707 in
vivo

a) Experimental setting: First, PDX ALL-707 cells were color marked by transduction with mTagBFP or
eGFP, sorted and amplified in NSG mice. Second, cells were transduced with a dsRed-shRNA
expression construct and sorted for transgenic cells. mTagBFP positive cells were transduced with a
control shRNA targeting Renilla (sh-CTRL) and the eGFP positive cells were transduced either with the
same control shRNA or a shRNA targeting the patient specific AF4/MLL breakpoint (sh-AF4/MLL). Cells
were mixed 1:1 (mTagBFP/sh-CTRL + eGFP/sh-CTRL or mTagBFP/sh-CTRL + eGFP/sh-AF4/MLL)
and injected into NSG mice (4,000 cells/mouse). Cell growth was monitored by in vivo imaging using
eFirefly luciferase expressed in the color constructs. Eight weeks after injection, PDX cells were isolated
out of the murine bone marrow and analyzed using flow cytometry and qPCR. b) Flow cytometry
analysis: Percentage of eGFP positive cells out of the whole mixture (eGFP + mTagBFP) is shown.
Next to the control mixture, two different AF4/MLL shRNAs (#3 and #4) were used in separate
experiments. Control mixture: n = 3 mice, AF4/MLL shRNA #3: n = 2 mice, AF4/MLL shRNA #4: n =4
mice), mean + SD. c) Cell growth monitored by in vivo imaging. d) gPCR analysis of AF4/MLL, MLL and
AF4 (control: 3 biological replicates, AF4/MLL shRNA #3: 2 biological replicates, AF4/MLL shRNA #4:
3 biological replicates). Statistic with unpaired t-test with Welch‘s correction comparing AF4/MLL
shRNA #4 and control shRNA, * p < 0.05, ns = not significant.

68



Results

4.4.2 AF4/MLL inhibition with dominant negative Taspasel

As knockdown strength appeared as a major challenge, a second, independent
approach was used to study the role of the AF4/MLL fusion. AF4/MLL is cleaved by
Taspasel resulting in a stable fusion protein (Benedikt et al.,, 2011, Bursen et al.,
2004). Therefore, a dominant negative form of Taspasel, dnTASP1, was expressed,
to obtain a more potent and general inhibition of AF4/MLL as it has the advantage of
targeting all AF4/MLL variants identically.

4.4.2.1 Generation of dnTASP1 expression constructs

The dnTASP1 sequence was provided by Rolf Marschalek (Sabiani et al., 2015) and
cloned with a FLAG-tag and the fluorophore iRFP, connected by P2A, in the pCDH
vector to allow FACS enrichment and flow cytometry analysis (Fig. 18a). Two different
promoter were used, EF-1a (+) and SFFV (++), with a putatively moderate or strong

expression, respectively.
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Figure 18: Dominant negative Taspasel expression constructs

a) The dnTASP1 sequence was provided by Rolf Marschalek (Sabiani et al., 2015). It was cloned with
a Flag-tag in the lentiviral pCDH vector together with the fluorophore iRFP, separated by P2A. The
construct is expressed under the control of an EF-1a (+) or a SFFV (++) promoter for putatively
moderate or strong expression, respectively b) Virus titration in NALM-6 cells. Cells were transduced
with different amount of virus and transduction efficiency was analyzed detecting iRFP positive cells
with flow cytometry three days after transduction, n =1. d) iRFP expression of untransduced and
transduced NALM-6 cells.

When transducing NALM-6 cells with the two dnTASP1 constructs using the same
amount of virus, different transduction efficiencies for the EF-la and the SFFV
promoter were observed three days after transduction (Fig. 18b). 3 pl virus of EF-1a

construct led to around 40 % iIRFP positive cells while the same amount of virus led to
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around 80 % iRFP positive cells when using the construct containing the SFFV
promoter. However, the different promoter did not alter the iRFP mean fluorescence
intensity in the transduced cells (Fig. 18c).

Thus, two lentiviral constructs expressing dnTASP1 were generated to inhibit the

AF4/MLL fusion protein and enable further functional studies.

4.4.2.2 Competitive dnTASP1 expression experiments in vitro

The role of AF4/MLL was investigated expressing dnTASP1 in competitive
experiments. As control, a new plasmid was cloned expressing iRFP and a control
shRNA targeting Renilla under the control of the SFFV promoter (Fig. 19a). Cell lines
were first transduced either with a construct expressing mTagBFP or eGFP (Fig. 19b).
Then, mTagBFP positive cells were transduced with the iRFP control construct while
the eGFP positive cells were transduced with the iIRFP dnTASP1 expression construct
with EF-1a (+) or SFFV (++) promoter or with the iRFP control construct. Afterwards,
cells were mixed 1:1 and cultured in vitro. The subpopulations’ distribution was
analyzed by flow cytometry over time.

The experiment was performed in the t(4;11) SEM cell line and in two non-MLL
rearranged leukemic cell lines, CEM and REH, as control. In SEM cells, the distribution
of control and dnTASP1 expressing cells remained unchanged over time (Fig. 19c).
Expression of dnTASP1 was analyzed by simple western, a capillary protein
immunoassay, using a FLAG antibody. Here, a similar dnTASP1 expression level
could be shown for both dnTASP1 constructs, with the EF-1la (+) and with the
SFFV (++) promoter (Fig. 19d). The control experiments using CEM and REH cells
demonstrated a stable distribution of the different cell populations like observed in the
SEM cell line (Fig. 19e-f).

All'in all, dnTASP1 expression did not influenced the growth of the t(4;11) SEM cells
or of the non-MLL rearranged CEM and REH cells regardless which promoter was

used.
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Figure 19: dnTASP1 expression does not impair growth in cell line in vitro

a) dnTASP1 was cloned with a FLAG-tag in the lentiviral pCDH vector together with the fluorophore
iRFP. The construct is expressed under the control of an EF-1a (+) and a SFFV (++) promoter for
moderate or strong expression, respectively. The control vector consists of iRFP and a control shRNA
(sh-CTRL) targeting Renilla. b) Experimental setting: First, cells were color marked by transduction with
mTagBFP or eGFP, second, cells were transduced with an iRFP dnTaspasel or shRNA expression
construct and sorted, respectively. mTagBFP positive cells were transduced with a control shRNA
targeting Renilla (sh-CTRL) and the eGFP positive cells were transduced either with the same control
shRNA or with a dnTaspasel expression construct with moderate (EF-1a, +) or strong (SFFV, ++)
promoter. Cells were mixed 11 (mTagBFP/sh-CTRL + eGFP/sh-CTRL or
mTagBFP/sh-CTRL + eGFP/dnTASP1(+/++)) and the populations’ distribution was monitored over time
using flow cytometry. c) Results of the t(4;11) SEM cell line: Percentage of eGFP positive cells out of
the whole mixture (eGFP + mTagBFP) is shown. Values are normalized to a 1:1 mixture at day O.
Representative data from 2 biological replicates. d) Simple western of SEM cells transduced with control
ShRNA or dnTaspasel expression constructs. dnTaspasel expression was analyzed using a FLAG
antibody. 3-Actin was used as loading control. A representative blot is shown out of three runs. e-f)
Results are shown as described in c) in two non-MLL rearranged leukemia cell lines, €) CEM and f)
REH, representative data from 2 biological replicates.
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4.4.2.3 Generation of dnTASP1 expressing PDX cells

Despite no effect on the growth kinetic could be identified upon dnTASP1 expression
in cell lines, further experiments were performed in PDX cells as these cells are closer
related to the patients’ cells and might lack interfering alterations required for
establishing cell lines. ALL-707 cells were transduced either with the iRFP control
ShRNA construct or with iRFP dnTASP1 expressed under the moderate EF-la
promoter to avoid unspecific side effects related to overexpression (Fig. 20a).
Transgenic cells were sorted and injected into NSG mice for amplification. Eight weeks
after injection, PDX cells were isolated out of the murine BM and dnTASP1 expression
was analyzed by simple western (Fig. 20b). dnTASP1 was detected using a FLAG
antibody in the dnTASP1 transduced cells, while the signal was absent in the control

population. Thus, PDX cells expressing dnTASP1 could be generated successfully.
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Figure 20: Generation of dnTASP1 expressing PDX cells

a) ALL-707 were either transduced with an iRFP control shRNA construct or with an iRFP dnTASP1
expression construct (constructs see Fig. 19a). Transgenic cells were sorted and injected into NSG
mice (4,500 cells/mouse). Eight weeks after injection, PDX cells were isolated out of the murine BM.
b) Simple western of control and dnTASP1 (+) transduced ALL-707 cells. dnTASP1 was detected using
a FLAG-antibody. B-Actin was used as loading control. A representative blot is shown out of three
independent replicates.

4.4.2.4 HOXA expression in dnTASP1 transgenic PDX cells

After generating dnTASP1 transgenic t(4;11) PDX cells, molecular changes due to the
transgene expression were investigated. First, expression levels of Homeobox A
(HOXA) genes were analyzed. HOXA genes are upregulated in MLL rearranged
leukemic cells from ALL patients (Rozovskaia et al., 2001, Armstrong et al., 2002). In
the human ALL SEM cell line, HOXA7, HOXA9 and HOXA10 belong to the 226 primary
targets of MLL/AF4 (Guenther et al., 2008). Furthermore, different studies showed an
impaired leukemogenesy in NOD/SCID mice after knocking down the different HOXA

genes in the RS 4;11 cell line (Orlovsky et al., 2011). A recent publication figured out
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that HOXA genes are exclusively expressed in patients expressing the reciprocal
AF4/MLL protein (Agraz-Doblas et al., 2019).

To test this observation, ten PDX samples with MLL/AF4, MLL/AF4 and AF4/MLL
expression or non-MLL rearranged ALL cells were tested for HOXA7, HOXA9 and
HOXA10 expression by gPCR (Fig. 21a). Out of ten analyzed PDX samples, only three
samples showed a high HOXA expression. These three samples express the
reciprocal AF4/MLL mRNA, however, only three out of six PDX samples with AF4/MLL
MRNA expression showed this high HOXA expression. Thus, the results only partially

confirmed the published data showing a correlation of HOXA and AF4/MLL expression.
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Figure 21: Slightly reduced HOXA expression in dnTASP1 expressing ALL-707 cells

a) HOXA (HOXA7, HOXA9 and HOXAL10) expression was analyzed by qPCR of t(4;11) rearranged PDX
samples expressing both fusion proteins MLL/AF4 and AF4/MLL (ALL-707, 706, 352, 389, 816 and
817) or expressing only MLL/AF4 (ALL-763 and 818) or of non-MLL rearranged ALL samples (ALL-199
and 265). HPRT1 was used for normalization. n = 3 technical replicates. b) HOXA expression in control
and dnTASP1 transduced ALL-707, HPRT1 was used for normalization. n = 3 technical replicates,
unpaired t-test, ** p < 0.01, ns = not significant.

ALL-707 expressed HOXA7, HOXA9 and HOXA10 on the highest level. The
correlation of HOXA and AF4/MLL expression was further investigated comparing
ALL-707 with dnTASP1 transgenic ALL-707. The inhibition of AF4/MLL by dnTASP1
led to a downregulation of HOXA7 and HOXA9 of about 20 % while the expression of

HOXA10 remained unchanged (Fig. 21b). In conclusion, a correlation between
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AF4/MLL and HOXA could be observed, although the effect is minor and might be due
to a weak inhibition of AF4/MLL by dnTASP1.

4.4.2.5 Gene expression analysis of dnTASP1 transgenic PDX cells

Next to HOXA gene analysis, further differences in gene expression upon AF4/MLL
inhibition by dnTASP1 were investigated. Therefore, RNA was isolated from ALL-707
control and dnTASP1 expressing cells (Fig. 20). Gene expression profiles were studied
using Massive Analysis of cDNA Ends (MACE) performed at GenXPro. MACE is a
RNA-Seq variant that generates only a single sequence from each transcript allowing
identification of short and rare transcripts with lower sequencing depth. First
bioinformatic analyses were performed by GenXPro, subsequent investigations were
performed in collaboration with Alexander Wilhelm (AG Marschalek, Frankfurt am
Main).

The expression profile of control cells was compared to dnTASP1 expressing cells
(Fig. 22). Genes with a high fold change were highly expressed in control cells and low
expressed in dnTASPL1 transgenic cells. Thus, a low fold change correlates with low
expression in control cells and high expression in dnTASP1 transgenic cells.
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Figure 22: Differential gene expression upon dnTASP1 expression

Volcano blot shows differentially expressed genes of ALL-707 control cells compared to dnTASP1
expressing cells. RNA was isolated from ALL-707 control and dnTASP1 transgenic cells (Fig. 20).
Samples were analyzed by MACE seq at GenXPro in cooperation with Alexander Wilhelm (AG
Marschalek, Frankfurt am Main). Genes with a high fold change are highly expressed in control cells
and low expressed in dnTASP1 transgenic cells. Thus, a low fold change correlates with low expression
in control cells and high expression in dnTASP1 transgenic cells. n = 3 biological replicates per sample.

While the expression level of only few genes were reduced (e.g. RNA U5D Small
Nuclear 1 (RNU5D-1), Platelet endothelial cell adhesion molecule (PECAM1), Cluster
of differentiation 164 (CD164)), the expression level of many genes was enriched in

dnTASP1 transgenic cells. Among them were genes like aurora kinase B (AURKB),
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Tubulin Beta 4B Class IVb (TUBB4B), Ubiquitin Conjugating Enzyme E2 C (UBE2C),
H2A histone family member X (H2AFX) and Centromere Protein A (CENPA) that all
play a role in cell cycle. Thus, dnTASP1 expression led to a differential gene

expression in ALL-707, especially altering the cell cycle.

4.4.2.6 Function of dnTASP1 transgenic PDX cells in vivo

As gene expression data revealed alterations of the cell cycle of AnTASP1 expressing
ALL-707 cells, we asked whether the growth of t(4;11) PDX cells is altered in vivo even
though dnTASP1 expression in cell lines did not show any growth changes in vitro.
Therefore, ALL-707 control and dnTASP1 expressing cells (constructs see Fig. 19)
were injected into NSG mice and cell growth was monitored by in vivo imaging.

25 days after injection, first imaging signals above the detection limit of 107 p/s could
be detected. From this time on, mice were imaged weekly (Fig. 23). The growth kinetics
of control and dnTASPL1 transgenic PDX cells were similar over time. No significant
growth disadvantage or improvement could be observed by dnTASP1 expression.
Thus, the alterations found in gene expression data did not affect the cell growth in

vivo such that it could be observed by imaging.
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Figure 23: Growth kinetic of dnTASP1 expressing PDX cells in vivo

ALL-707 were either transduced with an iRFP control shRNA construct or with an iRFP dnTASP1 (+)
expression construct (Fig. 19a). Transgenic cells were sorted and injected into NSG mice
(4,500 cells/mouse). Cell growth was monitored by weekly in vivo imaging. a) Representative pictures
out of four replicates per group per time point. b) Quantification of imaging signals, n = 4. linear
regression analysis, ns = not significant.

In conclusion, no AF4/MLL dependent effect on growth could be determined in
functional experiments in vitro and in vivo; however, on gene expression level
dnTASP1 expression altered cell cycle in ALL-707 that might be induced due to
AF4/MLL inhibition.
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4.5 Breakpoint specific MLL/AF4 KD

MLL/AF4 is expressed in all t(4;11) leukemic patients and was studied more intensively
in the literature than the reciprocal AF4/MLL fusion protein. So far, an essential function
of MLL/AF4 could be shown in cell line experiments in vitro or in vivo using siRNAs or
MLL/AF4 overexpression in non-leukemic cells (Kumar et al., 2011b, Thomas et al.,
2005). However, studies showing the essentiality in patient cells are missing as well
as information concerning the role of MLL/AF4 for leukemia maintenance. Therefore,

the importance of MLL/AF4 was studied in PDX cells in vivo.

45.1 Constitutive MLL/AF4 KD

To knock down MLL/AF4, a breakpoint specific shRNA was used targeting the
MLL/AF4 breakpoint in the SEM cell line as well as in the PDX samples ALL-706,
ALL-707 and ALL-763 (see Fig. 11 for shRNA sequence). The MLL/AF4 shRNA
specificity was validated by gPCR showing a specific MLL/AF4 KD without affecting
the endogenous MLL and AF4 expression (Fig. 24). As also described before for
AF4/MLL, the MLL/AF4 fusion protein could not be detected on protein level by western

blot.
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Figure 24: Validation of MLL/AF4 shRNA specificity by qPCR

gPCR of sorted eGFP/sh-CTRL or sh-MLL/AF4 ALL-707 cells from the experiment described in Fig. 34a
28 days after TAM. n = 4 biological replicates, mean + SD, unpaired t-test with Welch‘s correction,
*p < 0.05, ns = not significant.

Our former colleague Birgitta Heckl already performed a first competitive in vivo
experiment, injecting t(4;11) PDX samples which expressed the constitutive MLL/AF4
ShRNA or a control shRNA into NSG mice. When she re-isolated the PDX cells ten
weeks after injection, she could not detect any PDX cells expressing the MLL/AF4
shRNA suggesting an important function of MLL/AF4 (Heckl, 2018). To prove and
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extend her finding, the MLL/AF4 shRNA was used in this project for further studies in

cell lines in vitro and in PDX cells in vivo.

4.5.1.1 MLL/AF4 plays an essential role for SEM cells in vitro

The function of MLL/AF4 was first tested in SEM cells that were lentivirally transduced
with a dsRED shRNA construct expressing either a control shRNA targeting Renilla
(sh-CTRL) or a shRNA targeting MLL/AF4 (sh-MLL/AF4). The distribution of
transduced (shRNA and dsRED expression) and non-transduced cells was analyzed
by flow cytometry over four weeks (Fig. 25a).

The proportion of dSRED expressing cells increased in the first days after transduction
as expected to around 75 % and remained stable in cells expressing the control sShRNA
one week after transduction (Fig. 25b). In contrast, cells expressing the MLL/AF4
shRNA showed an increase of dsRED expressing cells in the first days similar to the
cells expressing the control shRNA, followed by a reduction of MLL/AF4 KD cells and
therefore a proportional increase of non-transduced cells. After four weeks, nearly all
MLL/AF4 KD cells were depleted and only non-transduced cells could be measured by
flow cytometry. This result is in line with published data and proves an essential
function of MLL/AF4 in these cells.
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Figure 25: MLL/AF4 KD inhibits growth in SEM cell line

a) Experimental setting: SEM cells were lentivirally transduced with a dsRED-shRNA expression
construct containing a shRNA targeting the MLL/AF4 breakpoint (sh-MLL/AF4) or a control shRNA
targeting Renilla (sh-CTRL). The distribution of transduced and untransduced cells was monitored over
four weeks using flow cytometry. b) Percentage of transduced (dsRED positive) SEM cells over time.
Representative result of two independent experiments.
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4.5.1.2 Essentiality of MLL/AF4 for ALL PDX cells in vivo
As MLL/AF4 KD cells showed a strong phenotype, we asked whether a similar
phenotype might be present in PDX cells. To this aim, two different approaches, a non-

competitive and a competitive approach, were used.

4.5.1.2.1 Non-competitive MLL/AF4 KD in vivo

First, a non-competitive in vivo assay was performed to analyze the influence of
MLL/AF4 on leukemia growth. Therefore, ALL-707 cells were first color marked with
an eGFP-luciferase construct as described previously (Fig. 26a). After amplification in
mice, cells were transduced with the dsRED-shRNA construct using either the control
ShRNA or the shRNA targeting MLL/AF4. eGFP and dsRED double positive cells were
sorted and 4,500 cells were injected per mouse. Growth of PDX cells expressing either
a control shRNA or the MLL/AF4 shRNA was monitored by in vivo imaging. At signs of
overt leukemia, PDX cells were isolated out of the murine BM and analyzed by flow
cytometry.

Mice injected with MLL/AF4 KD cells needed a longer period until cells could be
detected by in vivo imaging (Fig. 26b). Afterwards a similar growth kinetic could be
observed between the control and MLL/AF4 KD group. Thus, MLL/AF4 KD cells
required 54 - 82 days to reach an imaging signal of 10° p/s, while control cells reached
a comparable imaging signal 40 — 47 days after injection suggesting a slower growth
kinetic in the presence of MLL/AF4 inhibition (Fig. 26¢). When characterizing PDX cells
at overt leukemia, no MLL/AF4 shRNA (dsRED) expressing cells could be detected
(Fig. 26d). Only non-transduced cells could be isolated, whose presence might be due
to impure sorting, thus leading to the development of leukemia in these mice while all
cells with efficient MLL/AF4 KD were depleted. These data prove that PDX ALL-707
cells depend on expression of MLL/AF4 for their growth in vivo.
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Figure 26: Impaired growth of ALL-707 with MLL/AF4 KD in vivo

a) Experimental setting: ALL-707 cells were first transduced with an eGFP-luciferase construct and
amplified in NSG mice. Second, cells were transduced with a dsSRED-shRNA expression construct using
either a control shRNA against Renilla (sh-CTRL) or a shRNA targeting MLL/AF4 (sh-MLL/AF4).
4,500 cells were injected per mouse (sh-CTRL: n = 4, sh-MLL/AF4: n = 3). Growth of leukemic cells was
monitored by in vivo imaging. At overt leukemia, human cells were isolated out of the murine BM for
flow cytometric analysis. b) In vivo imaging of ALL-707 control and MLL/AF4 KD cells. Purple line
indicates an imaging signal of 10° p/s. sh-CTRL: n = 4, sh-MLL/AF4: n = 3. ¢) Time after injection until
an imaging signal of 10° p/s was reached per mouse. sh-CTRL: n = 4, sh-MLL/AF4: n = 3, p < 0.05,
Log-rank (Mantel-Cox) test. d) Flow cytometric analysis of ALL-707 isolated out of the murine BM at
overt leukemia. dsRED expression correlating with shRNA expression was analyzed. Representative
blot, sh-CTRL: n = 4, sh-MLL/AF4: n = 3.

4.5.1.2.2 Competitive MLL/AF4 KD in vivo

To verify that MLL/AF4 plays an essential role for growth of PDX ALL-707 in vivo, a
second complementary approach was used. A competitive experiment was performed
as described before: ALL-707 cells were first color marked with eGFP or mTagBFP
and second transduced with a dsRED shRNA expression construct (Fig. 27a).
mTagBFP/sh-CTRL and eGFP/sh-MLL/AF4 cells were mixed and 50,000 cells were
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injected per mouse. In parallel, a control mixture with mTagBFP/sh-CTRL and
eGFP/sh-CTRL cells were injected the same way. The distribution of the different cell
populations was analyzed by flow cytometry before injection and eight weeks after
injection when signs of overt leukemia occurred.

At time of injection, around 35 % of the cells in the mixtures contained eGFP/sh-CTRL
or eGFP/sh-MLL/AF4 cells. When analyzing the cells eight weeks after injection, still
around 35 % of the cells in the control mixture contained eGFP/sh-CTRL cells. In
comparison, no sh-MLL/AF4 eGFP positive cells could be observed in the mixture at
the end of the experiment (Fig. 27b). Thus, the distribution of eGFP control cells
remained stable over time, while a significant depletion of MLL/AF4 KD cells could be

observed confirming the essential function of the fusion protein.
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Figure 27: Competitive growth experiment in vivo shows disadvantage of ALL-707 cells with
MLL/AF4 KD

a) Experimental setting: First, PDX ALL-707 cells were color marked by transduction with mTagBFP or
eGFP color constructs and sorted and amplified in NSG mice. Second, cells were transduced with
dsRed-shRNA expression constructs and sorted for transgenic cells. mTagBFP positive cells were
transduced with a control sShRNA targeting Renilla (sh-CTRL) and eGFP positive cells were transduced
either with the same control shRNA or a shRNA targeting the MLL/AF4 breakpoint. Cells were mixed
1:1 (mTagBFP/sh-CTRL + eGFP/sh-CTRL or mTagBFP/sh-CTRL + eGFP/sh-MLL/AF4) and injected
into NSG mice (50,000 cells/mouse). Eight weeks after injection, PDX cells were isolated out of the
murine BM and analyzed using flow cytometry. b) Results of the ALL-707 in vivo experiment: Percentage
of eGFP positive cells out of the whole mixture (eGFP + mTagBFP) is depicted. n = 3 biological
replicates per group, mean + SD, unpaired t-test with Welch's correction, **** p < 0.0001, ns = not
significant.
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In conclusion, a constitutive MLL/AF4 KD results in a depletion of KD cells in the SEM
cell line in vitro as well as in PDX cells in vivo. However, with this experimental setting,
no MLL/AF4 KD cells could be re-isolated from these mice to prove that they were able

to engraft in mice and no further analyses could be performed with these cells.

45.2 Inducible MLL/AF4 KD

While the constitutive inhibition of MLL/AF4 resulted in the impaired growth of ALL PDX
cells, it still remained unclear whether processes like homing and engraftment are
crucial for the growth of MLL/AF4 KD cells. Nevertheless, these steps are not clinically
relevant as patients enter the clinic with an established leukemia, which needs to be
treated. Therefore, we next asked whether MLL/AF4 is still required in an established
leukemia. To answer this question, an inducible KD system was used and further
optimized (Fig. 13, 14).

4.5.2.1 Improving KD efficiency with the inducible KD system
The former colleague Birgitta Heckl successfully performed an inducible MLL/AF4 KD
experiment in SEM cell lines in vitro showing a time depended reduction of
MLL/AF4 KD cells (Heckl, 2018) that is in line with the results described before using
the constitutive KD system in vitro and in vivo (Fig. 25 - 27). When she performed the
inducible MLL/AF4 KD experiment in PDX cells in vivo, the mixture of MLL/AF4 KD
and control cells remained unchanged over time, indicating that the KD induced did
not alter the growth of the cells in vivo. Because of the opposite results observed in
vitro and in vivo, we hypothesized that the KD strength might have been insufficient in
the PDX samples.
For the inducible in vitro experiment, SEM cells were transduced with a high
transduction efficiency leading to multiple copies of the constructs in the genome. In
contrast, for PDX cells only a low transduction efficiency resulting in single integrations
was technically feasible. When SEM cells were transduced with a low transduction
efficiency similar to PDX, MLL/AF4 KD cells were only marginally reduced. This
phenotype might be explained by the low transduction efficiency resulting in low
shRNA expression and thus by a weak KD.
To increase KD strength and as it was technically unfeasible to increase the
transduction efficiency of PDX cells (data not shown), shRNAs were concatamerized
to increase shRNA expression and KD efficiency in PDX cells (Fig. 28) (Sun et al.,
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2006). The inducible shRNA expression cassette was concatamerized up to four
ShRNA copies in a row. In addition, the miR-30 cassette was replaced by a miR-E
cassette, which was described to allow a more efficient KD (Fellmann et al., 2013).
Both, the mTagBFP flipping construct as well as the iRFP control flipping construct

were concatamerized the same way.

s.hn A

miR-30 / miR-E

Figure 28: shRNA concatamerization in inducible flipping construct

Illustration of concatamerized mTagBFP flipping constructs. shRNAs in the iRFP flipping construct
(described in Fig. 14) were concatamerized the same way. ShRNA cassette was concatamerized
resulting in one to four copies in a row. All constructs were cloned with miR-30 and miR-E cassette
respectively.

4.5.2.2 Inducible MLL/AF4 KD in vitro

Especially when working with shRNA sequences of difficult design, as for example for
the MLL/AF4 breakpoint, where the putative target sequence for a KD is very limited
as it has to cover the mRNA breakpoint and where no algorithm could be used to select
potent and specific ShRNAs, an improvement like concatamerization or a stronger miR
cassette could be beneficial. Therefore, MLL/AF4 shRNAs and control shRNAs were
concatamerized with miR-30 and miR-E cassette as 1, 2 and 4mer shRNA constructs
(Fig. 29a). SEM cells were used for initial testing and were transduced first with
Cre-ER™-mCherry and second with the different concatamers with transduction
efficiencies below 10 % to obtain single integrations (Fig. 29b). After sorting and cell
recovery, 50 nM TAM was added to induce recombination and shRNA expression. The
distribution of non-recombined (mTagBFP) and recombined (eGFP) cells was
analyzed over 20 days by flow cytometry.

In all control populations, around 80 % of cells showed a recombination followed by a
color switch from mTagBFP to eGFP after three days (Fig. 29c). Afterwards, the
distribution of recombined and non-recombined control cells stayed stable over time,
while expression of MLL/AF4 shRNA constructs showed different results. At 72 h, the

recombination efficiency in the different cell populations was tested, which was similar
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for control and MLL/AF4 constructs. The distribution of recombined and non-
recombined cells were nearly unchanged in cells transduced with a construct
containing a single MLL/AF4 shRNA embedded in the miR-30 cassette over time. Cells
with a MLL/AF4 2 or 4mer using the miR-30 cassette showed a weak but significant
depletion of recombined cells over time. A similar effect was observed in cells with a
MLL/AF4 1mer in a miR-E backbone. The effect was significantly increased by
expression of the MLL/AF4 2 and 4mer using the miR-E cassette. For the MLL/AF4
4mer, we could not observe a recombination efficiency of 80 % as for the other
constructs, as depletion of MLL/AF4 KD cells started already earlier than 72 h. Thus,
the concatamerization of miR-E cassettes resulted in a stronger KD efficiency, leading
to increased depletion of MLL/AF4 KD cells.
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Figure 29: Concatamerization of MLL/AF4 shRNA combined with miR-E cassette increase growth
inhibition of MLLA/F4 KD cells

a) shRNAs targeting MLL/AF4 or Renilla (CTRL) were concatamerized in the mTagBFP flipping
construct (described in Fig. 14) resulting 1, 2 and 4mers. For all constructs, shRNAs were embedded in
the miR-30 and the miR-E cassette, respectively. b) Experimental setting: SEM cells were transduced
with Cre-ER™2-mCherry and the flipping constructs with transduction efficiencies below 10 % to obtain
single integrations. After sorting and cell recovery, cells were treated with 50 nM TAM to induce
recombination and shRNA expression. The distribution of recombined (eGFP, shRNA expression) and
non-recombined (mTagBFP, no shRNA expression) cells was analyzed over 20 days by flow cytometry.
c¢) Percentage of eGFP positive cells out of all mTagBFP and eGFP positive cells is shown. For clarity,
all control constructs are depicted as black dotted line as they all behave the same. n = 3 biological
replicates, mean + SD, paired t-test of the different ShRNA constructs compared to the respective
sh-CTRL construct, ns = not significant, * p < 0.05, ** p < 0.01.

After characterization of the optimized KD system, competitive in vitro assays were

performed. The experiments were done in the t(4;11) SEM cell line as well as in two
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non-MLL rearranged cell lines, NALM-6 and REH. First, cells were transduced with
Cre-ER™-mCherry (Fig. 30a). Second, cells were transduced with the different
concatamers with MLL/AF4 or control sShRNA with a transduction efficiency below 10 %
to obtain single integrations. For each construct, a control construct was cloned in the
IRFP/T-sapphire vector with the same number of shRNA copies and the same miR-
cassette. mTagBFP and iRFP positive cells were mixed 1:1 and treated with 50 nM
TAM. As a readout, the distribution of recombined eGFP and T-sapphire positive cells

was analyzed over 20 days by flow cytometry.
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Figure 30: Inducible MLL/AF4 KD impairs growth in t(4;11) SEM cell line but not in non-MLL
rearranged leukemic cell lines

a) Experimental setting: Cells were transduced with Cre-ERT?-mCherry and the mTagBFP/sh-GOI and
iIRFP/sh-CTRL flipping constructs with transduction efficiencies below 10 % to obtain single integrations.
After sorting and cell recovery, cells were mixed 1:1 and treated with 50 nM TAM to induce
recombination and shRNA expression. The distribution of recombined eGFP/sh-GOI and T-sapphire/sh-
CTRL cells was analyzed over 20 days by flow cytometry. b) Results of the t(4;11) SEM cell line:
Percentage of eGFP positive cells out of all recombined cells (eGFP + T-sapphire) is shown. n =3
biological replicates, mean + SD, paired t-test of the different sh-MLL/AF4 constructs compared to
sh-CTRL, **** p £0.0001. c) Results of the non-MLL rearranged cell lines NALM-6 and REH are depicted
as described in b). n = 3 biological replicates, mean = SD, paired t-test, ns = not significant.
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The mixture of control cells remained stable over time. In contrast, depletion of
MLL/AF4 led to a significant reduction of the cell population (Fig. 30b). 20 days after
TAM, 40 % eGFP positive cells could be detected expressing a MLL/AF4 1mer
embedded in a miR-30 cassette, while only 30 % eGFP positive cells could be seen
when using the miR-E cassette. Thus, the depletion of MLL/AF4 KD cells increased by
using the miR-E cassette instead of the miR-30 cassette. Further, concatamerization
of the MLL/AF4 shRNAs led to an increased depletion. While for the MLL/AF4 1mer
(miR-E cassette) 30 % eGFP positive cells could be detected after 20 days, only 25 or
19 % eGFP expressing cells could be shown for cells transduced with a MLL/AF4 2 or
4mer, respectively. For the control experiments using the non-MLL rearranged cell
lines, the most effective constructs with four ShRNA copies and miR-E cassette were
used. Here, the control mixture as well as the MLL/AF4/control mixture was stable over
time (Fig. 30c). Only a small but not significant decrease of MLL/AF4 shRNA
expressing NALM-6 cells was observed.

Thus, a MLL/AF4 dependent depletion could be shown using an improved inducible
KD system in the t(4;11) SEM cell line while using a low transduction efficiency for the

shRNA constructs.

4.5.2.3 Homing of MLL/AF4 KD PDX cells in vivo

As PDX MLL/AF4 KD cells could not be isolated at the end of an in vivo experiment
using the constitutive KD system (Fig. 26 & 27), it remained to be determined if the
cells were vanished the first days after injection or if the cells could engraft and were
depleted over time.

The experiments with the constitutive KD system were technically complex for the MLL
rearranged PDX samples as they are characterized by very low transduction
efficiencies. In contrast, using the inducible KD system, transgenic cells could be easily
amplified in mice to perform different experiments. Therefore, the homing capacity of
these cells was investigated. ALL-707 cells were transduced with the
Cre-ER™-mCherry construct and amplified in mice (Fig. 31a). Subsequently, cells were
transduced with the mTagBFP/sh-MLL/AF4, mTagBFP/sh-CTRL or iRFP/sh-CTRL
construct and amplified in mice. All constructs consisted of four shRNA copies
embedded in a miR-E cassette. After amplification, transgenic cells were mixed 1:1
using cells with MLL/AF4 shRNA and control shRNA (mTagBFP/sh-MLLAF4 +
IRFP/sh-CTRL) or a mixture of control cells (mTagBFP/sh-CTRL + iRFP/sh-CTRL).
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Cells were treated with 150 nM TAM in vitro and injected 10 days later in mice
(2 x 10° cells/mouse). Three days after injection, human cells were isolated out of the
murine BM and the distribution of recombined cells was analyzed by flow cytometry.
After re-isolation of the PDX cells, around 50 % of the cells expressed eGFP,
independent if the cells expressed the control ShRNA or the shRNA targeting MLL/AF4
in addition (Fig. 31b). Thus, the MLL/AF4 KD cells did not had a disadvantage in
homing.
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Figure 31: Inhibition of MLL/AF4 does not impair homing of ALL-707 cells

a) Experimental setting: ALL-707 cells were transduced with Cre-ER™2-mCherry, sorted and amplified in
mice. Then, cells were transduced with the mTagBFP/sh-GOI and iRFP/sh-CTRL flipping constructs (4
shRNA copies embedded in miR-E), sorted and amplified in mice again. Transgenic cells were mixed
1:1 using cells with MLL/AF4 shRNA and control shRNA (mTagBFP/sh-MLLAF4 + iRFP/sh-CTRL) or
only control cells (mTagBFP/sh-CTRL + iRFP/sh-CTRL) were mixed. Cells were treated with 150 nM
TAM in vitro and injected 10 days after treatment into mice (2 x 10° cells/mouse, n = 3 per group). Three
days after injection, human cells were isolated out of the murine bone marrow and the distribution of
recombined cells was analyzed by flow cytometry. b) Percentage of eGFP positive cells out of all
recombined cells (eGFP + T-sapphire) is shown. One injection mixture per group, three mice per group
at analysis time point, mean + SD, unpaired t-test, ns = not significant.

These data indicate that the effect seen with the constitutive system was due to a
growth disadvantage and not due to an impaired homing.

86



Results

45.2.4 Competitive inducible MLL/AF4 KD in vivo

The result of the homing assay suggested that the depletion of MLL/AF4 KD cells,
observed using the constitutive KD-system in vivo, occurred rather later, over a longer
period of time than during the first days. Thus, the hypothesis was tested with different

PDX samples in vivo and further investigated by gene expression analysis.

4.5.2.41 Competitive inducible MLL/AF4 KD in a non-MLL rearranged PDX
sample in vivo

First, the inducible KD system was validated in PDX in vivo using the non-MLL
rearranged PDX sample ALL-265. Therefore, PDX cells were stepwise transduced with
Cre-ER™-mCherry and the flipping constructs targeting MLL/AF4 or Renilla as control
(Fig. 32a). After sorting and amplification of cells in mice, mTagBFP/sh-MLL/AF4 and
IRFP/sh-CTRL cells were mixed 1:1 as well as mTagBFP/sh-CTRL + iRFP/sh-CTRL
cells. 300,000 cells were injected in six mice per group. One week after injection, mice
were treated with 50 mg/kg TAM orally. Afterwards, cells were analyzed at different
time points to monitor the variation of populations’ distribution over time. The first
animals were analyzed three days after TAM for the distribution of recombined shRNA
expressing cells by flow cytometry. This early time point after TAM administration
showed the initial distribution of the cells and is used as reference (time 0) for further
time points. 18 days after TAM, human cells were analyzed out of a BM aspiration. In
the presence of full-blown leukemia, cells were isolated out of the murine BM and
analyzed as the final time point.

Three days after TAM application, around 30 % eGFP positive cells out of all
recombined cells could be detected in the control group as well as in the MLL/AF4 KD
group. When analyzing the distribution of eGFP and T-sapphire expressing cells over
time, no significant changes could be detected within both groups (Fig. 32b). Thus, no
effect could be observed in the non-MLL rearranged ALL-265 cells, showing the

specificity and reliability of this technique.
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Figure 32: Inducible MLL/AF4 KD in non-MLL rearranged PDX does not impair growth in vivo

a) Experimental setting: Non-MLL rearranged ALL-265 cells were transduced with Cre-ERT2-mCherry,
sorted and amplified in mice. Then, cells were transduced with the mTagBFP/sh-GOI and iRFP/sh-CTRL
flipping constructs (4 shRNA copies embedded in miR-E), sorted and amplified in mice again.
Transgenic cells were mixed 1:1 using cells with MLL/AF4 shRNA and control shRNA
(mTagBFP/sh-MLLAF4 + iRFP/sh-CTR) or only control cells (mTagBFP/sh-CTRL + iRFP/sh-CTRL)
were mixed. 300,000 cells were injected per mouse (n = 6 per group). One week after injection, mice
were treated with 50 mg/kg TAM by oral gavage to induce recombination and shRNA expression. Cells
were analyzed at different time points to monitor the populations’ distribution over time. Therefore, cells
were isolated out of all bones of a mice or a BM aspiration was performed (marked by a syringe).
b) Results of the non-MLL rearranged ALL-265: Cells were analyzed 3, 18 (BM aspiration) and 35 days
after TAM for the distribution of recombined cells by flow cytometry. Percentage of eGFP positive cells
out of all recombined cells (eGFP + T-sapphire) is shown. n =3 mice per group per time point,
mean + SD, Two-way ANOVA, ns = not significant.

4.5.2.4.2 Gene expression analysis of MLL/AF4 KD PDX cells

With the inducible KD system, it was technically feasible to re-isolate injected MLL/AF4
KD PDX cells out of the murine BM. For the first time, it was possible to investigate a
MLL/AF4 KD in PDX cells in more detail. To analyze the gene expression profile,
ALL-707 and ALL-763, transgenic for the inducible eGFP MLL/AF4 or the control
shRNA construct, were injected into NSG mice. One week after injection, mice were
treated twice with 100 mg/kg TAM and cells were isolated out of the murine BM 28 or
33 days after TAM for ALL-707 and ALL-763, respectively. eGFP positive MLL/AF4 KD
or control cells were purified and sent for MACE seq to GenXPro. Here, bioinformatic
analysis were initially performed by GenXPro with further investigations being done in
collaboration with Alexander Wilhelm (AG Marschalek, Frankfurt am Main).
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Stam et al. (2010) analyzed 73 ALL infants with t(4;11), t(11;19) or t(9;11) translocation
or without MLL rearrangement. There, a distinct gene expression pattern in
MLL-rearranged leukemia patients could be shown. Here, the MACE seq data were
compared to the Stam et al. (2010) data set comparing PDX control and MLL/AF4 KD
samples with t(4;11) translocated and non-translocated ALL patient expression data.
For both PDX samples, ALL-707 and ALL-763, a correlation of control cells to t(4;11)
ALL patient data and a correlation of MLL/AF4 KD cells to non-MLL rearranged ALL
patient data could be observed by gene set enrichment analysis (Fig. 33a-b). Even
though similar results were detected for ALL-707 and ALL-763 in gene set enrichment
analysis, the individual highly differential expressed genes between control and
MLL/AF4 KD cells differed (Fig. 33c-d). Genes depicted in the volcano blot with a high
fold change were highly expressed in control cells and low expressed in MLL/AF4 KD
cells. Thus, a low fold change correlates with low expression in control cells and high
expression in MLL/AF4 KD cells. Interestingly, all highly differential expressed genes
in ALL-707 could also be found differentially expressed in ALL-763. In contrast, hone
of the described highly differentially expressed genes in ALL-763 were found in
ALL-707 the same way. In ALL-707, e.g. the transforming growth factor (TGF)-beta
mediated SMAD signaling, that is also known as a tumor suppressor regulating
proliferation, apoptosis and differentiation, is upregulated upon MLL/AF4 KD as well
as apoptotic members like p63 or the BCL2 Binding Component 3 (BBC3). In addition,
Ribosomal Protein S6 Kinases (RSK) and genes involved in Vascular Endothelial
Growth Factor Receptor 2 (VEGFR2) mediated cell proliferation (Phospholipase C
Gamma 1 (PLCG1), Sphingosine Kinase 1 (SPHK1), Pyruvate Dehydrogenase
Kinase 1 (PDK1)) are downregulated in MLL/AF4 KD cells. In ALL-763, the SMAD
signaling and genes regulating apoptosis (Apoptosis-inducing factor 2 (AIFM2), BBC3,
Tumor Protein P53 Inducible Nuclear Protein 1 (TP53INP1)) are upregulated as well
upon MLL/AF4 KD. Further, human leucocyte antigen (HLA) genes were upregulated
in MLL/AF4 KD cells. Genes involved in cell cycle (BRCAL Interacting Protein
C-Terminal Helicase 1 (BRIP1), Minichromosome Maintenance Complex Component
(MCM3,4,6,10), Cyclin Dependent Kinase 2 (CDK2), Cell Division Cycle 6 (CDC6),
DNA Polymerase Epsilon 2 (POLE2)) were downregulated in MLL/AF4 KD cells.
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Figure 33: Gene expression analysis reveals similarity to non-MLL rearranged leukemia patients’
expression data upon MLL/AF4 KD

a) Gene set enrichment analysis (GSEA) of ALL-707 MLL/AF4 KD and control cells. ALL-707 transgenic
for Cre-ER™-mCherry and the mTagBFP/sh-GOlI flipping constructs (4 shRNA copies embedded in
miR-E) were injected into mice (300,000 cells/mouse, n=3 per group). One week after injection, mice
were treated twice with 100 mg/kg TAM by oral gavage to induce recombination and shRNA expression.
ALL-707 cells were isolated 28 days after TAM and sorted for eGFP/sh-GOI expression. Samples were
analyzed by MACE seq at GenXPro and in cooperation with Alexander Wilhelm (AG Marschalek,
Frankfurt am Main). For GSEA, results were compared with RNA seq data from Stam et al. (2010).
NES =-1.37, p=0.031. b) GSEA as described in a) using ALL-763 cells 33 days after TAM.
NES =-1.38, p = 0.036. c) Volcano blot shows differentially expressed genes of ALL-707 control cells
compared to MLL/AF4 KD cells. Data obtained from MACE seq described in a). Genes with a high fold
change are highly expressed in control cells and low expressed in MLL/AF4 KD cells. Thus, a low fold
change correlates with low expression in control cells and high expression in MLL/AF4 KD cells. n =3
biological replicates per sample. d) Volcano blot shows differentially expressed genes of ALL-763 control
cells compared to MLL/AF4 KD cells as depicted in c). Data obtained from MACE seq described in b).

In summary, inhibition of MLL/AF4 changed the expression profile patient specific to
profiles observed in non-MLL rearranged ALL patients and similar pathways were up-
and downregulated upon MLL/AF4 KD.
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4.5.2.4.3 Competitive inducible MLL/AF4 KD in t(4;11) rearranged PDX samples
in vivo

As major changes in gene expression were overserved upon MLL/AF4 KD in PDX
cells, the MLL/AF4 rearranged PDX samples ALL-707 and ALL-763 were used for
competitive inducible MLL/AF4 silencing (Fig. 34). The experiment was performed as
described for the non-MLL rearranged PDX ALL-265 (see chapter 4.5.2.4.1); to induce
recombination 100 mg/kg TAM was applied twice. For ALL-707, cells were analyzed
3, 13, 21 and 28 days after TAM administration.
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Figure 34: Inducible MLL/AF4 KD impairs growth in MLL rearranged PDX cells in vivo

a) Experiment was performed as described in Fig. 32a. Adaption: One week after injection, mice were
treated twice with 100 mg/kg TAM by oral gavage to induce recombination and shRNA expression. Cells
were analyzed 3 (n =4), 13 (n =3), 21 (n = 3) and 28 (n = 3) days after TAM administration to monitor
the distribution of recombined cells by flow cytometry over time. Percentage of eGFP positive cells out
of all recombined cells (eGFP + T-sapphire) is shown. Mean + SD, Two-way ANOVA, **** p < 0.0001;
ns = not significant. b) In vivo imaging of experiment described in a). Representative pictures out of
three replicates per time point. ¢) Experiment was performed as described in Fig. 32a. Adaption: One
week after injection, mice were treated twice with 100 mg/kg TAM by oral gavage to induce
recombination and shRNA expression. Cells were analyzed 3 (n =3), 13 (h=3), 21 (n=3) and 33
(n = 3) days after TAM administration to monitor distribution of recombined cells by flow cytometry over
time. Percentage of eGFP positive cells out of non-recombined mTagBFP and recombined eGFP
positive cells is shown. Mean * SD, Two-way ANOVA, ** p <0.01, ns = not significant.

Three days after TAM administration, around 46 % eGFP control cells and 55 % eGFP
MLL/AF4 KD out of all recombined cells could be detected in the different mixtures
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(Fig. 34a). While the distribution of recombined cells stayed unchanged in the control
mixture, the MLL/AF4 KD cells were depleted significantly over time. At the final time
point, 28 days after TAM application, only 12 % eGFP MLL/AF4 KD cells remained.
Mice were imaged during the experiment to monitor the growth of human cells. The
depletion of MLL/AF4 KD cells could already be observed by in vivo imaging by a
reduced growth kinetic of the MLL/AF4 KD/control mixture compared to the
control/control mixture (Fig. 34b). For ALL-763, cells were analyzed 3, 13, 21 and 33
days after TAM. In this case, the IRFP/sh-CTRL population got lost in both mixtures;
therefore, the analysis was performed in a different way analyzing the distribution of
non-recombined mTagBFP versus recombined eGFP positive cells. The control cells
were nearly unchanged over time while a strong depletion of MLL/AF4 KD cells was
detected (Fig. 34d). Thus, for both PDX samples a time depended depletion of
MLL/AF4 KD cells was observed showing an essential function of MLL/AF4 for
leukemia maintenance.

In conclusion, for AF4/MLL no essential function for leukemia growth could be
determined in different functional assays after partial AF4/MLL inhibition; however, an
altered gene expression could be identified upon dnTASP1 expression. In contrast,
MLL/AF4 does not impair processes like homing and engraftment, but the fusion
protein is essential for tumor maintenance shown in multiple experiments in vitro and

in vivo.

92



Discussion

5. Discussion

Childhood ALL has in general a good prognosis, however, for specific subtypes, the
percentage of successfully treated patients drastically declines (Brenner and Spix,
2003, Pulte et al., 2008). Among them, chromosomal translocations are frequently
detected in acute leukemia and lead to a poor outcome. One predominant translocated
gene is KMT2A encoding MLL, for which more than 135 MLL fusion partners were
identified with different frequencies (Meyer et al., 2018). In ALL, the main MLL fusion
partner is AF4 with survival rates of only 10 — 30 % in patients carrying the translocation
(Isoyama et al., 2002, Meyer et al., 2018, Pui et al., 2002). As the treatment of such an
aggressive form of leukemia remains challenging, further investigations are definitely
required. Many studies focused on the role of the MLL/AF4 fusion protein,
hypothesizing an important and maybe essential function of this fusion protein for
leukemia development (Chen et al., 2006, Krivtsov et al., 2008, Secker et al., 2019,
Thomas et al., 2005). However, as other studies could not confirm this observation but
showed opposite results, the role of MLL/AF4 in ALL still remains controversial (Bursen
et al., 2010). Compared to the numerous studies on MLL/AF4, only few groups focused
on the reciprocal AF4/MLL fusion protein, which is not always expressed in t(4;11)
leukemia patients (Agraz-Doblas et al., 2019, Kowarz et al., 2007, Trentin et al., 2009).
In this case, as well, controversial results were published ranging from an important to
neglectable function of AF4/MLL (Bueno et al., 2019, Bursen et al., 2010, Gaussmann
et al., 2007, Kumar et al., 2011b).

In this project, the role of the two fusion proteins for leukemia maintenance was further
investigated with a focus on mimicking the clinical situation of patients with an
established leukemia who require treatment.

5.1 t(4;11) breakpoint characterization

MLL/AF4 translocations and their reciprocal products represent a challenge for
treatment of leukemia patients. As the presence of different rearrangement-dependent
fusion proteins can be detected in the same patient, it is important to carefully
characterize ALL cells.

Therefore, to start this project, different PDX samples and the SEM cell line with t(4;11)
translocation were analyzed regarding their expressed MLL/AF4 and AF4/MLL fusion

transcripts. As expected, 8/8 t(4;11) rearranged PDX expressed MLL/AF4 while only
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6/8 (75%) expressed the reciprocal AF4/MLL fusion in addition. Our observation is in
line with published data that showed an expression of MLL/AF4 in all t(4;11) leukemia
patients but an expression of AF4/MLL in only 50 — 80 % of the cases (Agraz-Doblas
et al.,, 2019, Kowarz et al., 2007, Trentin et al., 2009). In those cases, AF4/MLL
expression could not be detected even at the genomic level and instead, cryptic and
three-way translocations were found (Downing et al., 1994, Kowarz et al., 2007,
Reichel et al., 2001). The t(4;11) PDX samples used here, differ regarding the age at
diagnosis, the MLL/AF4 breakpoint and the gender and expression of AF4/MLL did not
correlate with any of these patient characteristics (Heckl, 2018). Recently, Agraz-
Doblas et al. (2019) reported a positive correlation between AF4/MLL and HOXA
expression in t(4;11) infants. In our group of samples, | could partially confirm this
observation, when analyzing the expression of HOXA7, HOXA9 and HOXA10. In my
hands, PDX samples without AF4/MLL expression did not show any HOXA expression
that is in line with the reported results from Agraz-Doblas et al. (2019). However, in
only 3/6 PDX samples expressing AF4/MLL also a HOXA expression could be
detected. Again, no correlation of this observation to any of the above mentioned
patient characteristics were found.

| further characterized the samples and found a fusion between exon 9 of MLL and
exon 4 of AF4 on genomic level in ALL-706, 707, 763 and in the SEM cell line.
Accordingly, the main MLL/AF4 mRNA fusion transcript detected in these cells was a
fusion of exon 9 of MLL and exon 4 of AF4. However, when analyzing the breakpoint
MRNA sequences in more detail, different splicing forms for MLL/AF4 were identified.
These heterogeneous mRNA transcripts arise from alternative MLL splice sites that
lead to fusion of different MLL exons to the AF4 BCR (Borkhardt et al., 1994, Divoky
et al., 2000, Domer et al., 1993). In the SEM cell line and the ALL-706 and ALL-763, a
fusion of MLL exon 8 to AF4 exon 4 was identified. In exon 8, a cryptic splice site was
described allowing alternative splicing. Fusions with the MLL exon 8 often lead to
frameshift because this exon ends after the first nucleotide of a triplet resulting in new
stop codons and an early termination (Divoky et al., 2000). Further, in all samples
analyzed, fusions between exon 9 of MLL and exon 4 of AF4 were observed with a
deletion of the first amino acid of exon 4 of AF4 or with a point mutation at the fusion
site in the SEM cells, complicating the targeting of the breakpoint. Nevertheless, with
more than 80 % frequency, a main MLL/AF4 fusion transcript was present in the

studied cells. For AF4/MLL, no multiple mRNA transcripts could be detected either in
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the SEM cell line or in ALL-706 or ALL-707. This is in contrast to published data for the
SEM cell line that reported a second AF4/MLL mRNA fusion transcript with exon 3 of
AF4 fused to exon 12 to MLL (Marschalek et al., 1995). It might be that more fusion
transcripts need to be sequenced to detect this further variant. Nevertheless, the
AF4/MLL fusion transcript differs between the SEM cell line and the PDX samples
analyzed. Thus, due to the complex profile of the PDX samples and in order to silence
AF4/MLL in PDX in vivo, patient specific ShRNAs were designed and validated in an
adapted reporter system, as a cell line model is missing in this case.

Taken together, the presence of the various breakpoints and splicing variants within
the same patient cells represents a challenge for a putative targeted treatment of
t(4;11) patients. Nevertheless, a single MLL/AF4 variant is very frequent across

different patients” tumors and was studied here.

5.2 Breakpoint specific targeting using shRNAs
Translocations are ideal therapeutic targets as they are not present in healthy cells.
Thus, by targeting the t(4;11) breakpoint, only leukemic cells are attacked while normal
tissue should not be affected avoiding treatment-induced undesired effects.
Identification of specific shRNAs targeting the t(4;11) fusions might be of clinical
interest as a new option to treat leukemia patients.
In this project, | focused on the design of potent and specific ShRNAs to target the
AF4/MLL breakpoint in ALL-706 and ALL-707. To this aim, the SplashRNA algorithm
was used, a sequential learning algorithm trained by largescale miR-30 and miR-E
data sets predicting potent miRNA-based shRNAs (Pelossof et al., 2017). There, the
goal is to reach SplashRNA scores above 1 that correlates with KD efficiencies above
85 %. Nevertheless, when designing shRNAs against the fusion, the tool presents its
limitation, as the SplashRNA scores for the designed breakpoint specific ShRNAs
targeting AF4/MLL were all very low, ranging between 0.123 and 0.572 for ALL-706
and ALL-707. Also when comparing the designed shRNAs to guidelines published for
manual shRNA design, many characteristics were not fulfilled like an AT-rich region
from position 3 - 7, at position 9 and 12 as well from 17 - 19 or GC-rich regions at
position 11 or from 14 - 16. (Bofill-De Ros and Gu, 2016, Li et al., 2007).
As no cell line model was available with the same AF4/MLL fusion transcript of ALL-706
and ALL-707, an optimized reporter system was used to test the KD efficiency. The
shRNA reporter system was originally published by Fellmann et al. (2013) as retroviral
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reporter and was here optimized for lentiviral transductions. The efficiency did not
correlate with the estimated scores, but the efficiency was above 70 % for all tested
shRNAs, despite calculated scores below 0.5. Unfortunately, all tested AF4/MLL
shRNAs were unspecific, targeting the endogenous AF4 and MLL as well.
Nevertheless, as AF4/MLL was partially inhibited, | hypothesize that possible biological
effects could be studied even under this suboptimal condition. On the contrary, a highly

specific sequence against MLL/AF4 was used for further investigations.

5.3 Experimental settings for gene inhibition

Targeted inhibition using shRNAs better mimics the partial inhibition induced by drugs
rather than complete knockouts mediated by Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)/Cas9 approaches (Hulton et al., 2020). KD
experiments were performed using two different experimental settings, with
constitutive and with inducible expressed shRNAs. With the constitutive expression of
shRNAs, targets are inhibited directly and due the stable integration, targets with a
long half-life can be easily inhibited as well (Harborth et al., 2003). Beside many
advantages of this system, one limitation is the impossibility to study essential genes.
After transduction of SEM cells with the shRNA targeting MLL/AF4, cells started to die.
Thus, for example competitive assays, requiring a stressful sorting step, were not
possible. An additional drawback of the constitutive system while studying essential
genes is that shRNA transduced cells cannot be amplified. The t(4;11) rearranged PDX
are difficult to transduce with transduction efficiencies far below 10 % (Heckl, 2018).
Thus, cells need to be enriched and amplified in NSG mice in order to have enough
cells to perform experiments. Consequently, only few cells could be injected for in vivo
experiments prohibiting engraftment controls and analyzing cells over time. Another
major point is the overestimation of the results due to homing or engraftment
deficiencies upon transplantation into mice. Because of all these reasons Michela
Carlet, Birgitta Heckl and Jenny Vergalli developed a competitive inducible KD system
for PDX in vivo (Carlet et al., 2021). This system is based on Cre-loxP using two
differently mutated loxP sites (Oberdoerffer et al., 2003). Stern et al. (2008) combined
this system with shRNA expression, called FLIP cassette. Based on this system, an
inducible KD system with five different fluorophores was generated in our lab (Carlet
et al., 2021) enabling proper analysis of lethal targets. In the absence of KD induction,
transgenic cells can be easily amplified for experiments. Moreover, it mimics the clinical
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situation, where patients with a certain stage of leukemia are diagnosed before
treatment. Thus, mimicking this situation, the KD can be induced at defined points of
leukemic burden in vivo without being affected by critical parameters like homing and
engraftment.

For ideal controlling, competitive experiments were performed. Different fluorophore
combinations enabled the distinction between control and target KD cells in the same
mouse. Therefore, control and KD cells were used in the same approach for in vitro
experiments or injected together into the same mouse increasing sensitivity of each
experiment, thus already small changes can be detected easily. Moreover, the
experimental quality was enhanced by the presence of control and KD cells in the same
mouse as all cells are handled and treated the same way. Furthermore, regarding
animal welfare, also fewer mice are needed for in vivo experiments. Thus, the
competitive KD systems are valuable and robust approaches for in vitro and in vivo
experiments.

An additional challenge | had, while trying to strongly silence the fusion proteins, relied
in the low transduction efficiency achieved in translocated PDX samples, accompanied
by limited possibility in the shRNA design. It is known that single shRNA genomic
copies have a reduced potency and that a weak shRNA design reduces drastically the
KD efficiency (Fellmann et al., 2011). | encountered both problems when targeting the
t(4;11) breakpoint in t(4;11) rearranged PDX cells. As already mentioned, the t(4;11)
rearranged PDX samples used in this study were characterized by extremely low
transduction efficiencies, below 1 % for the inducible KD system. Even after trying
different strategies to enhance the transduction efficiency, no multiple integrations
could be detected (data not shown). In addition, designing shRNAs against a specific
fusion did not yield potent shRNAs. Thus, to increase the KD efficiency the inducible
KD system was optimized by using a more efficient miR-30 based backbone and by
concatamerizing ShRNAs as described by Fellmann et al. (2013) and Sun et al. (2006).
Both, the miR-E backbone and concatamerizing the MLL/AF4 shRNA increased the
MLL/AF4 depended lethality that is in line with published data (Choi et al., 2015,
Aagaard et al., 2008, Chung et al., 2012, Liu et al., 2008).

Next to comparing the KD efficiencies, also control experiments were performed
concatamerizing control shRNAs targeting Renilla. Here, 1, 2 and 4 shRNA copies
were concatamerized and tested for toxicity. No impact on growth or cell viability was

observed upon transduction of the control concatamers suggesting that the RNAI
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machinery was not saturated with these constructs as it was published when using
strong Pol Ill promoters (Boudreau et al., 2009, Grimm et al., 2006).

In summary, concatamerization of shRNAs and the miR-E cassette increased the
effect upon MLL/AF4 KD without observing any side effect from control shRNAs. Thus

enabling investigations on MLL/AF4 KD cells in vivo.

54 AF4/MLL is not essential for leukemia maintenance

As the reciprocal AF4/MLL fusion protein is not expressed in all t(4;11) rearranged
leukemia patients, | asked whether the fusion protein is important for leukemia
development and maintenance (Agraz-Doblas et al., 2019, Kowarz et al., 2007, Trentin
et al., 2009). So far, single AF4/MLL expression experiments or in combination with
MLL/AF4 expression were performed showing increased resistance against apoptotic
triggers and enhanced cell cycling capacity (Bueno et al., 2019, Gaussmann et al.,
2007). Bursen et al. (2010) reported that LSPCs expressing AF4/MLL were capable of
causing ALL in mice. However, Kumar et al. (2011b) performed AF4/MLL KD
experiments using siRNAs in vitro showing no changes in proliferation, cell cycle or
apoptosis. Of note, Rolf Marschalek, one of the leading MLL/AF4 experts, commented
on this publication e.g. by criticizing the experimental setting using transient siRNAs
that would not be able to downregulate the very stable AF4/MLL on protein level
(Marschalek, 2011). Thus, the results observed in cell lines in vitro and from
transduced LSPCs in mice and the weak points of the experiments performed by
Kumar et al. (2011b) were decisive for the design of experiments described in this
project.

Here, the stable AF4/MLL fusion protein was inhibited using either shRNAs or a
dominant negative Taspasel. The constitutive sShRNA expression led to a constant
downregulation of AF4/MLL mRNA that should also effect the protein level.
Unfortunately, also in cooperation with our collaboration partner Rolf Marschalek, no
reliable AF4/MLL western blots detecting the fusion protein could be performed as it
was reported before (Kumar et al., 2011a). Therefore, only gPCR data validated the
shRNA mediated KD leading to an intermediate unspecific silencing. Although the
endogenous MLL and AF4 were additionally partially silenced, no growth aberrations
could be observed; finally reproducing the results reported by Kumar et al. (2011b),
despite our stable and persistent KD approach.
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Next to targeting AF4/MLL with shRNAs, a dnTASP1 was used provided by Rolf
Marschalek (Sabiani et al., 2015). Dominant negative proteins are widely used
especially for proteins assembling into multimers to be active (Sheppard, 1994, Barren
and Artemyev, 2007, Voellmy, 2005, Gao et al., 2002). They compete with wildtype
proteins for multimers or for the direct targets, thus inhibiting the function of the wildtype
protein. Major disadvantages of dominant negative proteins are that they mostly have
more than a single target and that overexpression of a new protein could have harmful
side effects (Prelich, 2012). For Taspasel, only MLL, MLL4, TFIIA and AF4/MLL are
confirmed targets (Bursen et al., 2004, Hsieh et al., 2003b, Zhou et al., 2006). Further,
Taspasel plays an important role in the mouse embryonic development, but a deletion
at later time points has no discernible toxicities (Chen et al., 2012, Takeda et al., 2006).
Big advantage for the use of dnTASP1 relies in its capacity to inhibit all AF4/MLL
variants regardless of the breakpoint or splicing variants. AF4/MLL inhibition by
dnTASP1 could not be validated by western blot and gPCR would be useless here as
the inhibition occurs post-translationally. However, the expression of dnTASP1 could
be visualized on protein level using its FLAG-tag. Similar to the result obtained using
shRNAs, no growth defects upon dnTASP1 mediated AF4/MLL inhibition was
detected. Next, HOXA expression was analyzed after AF4/MLL inhibition. Here,
HOXA9 expression was significantly reduced while for HOXA7 and HOXA10 only a
minor reduction was observed. Agraz-Doblas et al. (2019) published a positive
correlation of AF4/MLL and HOXA (HOXA5, HOXA7, HOXA9, HOXA10 etc.)
expression in t(4;11) infant B-cell precursor ALL. When Trentin et al. (2009) compared
HOXA (HOXA5, HOXA9, HOXA10) and AF4/MLL expression, no correlation were
found. There, only 8/12 patients with AF4/MLL expressed HOXA genes. In this study,
three infant patients expressed AF4/MLL of which only one expressed HOXA genes in
addition. Thus, the different results cannot be explained by the age of the patients.
Further, Stam et al. (2010) showed the existence of subgroups in t(4;11) infant ALL
patients regarding HOXA (HOXA3, HOXA5, HOXA7, HOXA9, HOXA10) expression.
Importantly, they found a correlation between the lack of AF4/MLL expression and a
high risk of disease relapse. This is in line with recently published data by Agraz-Doblas
et al. (2019) discovering a prolonged overall survival of t(4;11) infant ALL patients
expressing AF4/MLL and HOXA genes. Low HOXA expression was observed to
correlate with an overexpression of lroquois-class homeodomain protein IRX-1 or IRX-

2 (Kangetal., 2012, Trentin et al., 2009). IRX proteins regulate Early Growth Response
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(EGR) expression that control p21 and induces quiescence that might lead to treatment
resistance (Guzman, 2015, Kiuhn et al., 2016).

Gene expression analysis revealed dnTASP1 dependent alterations in cell cycle. The
dnTASP1 target TFIIA is transcriptionally active also without cleavage and not
hampered by Taspasel inhibition (Zhou et al., 2006). In addition, uncleaved MLL is
still active but with reduced activity (Takeda et al., 2006). For MLL4 only little is known
about the Taspasel dependent cleavage. Nevertheless, cyclins are targets of MLL and
MLL4 and in Taspasel deficient mice, cyclins were downregulated due to reduced
histone methyl transferase activity of uncleaved MLL and proliferation of MEFs was
impaired, while deletion of Taspasel in 7-week-old mice led to no discernible toxicities
(Chen et al., 2012, Takeda et al., 2006). Thus, follow up studies are necessary to
explore if the altered cell cycle depend on AF4/MLL inhibition or if it is a site effect of
inhibiting MLL and MLL4 in addition.

In conclusion, AF4/MLL expression is favorable for the leukemic patients’ outcome and
correlates with HOXA expression. The partial molecular inhibition induced in the
present work did not show an essential function of AF4/MLL for tumor maintenance,

however, it still might be that the inhibition was just not strong enough.

5.5 MLL/AF4 is required for leukemia growth

MLL/AF4 is expressed in all t(4;11) rearranged leukemic patients and an important
function for the fusion protein was described in cell lines in vitro before. Nevertheless,
different model systems led to different results and patient cells were never studied
(Chen et al., 2006, Krivtsov et al., 2008, Secker et al., 2019, Thomas et al., 2005,
Bursen et al., 2010). The reasons responsible for these different results depend on the
limited knowledge about the cell of origin where the translocation arises, if and how the
cells interact with the bone marrow environment and the different molecular
approaches used (Ottersbach et al., 2018, Milne, 2017). Here, a t(4;11) PDX mouse
model was used as perfect model system to study the function of MLL/AF4 for tumor
maintenance as it is the model currently closest to the clinical situation of the patient.
In this project, | used a shRNA in order to target MLL/AF4. Breakpoint specific KD
could be achieved enabling the study of MLL/AF4 under ideal settings. As also
described for AF4/MLL, detection of the MLL/AF4 fusion protein by western blot is
challenging and could not be performed; instead, MLL/AF4 inhibition was confirmed by
gPCR. First data that Birgitta Heckl produced using the constitutive KD system could
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be reproduced in vitro and in vivo showing a loss of cells upon MLL/AF4 KD (Heckl,
2018). When she performed experiments using the inducible KD system in vivo, no
changes in cell growth were observed upon MLL/AF4 KD. When | reproduced her
experimental settings using low transduction efficiencies in the SEM cell line in vitro,
cells weren't altered upon MLL/AF4 KD as well. Probably, single genomic integrations
of the inducible KD system were not enough to perform a strong KD as described by
Fellmann et al. (2011). Therefore, the system was improved using a stronger miR-30
based backbone and shRNA concatamers. Then, also with low transduction
efficiencies leading to single integrations, a MLL/AF4 KD could be achieved and a time
dependent loss of MLL/AF4 KD cells could be observed in the SEM cell line in vitro as
well as in PDX samples in vivo. This observation was independent from the AF4/MLL
expression in the cells; thus, expression of AF4/MLL does not influence the importance
of MLL/AF4 on leukemia maintenance. With this system, it could be shown that
MLL/AF4 is not essential for homing and engraftment in mice but an inhibition of the
fusion protein impaired the growth of the cells. Thus, an essential function of MLL/AF4
for leukemia maintenance could be described.

This result is in line with published data of Krivtsov et al. (2008) who created a mouse
model with conditional expression of MII/AF4 that induced B-ALL. It also fits with the
study of Secker et al. (2019) who generated MLL/AF4 rearranged cells from umbilical
cord blood cells using CRISPR/Cas9 that had phenotypcial, morphological and
molecular features similar to t(4;11) patients. However, the result from my study
contrasts with the published data of Bursen et al. (2010) who transplanted MLL/AF4
transduced LSPCs into mice. There, no disease was developed over a period of
13 month. Bursen and colleagues claimed that the titer of the MLL/AF4 containing
retrovirus was low such that only few transgenic cells could be injected into mice that
might have influenced the result of this experiment (Bursen et al., 2010). Otherwise, it
might be that the AF4/MLL fusion protein is essential for the leukemia onset, even
though the conditional expression of MII/AF4 by Krivtsov et al. (2008) induced B-ALL
in mice without the presence of the AF4/MLL fusion protein. The model systems used
in these studies are suitable to understand and simulate the leukemia onset. To study
the importance of the fusion proteins for tumor maintenance, the PDX mouse model
system is the most suitable system mimicking the clinical situation of patients with an
established leukemia; whether additional factors are needed for leukemia onset needs

to be investigated further.
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For t(4;11) patients, specific MLL/AF4 signatures were published that could be
compared to PDX with and without MLL/AF4 KD, in order to validate the approach.
Here, a MLL/AF4 signature correlating to leukemic patients with and without t(4;11)
translocation was shown. Sequencing data detected similar amounts of genes up and
down regulated for both PDX samples. This equilibrium of deregulated genes was
already observed in a study analyzing a sSiRNA mediated MLL/AF4 KD in the SEM cell
line (Harman et al., 2020). There, especially RUNX1, a direct target of MLL/AF4, was
shown to be responsible for the regulation of multiple indirect target genes of MLL/AF4
(Harman et al., 2020, Wilkinson et al., 2013). In this study, in both PDX samples, a
downregulation of RUNX1 was shown upon MLL/AF4 KD leading to altered expression
of multiple target genes. Even though the highly differential expressed genes differed
between the samples, altered pathways were common in both samples showing mainly
changes in proliferation, differentiation and apoptosis. However, a direct regulation of
BCL-2 by MLL/AF4 could not be confirmed as published by Benito et al. (2015).
Thus, an essential function of MLL/AF4 for tumor maintenance could be shown in a
perfect controlled inducible KD system in PDX in vivo that was supported by
sequencing data demonstrating expression profiles similar to the one observed in non-
MLL rearranged leukemic cells.

According to these results, MLL/AF4 might be a potential therapeutic target using
RNAI. RNAi-based drugs are promising and are tested in different clinical trials
(Kleinman et al., 2008, DeVincenzo et al., 2010, Davis et al., 2010, Gottlieb et al., 2016,
Setten et al., 2019). Sequences have been modified and chemical modifications were
introduced in order to attenuate the immune system detecting dsRNA and to enhance
nuclease resistance (Bramsen et al., 2009, Robbins et al., 2007). Besides
administering naked chemical modified siRNAs, delivery systems were developed like
nanoparticle-based delivery systems showing a successful delivery of siRNAs in
multiple trials (Yuan et al., 2014, Coelho et al., 2013, Fitzgerald et al., 2014). Lipid
nanoparticles consist of neutral and cationic lipids that are important for encapsulation
of sSiRNAs as they interact with the negatively charged cell membrane and mediate the
cellular uptake binding to the low density lipoprotein receptor (LDL) that is commonly
expressed on leukemic cells (He et al., 2014, Jyotsana et al., 2018). Jyotsana et al.
(2018) reported that lipid nanoparticles are able to target leukemic cells leading to a
prolonged survival of mice when targeting the leukemic TCF3-PBX1 fusion in PDX in

vivo with encapsulated siRNAs. Two years ago, the first RNAi-based drug called
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patisiran was approved for treatment of hereditary transthyretin amyloidosis (hATTR),
recently, the second RNAIi-based drug called givosiran was approved to treat acute
hepatic porphyria (AHP) and also permission of further RNAi-based drugs looks
promising (Scott, 2020, Setten et al., 2019).

Taken together, targeting MLL/AF4 in t(4;11) leukemia patients might be effective

using RNAi-based drugs improving the current therapy.

5.6 Conclusion and Outlook

In this study, different molecular approaches were established to investigate the
function of the fusion proteins MLL/AF4 and AF4/MLL. Patient specific ShRNAs were
designed and validated, allowing targeting the individual fusions and an inducible KD
system was improved leading to effective inhibition upon shRNA induction also in PDX
cells in vivo. As AF4/MLL was difficult to target by shRNAs, a dnTASP1 was used in
addition to inhibit the stable fusion protein. The partial inhibition of AF4/MLL in both
methods did not reveal an essential function of AF4/MLL in an established leukemia.
In contrast, a loss of cells upon MLL/AF4 KD could be shown over time in PDX cells in
vivo. Thus, | conclude that targeting MLL/AF4 might be a promising therapeutic
solution.

The investigation of the AF4/MLL fusion protein is part of a DFG project
(MA 1876/13-1) in cooperation with Alexander Wilhelm and Rolf Marschalek. While
here the importance of AF4/MLL for leukemia maintenance was investigated, they are
studying the role of AF4/MLL for leukemia establishment. The inhibition of AF4/MLL
should be improved to finally verify if there is any essential function of the fusion protein
on leukemia maintenance. However, first experimental results of Alexander Wilhelm
suggest an important role of the fusion protein for leukemia establishment by chromatin
activation and requires further investigation (Marschalek, 2019).

As first RNAi-based drugs were approved and an in vivo experiment with encapsulated
siRNAs targeting a fusion in leukemic PDX cells prolonged the survival of mice,
MLL/AF4 might also be a promising target for RNAi based therapy at least in those

patients having the same breakpoint.
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