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SUMMARY

The chromosomal translocation t(12;21)(p13;g22) gives rise to ETV6::RUNX1, the most common
oncogenic fusion gene in pediatric B cell precursor acute lymphoblastic leukemia (BCP-ALL).
ETV6::RUNX1 arises before birth at high frequency and induces a clinically silent state that can
persist for over a decade. In <1% of carriers, these preleukemic cells acquire secondary
mutations that induce transformation to overt leukemia. The mechanisms contributing to
quiescence of ETV6::RUNX1* preleukemic cells still remain elusive. In this thesis, factors involved
in ETV6::RUNX1* preleukemia are characterized by generating CRISPR/Cas9-edited human
induced pluripotent stem cell (hiPSC) models. These preleukemic hiPSC models express
ETV6::RUNX1 at physiological levels via the endogenous ETV6 promoter. Transcriptional
analyses identified upregulation of linker histone H1-0 at the ETV6::RUNXI* preleukemic state,
both in hiPSCs and during early B lymphoid differentiation. Moreover, publicly available
expression data of 3,026 leukemia patient samples showed significantly elevated H1-0 levels in
ETV6::RUNX1* BCP-ALL compared to other leukemia entities. Dual-luciferase promoter assays
revealed that HI-0 promoter activity can be induced by ETV6::RUNX1, but not by RUNX1. While
chromatin immunoprecipitation assays did not indicate direct binding of ETV6::RUNX1 to the
H1-0 promoter, H1-0 expression might be indirectly regulated via DNA methylation of a CpG
island shore element or histone acetylation. Depletion of H1-0 via RNA interference affected
epigenetic processes and inhibited ETV6::RUNX1 signature genes, including RAG1 and EPOR,
indicating a key role of H1-0 in regulating the ETV6::RUNX1 transcriptome. Analysis of single-cell
sequencing data showed that H1-0 is highly expressed in quiescent hematopoietic cells. H1-0
expression can be induced in BCP-ALL cell lines by addition of histone deacetylase inhibitors
(HDACIis) and H1-0 protein levels correspond to susceptibility towards this drug class. Following
up on these findings, combinatorial drug treatments using the H1-0-inducing HDACi Quisinostat
were performed. These experiments showed promising synergism of Quisinostat with
established chemotherapeutic drugs used for B-ALL treatment and the proteasome inhibitor
Bortezomib in ETV6::RUNX1* cells. Taken together, these data identify H1-0 as a key regulator of
the ETV6::RUNXI* transcriptome and indicate that induction of H1-0 via HDACis might be a

potential novel approach to improve ETV6::RUNX1* BCP-ALL treatment.



ZUSAMMENFASSUNG

Die chromosomale Translokation t(12;21)(p13;q22) fuhrt zur Bildung von ETV6::RUNX1, dem
haufigsten Fusionsgen der akuten lymphatischen Leukdamie (ALL) im Kindesalter. ETV6::RUNX1
entsteht bereits vor der Geburt mit hoher Inzidenz und induziert einen praleukdmischen
Zustand, der Uber ein Jahrzehnt persistieren kann. Die praleukdmischen Zellen erwerben in <1%
der ETV6::RUNXI1-positiven Neugeborenen sekunddre Mutationen, die zum Ausbruch der
Erkrankung fihren. Die Mechanismen, die zum praleukdmischen Zustand beitragen, sind bisher
weitgehend unbekannt. In dieser Dissertation wurden humane induzierte pluripotente
Stammzellmodelle zur Charakterisierung der ETV6::RUNX1-positiven Praleukdamie mittels
CRISPR/Cas9 entwickelt. Physiologische Expression des Fusionsgens in den gentechnisch
verdnderten Stammzellen wird Gber den ETV6 Promoter gesteuert. Mittels transkriptioneller
Analyse wurde eine Hochregulierung des Histons H1-0 in den ETV6::RUNXI* Stammzellen sowie
frihen B-lymphoiden Vorlauferzellen identifiziert. AuRerdem zeigte die Untersuchung
publizierter Expressionsdaten von 3.026 ALL Patientenproben ein signifikant erhohtes H1-0
Level in ETV6::RUNX1-positiver ALL im Vergleich zu anderen Leukdmiesubtypen. In Luciferase-
Reporter-Assays konnte zudem gezeigt werden, dass der H1-0 Promoter durch ETV6::RUNX1,
jedoch nicht durch RUNX1, aktiviert wird. Da publizierte Chromatin-Immunoprazipitationsdaten
keine direkte Bindung von ETV6::RUNX1 an den HI-O Promoter zeigten, ist eine indirekte
Regulation der H1-0 Expression Uber gezielte DNA Methylierung der H1-0 CpG island shore oder
durch Histon-Acetylierung denkbar. Knockdown von H1-0 durch RNA-Interferenz beeinflusste
epigenetische Prozesse und hemmte ETV6::RUNX1-spezifische Gene, einschlieRlich RAGI und
EPOR. Dies lasst auf eine Schllsselrolle von H1-O bei der Regulation des ETV6::RUNX1-
Transkriptoms schliefen. RNA-Sequenzierung von Einzelzellen zeigte, dass H1-0 in ruhenden
hamatopoetischen Stammzellen hoch exprimiert wird. Die Expression von H1-0 kann in ALL-
Zelllinien durch Zugabe von Histondeacetylase-Inhibitoren (HDACis) induziert werden und ist ein
Indikator flir die Sensitivitdit gegenlUber dieser Wirkstoffklasse. Aufbauend auf diesen
Erkenntnissen wurde die Sensitivitdt von ALL-Zelllinien gegentber dem H1-O-induzierenden
HDACi Quisinostat in Kombination mit verschiedenen Wirkstoffen getestet. Diese Experimente
zeigten  vielversprechenden  Synergismus von  Quisinostat mit etablierten  ALL
Chemotherapeutika, sowie dem Proteasom-Inhibitor Bortezomib in ETV6::RUNX1-positiven
Zellen. Zusammengefasst identifizieren diese Daten H1-0 als wichtigen Regulator des
ETV6::RUNX1 Transkriptoms. Die gewonnen Erkenntnisse deuten darauf hin, dass eine
Induktion von H1-0 Gber HDACIs ein potentieller neuer Ansatz zur besseren Behandlung von

ETV6::RUNX1-positiven Patienten sein konnte.



INTRODUCTION

1. INTRODUCTION

1.1 Pediatric leukemia

Despite significant treatment progress in recent decades, cancer remains a primary cause of
death in children [1]. In Europe and the United States, 16.2 per 100,000 children aged 0-14
years were diagnosed with cancer in 2020 [2] and five-year survival rates were at 85.1% (United
States: 2012-2018 [3]). Among all pediatric cancers, leukemia is the most prevalent subtype,

followed by central nervous system (CNS) tumors and lymphomas [4] (Figure 1.1).

hepatic tumors (1.3%)

retinoblastoma (2. O%)

other (0.2%)

carcinomas (3. 2%

germ cell tumors (3.9%)

renal tumors (4.5%)
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peripheral nerve tumors (5.5%)

soft tissue sarcomas (5.7%)

'ymphomas (13.3%) CNS tumors (23.6%)

Figure 1.1: Distribution of pediatric cancer cases reported between 2009-2018 in Germany (German
Childhood Cancer Registry). Data is based on patients aged <18 years and adapted from [4]. CNS: central
nervous system.

Leukemia (greek: leukos “white”, haima “blood”) is characterized by the uncontrolled growth of
malignant white blood cells and can be stratified into subgroups based on the specific cell
lineage (lymphoid or myeloid), differentiation status, speed of progression and genetic
alterations. Accordingly, leukemias are classified as acute lymphoblastic leukemia (ALL), acute
myeloid leukemia (AML), chronic lymphoid leukemia (CLL) and chronic myeloid leukemia (CML).
While acute leukemias are characterized by rapid disease progression that requires immediate
treatment, chronic leukemias have a slower progression. The most frequent type of leukemia in

childhood is ALL (75%), whereas chronic leukemias are rare in children [5].
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1.2 B cell precursor acute lymphoblastic leukemia (BCP-ALL)

B cell precursor acute lymphoblastic leukemia (BCP-ALL) is the most common subtype of
pediatric leukemia and arises from the malignant transformation of a B cell precursor. BCP-ALL
has a peak in incidence at the ages of 2-5 years [6]. Imnmunophenotypically, BCP-ALL presents

with strong positivity of at least two of the four antigens CD19, CD10, CD22 and CD79A [7].

B cell development is a tightly regulated process that involves expression of cell state specific
transcription factors, cell surface antigens (also referred to as cluster of differentiation (CD)
markers) and rearrangement of immunoglobulin (Ig) genes (Figure 1.2). All B lymphocytes arise
from multipotent hematopoietic stem cells (HSCs). Within the primary B lymphoid organs (in
the fetal liver or later in the bone marrow), HSCs differentiate into lymphoid-primed
multipotent progenitors (LMPPs) that in turn give rise to common lymphoid progenitors (CLPs).
CLPs have the potential to develop into either B cells, T cells, natural killer cells or dendritic cells.
Final commitment of CLPs to the B cell lineage requires activation of several transcription

factors, including TCF3, FOXO1, EBF1 and PAX5 [8].

fetal liver / bone marrow : periphery

multipotent  oligopotent

Dy —> 1y
Vy --> DJy
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DNTT (TdT)
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N
T —
e |

CD19
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Figure 1.2: Schematic representation of human B cell differentiation. B cell developmental states can be
identified by status of immunoglobulin (Ig) gene rearrangements and expression of specific surface
molecules or transcription factors. Modified from [9] and [10]. BCR: B cell receptor, HSC: hematopoietic
stem cell, CLP: common lymphoid progenitor, w: u heavy chain, H: heavy chain, L: light chain, CD: cluster
of differentiation.
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lg gene rearrangement within the B cell precursor compartment occurs in a hierarchical manner
mediated by the DNA-cleaving recombination-activating genes RAG1 and RAG2. Expression of
these genes is restricted to early B lineage cells and crucial for recombination of their variable
(V), diverse (D) and joining (J) Ig gene sequences to provide a diverse antibody repertoire and
efficient adaptive immune response via mature B cells. RAG1 and RAG2 form a complex that
induces DNA double-strand breaks at recombination signal sequences (RSSs). RSSs contain a
conserved heptamer site (5'-CACATGT-3’), a spacer of either 12 or 23 nucleotides and a
nonamer sequence (5-ACAAAAACC-3’) [11, 12]. The resulting DNA breaks are repaired via the
non-homologous end joining (NHEJ) pathway. Additional diversity of immunoglobulin sequences
is provided by imprecise repair at the cleaved DNA site, either by nucleotide addition (e.g. via
terminal deoxynucleotidyl transferase (TdT) activity) or exonucleolytic cleavage [12]. In the
context of specific subtypes of leukemia (e.g. BCP-ALL characterized by the ETV6::RUNX1 fusion
gene), analyses of genomic RSS distribution near breakpoint regions indicated aberrant RAG1

and RAG2 activity as a major cause of secondary oncogenic lesions [13, 14].

In healthy cells, successful in-frame rearrangement of Ig heavy (H) chain genes (Dy = Jy and
subsequent Vi = DJy joining) at the pro-B cell state results in the production of p heavy chains.
These assemble with the surrogate light chains VPREB1 and IGLL1, as well as CD79A/B, to form
the pre-B cell receptor (pre-BCR). Upon functional assembly of the pre-BCR, Ig light (L) chain
gene joining (VL = Ju) takes place in the small pre-B cell compartment, resulting in expression of
either k or A light chains. These participate in the formation of IgM on the cell surface of
immature B cells which ultimately differentiate into mature IgM*IgD* B cells that populate the

secondary lymphoid organs of the body (e.g. lymph nodes). [15]

1.2.1 Genetic subtypes

BCP-ALL is biologically and clinically heterogeneous. It can be stratified into subgroups based on
common chromosomal translocations, aneuploidies or gene expression profiles. These
subgroups differ in incidence, age of onset, pathogenesis and outcomes [16] (Figure 1.3). Risk
stratification based on detection of genetic abnormalities has considerably improved survival of

BCP-ALL patients.

The most common BCP-ALL subtypes are high hyperdiploidy and BCP-ALL carrying the
t(12;21)(p13;922) translocation, encoding for the fusion protein ETV6::RUNX1, that will be
introduced in more detail in chapter 1.3. High hyperdiploidy was first described by Lampert

et al. and is characterized by non-random gain of whole chromosomes (52-67 chromosomes)
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[17, 18]. Typically, chromosomal gains involve chromosomes X, 4, 6, 8, 10, 14, 17, 18, and 21
[19]. It was suggested that the hyperdiploid genotype pattern is caused by a single abnormal
mitosis and simultaneous gain of chromosomes [20]. Overall, high hyperdiploid BCP-ALL has a

favorable prognosis [21].

B
100
B ETV6:RUNXI DUX4-r
= 3 high hyperdiploid 8 ETV6::RUNXI,
= B KMT2A-r 5 high hyperdiploid,
£ 504 B 7CF3:PBXI £ TCF3::PBX1
s B BCR::ABLI ® PAXS mut
= Bl hypodiploid 2 B-other
= B-other KMT2A-r
0 BCR::ABL1-like

BCR::ABL1

pediatric
adult

Figure 1.3: Relative frequency and overall survival of BCP-ALL subgroups. Chromosomal abnormalities and
mutations present in the subgroups are indicated. Data of (A) relative leukemia frequencies is derived
from [22] and (B) overall survival (OS) data is derived from [23]. -r: rearranged, mut: mutated.

The reciprocal translocation between chromosomes 934 and 22g11 results in formation of a
shortened chromosome 22, i.e. the Philadelphia chromosome, and expression of the BCR::ABL1
fusion gene. BCR::ABL1* leukemia is significantly more common in adults (Figure 1.3A).
Treatment with selective tyrosine kinase inhibitors (TKls) considerably improved outcome of
patients with BCR::ALB1* CML, whereas patients with BCR::ABL1* BCP-ALL still present with poor
survival, often accompanied by relapse [24, 25]. Unfavorable prognosis of childhood BCR::ABL1*
BCP-ALL treated with the TKI Imatinib was associated with /KZF1 deletions [26].

KMT2A (formerly known as MLL) rearrangements are typically found in infant BCP-ALL (children
<1 year) and are associated with poor treatment outcome. Fusion genes involving KMT2A are
likely sufficient for leukemia development, given the high concordance rate in monozygotic

twins and absence of secondary, cooperative mutations in this leukemia subtype [27].

In recent years, gene expression profiling and DNA sequencing studies led to further
stratification of BCP-ALL patients. Novel subtypes include the BCR::ABLI-like and
ETV6::RUNX1-like BCP-ALL that lack expression of the typical fusion genes but show similar
transcriptome profiles as BCR::ABL1* or ETV6::RUNX1* BCP-ALL [28-30]. Further novel subtypes
comprise BCP-ALL with DUX4 [30, 31], MEF2D [32], ZNF384 [33] and NUTM1 [34], as well as
1G::MYC rearrangements [35] and alterations of PAX5 [22, 36].
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1.2.2 Leukemogenesis

Development of BCP-ALL usually requires co-operating mutations, as described by the Knudson
or two-hit hypothesis [37]. First, acquisition of an initiating gene fusion or chromosomal
aneuploidy gives rise to a clinically covert preleukemic clone. After a variable latency period,
secondary genetic lesions ultimately lead to the development of overt leukemia (Figure 1.4) [38,
39]. Pediatric BCP-ALL is usually characterized by few genetic hits that drive leukemia
development, while adult cancers, such as UV light-induced skin lesions, show higher mutational

load on average [40].

As revealed by studies of Ig or T cell receptor (TCR) rearrangements in monozygotic twins with
concordant ALL [41], initiating mutations are frequently acquired in utero during fetal
development, with preleukemic cells spreading from one twin to the other via vascular
anastomoses of a shared placenta [42, 43]. Additional evidence for the prenatal origin of ALL
was provided by the identification of initiating gene lesions in neonatal blood spots (Guthrie
cards) and cord blood samples [44, 45] in backtracking studies. Prenatal origin has been
suggested for KMT2A-rearranged [46, 47], ETV6::RUNX1* [45, 48], TCF3::PBX1" [49] and
BCR::ABL1* ALL [50]. Concordance rates for pediatric ALL vary with age and penetrance of the
initiating lesion. While KMT2A-rearranged infant BCP-ALL presents with almost 100%
concordance in twins that share a monochorionic placenta, concordance rates for older children

(>18 months) presenting with other ALL subtypes are much lower (5-15%) [41, 51].

Apart from somatically acquired preleukemia-initiating gene lesions, several germline mutations
were found to increase ALL susceptibility. These affect genes that are also targets of somatic
alterations in ALL, such as ETV6 [52-54], PAX5 [55, 56] and IKZF1 [57, 58]. Likewise, genetic
syndromes, such as Li-Fraumeni, Noonan or Down syndrome confer higher risk to develop
leukemia [59-61]. In recent years, genome-wide association studies identified further germline
variations that show low penetrance but cumulatively may confer higher risk for BCP-ALL. These
include single-nucleotide polymorphisms (SNPs) affecting genes such as IKZF1, CDKN2A, GATA3,
PIP4K2A, ARID5B, LHPP, ELK3 and CEBPE [62]. For ETV6::RUNX1" BCP-ALL in particular, germline
SNPs associated with increased leukemia susceptibility were identified at the TP63 and PTPRJ
loci [63].

In addition to the underlying genetic germline predisposition or preleukemia-initiating somatic
aberrations, development of overt leukemia commonly requires secondary genetic lesions that
arise postnatally. Recurrent secondary mutations found in pediatric BCP-ALL cluster to pathways
of B cell development (IKZF1, EBF1, PAX5, ETV6), proliferation and cell cycle control (CDKN2A/B,

RB1, BTG1) as well as cytokine signaling (CRLF2) [64]. Secondary mutations vary between
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BCP-ALL subtypes. BCR::ABL1* BCP-ALL for instance presents with high frequency of IKZF1
deletions (in >80% of cases) [65], while high hyperdiploid BCP-ALL is associated with secondary

mutations affecting RAS pathway signaling or histone modifiers [19].

[ genetic predisposition '

covert preleukemia

first hit: initiating lesion in utero RAG1/2 activity second hit: SO\;SSESL“dmg CNAS __ overt ALL

T T T
birth 1 2-6

age (year)

Figure 1.4: Two-hit model of ETV6::RUNX1* BCP-ALL development. Leukemia development is a function of
genetic background and environmental exposure. Adapted from [6]. SV: structural variant, CNA: copy
number alteration, SNV: single-nucleotide variant.

Leukemia develops based on a combination of genetic background and environmental
exposures. There is evidence that e.g. ionizing radiation increases the risk to develop BCP-ALL
[66]. Additionally, epidemiological studies and leukemia mouse models indicate a role of
common infections for leukemogenesis (as reviewed in [6]). These studies suggest that immune
training during early childhood protects against BCP-ALL, while an insufficient training may
trigger a dysregulated immune response to infection later in life. Accordingly, attendance of
daycare [67] was associated with a lower ALL risk and caesarean delivery showed an association

with increased risk to develop ALL [68].

1.2.3 Diagnosis and treatment

Patients are diagnosed with BCP-ALL if they present with >20% lymphoblast cells in their bone
marrow or peripheral blood [69]. Hence, BCP-ALL symptoms are caused by infiltration of the
bone marrow and lymphoid system with leukemic cells, and include bone or joint pain, fatigue,
bleeding, lymphadenopathy, splenomegaly and/or hepatomegaly [69]. BCP-ALL can be
distinguished from lymphoblastic lymphoma, which presents with similar symptoms, primarily

by its localization to the bone marrow or blood [70].

Immunophenotyping is a tool routinely used to determine ALL diagnosis. Leukemic subtypes can

be distinguished by staining with antibodies directed against specific cell surface or intracellular
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antigens, and subsequent flow cytometric analysis. Leukemia entities are defined according to
resemblance of their expression profiles to specific cell types (Table 1.1). In addition to
immunophenotyping, cytogenetic screening of ALL samples using karyotyping, fluorescence in
situ hybridization (FISH) or RT-gPCR for fusion detection is performed to enable a more precise
prognosis. Modern techniques for stratification of BCP-ALL patients include detection of
structural variants via optical genome mapping and transcriptome sequencing to identify -like

BCP-ALL subtypes or uncommon fusion genes.

Table 1.1: Surface/intracellular markers for flow cytometric determination of dominant leukemia lineage
according to the AIEOP-BFM consensus guidelines (2016). Adapted from [7]. FACS: fluorescence-activated

cell sorting.

lineage FACS markers criteria

BCP-ALL CD19%, CD79A%, CD22*%, CD10* >2 markers positive
T-ALL CD3*, CD7*, intracellular MPO/weak all 3 markers present
AML intracellular MPO*, CD13*, CD33*, CD64*, CD65*, CD117* >2 markers positive

While childhood ALL in the 1960s was generally a deadly disease with 10-year survival rates
below 10%, the advent of chemotherapy, first described in 1948 [71], drastically improved
patient survival [72]. Over the years, treatment outcomes of pediatric BCP-ALL progressively
improved to almost 90% overall survival today [72]. Treatment of pediatric leukemia is
therefore considered one of the major success stories of cancer chemotherapy. However, some
leukemia subtypes still present with poor prognoses. These include hypodiploidy, BCR::ABL1",
TCF3::HLF* and KMT2A-rearranged leukemias [73]. Relapse occurs in around 15-20% of
lymphoblastic leukemia patients and is accompanied by poor outcome [74]. The most important
survival indicator for relapse patients is the time of relapse, with earlier relapses usually

presenting with a worse prognosis [75].

ALL treatment is adjusted according to the patient’s individual risk features, such as age,
gender, white blood cell count at diagnosis, immunophenotype, genetic abnormalities and
minimal residual disease values in the bone marrow [76] (Table 1.2). Treatment of ALL consists
of different multi-agent chemotherapy courses: remission induction, consolidation and
maintenance therapy. To prevent or treat leukemic infiltration of the CNS, CNS-directed therapy
is another integral part of ALL therapy. 1-4% of ALL patients present with CNS involvement at
diagnosis and around 30% of relapsed leukemias show infiltration of the CNS with blast cells

(77, 78].
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Table 1.2: Risk factors predicting ALL treatment outcome. Adapted from [76].

factor favorable unfavorable
age 1-9 years <1 or >9 years
sex female male
white blood cell count ]

_ _ low (<50 x 10°/L) high (>50 x 10°/L)
at diagnosis
immunophenotype common ALL, pre-B pro-B, T-ALL

o hypodiploidy, BCR::ABL1*, TCF3::HLF",

genotype hyperdiploidy, ETV6::RUNX1*

KMT2A-rearranged

The aim of induction therapy is the reduction of blast cell counts by application of a
combination of chemotherapeutic drugs via systemic and intrathecal therapy. Frequently used
drugs in this phase are vincristine, glucocorticoids (such as prednisone or dexamethasone),
anthracyclines (such as doxorubicin or daunorubicin) and L-asparaginase [76, 79]. Throughout
treatment, CNS prophylaxis is applied, usually by administering intrathecal methotrexate [76].
After complete remission (usually defined as <5% lymphoblasts in the bone marrow [80]),
therapy intensity is reduced in the consolidation phase and low-intensity therapy is continued
for at least 2 years (=maintenance therapy). In few, very high-risk patients, allogeneic
hematopoietic stem cell transplantation is applied [76]. Overall, leukemia treatment is
connected to increased risk for long-term health effects, e.g. cognitive impairment, cardiac

dysfunction, osteonecrosis and secondary cancers [81].
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1.3 ETV6::RUNX1

t(12;21)(p13;922) is the most common chromosomal translocation of pediatric B-ALL,
accounting for approximately 20% of cases [82], whereas it is much rarer in adult B-ALL (2% of
cases) [83]. The translocation leads to the fusion of the two transcription factors ETV6 and
RUNX1, which play important roles during hematopoiesis. Within the last decades,
characterization of this leukemia entity has deepened our understanding of cancer evolution.
ETV6::RUNXI* BCP-ALL evolution involves acquisition of a series of genetic lesions, sometimes
characterized by long latency between the first genetic hit and development of overt leukemia
[39, 84] (Figure 1.4). Altogether, ETV6::RUNX1* BCP-ALL is associated with high five-year
event-free survival rates of around 90% [73]. Nevertheless, approximately 20% of patients

suffer from relapse, particularly late relapses >3 years after initial diagnosis [85, 86].

1.3.1 Structure

The translocation t(12;21)(p13;922) results in the fusion of ETV6 exons 1-5 and RUNXI exons
2-8 or 3-8, and subsequent expression of the chimeric transcription factor ETV6::RUNX1
(Figure 1.5). Chromosomal breaks occur along the length of ETV6 intron 5 (14.47 kb) and RUNX1
intron 1 (155.88 kb) or 2 (5.83 kb). The ETV6::RUNX1 fusion protein therefore contains almost
the complete RUNX1 and the first two thirds of the ETV6 protein.

hg38 chr12:11,650,128-11,891,046 (forward strand)

ETV6
w2 [N INEEIN | coor
1 38 125 340 420452
ETV6:RUNX1 | nH2 [ [N | RHD L | TAD [ coon
1I 77 204 269 438 480

e[ TR WENTCENN | coor

pH 3 Heb—s—e—7H_s |

hg38 chr21:34,792,135-34,887,112 (reverse strand)

RUNX1c

Figure 1.5: Schematic representation of the ETV6::RUNX1 fusion on genome and protein level. Genomic
regions and protein domains of ETV6 and RUNXI are depicted. Intronic breakpoint cluster regions are
marked as red lines. Exon regions translate to specific protein domains (PNT, ETS, RHD and TAD) indicated
by dotted lines. RUNX1 isoform c is shown (transcript: NM_001754.4, protein: NP_001745.2) since
isoforms a and b do not contain the breakpoint cluster region. Adapted from [87] and [88]. PNT: pointed
domain, ETS: erythroblast transformation specific domain, RHD: Runt homology domain, TAD:
transactivation domain.
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1.3.2 ETV6

The ETV6 (formerly known as TEL) gene encodes for a transcription factor of the ETS
(erythroblast transformation specific) family and is ubiquitously expressed [89]. ETV6 consists of
a highly conserved ETS DNA-binding domain, a linker domain and an oligomerization domain,
i.e. the pointed (PNT) or helix-loop-helix (HLH) domain. ETV6 acts as a transcriptional repressor
[90, 91] and can bind to multiple co-repressors, such as L3MBTL1 [92], TRIM28 [93], SIN3A,
HDAC3, NCOR1 [94] and KATS [95].

Knockout of ETV6 in mice leads to lethality at embryonic day E10.5 to E11.5 due to defects in
blood vessel formation in the yolk sac and apoptosis of mesenchymal and neural cells [89].
While ETV6 is not essential for early hematopoiesis of embryonic stem cells in the yolk sac and
fetal liver, it plays a crucial role during hematopoiesis within the bone marrow [96]. In line with
this, knockout of ETV6 in HSCs of adult mice leads to a continuous loss of HSCs from the bone

marrow [97].

In humans, germline mutations of ETV6 are associated with ALL predisposition [52]. Studies
found that ETV6 haploinsufficiency induces impaired megakaryocyte and platelet formation,
leading to thrombocytopenia [53, 54, 98]. Moreover, ETV6 is involved in a plethora of fusion
genes present in leukemia and myelodysplastic syndrome. At least 30 ETV6 fusion partner genes
have been identified so far, including kinases (e.g. PDGFRB, ABL1) and other transcription
factors (e.g. RUNX1, MN1) [99].

1.3.3 RUNX1

RUNX1 (previously known as AML1 or CBFA2) encodes for a transcription factor that is essential
for hematopoiesis. RUNX1 contains a DNA-binding Runt homology domain (RHD) and a
C-terminal transactivation domain (TAD) which mediates interaction with co-factors. RUNX1
along with the other RUNX proteins (RUNX2 and RUNX3) and the non-DNA-binding CBFp is part

of the core binding factor (CBF) family.

There are three major isoforms of RUNX1 that originate from alternative splicing and activity of
either a distal or proximal promoter [100, 101]. Transcription of both RUNX1a (250 amino acids)
and RUNX1b (453 amino acids) isoforms is controlled by the distal promoter, while transcription
of RUNX1c (483 amino acids) is mediated by the proximal promoter [100]. While RUNX1a is
lacking the TAD domain at its C-terminus, RUNX1c differs from RUNX1b only by 32 N-terminal
amino acids encoded by an alternative exon. RUNX1a and RUNX1b are expressed throughout

hematopoietic development, whereas RUNX1c expression is restricted to definitive HSCs [102].
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RUNX1 binds DNA via its RHD at the consensus motif 5 -TGTGGT-3" (or in fewer cases
5’-TGCGGT-3’) [103] and forms a transcriptional complex with CBFB. CBFB enhances RUNX1
DNA-binding [104] and inhibits ubiquitination as well as subsequent proteasomal degradation of
RUNX1 [105]. Depending on its association with other co-factors, RUNX1 may act either as a
transcriptional activator or repressor. Interaction partners of the RUNX1-CBFB complex include

ETS1, CEBPA, PU.1, SIN3A and EP300 [106-109].

RUNX1 deficiency in mice leads to embryonic lethality at E11.5 to E12.5 due to necrosis and
bleeding in the CNS [110]. Loss of RUNX1 completely abrogates definitive hematopoiesis during
mouse embryogenesis [110, 111]. Moreover, RUNX1 haploinsufficiency in mice hinders HSC
emergence [112]. In adult hematopoiesis, RUNX1 deficiency leads to impaired B cell, T cell and
megakaryocyte differentiation, but does not have an effect on HSC numbers [113]. During early
B lymphoid development, RUNX1 is specifically required for the transition to pre-B cells [114].
Altogether, research indicates that RUNX1 regulates the complex process of hematopoietic

development in a dose-dependent manner [112, 115].

The essential role of RUNX1 in hematopoiesis is reflected by its involvement in numerous fusion
genes present in AML and ALL. Over 30 chromosomal translocations involving RUNX1 have been
reported so far, most of them including the 5" region of RUNXI which contains the RHD (e.g.
RUNXI1::RUNXIT1 or RUNX1::MECOM) [116, 117]. Germline RUNX1 mutations lead to familial
platelet disorder with associated myeloid malignancy (FPDMM), an autosomal dominant disease
that is accompanied by abnormal platelet function and elevated risk to develop hematologic
cancers, primarily AML and myelodysplastic syndromes [118, 119]. As is the case with many
leukemia predisposing translocations, RUNX1 mutations alone are not sufficient for leukemia

transformation. Additional somatic mutations are required for leukemia onset [120].

1.3.4 Cell of origin

The ETV6::RUNX1 translocation arises during prenatal development. Depending on the
screening method, frequencies of healthy newborns carrying the ETV6::RUNXI translocation
range from 1% to 5% [45, 84, 121]. Other studies found even lower frequencies (10-107%) [122,
123]. Due to the covert phenotype of ETV6::RUNX1* preleukemia, identification of the cell type
that initially acquired the fusion gene is challenging. ETV6::RUNX1* BCP-ALL blast cells express
common markers of B precursor cells (e.g. CD19, CD10, TdT and RAG1/2) and are characterized

by ongoing Ig heavy chain rearrangements [14].
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RAG1/2 binding sites are absent from the ETV6::RUNX1 breakpoint cluster region, indicating
that ETV6::RUNX1 arises before the pro-B cell state where RAG1 and RAG2 are expressed [14].
Other studies identified shared partial Ig and TCR rearrangements in ETV6::RUNX1* blast cells of

monozygotic twins [43, 124], arguing for a cell of origin with ongoing RAG activity.

Strikingly, while ETV6::RUNX1* ALL is common among pediatric leukemias, only 2% of adult B
cell leukemias carry the ETV6::RUNX1 translocation [83]. This suggests an ETV6::RUNX1* cell of
origin that is unique to fetal development or requires a specific microenvironment only present
during embryonic development. Using a human induced pluripotent stem cell (hiPSC) model,
Boiers et al. identified a CD19IL7R* cell population present during fetal development that could

potentially serve as a candidate for the ETV6::RUNX1* cell of origin [125].

1.3.5 Molecular function

ETV6::RUNX1 acts as an aberrant transcription factor. Since the DNA-binding domain (RHD) of
RUNX1 is maintained within the fusion protein, ETV6::RUNX1 competes with RUNX1 for DNA
binding sites [126]. It is hypothesized that the N-terminus of ETV6 converts the fusion protein
into a repressor. Indeed, several studies could show that ETV6::RUNX1 acts primarily as a
transcriptional repressor via recruitment of other co-repressors and therefore antagonizes

RUNX1 functions [126-131].

On a molecular level, ETV6::RUNX1 is involved in multiple cellular pathways. Knockdown of
ETV6::RUNX1 via small hairpin RNA (shRNA) inhibited PI3K/AKT/mTOR signaling, an essential
cellular pathway involved in proliferation and apoptosis [132]. Direct targets of ETV6::RUNX1
identified by chromatin immunoprecipitation (ChIP) assays include the recombination activating
gene RAGI [133] and the transcription factor SPIB that is involved in lymphoid differentiation
[134]. Another direct target gene of ETV6::RUNX1 is the erythropoietin receptor EPOR that was
associated with activation of the JAK/STAT5/BCL-XL signaling cascade, thereby contributing to
survival of ETV6::RUNX1* preleukemic cells [135, 136].

While other translocations that include the RUNX1 gene (such as RUNXI::RUNXIT1 or
RUNX1::MECOM) result in myeloid leukemia, ETV6::RUNX1 is exclusively linked to B lymphoid
leukemia. Moreover, expression of ETV6::RUNX1 in myeloid cells led to apoptosis and
abrogated myeloid differentiation [137]. This is striking, since aberrant expression of myeloid
markers (e.g. CD13, CD33 or CDw65) has been reported for some ETV6::RUNX1* ALL cases [138,
139].

12
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Within the last decades, various ETV6::RUNX1" preleukemia mouse models were generated to
analyze ETV6::RUNX1 functions in an in vivo setting. These could recapitulate the human
disease with varying degrees of success. Schindler et al. observed that expression of
ETV6::RUNX1 under control of the endogenous ETV6 promoter leads to malignant
transformation in response to chemical mutagenesis in HSCs but not in early lymphoid
progenitor cells. When expressed in HSCs, ETV6::RUNX1 induced an increase in quiescent HSC
numbers. However, this mouse model exclusively developed leukemias and lymphomas of T cell
origin [140]. Another mouse model developed by van der Weyden et al. expresses ETV6::RUNX1
driven by the endogenous ETV6 promoter combined with Sleeping Beauty (SB) transposase
expression. This model enabled the identification of cooperating gene mutations introduced by
SB, including genes that were identified previously in human ETV6::RUNX1* ALL patients (e.g.
BTG1, EBF1, EPOR, IKZF1). Moreover, this mouse model was able to develop B cell leukemias,
although myeloid and T cell leukemias were still in the majority [141]. An ETV6::RUNX1" mouse
model that exclusively developed precursor B-ALL was generated by Rodriguez-Hernandez et al.
by means of expressing ETV6::RUNX1 under the control of the Sca-1 (Ly6a) promoter, thereby
restricting expression of the fusion gene to HSCs. Mice showed low leukemia penetrance of
about 10% only when exposed to common pathogens, whereas malignant transformation was

not observed in a pathogen-free environment [142].

Given that murine models were largely unable to reproduce human B lineage leukemia, Boiers
et al. used hiPSCs to recapitulate ETV6::RUNX1* preleukemia in a human system. In their model,
expression of ETV6::RUNX1 under control of the endogenous ETV6 promoter led to a partial
block of early B lymphopoiesis and co-expression of myeloid genes [125]. A follow-up study
using the same hiPSC model could demonstrate an inhibitory effect of ETV6::RUNX1 on cell
cycle regulation and suggested targeting CBFB to improve ETV6::RUNX1* BCP-ALL treatment
[126].

Altogether, ETV6::RUNX1 reprograms cells via aberrant transcriptional regulation that induces
cell cycle inhibition, altered cell survival and a characteristic developmental block during B cell
development. Ultimately, these alterations could create a cellular environment prone to the

accumulation of further genetic mutations, e.g. due to aberrant RAG activity.

1.3.6 Secondary mutations
While ETV6::RUNX1 is a frequent first hit mutation, further mutations are required for leukemia

transformation. Hence, only a small fraction (1% or less) of ETV6::RUNX1 carriers will develop
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the actual disease. Due to the weak oncogenic potential of the fusion gene, ETV6::RUNX1*
BCP-ALL can arise after long latency periods of up to 14 years [39, 84] and has a low

concordance rate of about 10% in monozygotic twins [41].

Secondary mutations of ETV6::RUNX1" BCP-ALL patients comprise mostly copy number
alterations (CNAs), specifically deletions of genes important for B lymphocyte differentiation
(PAX5, EBF1, RAG1, RAG2), immune system regulation (BTLA), cell cycle (CDKN2A, CDKN2B) and
hormone response (TBLIXR1) [14, 143]. Deletion of the wild-type ETV6 allele occurs in 59% of
ETV6::RUNX1* ALL cases [143], while a gain of the RUNX1 gene is observed in around 30% of
patients [144]. Indeed, loss of the wild-type RUNX1 gene is rare in ETV6::RUNX1" ALL patients
and dependency of ETV6::RUNX1" ALL blast cells on RUNX1 expression was suggested recently
[126]. Subclonality of secondary mutations has been demonstrated in twin studies that show
identical breakpoint sequences of ETV6::RUNX1, but clonally different additional lesions [145,
146]. Altogether, ETV6::RUNX1* ALL patients carry 3.5 secondary mutations on average [143].

RAG-mediated recombination has been proposed as a major mechanism for the accumulation
of second hit mutations in ETV6::RUNX1* BCP-ALL. Papaemmanuil et al. detected V(D)J RSS
motifs specifically at breakpoint regions of recurrent CNAs identified in ETV6::RUNXI* BCP-ALL
patients [14]. Moreover, RAG1 expression was shown to be directly upregulated by

ETV6::RUNX1 [133].
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1.4 Leukemia epigenome

Apart from mutational changes on DNA level, regulation of the epigenome plays an integral role
during leukemogenesis and chemoresistance. Epigenetic regulation includes processes that do
not alter DNA sequences, such as the spatial organization of nuclear chromatin, DNA
methylation and chemical modification of histone tails, e.g. methylation or acetylation (see

Figure 1.6).
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Figure 1.6: Schematic overview of epigenetic mechanisms involved in chromatin compaction. DNA is
wrapped around histones, forming nucleosomes. DNA compaction is mediated by different mechanismes,
including linker histone binding and chemical modification of DNA or histones. Common modifications
include methylation and acetylation. Protein groups involved in addition or removal of chemical groups
are indicated in the illustration. Figure was modified from [147]. HDACs: histone deacetylases, HATSs:
histone acetyltransferases, KMTs: histone lysine methyltransferases, KDMs: histone lysine demethylases,
DNMTs: DNA methyltransferases.

Mutations in epigenetic regulators are frequently observed in pediatric cancers, including
BCP-ALL [148]. A study by Huether et al. identified at least one mutation in an epigenetic gene
in 34% of ETV6::RUNX1* BCP-ALL samples [148]. Recurrent mutations or translocations at
diagnosis in BCP-ALL patients affect histone methyltransferase genes, such as NSD2 [149, 150]

and KTM2A [151]. Mutations in epigenetic regulators are also enriched in relapsed B-ALL,
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potentially contributing to chemotherapy resistance. Mar et al. detected mutations of
epigenetic modifiers in 57% of relapsed B-ALL patients (affecting the genes SETD2, CREBBP,
MSH6, KDM6A and KMT2D) [152]. In line with this, Mullighan et al. and others could identify
mutations of the acetyltransferase gene CREBBP in 18.3% of relapsed B-ALL patients [153, 154].

By far the most studied epigenetic modification in B-ALL patients is DNA methylation. Regions of
the genome that contain CpG dinucleotide repeats (so called CpG islands (CGls)) are associated
with promoter sequences [155] and methylation at these CGls is inversely correlated with gene
expression [156]. By analyzing global methylation patterns, several studies could show that DNA
methylation signatures differ according to B-ALL subtype [156-161] and could potentially be

used as biomarkers to complement ALL diagnosis [156, 162].

Apart from DNA methylome alterations, the tails of histone proteins can be post-translationally
modified to regulate gene expression. Global changes of histone acetylation were detected in
ALL blasts [163, 164]. In line with this, human and murine ETV6::RUNX1* B-ALL exhibit recurrent
alterations in lysine deacetylase genes, such as KDM5C, which are associated with increased
H3K4me3 levels [142]. Using an assay for transposase-accessible chromatin combined with high
throughput sequencing (ATAC-seq) approach, Barnett et al. observed that overall chromatin
accessibility differs according to B-ALL subtype, with ETV6::RUNX1* BCP-ALL exhibiting lowest

number of accessible chromatin sites [165].

1.4.1 Linker histones

Human chromatin is structured into nucleosomes which contain 146 bp of DNA wrapped
around a histone octamer made up of the four core histones H2A, H2B, H3 and H4 [166].
Additionally to the core histones, DNA is further compacted by binding of H1 linker histones to
the DNA that enters and exits the nucleosome (see Figure 1.7A) [167]. In humans, there are 11
linker histone variants with different tissue-restricted expression. These include the somatic
variants H1-0 to H1-5 and H1-10, the testis-restricted H1-6, H1-7 and H1-9, as well as the
oocyte-specific linker histone H1-8 [147]. Structurally, linker histones contain a conserved,
nucleosome-binding central globular domain, while N- and C-terminal domains are less
conserved (see Figure 1.7B) [168]. Interaction of linker histones with the DNA phosphates is

conveyed by positively charged arginine (R) and lysine (K) residues [167].

Linker histones function as epigenetic regulators by interacting with a multitude of epigenetic
modifiers, and thereby affect post-translational modification of core histones, DNA replication

and DNA damage repair [147]. It was proposed that linker histones sterically hinder access of
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histone acetyltransferases, such as KAT2B (also referred to as P300/CBP-associated factor), to
nucleosomes [169]. Similarly, linker histones contribute to transcriptional inhibition by
mediating RNA polymerase Il pausing at the linker DNA region that enters the nucleosome
[170]. Moreover, linker histones contribute to silencing of repetitive elements by interacting
with histone lysine methyltransferases SUV39H1, SUV39H2 and SETDB1 [171]. In general, linker

histones are considered to have a repressive effect on chromatin [171-173].

A nucleosome linker DNA
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Figure 1.7: Spatial organization of histone proteins within human chromatin and multiple sequence
alignment of human somatic linker histones H1-0 to H1-5. (A) Cryogenic electron microscopy structure of
a human nucleosome containing linker histone H1-0 (Protein Data Bank identifier: 7k5x [174, 175]),
forming the so-called chromatosome. The 3D molecule structure was visualized using the Mol* 3D Viewer
web application [176]. (B) Alignment of somatic linker histone variants H1-0 to H1-5. The highly
conserved globular domain is highlighted in red and the individual amino acids are colored according to
degree of conservation (dark blue color marks higher conservation). Adapted from [177].

Although linker histones are highly conserved, the individual linker histone variants show
functional differences. Chromatin binding affinities differ between variants: H1-1 and H1-2 have

weak chromatin condensation properties, whereas H1-0, H1-4, H1-5 and H1-10 are strong
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condensers [178]. Moreover, the different linker histone variants show distinct DNA binding

patterns [179] and differences in expression levels during embryogenesis [180].

1.4.2 Linker histone H1-0

While the core histones and somatic linker histone variants H1-1 to H1-5 are encoded on
chromosome 6, the H1-0 gene is located on chromosome 22. H1-0 is the shortest linker histone
variant, containing only 194 amino acids. While histone synthesis is generally coupled with DNA
synthesis, H1-0 expression occurs independently of DNA replication [181, 182] and was found to
be enriched at GC-rich genes [183]. In solid tissues, H1-0 accumulates in slowly or non-dividing
cells [184], and was therefore detected in many terminally differentiated cell types [185, 186].
Consistently, induction of cell proliferation, for instance during rat liver regeneration, leads to a
decrease of H1-0 levels [185]. In human hematopoietic cells, H1-0 is highly expressed in
guiescent, immature cell types that have the potential to be reactivated [187]. In line with this,
research by Morales Torres et al. showed that H1-0-induced expression changes are reversible

[183].

Mice lacking H1-0 develop normally but show a partial differentiation block of dendritic cells
[188, 189]. The absence of a severe phenotype upon H1-0 knockout in mice suggests that other
linker histone variants can compensate for H1-0 loss. This is supported by the observation that
only the compound knockout of at least three linker histone variants induces major defects in
mice, such as slow growth, a small thymus, low birth rate and neonatal or embryonic lethality
[190]. Hence, there appears to be a critical total level of H1 linker histone expression that is
necessary for correct embryonic development (see [191] for a comprehensive summary of

linker histone single and compound knockout mouse models).

Downregulation of H1-0 correlates with reduced patient survival in various cancer entities [183].
However, the expression profile of linker histone H1-0 depends on the specific cancer subtype.
Within solid tumors, H1-0 is heterogeneously expressed, marking cells of different
differentiation states and proliferative potential [183]. In leukemic blasts, H1-0 levels were

found to be upregulated compared to healthy lymphocytes in a cohort of eight patients [192].

H1-0 expression can be induced by in vitro treatment with the histone deacetylase inhibitor
(HDACI) sodium butyrate, a compound that induces cell cycle arrest at the GO/G1 cell cycle
phase [193]. In line with this, other HDACis, such as Quisinostat, Vorinostat, Abexinostat and

Trichostatin A, are able to restore high H1-0 levels due to their cytostatic effect [194].
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2. AIMS OF THE THESIS

The ETV6::RUNX1 fusion gene is a frequent first hit mutation that can be detected in up to 5%
of healthy newborns [45]. Of these ETV6::RUNX1 carriers, only a small fraction (<1%) will go on
to develop leukemia. The subtle effects of the ETV6::RUNX1 fusion gene make modeling
ETV6::RUNX1" preleukemia challenging and several preleukemic mouse models failed to
reproduce the exclusive association with B lineage leukemia that is observed in human
ETV6::RUNX1* BCP-ALL [140, 141]. Recently, promising results have been achieved by
expressing the fusion gene at physiological levels from the ETV6 locus in an hiPSC model [125].
Because of the pluripotent nature of hiPSCs, modeling in these cells allows to recapitulate early

B cell development.

While BCP-ALL treatment outcomes have considerably improved over the last decades,
chemotherapy remains highly toxic and is associated with severe side effects. Moreover,
disease relapse of ETV6::RUNX1* BCP-ALL occurs in 20% of patients [85, 86]. Therefore, further

improvement of therapy efficacy and reduction of toxicity are necessary.

The main aim of this work is to identify and further characterize regulators that are involved in
ETV6::RUNX1I-mediated leukemogenesis and might offer novel therapeutic strategies to

improve treatment.

Major aims of this work:

1. Generation of preleukemic ETV6::RUNXI* hiPSC lines using a CRISPR/Cas9-mediated
knock-in approach.

2. Transcriptome analysis of ETV6::RUNX1" hiPSCs and hematopoietic progenitor cells to
detect genes dysregulated by ETV6::RUNX1.

3. Functional analysis of H1-0 in the context of ETV6::RUNX1* leukemia via luciferase
promoter assays and siRNA-mediated knockdown in the ETV6::RUNX1* REH cell line.

4. Analysis of vulnerability of ETV6::RUNX1* BCP-ALL towards H1-0-inducing drugs.
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3. MATERIALS & METHODS
3.1 Molecular biology

3.1.1 Molecular cloning of a RUNX1 homology-directed repair template

A RUNX1 homology-directed repair (HDR) template was constructed by combining exons 2-8 of
the RUNX1 gene with a puromycin resistance gene (puromycin N-acetyltransferase) under
control of the human EF-1a promoter. Sequences homologous to the insertion site located
within ETV6 intron 5 were PCR-amplified from ChiPSC12 (#Y00280, Takara Bio) genomic DNA.
Restriction sites were added to the PCR products using PCR-based cloning (Table 3.1 and Figure
3.1A). PCR fragments were cut with the respective restriction enzymes (see chapter 3.1.4) and
fragments were ligated using T4 DNA ligase (#M0202, New England Biolabs, see chapter 3.1.6).
Nucleic acid concentrations and purity (Aeo/Azso ratio) was determined by using the Nanodrop
ND-1000 (PEQLAB). A schematic representation of the RUNX1 HDR template is depicted in
Figure 3.1B. Primer sequences were purchased from Eurofins Genomics. See Table 3.2 for a list

of primer sequences used for molecular cloning of the RUNX1 HDR template.

Table 3.1: Pipetting scheme and thermocycling conditions used for amplification of HDR template
sequences and simultaneous addition of restriction sites. Annealing temperatures of PCRs varied
according to primer melting temperature.

volume amount

2X Phusion High-Fidelity PCR 25 pl 1x i _
Master Mix (#F531S, New England 98°C > min

) 98 °C 30s
Biolabs) o, |
fw primer (10 pM) 2.5l 0.5 uM 65-72°C 30s 35 cycles

. 72°C 30 s/kb

rev primer (10 uM) 2.5 ul 0.5uM s )
template DNA Xl 20-250 ng 1712"CC 47 min
nuclease-free H20 to 50 ul

The RUNX1 HDR template was subcloned into the pUC19 plasmid at the EcoRl and Kpnl
restriction sites (pUC19 was a gift from Joachim Messing, addgene plasmid #50005) and
linearized by PCR amplification with primers binding the 5" and 3’ end of the insert (see Table
3.2 and 3.3). PCR amplification was performed using the Guide-it long ssDNA production system
(#632644, Takara Bio). The linear double-stranded DNA product was column-purified using the
QlAquick PCR purification kit (#28104, QIAGEN) and concentrated by isopropanol precipitation.
For this, an equal volume of isopropanol as well as 1/10" the volume 3 M sodium acetate
(pH 5.2) were added to the eluate. The mixture was thoroughly vortexed and incubated at

-20 °C overnight. After centrifugation at 14,000 g for 10 min and 4 °C, the supernatant was
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removed carefully and the DNA pellet was air-dried for 10-15 min. The pellet was then dissolved

in the appropriate amount of nuclease-free water to obtain a DNA concentration of >1 ug/ul.

The complete sequence of the RUNXI HDR template is depicted in the Appendix (chapter 8.3).

Kpnl

5'HA

(1)

Xhol
T—
EF-10 PuroR
Bell
Xhol Bcell
CTCGAG TGATCA
GAGCTC ACTAGT
polyA

Xbal Xhol Bcll
: (2) : (3) : (4)
| | I
polyA polyA 3'HA

EcoRlI

Figure 3.1: Molecular cloning of a RUNXI homology-directed repair (HDR) template targeting ETV6

intron 5. (A) PCR-based cloning was used to add restriction sites, as shown for the EF-1a promoter and

puromycin resistance gene sequences. (B) Schematic representation of the RUNXI HDR template.

Restriction sites for Kpnl, Xbal, Xhol, Bcll and EcoRl were added as indicated. HA: homology arm.

Table 3.2: List of primer sequences used for molecular cloning of the RUNX1 HDR template. Restriction
enzyme sites are marked in red. HA: homology arm, fw: forward, rev: reverse, HDRT: homology-directed

repair template, lin: linearized.

name sequence [5' - 3'] amplicon length
Kpnl_5'HA_fw AGTCGGGTACCGCAGCGGCCCCTCCGGTCC
Xbal 5‘HA rev GATCGTCTAGAAGGATTCATTCCAAGTATGCATTCTGCTAT 464 bp
TCTCCCAATGGGCATGGC
Xhol_RUNX1_rev TTGAACTCGAGGCACATAAATAGCAATAATAGTGAAAAAGA  used with
ATAACATTGACCATTITATTTCAGTAGGGCCTCCACACGGCC  Kpnl 5'HA_fw:
TCCTCCAGGCGCGCGG 1875 bp
Xhol_EFla_fw TGTGCCTCGAGTTCAAAATTTTATCGATACTAG 1448 b
p
Bcll_polyA_puro_rev  AGTCGTGATCAAAAAAACCTCCCACACCTCCCCCTG
Bcll_3’HA_fw AGTCGTGATCAGATGGAGTAGTTAATGAGCCTCAGAAATG 597 b
, p
EcoRI_3"HA _rev AGTCGGAATTCTAACCTTGTCACATGGTTAGAGGATTAAGC
RUNX1_HDRT_lin_fw  GCAGCGGCCCCTCCGGTCC
3791 bp

RUNX1_HDRT _lin_rev

TAACCTTGTCACATGGTTAGAGGATTAAGC
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Table 3.3: Pipetting scheme and thermocycling conditions for RUNX1 HDR template linearization.

volume amount
2X PrimeSTAR Max Premix 50 ul 1x
(Takara Bio) 98 °C 10s
fw primer (10 pM) 4yl 0.8 uM 55°C —— 55 40 cycles
rev primer (10 uM) 4l 0.8 UM 72°C — 15s5(55s/kb)
template DNA X pl 20 ng 4°C T e
nuclease-free H20 to 100 pl

3.1.2 Molecular cloning of sgRNA plasmids
Single guide RNAs (sgRNAs) targeting the 5’ region of ETV6 intron 5 were designed using the
online tools CRISPOR (http://crispor.tefor.net/ [195]). Two sgRNAs with high predicted on-target

efficiency and low number of off-target sites were chosen for further experiments (Table 3.4).

Table 3.4: sgRNA sequences used in this work.

name sequence [5’ - 3'] position in human genome (hg38)
ETV6_sgRNA_fw GGATGAGGCTAAATCCCTAA chr12:11,870,115-11,870,134, + strand
ETV6_sgRNA_rev GCCTAATTGGGAATGGTGCG chr12: 11870054-11870073, - strand

sgRNAs were cloned by hybridization of forward and reverse oligonucleotide sequences creating
specific Bbsl 5" and 3’ overhangs (see Figure 3.2). For this, forward and reverse oligos were
dissolved in TE buffer at 100 pmol/ul. 500 pmol of each oligonucleotide and 1.25 ul of a 4 M
NaCl stock solution were mixed, and filled to 100 ul with TE buffer. Hybridization was performed
overnight by heating the oligonucleotide mixture to 98 °C and slowly cooling to room
temperature (RT) in a water bath. The hybridized double-stranded DNA fragments were ligated
at the Bbsl restriction sites with a pUC19-U6-Bbsl-sgRNA vector using T4 DNA ligase (#M0202,

New England Biolabs).
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Bbsl
sites

“' \— U6 terminator
SgRNA

scaffold

Bhbsl digestion

ACCGGGTCTTCGAGAAGACCT]
[CCCAGAAGCTCTTCTGGACAAS

+ 20 bp sgRNA sequence

e

Figure 3.2: Ligation scheme for construction of pUC19-U6-Bbsl-sgRNA plasmids. Forward and reverse

oligonucleotide sequences were hybridized and ligated with a pUC19-U6-Bbsl-sgRNA vector (cut with

Bbsl). U6 is a polymerase Il promoter used for transcription of non-coding RNA molecules requiring

only a defined termination site (4-5 thymidines). sgRNA sequences must contain a guanine as the first

transcribed nucleotide to ensure efficient transcription.

3.1.3 Molecular cloning of a H1-0 promoter fragment

Human H1-0 promoter sequence (nucleotides -351 to +161 from TSS) was PCR-amplified from

REH (#ACC 22, DSMZ) genomic DNA (Tables 3.5 and 3.6). The amplified product was purified

using the QlAquick PCR Purification kit (#28104, QIAGEN) and inserted into Firefly luciferase

vector pGL4.22 (#E6771, Promega) at Kpnl and Hindlll restriction sites.

Table 3.5: Pipetting scheme and thermocycling conditions for PCR-amplification of the H1-0 promoter.

5X PrimeSTAR GXL buffer
(#RO50A, Takara Bio)
dNTP mixture (2.5 mM each)

H1-0_fw (10 uM)

H1-0_rev (10 uM)

template DNA (genomic DNA)
PrimeSTAR GXL DNA
polymerase

nuclease-free H,0

volume amount
10 pl 1x
4 ul 200 uM
each 98 °C 10
1ul 0.2 uM 40 cycles
1ul 0.2 uM 68 °C 1 min
Xul 100 ng
1l 1.25U
to 50 pl
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Table 3.6: Primer sequences used for molecular cloning of the H1-0 promoter region. Restriction enzyme
sites are marked in red.

name sequence [5 - 3] amplicon length

Kpnl_H1-0_fw AGTCGGGTACCGCCAGGCAGCGGCCCAG

534 b
Hindlll_H1-0 rev  AGTCGAAGCTTGGTGGCCTGTCTGGTCCG P

3.1.4 Restriction enzyme digest

Endonuclease restriction was performed for 1 h according to the manufacturer’s instructions
(see Table 3.7 for a list of restriction enzymes used in this work). Digestions were performed
using the CutSmart buffer (#B6004SVIAL, New England Biolabs). In order to determine optimal
reaction parameters, the online tool NEBcloner (https://nebcloner.neb.com, New England

Biolabs) was used.

Table 3.7: Restriction enzymes used for molecular cloning.

enzyme supplier

Kpnl-HF #R3142S, New England Biolabs
Xbal #R0145S, New England Biolabs
Xhol #R0146S, New England Biolabs
Bcll-HF #R3160S, New England Biolabs
EcoRI-HF #R3101S, New England Biolabs
BbsI-HF #R3539S, New England Biolabs
Xmal # R0180S, New England Biolabs
Agel-HF #R3552S, New England Biolabs

HindllI-HF #R3104S, New England Biolabs

3.1.5 Agarose gel electrophoresis and gel extraction

DNA fragments were separated according to size by agarose gel electrophoresis. DNA fragments
were run on 1% (w/v) agarose gels at 100 V for 30-40 minutes. The intercalating agent Midori
Green (#MGO04, Nippon Genetics) was used to stain DNA. If required, DNA bands were cut out
using a scalpel and DNA was extracted using the QlAquick Gel Extraction kit (#28704, QIAGEN)

according to the manufacturer’s instructions.

3.1.6 DNA ligation
Ligation of DNA fragments was performed using T4 ligase (#M0202, New England Biolabs).

Reaction components were mixed in a microcentrifugation tube on ice (see Table 3.8) and
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incubated at 16 °C overnight. The mixture was then heat-inactivated at 65 °C for 10 minutes and
used for transformation of chemically competent bacteria. Insert DNA fragments and vector
DNA were combined in a molar ratio of 1:1 to 7:1 (insert:vector, 100-150 ng DNA total)

according to the NEBioCalculator (https://nebiocalculator.neb.com, New England Biolabs).

Table 3.8: Pipetting scheme for DNA ligation using T4 DNA ligase (#M0202, New England Biolabs).

volume
T4 DNA ligase buffer (10x) 2ul
vector DNA Xul 1 1:1to 7:1 molar ratio
insert DNA Xul } (100-150 ng total)
T4 DNA ligase 1l
nuclease-free H,0 to 20 ul

For cloning of the RUNXI HDR template, fragment (1) was first ligated to fragment (2) and
fragment (3) was ligated to fragment (4) (see Figure 3.1B). The resulting ligation products were
PCR-amplified, extracted from an agarose gel, cut with restriction enzymes Kpnl and EcoRl, and

ligated with the pUC19 plasmid at the Kpnl and EcoRl restriction sites in a ratio of 1:1:1.

3.1.7 Transformation of bacteria

Chemically competent XL10-Gold Ultracompetent E. coli bacteria (50 pl, #200314, Agilent) were
shortly thawed on ice and mixed with 10-100 ng of plasmid DNA or 3 ul ligation mixture by
gently swirling. The mixture was incubated for 30 minutes on ice, heat-shocked for 30 seconds
at 42 °C using a heating block and immediately put back on ice for 2 minutes. 250 ul
pre-warmed LB medium (#X964.4, Carl Roth) were added to the bacteria and grown at 37 °C for
1 hin a shaking incubator. 25 ul of the transformation mixture bacteria were then plated onto a
10 cm LB agar (#X965.2, Carl Roth) plate containing 100 pg/ml ampicillin (#A9518-5G, Merck)

and incubated at 37 °C overnight.

3.1.8 Preparation of chemically competent bacteria

15 ml LB medium was inoculated with one vial of XL10-Gold Ultracompetent E. coli (#200314,
Agilent) and incubated in a shaking incubator at 37 °C overnight. The next day, the optical
density at 600 nm (ODgoo) of the bacteria culture was measured with a spectrophotometer

(Eppendorf). At an ODgo of 0.1, the liquid culture was filled to 200 ml with LB medium and
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incubated at 37 °C in a shaking incubator until it reached an ODgoo of 0.5-0.6. The bacteria were
pelleted at 6,600 rpm for 5 min and 4 °C, the supernatant was discarded and the pellet was
dissolved in 17 ml B1 buffer (Table 3.9). After an incubation of 5 h on ice, the cell suspension
was centrifuged again as described before and the pellet was resuspended in 4 ml B2 buffer
(Table 3.10). The cell suspension was incubated on ice for 15-30 minutes, split into 50 ul

aliquots, shock-frozen in liquid nitrogen and stored at -80 °C until further use.

Table 3.9: Components of buffer B1 for generation of chemically competent cells. The buffer was
adjusted to pH 5.8 with 0.2 M acetic acid and sterile-filtered.

reagent amount supplier

rubidium chloride (RbCl) 100 mM #R2252, Sigma-Aldrich
manganese(ll) chloride (MnCl2) 50 mM #105934, Merck
potassium acetate (Kac) 30 mM #104830, Merck
calcium chloride (CaCl,) 10 mM #2382, Merck

glycerol (85%) 15% #3783, Carl Roth

Table 3.10: Components of buffer B2 for generation of chemically competent cells. The buffer was
adjusted to pH 6.8 with 0.5 M sodium hydroxide (NaOH) and sterile-filtered.

reagent amount supplier
3-morpholinopropanesulfonic acid (MOPS) 10 mM #A1077, AppliChem
rubidium chloride (RbCl) 10 mM #R2252, Sigma-Aldrich
calcium chloride (CaCl) 75 mM #2382, Merck

glycerol (85%) 15% #3783, Carl Roth

3.1.9 DNA preparation

A single XL10-Gold Ultracompetent E. coli (#200314, Agilent) colony was used to inoculate
either 5 ml (miniprep) or 250-300 ml (maxiprep) of LB medium. Liquid cultures were grown at
37 °C and 150-200 rpm in 15 ml Falcon tubes or Erlenmeyer flasks. After 16-18 h, cells were
pelleted and DNA was prepared using either the Monarch Plasmid DNA Miniprep kit (#T1010L,
New England Biolabs) or Plasmid Maxi kit (#12163, QIAGEN).

3.1.10 RT-gPCR

RNA was isolated using the RNeasy Mini kit (#74106, QIAGEN) with an on-column DNA removal
step via RNase-free DNase (#79254, QIAGEN). For RT-gqPCR detection of H1-0, an additional
DNase digest was performed with the TURBO DNA-free kit (#AM1907, Thermo Fisher Scientific).

Total RNA concentration was determined using the Nanodrop ND-1000 spectrophotometer and
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1-2 pg RNA were reverse transcribed to cDNA using M-MLV reverse transcriptase (#M1701,
Promega) as shown in Table 3.11. Due to limited amount of RNA following siRNA-mediated H1-0

knockdown in REH cells, 200 ng of total RNA were reverse transcribed.

Table 3.11: Pipetting scheme and protocol for reverse transcription.

volume amount
RNA Xul 0.2-2 ug
Oligo(dT)18 primer (50 uM, Eurofins Genomics) 0.93 ul 250 ng
random primers (#C118A, Promega) 0.5 ul 250 ng
nuclease-free H20 to 17.125 ul

- incubate for 5 minutes at 70 °C (to remove secondary RNA structures)
- immediately cool on ice for 5 minutes
- centrifuge briefly and keep on ice

volume amount
M-MLV reaction buffer (5x, #M531A, Promega) 5ul 1x
dNTPs (10 mM each, #U151A, Promega) 1.25 ul 0.5 uM
RNase inhibitor (#N251A, Promega) 0.625 pl 25U
M-MLV reverse transcriptase (#M170A, Promega) 1ul 200U
total volume 25 ul

- incubate at 37 °Cfor1h
- dilute with nuclease-free H,0 and store at -20 °C until further use

RT-gPCR was performed in triplicates using SYBR Green PCR Mix (#4309155, Thermo Fisher
Scientific) or TagMan Universal PCR Master Mix (#4304437, Thermo Fisher Scientific) according
to the manufacturer’s instructions. No-template controls (NTC) and no-reverse-transcriptase
controls (NRT) were included on each plate. Fluorescence was measured with the CFX384 Touch
Real-Time PCR Detection System (Bio-Rad). Specific RT-gPCR protocols for detection of
ETV6::RUNX1 and ETV6 are described in chapter 3.3.3. RT-gPCR primer and probe sequences
used in this work are listed in Table 3.12. Efficacy and specificity of primers used in this work
was tested by cDNA dilution, assessment of melt curves and gel electrophoresis of amplified

PCR fragments (Supplementary Figure 8.1).
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Table 3.12: Primer and probe sequences used for RT-gPCR detection of transcript levels.

name sequence [5' - 3'] amplicon length

H1-0_gPCR_fw CTGGCTGCCACGCCCAAGAA

H1-0_qPCR_rev GGAGGGAGTGTCCGCAAG 124 bp

ETV6::RUNX1 ipsogen ETV6::RUNX1 Kit (#675113, Qiagen) -

ETV6_gPCR_fw GAAGAGCACGCCATGCCCAT

ETV6_gPCR_rev GCCAGTCCGTTGGGATCCA 155 bp

ETV6_ gPCR_probe [FAM]ACAGCCGGTACGAAAACTTCATCCGATG [Eclipse]

GAPDH Hs_GAPDH_1 SG QuanFiTect Primer i
assay (#QT00079247, Qiagen)

ATP5PB_ gqPCR_fw CCACACCTTGTCCCTGTACC

ATPSPB_ qPCR_rev CAGTGAAGGTCTCTGCGCTAA 190 bp
Applied Biosystems Human PGK1 Endogenous Control

PGK1 ) o 160 bp
(FAM/MGB probe, #4333765T, Thermo Fisher Scientific)

DNMT3B_ gPCR_fw GCTCACAGGGCCCGATACTT

DNMT3B_ gPCR_rev GCAGTCCTGCAGCTCGAGTTTA 93 bp

GDF3_ gPCR_fw AGACTTATGCTACGTAAAGGAGCT 149 bp

GDF3_ gPCR_rev CTTTGATGGCAGACAGGTTAARAGTA

POUS5SF1_ gPCR_fw GAAGGAGAAGCTGGAGCAAA

POUSF1_ gPCR_rev CTTCTGCTTCAGGAGCTTG 94 bp

POU5F1_ gPCR_probe [FAM] AGGACATCAAAGCTCTGCAGAAA [Eclipse]

NANOG_ gPCR_fw CCTGTGATTTGTGGGCCTG

NANOG_ gPCR_rev CAGGGCTGTCCTGAATAAGC 124 bp

NANOG_ gPCR_probe

[FAM]ATGCCTCACACGGAGACTGTCT [Eclipse]

3.1.11 Dual-luciferase promoter assay

293T cells at 50-70% confluency were transfected with 755 ng plasmid DNA using Xfect
Transfection Reagent (#631317, Clontech Laboratories) in 24-well plates according to the
manufacturer’s instructions. Each well was transfected with 500 ng pGL4.22 vector (HE6771,
Promega,) with or without H1-0 promoter expression as well as 5 ng Renilla luciferase control
plasmid pGL4.73 (#E6911, Promega), and 250 ng of the respective pcDNA3.1 vectors (#V79020,
Thermo Fisher Scientific) for expression of ETV6::RUNXI or RUNX1 or empty vector in
triplicates. Cells were lysed after 48 h with Passive Lysis buffer and luciferase signal was
measured on a Tecan SPARK 10M reader using the Dual-Luciferase Reporter Assay System
(#E1910, Promega). Firefly luciferase signal was normalized to Renilla luciferase activity.

Adequate protein expression of ETV6::RUNX1 and RUNX1 was determined by Western blot.
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3.2 Cell culture

HWS8 hiPSCs were a kind gift from Dr. Herui Wang (Zhuang lab, National Cancer Institute,
National Institutes of Health (NIH)) and were generated from PBMCs of a sarcoma patient using
the CytoTune-iPS 2.0 Sendai Reprogramming kit (#A16517, Thermo Fisher Scientific) following
written informed consent. Reprogramming via Sendai virus results in transient expression of
POUSF1 (OCT3/4), SOX2, KLF4 and MYC. Study approval was obtained by the internal review
board at the National Institutes of Health (protocol number: 16CN 069). Cellartis human iPSC
line 12 (#Y00280, ChiPSC12) was purchased from Takara Bio. ChiPSC12 cells were induced from
skin fibroblasts using replication-defective polycistronic retrovirus technology, leading to stable

integration of POU5F1, SOX2, KLF4 and MYC.

B-ALL cell lines and 293 cells were purchased from the German Collection of Microorganisms
and Cell Cultures GmbH (DSMZ). In-house leukemia patient samples for injection into NSG mice
(The Jackson Laboratory) were retrieved from the Biobank of the University Hospital of
Disseldorf following informed consent in accordance with the Declaration of Helsinki. Study
approval was obtained by the ethics committee of the Medical Faculty of the Heinrich Heine
University (study number: 2019-566). All animal experiments adhered to regulatory guidelines
set by the official committee at LANUV (Akt. 81-02.04.2017.A441) and were authorized by the
animal research institute (ZETT) at Heinrich Heine University Disseldorf. Patient blasts were
injected intravenously into 6-week-old NSG mice (The Jackson Laboratory) and engraftment was
assessed regularly by flow cytometric detection of human CD45+ cell percentage (#304011,
BioLegend) in peripheral blood starting four weeks post injection [196]. Mice were sacrificed at
predetermined timepoints and human CD45+ cells were isolated from bone marrow and spleen
using the mouse cell depletion kit (#130-104-694, Miltenyi Biotec) to achieve >90% purity of

human cells.

BCP-ALL cell lines were maintained at 37 °C and 5% CO, in RPMI GlutaMAX (#61870036, Thermo
Fisher Scientific) with 20% fetal bovine serum (#5181H-500, Biowest). 293 and 293T cells were
cultured in DMEM GlutaMAX (#31966, Thermo Fisher Scientific) with 10% fetal bovine serum.

3.2.1 hiPSC maintenance

hiPSCs were maintained in feeder cell-free conditions on Geltrex-coated plates (#A1413302,
Thermo Fisher Scientific) in mTeSR Plus medium (#100-0276, STEMCELL Technologies). Geltrex
was diluted 1:100 in DMEM/F-12 (#11320033, Thermo Fisher Scientific) and plates were coated

for at least 1 hour at 37 °C. Cells were passaged according to culture density every 3-7 days by

29



MATERIALS & METHODS

incubation with Versene solution (#15040066, Thermo Fisher Scientific) for 7-8 min at RT and

dissociated into aggregates of 20-50 cells by pipetting. Medium was exchanged every 1-2 days.

hiPSCs were cryopreserved as aggregates using mFreSR cryopreservation medium (#05855,
STEMCELL Technologies). Cells were harvested using Versene solution, centrifuged at 150 g for
3 minutes and gently detached using cold mFreSR (4 °C). Cryovials (#374115, Thermo Fisher
Scientific) were frozen using a Mr. Frosty container (#5100-0001, Thermo Fisher Scientific) to

ensure slow cooling of -1 °C/minute, followed by long-term storage at -135 °C (liquid nitrogen).

Cryopreserved hiPSCs were thawed in a 37 °C water bath or by hand until a small frozen pellet
remained. 500 pl mTeSR Plus medium were added dropwise to the cells and the cell suspension
was transferred to a 15 ml Falcon tube containing 5 ml DMEM/F-12. The hiPSCs were then
centrifuged at 150 g for 3 minutes and the cell pellet was resuspended in fresh mTeSR Plus with
10 uM ROCK inhibitor (Y-27632, #72304, STEMCELL Technologies). Cells were handled with

during thawing to keep cell aggregates intact.

3.2.2 Nucleofection of hiPSCs

hiPSCs were incubated for at least 2 hours in mTeSR Plus with 10 uM Y-27632 before starting
the Nucleofection procedure. Optimal Nucleofection conditions were determined using the
hiPSC line HW8 by addition of 0.4 ug pmaxGFP control vector in P3 solution (#V4XP-3024 and
#V4XP-3032, Lonza) and flow cytometric measurement of cells after 48 hours. Program CD-118

was selected for subsequent Nucleofections of hiPSCs.

First, an hiPSC single-cell suspension was prepared by incubation with Stempro Accutase
solution (#A1110501, Thermo Fisher Scientific) for 5 min at 37 °C. About 10 x 10° hiPSCs were
resuspended in 100 pl P3 solution with added supplement and transfected with 2.5 ug
linearized double-stranded RUNX1 HDR template (see chapter 3.1.1) as well as 4 pug each of
pCW-Cas9 plasmid (a gift from Eric Lander and David Sabatini, Addgene plasmid #50661) coding
for Streptococcus pyogenes Cas9 (SpCas9) plasmid (including 5" and 3’ nuclear localization
sequences (NLS)), and sgRNA plasmids (see chapter 3.1.2). Cells were resuspended in mTeSR
Plus/Y-27632 and transferred onto a 100 mm Geltrex-coated plate. To remove floating dead
cells, mTeSR Plus/Y-27632 was exchanged 2 hours after Nucleofection when cells became
adherent and changed to mTeSR Plus without Y-27632 after 24 hours with further daily medium
changes. Selection with 0.5 pg/ml puromycin (#A1113803, Thermo Fisher Scientific) was
commenced 48 hours after Nucleofection and single colonies were picked under microscopic

guidance into single wells of a 96-well plate at day 7-10. Clones were expanded for subsequent
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confirmation of correct template insertion and expression. See Figure 3.3 for a schematic

representation of the hiPSC Nucleofection approach used in this work.

SpCas9 sgRNAs RUNX1 HDR
template

_ C/+<?+__

7-10 days
= — S— — —

puromycin

single colonies

ot et atat et atetel

33883388

80-90% confluent Nucleofection recovery for ~ Selection

10 cm dish P3 solution 48-72 h

Figure 3.3: CRISPR/Cas9-mediated genome engineering approach in hiPSCs.

3.2.3 Transfection of 293 cells

ETV6::RUNX1 overexpressing 293 cells (#ACC 305, DSMZ) were generated as controls for
Western blot analyses to test antibody specificity. 1.2 pg pMC3-HA-ETV6-RUNX1-puro vector
were mixed with Opti-MEM reduced serum medium (#31985062, Thermo Fisher Scientific) to a
final volume of 100 pl. 4.5 pl Attractene transfection reagent (#301005, QIAGEN) were added
and the mixture was incubated for 10-15 minutes at RT to allow formation of transfection
complexes. The DNA mixture was added dropwise to a single well of a 6-well plate of HEK293
cells at 50% confluence. After 2 days of incubation at 37 °C and 5% CO,, the medium was
exchanged to selective medium containing 0.75 pg/ml puromycin. After 48 hours, resistant cells

were pelleted and either directly used for downstream applications or stored at -20 °C.

3.2.4 Nucleofection of REH cells

Transient knockdown of H1-0 in REH cells was performed by RNA interference (RNAI). For this,
siRNAs were designed wusing the Eurofins siRNA design tool available online
(https://eurofinsgenomics.eu/en/ecom/tools/sirna-design/). All siRNAs were purchased from
Eurofins Genomics and are listed in Table 3.13. siRNA oligonucleotides were diluted to 100 uM
with siMAX dilution buffer (30 mM HEPES, 100 mM KCI, 1 mM MgCl,, pH 7.3; provided by
Eurofins Genomics). Knockdown was performed with the 4D-Nucleofector system (#V4XC-2024,
Lonza, SF solution, program DS-150) and 1 x 10° REH cells were transfected with 200 pmol of

each siRNA in the 100 ul Nucleocuvette format according to the manufacturer’s instructions.
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Table 3.13: List of siRNA sequences used for H1-0 silencing experiments in REH cells.

name sequence [5' - 3'] pool
H1-0_siRNA_1 GUAUAUCAAGAGCCACUAC .
H1-0_siRNA_2 GancucaGuGaocuucaag | Si0.d
H1-0_siRNA_3 GUCCAUUCAGAAGUAUAUC )
H1-0_siRNA_4 GucAGuGGCCUUCARGRAG | o102
negative Ctrl siRNA (31% GC) UAAUGUAUUGGAACGCAUA sictr]
negative Ctrl siRNA (31% GC) AGGUAGUGUAAUCGCCUUG

3.2.5 Hematopoietic differentiation of hiPSCs

To generate hematopoietic progenitor cells, in vitro differentiation of hiPSCs was performed by
using the STEMdiff Hematopoietic kit (#05310, Stemcell Technologies) according to the
manufacturer’s instructions. On day 12, suspension cells were harvested and used for

downstream analyses.

3.3 Screening of ETV6::RUNX1* hiPSCs
Genetically engineered hiPSCs were analyzed for correct insertion of the RUNX1 HDR template
on DNA level and expression of the fusion gene both on RNA and protein level. The workflow of

ETV6::RUNX1* hiPSC selection is depicted in Figure 3.4.

genotyping PCRs
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Figure 3.4: Workflow of ETV6::RUNX1* hiPSC selection. Following Nucleofection, puromycin-resistant
hiPSC clones were transferred into single wells and expanded. Clones correctly expressing ETV6::RUNX1
were selected by genotyping PCRs, Sanger sequencing of the complete insert site, RT-qPCR and Western
blot.
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3.3.1 Genotyping PCRs

Following puromycin selection, genomic DNA was isolated from each hiPSC clone using the
QlAamp DNA Blood Mini kit (#51306, QIAGEN). A series of PCRs (Table 3.14) was performed to
ensure correct incorporation of RUNXI HDR template at the ETV6 locus. Two sets of primers
spanning each of the homology arms (HA) were used to confirm proper orientation of the
template (5’_fw and 5 _rev, 3’ _fw and 3’_rev). A third PCR using three primers (3’_fw and
5’ fw2:0.25 uM each, 3’_rev: 0.5 uM), two annealing outside of the HA region and one primer
binding within the RUNX1 HDR template sequence, was used to determine if the RUNX1 HDR
template was inserted at one or both alleles. Primers used for genotyping are listed in Table
3.15. The resulting PCR products were loaded onto an agarose gel to determine DNA fragment

lengths and purified from the gel for analysis via Sanger sequencing.

Table 3.14: Pipetting scheme and thermocycling conditions used for PCR-based verification of correct
RUNX1 HDR template insertion. Extension times of PCRs varied according to amplicon lengths (1.5
minutes for 5°_fw +5’_revand 3'_fw + 3’_rev, 50 seconds for 5°_fw + 3’_rev +5"_fw2).

volume amount

98 °C 30

2X Phusion High-Fidelity PCR Master 10 pl 1x >

. 98 °C 10s
Mix 67-71°C — 30 40 |
fw primer (10 uM) 1l 0.5 uM 1 oC 20 S/kb cycles
rev primer (10 uM) 1l 0.5 uM S c S_
template DNA Xl 100 ng 4eC min
nuclease-free H20 to 20 ul

Table 3.15: Genotyping PCR primer sequences for screening of ETV6::RUNX1* hiPSCs.

name sequence [5' > 3] amplicon length
5 fw CATACCTACACGCTCCTCCATTTAC
, 2639 bp
5 _rev GCTTGGATCTGTAACGGCGCAG
3 _fw CAGAGTCAGATGCAGGATACAAGGC
) 2936 bp
3’ _rev CCTCCAGTCAAAACACACCTTCC
5 fw CATACCTACACGCTCCTCCATTTAC
L no insert: 1631 bp
3’ _rev CCTCCAGTCAAAACACACCTTCC )
, insert: 1631 bp and 1005 bp
5 fw2 GCTAGCTTCGATCCAGACATG

3.3.2 Sanger sequencing
Correct sequence of the RUNX1 HDR template was verified by Sanger sequencing. Primer
sequences used for Sanger sequencing are listed in Table 3.16. All Sanger sequencing reactions

were performed at the Genomics and Transcriptomics Laboratory (GTL, Heinrich-Heine
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University Disseldorf, Germany). Sequencing was performed on an ABI 3130XL Genetic
Analyzer (Thermo Fisher Scientific) and the data was analyzed and converted using the
Sequencing Analysis Software v5.3.1 (Thermo Fisher Scientific). Sample files were visualized

with the ApE software v3.0.8 [197].

Table 3.16: Sanger sequencing primer to determine correct insertion of the RUNX1 HDR template.

name sequence [5 - 3]

5 _seq_1_rev GGCCACCACCTTGAAAGCGATG
5 _seq_2_fw GCAAGCTGAGGAGCGGCG
3’_seq_3_rev GCTTGGATCTGTAACGGCGCAG
3’ seq_4_fw TAAAGCTCAGGTCGAGACCG

3’ _seq_5_fw GCTAGCTTCGATCCAGACATG

3.3.3 RT-gPCR: ETV6::RUNX1 and ETV6

Expression of ETV6::RUNX1 in hiPSC clones was confirmed by a performing reverse transcription
guantitative PCR (RT-gPCR) using the ipsogen ETV6::RUNX1 kit (#675113, QIAGEN). RNA was
isolated from the B cell precursor line REH, wild-type hiPSC lines and ETV6::RUNXI* hiPSC lines
as described in chapter 3.1.10. 2 ug RNA were reverse transcribed to cDNA and diluted 1:4 (20
ng/ul RNA equivalent) for subsequent RT-qPCR. Synthesized cDNA was either stored at -20 °C or
directly used as template for RT-qPCR to quantify the amount of ETV6::RUNX1 transcripts (see
Table 3.17). ABL1 expression was measured simultaneously to normalize fusion gene
expression. For quantification of control and fusion gene transcripts, plasmid DNA standards are

included in the ipsogen ETV6::RUNX1 kit.

Table 3.17: Pipetting scheme and thermocycling conditions used for ETV6::RUNX1 RT-gPCR.

volume amount
TagMan Universal gPCR Master 12.5 ul 1x _
Mix (2x, #4304437, Thermo Fisher 20°C 2 min
L 95°C — 10min
Scientific)
Ipsogen primer and probe (25x) 1ul 1x 95°C 15 S.
template cDNA 5ul 100 ng RNA 60°C Lmin 50 cycles
. acquisition of FAM
equivalent
nuclease-free H,0 to 25 ul

To determine if the RUNX1 HDR was inserted into one or both ETV6 alleles, a RT-qPCR using a

primer and probe set specific for ETV6 exons 5 and 6 was performed (see Table 3.12). The ETV6
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probe contains both a 5° FAM fluorophore and 3’ quencher (Eclipse). Primer and probe
sequences were purchased from Eurofins Genomics. Total RNA was isolated as described before
and 2 ug RNA were reverse transcribed to cDNA (see Table 3.11). Synthesized cDNA was diluted
1:8 and 2 pl diluted cDNA (20 ng RNA equivalent) were used for RT-qPCR (see Table 3.18).

Table 3.18: Pipetting scheme and thermocycling conditions to determine ETV6 expression.

volume amount

TagMan Universal gPCR Master Mix 10 ul 1x

ETV6_ qPCR_fw (10 uM) 1l 0.5 uM 50°C 2 min

ETV6_ qPCR_rev (10 uM) 1l 0.5 uM 95°C 10 min

ETV6_ qPCR_probe (10 M) 0.5 ul 0.25 uM 95°C —/— 155

template cDNA 2ul 20 ng RNA 60°C = 1min r 40cycles
equivalent acquisition of FAM

nuclease-free H20 to 20 ul

3.4 Invitro inhibitor treatments

BCP-ALL cell lines were treated with 1 pM JNJ-26481585/Quisinostat at a concentration of
1 x 108 cells per ml and RNA was extracted after 24 hours for subsequent analysis of H1-0
expression by RT-gPCR. DMSO-dissolved compounds were purchased from Selleck Chemicals
and MedChem Express. For drug synergy analysis, Quisinostat (concentration range: 0.2 nM -
20 nM), Vincristine (concentration range: 0.1 nM - 5 nM), Daunorubicin (concentration range:
1.5nM - 50 nM) and Bortezomib (concentration range: 1 nM - 10 nM) were printed in a
randomized fashion in increasing concentrations in 8 x 8 matrices using a D300e digital
dispenser (Tecan) and normalized with DMSO (Sigma-Aldrich, #2650). Plates were incubated for
72 hours and viability was determined by CellTiter-Glo Luminescent viability assay (Promega)
using a Tecan SPARK 10M reader. Synergy scores were determined using the zero interaction

potency method (ZIP) using the SynergyFinder web application (version 3.0).

3.5 Protein Biochemistry

3.5.1 Protein extraction and BCA assay

Cell pellets were dissolved in ice-cold RIPA lysis buffer (#89900, Thermo Fisher Scientific) with
freshly added protease inhibitors (#11836145001, Roche) and incubated at 4 °C with agitation
for 30 minutes. Samples were then centrifuged at 16,000 g for 15 minutes and the supernatant

was transferred to a new microreaction tube.
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Total protein concentrations of the samples were determined with a bicinchoninic acid assay
(BCA, #23225, Thermo Fisher Scientific) according to the manufacturer’s instructions. The
absorbance of the samples was measured at 562 nm with a Tecan Spark microplate reader

(#30086376, Tecan) and protein concentrations were calculated by referring to a BSA standard.

Protein lysates were diluted with RIPA buffer and mixed with 6x Laemmli loading buffer
(#)61337, Thermo Fisher Scientific) to achieve the desired protein concentration. To denature
the proteins, the diluted samples were boiled at 95 °C for 5 minutes before proceeding to

Western blotting.

3.5.2 Western blot

5-20 pg protein lysate were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) using 8.5% or 10% gels (see Table 3.19) and transferred to
Amersham Protran 0.45 um nitrocellulose membranes (#GE10600012, Merck) by wet blotting
using the Mini-Protean Vertical Electrophoresis system (Bio-Rad). For protein size
determination, PageRuler Prestained Protein Ladder (#26616, Thermo Fisher Scientific) was
used. Membranes were blocked for 1 h with 5% BSA (#A3294, Merck) in T-BST at RT and
incubated with primary antibodies diluted in blocking buffer overnight at 4 °C. The next day,
membranes were incubated with secondary antibodies diluted in blocking solution for 1 h at RT.
Antibodies used in this study are listed in Table 3.20. Signal development was performed using
ECL detection reagent (#GERPN2109, Merck) according to the manufacturer’s instructions and
images were acquired using the JESS Western system (Proteinsimple, Bio-Techne). For further
detections, membranes were incubated in T-BST with added 0.1% NaNs (#52002, Merck) in
T-BST for 1 h at RT or Re-Blot Plus Strong Antibody Stripping (#2504, Merck) solution for 15 min
at RT. Quantification of protein bands was performed using Imagel) analysis software (release

1.53c¢).
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Table 3.19: Composition of SDS-PAGE gels for Western Blot.

separating gel (for two 1.5 mm gels): 8.5% 10%
H.0 8.22 ml 7.32 ml
1.5 M Tris (pH 8.8, #T1503, Merck) 4.68 ml 4.68 ml
acrylamide (30%, #3029.1, Carl Roth) 5.1 ml 6 ml
APS (10%, #A3678, Sigma-Aldrich) 180 ul 180 ul
TEMED (#110732, Merck) 40 ul 40 ul
total volume 18.58 ml 18.22 ml

stacking gel (for two 1.5 mm gels):

H20 4.16 ml
0.5 M Tris (pH 6.8) 1.82 ml
acrylamide (30%) 933 ul
APS (10%) 70 ul
TEMED 17 ul
total volume 7 ml

Table 3.20: Antibodies used for Western blot detection.

target species dilution supplier

RUNX1/2/3

rabbit IgG monoclonal 1:2000 #ab92336, Abcam
(detects ETV6::RUNX1)

#sc-166835, Santa Cruz

ETV6 mouse monoclonal IgG 1:2000 .
Biotechnology
) #MA5-35484 (ARC1059),
H1-0 rabbit monoclonal IgG 1:2000 ) o
Thermo Fisher Scientific
FLAG (M2) mouse monoclonal IgG1 1:2000 #F1804, Sigma-Aldrich
ACTB mouse monoclonal IgG2a 1:5000 #A5316, Merck
#7074S, Cell Signalin
HRP-linked secondary anti-rabbit goat monoclonal IgG 1:1000 & &
Technology
. . #7076S, Cell Signaling
HRP-linked secondary anti-mouse  horse monoclonal IgG 1:2000
Technology

3.6 Next-generation sequencing

3.6.1 Bulk RNA sequencing

Sample preparation. HW8 and ChiPSC12 hiPSCs of similar passage number (+2 passages) were
lysed on ice using RLT buffer (#79216, Qiagen) and detached by scraping. RNA was isolated
using the RNeasy Mini kit (#74104, Qiagen) with on-column DNA digestion (#79254, Qiagen).
REH cells were transfected with siRNA as described above and RNA was extracted after 48

hours. RNA quality was assessed with the 2100 Bioanalyzer system (#G2939BA, Agilent).
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Library preparation and sequencing. Barcoded libraries were prepared from 0.5 pg of total RNA
using the TruSeq RNA Sample Preparation v2 kit (low-throughput protocol, lllumina) and
guantified with the Bioanalyzer system (Agilent). 7.5 pM denatured libraries were used as input
for cBot (lllumina) and subjected to deep sequencing using the NovaSeq 6000 (lllumina) for 101
cycles, with an additional 7 cycles for index reading. Sequencing was performed at the next-

generation sequencing core facility of the German Cancer Research Center (DKFZ).

Data analysis. Analysis of fastq files was performed by using the Partek Flow software (Partek
Incorporated). After assessing the read quality, a trimming step was performed (both ends: 13
bases at the 5" end and 1 base at the 3’ end). One technical replicate of siH1-0_1 was excluded
from the analysis since it did not pass quality control. After trimming, reads were aligned to the
hg38 genome using the STAR v2.4.1d aligner. Unaligned reads were further processed using
Bowtie 2 v2.2.5 aligner. Aligned reads were combined and expression was quantified against the
Ensembl database (release 84) by the Partek Expectation-Maximization algorithm [198]. Partek

flow default settings were used in all analyses.

Unsupervised hierarchical clustering and heatmap visualization of samples was performed after
normalizing mean expression to 0 with a standard deviation (SD) of 1 and using Pearson’s
dissimilarity algorithm and average linkage in Partek Genomics Suite (Partek Incorporated).
Ingenuity pathway analysis (IPA, Qiagen) of REH cells was performed taking into account
significantly dysregulated genes (absolute fold change (FC)>1.5 and p<0.05). The significance
cut-off for IPA to identify upstream regulators was set to p<0.05. Venn diagrams of overlapping
genes were generated using the web-based tool InteractiVenn [199]. RNA-seq analysis was

performed by Daniel Picard.

Gene set enrichment analysis (GSEA). GSEA was performed on processed RNA-seq data of REH
cells treated with non-targeting or H1-0O-targeting siRNA pools using the GSEA v4.2.3 software
(http://software.broadinstitute.org/gsea). Genes were ranked by the GSEA software using the
signal-to-noise metric. The permutation type was set to gene_set and number of permutations
to 5000. Canonical pathways or hallmark gene sets were obtained from the Molecular
Signatures Database (MSigDB, https://www.gsea-msigdb.org). Genes significantly upregulated
upon ETV6::RUNX1 knockdown in REH and AT-2 cells (cutoffs: log, FC>0.9 and adjusted p<0.05,
n=103 genes) were derived from a published dataset [130]. Visualization of pathway networks

was performed using the Cytoscape EnrichmentMap and AutoAnnotate applications [200, 201].
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3.6.2 Single-cell RNA sequencing

Sample preparation. Following in vitro differentiation of hiPSCs, hematopoietic progenitor cells
of 5 wells were pooled, filtered and resuspended in PBS with 0.04% BSA (Biowest). Cells were
resuspended in PBS with 0.04% BSA in DNA LoBind microreaction tubes (#022431021,
Eppendorf) and cell viability was determined using the BD Rhapsody Single-Cell Analysis system
(>70% viability, BD Biosciences).

Library preparation and sequencing. Single-cell suspensions were used for single-cell droplet
library generation on the 10X Chromium Controller system using the Chromium Single Cell 3’
NextGEM Reagent kit v3.1 (10X Genomics) according to the manufacturer’s instructions.
Sequencing was performed on a NextSeq 2000 system (lllumina). All scRNA-seq reactions were

performed at the GTL (Heinrich Heine University Disseldorf).

Data analysis. Raw sequencing data was processed using the 10X Genomics CellRanger software
(v6.0.2). Raw BCL-files were demultiplexed and processed to fastq files using the CellRanger
mkfastq pipeline. Alignment of reads and UMI counting was performed via the CellRanger count
pipeline to generate a gene-barcode matrix (genome version: GRCh38, Ensemble release 98).

The CellRanger aggr pipeline was used for aggregation and sequencing depth normalization.

Filtered cells were normalized using the PFloglpPF method [202]. Thus, differences in
sequencing depth were normalized via the normalize_total function in Scanpy (version 1.9.1)
followed by variance stabilizing log+1 transformation by applying the loglp function, and a
second depth normalization. Feature selection based on binomial deviance [203] was
performed on raw  counts using  the package  Scry  (version 1.10.0,
https://doi.org/10.18129/B9.bioc.scry). Subsequently, the 4000 most deviant genes were used
to compute principal components (PCs) via the pca function in Scanpy. The top 50 PCs were
used to calculate the neighborhood graph via the neighbors function (n_neighbors=15), and
Uniform Manifold Approximation and Projection (UMAP) was computed using the umap

function.

Cell cycle phase was inferred by scoring the cell cycle gene set as defined by Tirosh et al. [204]
(from https://github.com/scverse/scanpy_usage/tree/master/180209 cell_cycle) by applying
the score_genes_cell_cycle function. For cell type annotation, gene sets underlying cell types
defined by Jardine et al. [205] were extracted via the rank genes groups_df function
(pval_cutoff=0.05, log2fc_min=2) and used for scoring via the score_genes function. For
visualization purposes, gene expression values were scaled using scale (max_value=10) function.

scRNA-seq analysis was performed by Andrea Hanel.
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3.7 Quality control

3.7.1 Short tandem repeat (STR) analysis

For cell line authentication, short tandem repeat (STR) analysis was performed using a set of
defined regions of repeated genomic DNA as genetic markers. STR loci THO1, TPOX, VWA,
CSF1PO, D16S539, D7S820, D13S317, D5S818, D21S11 and AMEL were amplified by PCR using
the GenePrint 10 system (#B9510, Promega). An internal DNA length standard was added
before separation and fluorescence detection on an ABI 3130XL Genetic Analyzer (Thermo
Fisher Scientific). Data analysis was performed with the Microsatellite Analysis tool (Thermo
Fisher Scientific). The STR profiles were then compared to authenticated cell lines listed in the
DSMZ database (https://www.dsmz.de/services/human-and-animal-cell-lines/online-str-

analysis). STR profiling was performed at the GTL (Heinrich Heine University Disseldorf).

3.7.2 Mycoplasma test

All cell lines were routinely tested for mycoplasma contamination using the Venor GeM
Advance mycoplasma detection kit (#11-7024, Minerva Biolabs). The kit includes both a positive
control (265-278 bp) and internal control (191 bp).

3.7.3 hiPSC karyotype analysis

Chromosomal integrity of hiPSCs was confirmed by karyotyping, kindly performed by Judith
Bartel at the Institute of Human Genetics (lab of PD Dr. Anke Bergmann, Hannover Medical
School (MHH), Germany). For each hiPSC line, 10-15 metaphase spreads of Giemsa-stained

chromosomes were analyzed, confirming intact karyotypes of 46, XY.

3.7.4 Testing RT-gPCR primer efficiencies
To ensure that RT-gPCR amplification efficiencies were in a range of 85-110%, standard curves
were generated for each RT-gPCR primer pair using 1:2 cDNA dilutions. Reaction efficiencies

were calculated according to standard curve slope:

1
efficiency (%) = (10slore -1) x 100

When using SYBR green chemistry, melt curves were generated after each experiment.
Additionally, the correct molecular weight of the amplified fragment was determined on a 2%

agarose gel.
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3.7.5 hiPSC pluripotency assays

To analyze the pluripotent status of hiPSC lines, flow cytometry (see chapter 3.7.6) and RT-gPCR
assays were performed to detect expression of pluripotency gene markers. RT-qPCR primer
sequences were kindly provided by the lab of Prof. Dr. Alessandro Prigione (DNMT3B) or
designed using Primer-BLAST (GDF3, POU5F1, NANOG; https://www.ncbi.nim.nih.gov). RT-gPCR
primers are listed in Table 3.12. As described before, 2 pg total RNA was reverse transcribed to
cDNA and diluted 1:10 with nuclease-free water. 2 ul diluted cDNA (20 ng RNA equivalent) were
used for RT-gPCR.

3.7.6 Flow cytometry

For fluorescence-activated cell sorting (FACS), hiPSCs were detached with Stempro Accutase
solution for 5 min at 37 °C, centrifuged at 200 g for 3 minutes and incubated with human
TruStain FcX blocking reagent (#422301, BioLegend) for 10 minutes on ice. hiPSCs were stained
with PE-labelled SSEA-4 antibodies (#330405, BioLegend) for 15 minutes on ice, washed with
PBS (+2% FCS) and fluorescence was measured with a CytoFLEX S flow cytometer (Beckmann

Coulter). Dead cells were excluded by staining with 0.1 pug/ml DAPI (#D9542, Merck).

Output of CD34* cells following differentiation of hiPSCs was determined by staining with
PE/Dazzle594-labeled CD34 antibodies (#343534, BioLegend). Unspecific binding sites were
blocked with human TruStain FcX blocking reagent (#422301, BioLegend) and dead cells were
excluded by staining with Viobility 405/520 fixable dye (#130109814, Miltenyi Biotec).

3.8 Data analysis

3.8.1 Data availability and bioinformatic analyses

RNA-seq data of preleukemia models was obtained from the ArrayExpress functional genomics
data collection website (https://www.ebi.ac.uk/biostudies/arrayexpress) accession number
E-MTAB-6382 [125]. RNA expression data of leukemia subtypes and normal B cell
developmental stages was obtained from the St. Jude PeCan Data Portal
(https://pecan.stjude.cloud) [206, 207] and from the R2 Genomics Analysis Visualization
Platform (http://r2.amc.nl; GSE13159 dataset [208], microarray platform ul33p2; GSE87070
dataset [209, 210], microarray platform u133p2; GSE24759 dataset [211], microarray platform
u133a). Processed DNA methylation (Infinium HumanMethylation450 BeadChip platform) and

matched RNA expression data (microarray platform u133p2) of various leukemia entities was
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retrieved from Gene Expression Omnibus (NCBI GEO, https://www.ncbi.nlm.nih.gov/geo)

accession number GSE49032 [158].

RNA-seq data of normal B cell developmental stages and ETV6::RUNX1* BCP-ALL samples was
retrieved from NCBI GEO (accession number GSE115656 [212]) and processed using the Galaxy
platform (https://usegalaxy.eu). Fastq files were trimmed using the Trimmomatic tool and
aligned to the hg38 genome using the HISAT2 aligner. Expression was quantified using
htseqg-count against the UCSC database. To exclude effects of underlying predisposing
syndromes, one ETV6::RUNX1* BCP-ALL patient presenting with trisomy 21 was omitted from

the analysis.

Analysis of scRNA-seq data derived from normal bone marrow precursor B cells was performed
as previously described [213]. Fetal liver scRNA-seq data was derived from the Developmental
Cell Atlas accession number E-MTAB-7407 [214] (https://www.humancellatlas.org/, Newcastle

University).

ChlP-seq datasets of REH cells for H3K4me1, H3K4me3, H3K27ac and RUNX1 (accession number
GSE117684 [215]), as well as ETV6:RUNX1 (accession number GSE176084 [133]) were
downloaded from NCBI GEO. Fastq files were processed as described for bulk RNA-seq and BAM
files were visualized using IGV version 2.9.1 (https://igv.org) [216]. See Table 3.21 for a

summary of datasets analyzed in this study.

Table 3.21: Publicly available datasets analyzed in this study.

accession number  description reference

E-MTAB-6382 RNA-seq data of ETV6::RUNXI* preleukemia [125]

expression microarray data of leukemia entities (Microarray
GSE13159 Innovations in Leukemia (MILE) study cohort, microarray platform [208]
ul33p2, MAS5.0 normalization)

expression microarray data of leukemia entities (microarray
GSE87070 o [209, 210]
platform u133p2, MAS5.0 normalization)

matched DNA methylation and expression microarray data of
GSE49032 leukemia entities (Infinium HumanMethylation450 BeadChip [158]
platform and microarray platform u133p2)

RNA-seq data of normal B cell developmental stages and
GSE115656 [212]
ETV6::RUNX1* BCP-ALL samples

expression microarray data of normal B cell developmental stages

GSE24759 , o (211]
(microarray platform u133a, MAS5.0 normalization)

GSE117684 [215]
ChlP-seq data of REH cells

GSE176084 [129]

E-MTAB-7407 scRNA-seq data of fetal liver cells [214]
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The datasets produced in this study are available on the Gene Expression Omnibus (GEO)

database under the accession numbers GSE270944 (RNA-seq) and GSE270945 (scRNA-seq).

3.8.2 Statistical analyses
Statistical analysis of data was performed using GraphPad Prism version 9.5.1. The number n of
replicates and statistical tests are indicated in the Figure descriptions. Statistical significance

was considered for p-values *p<0.05, **p<0.01 and ***p<0.001.
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4. RESULTS

4.1 Generation of ETV6::RUNX1* hiPSC preleukemia models

Faithful recapitulation of ETV6::RUNX1* preleukemia has been challenging thus far. This is likely
a consequence of the subtle effects of ETV6::RUNX1 as a first hit mutation and is reflected by
the observation that the function of ETV6::RUNX1 is dose-dependent [217]. While
ETV6::RUNX1I* mouse models have shown inconsistent phenotypes and largely failed to
reproduce B lineage restriction of overt leukemia seen in patients [140, 141, 218, 219], the use
of hiPSCs as a modeling approach holds great promise for investigating human ETV6::RUNX1*

preleukemia, as demonstrated recently by Bdiers et al. [125].

Hence, a CRISPR/Cas9 genome editing approach was used to generate an hiPSC model system
that expresses ETV6::RUNX1 from the endogenous ETV6 locus (Figure 4.1). For this, a RUNX1
homology-directed repair (HDR) template was generated using PCR-based cloning that allowed

for targeted insertion of RUNX1 exons 2-8 at the endogenous ETV6 locus.

ETVE
locus

|
exon 5 Gmm

RUNXI HDR
template - T ——

5'HA polyA polyA 3'HA
l HDR
2936 bp
T 1
5' fw 3" fw

targeted

|
ETVG allele ™ } .._ it

2639 bp

Figure 4.1: Schematic representation of the RUNX1 HDR template. PCR primers used for detection of
correct integration of the RUNX1 HDR template at the endogenous ETV6 locus are indicated.

Given that ETV6 intron 5 is the most common breakpoint cluster region of the ETV6::RUNX1
translocation in patients [45], sgRNAs were designed to target a region directly downstream of
ETV6 exon 5 (Figure 4.2). To enable optimal insertion of the RUNX1 HDR template, sgRNAs were
designed to cut within a maximum distance of 100 bp from the start sites of the repair

template’s homology arm (HA) sequences (5" HA: 87 bp, 3’ HA: 26 bp) in a protospacer adjacent
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motif (PAM)-out configuration. Using nucleofection, the RUNXI HDR template was inserted into
the genome of hiPSCs derived from two donors (HW8 and ChiPSC12) and successfully edited

hiPSC colonies were selected via puromycin treatment.

87 bp
al

-1

ETV6
exon 5 -
locus N 26 bp

]
CTTGGATGAGGCTARATCCOTAATGGLT

v
5 -C‘?;G-"(‘?CGC}!CCATTCCCMTTRGGC
3' GTCGGAGCGIGGTAAGGGTTARTCCE ’,‘»“\.=.CCTACTCCGATTTAGGdATT&F"I.}-'-
1 ]
ETV6_sgRNA_rev ETV6_sgRNA_fw
target site target site

Figure 4.2: Orientation of sgRNA target sites at the ETV6 locus. Localization of sgRNA target sites at the
ETV6 locus. Start sites of homology arm (HA) regions are indicated by arrows and Cas9 cutting sites are
indicated by red dotted lines.

Targeting of the ETV6 locus was validated on DNA level by specific genotyping PCRs covering the
5 and 3’ region of the targeted locus (Figure 4.1). Successfully edited puromycin-resistant
hiPSCs were identified by PCR product lengths of both 2639 bp (5" PCR) and 2936 bp (3’ PCR), as
shown representatively for 7 monoclonal hiPSC lines in Figure 4.3. Screening of >200 colonies
identified 3 ETV6::RUNX1* hiPSC lines with correct orientation and sequence of the RUNX1 HDR

template, as confirmed by PCR (Figure 4.4A) and Sanger sequencing (Figure 4.4B).

5' genotyping PCR 3' genotyping PCR
bp WT 1 2345@7 bp w112345®7
i - e -
- 2000 =
1000 = el
&

Figure 4.3: Representative genotyping PCR screen of CRISPR/Cas9 genome engineered HW8 hiPSCs. DNA
extracted from 7 HW8 hiPSC clones following puromycin selection was subjected to 5" and 3’ genotyping
PCRs. Clone 6 shows PCR product sizes of correct lengths (5’ PCR: 2639 bp, 3’ PCR: 2936 bp) and was used
for further downstream analyses.
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Figure 4.4: CRISPR/Cas-edited hiPSCs show stable integration of the RUNX1 HDR template into the
endogenous ETV6 locus. (A) Genotyping PCRs confirming correct insertion of the RUNX1 HDR template
into the endogenous ETV6 locus of HW8 and ChiPSC12 hiPSCs (5 PCR: 2639 bp, 3’ PCR: 2936 bp).
(B) Sanger sequencing traces at the ETV6::RUNX1 breakpoint region of the 3 successfully targeted hiPSC
clones. NTC: no-template control (H20).

Correct integration of the RUNXI HDR template into the ETV6 locus translated to expression of
the ETV6::RUNX1 fusion gene on RNA (Figure 4.5A) and protein level (Figure 4.5B). Of note, RNA
and protein levels of ETV6::RUNX1 were lower in the hiPSC lines compared to the ETV6::RUNX1*
BCP-ALL cell line REH.
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Figure 4.5: CRISPR/Cas-edited hiPSCs express ETV6::RUNX1 on RNA and protein level. (A) Quantification
of ETV6::RUNX1 expression by RT-gPCR in REH, HW8 and ChiPSC12 hiPSC lines. Data is presented as the
mean = SD. (B) Western blot analysis of REH, HW8 and ChiPSC12 hiPSC lysates for expression of
ETV6::RUNX1, ETV6 and B-actin.
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Detection of the ETV6::RUNX1 fusion protein was performed based on protein size using a
monoclonal antibody raised against a synthetic RUNX1 peptide (#ab92336, Abcam). This
antibody detects the three RUNX family proteins RUNX1, RUNX2, RUNX3 (=45-55 kDa) as well as
ETV6::RUNX1 (=110 kDa) with high specificity and sensitivity, as shown by dilution of protein

lysates extracted from REH and 293 cells transiently overexpressing ETV6::RUNX1 (Figure 4.6).
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Figure 4.6: Testing of antibody specificity and sensitivity for Western blot detection of ETV6::RUNX1.
Western blot analysis of different protein amounts extracted from REH cells and 293 cells overexpressing
ETV6::RUNX1.

In BCP-ALL patients, the ETV6::RUNX1 translocation disrupts one allele of the ETV6 gene, while
loss of the second ETV6 allele is the most common second hit mutation in these leukemias
[143]. Therefore, accurately modeling ETV6::RUNX1* preleukemia requires one ETV6 allele to
remain intact. To identify monoallelic targeting of the ETV6 gene in the 3 ETV6::RUNX1* hiPSC
lines, an additional genotyping PCR was performed that allows to differentiate between
targeted (1005 bp) or non-targeted (1631 bp) ETV6 alleles (Figure 4.7A). Using this approach,
monoallelic expression of ETV6::RUNX1 could be confirmed in all 3 hiPSC lines (Figure 4.7B). To
determine sequence integrity of the remaining wild-type ETV6 allele, the amplified fragment of
the non-targeted ETV6 allele was Sanger sequenced. Of note, HW8 E::R 1 contained two
intronic point mutations at the Cas9 endonuclease target sites (Figure 4.7C). However, these
indels did not disrupt transcription of wild-type ETV6, as shown by Western blot (Figure 4.5B
and 4.16C).
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Figure 4.7: Genetically modified hiPSCs display heterozygous expression of ETV6::RUNX1. (A) Primer
binding sites (arrows) used for PCR detection of ETV6::RUNXI homo- or heterozygosity. (B) PCRs
confirming heterozygous allele status of ETV6::RUNX1 in HWS8 and ChiPSC12 hiPSCs. (C) Sanger
sequencing of the sgRNA binding region within the non-targeted ETV6 intron 5 in the ETV6::RUNX1* hiPSC
clones. sgRNA binding sites are indicated. NTC: no-template control (H20), PAM: protospacer adjacent
motif, SNP: single-nucleotide polymorphism.

To confirm correct expression of the untargeted ETV6 allele, an RT-qPCR assay was designed
using primers spanning ETV6 exons 5 and 6 (Figure 4.8A). Given that ETV6 exon 6 is not included
in ETV6::RUNX1, this assay does not detect expression of the fusion gene, but only of ETV6.
Indeed, no signal was detected in REH cells that express ETV6::RUNX1 and have a deletion of
the second ETV6 allele (Figure 4.8B). Reduced ETV6 levels were observed in all ETV6::RUNXI*
hiPSCs compared to their respective wild-type counterpart. This was confirmed on protein level

by Western blot (Figure 4.5B and 4.16C).
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Figure 4.8: ETV6::RUNX1* hiPSCs show reduced ETV6 expression. (A) Schematic representation of the
ETV6 RT-gPCR design. Arrows indicate primer binding sites. The probe sequence is marked in red.
(B) Relative ETV6 expression determined by RT-qPCR in REH cells, HW8 and ChiPSC12 hiPSC lines. Data is
presented as the mean + SD and analyzed for statistical significance using an ordinary one-way ANOVA.
* = p<0.05, ** = p<0.01
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All hiPSC lines were tested for chromosomal integrity by karyotype analysis, which indicated
that no additional structural abnormalities had been caused by CRISPR/Cas9-mediated genome
editing (Figure 4.9). Appropriate morphology and pluripotency marker expression was
confirmed via microscopic assessment, FACS and RT-gPCR (Figure 4.10). To determine off-target
activity for both ETV6-targeting sgRNAs, Sanger sequencing of in silico-predicted off-target sites
with €2 mismatches from the target sequences was performed. Analysis of predicted off-target
sites in the 3 ETV6::RUNX1* hiPSC lines did not show any genetic alterations in the tested
regions (Table 4.1).
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Figure 4.9: Chromosomal integrity is maintained in ETV6::RUNX1* hiPSCs following CRISPR/Cas editing.
Representative karyotype data for ETV6::RUNXI* and wild-type hiPSCs. Data was generously provided by
Judith Bartel at the Institute of Human Genetics (lab of Dr. Anke Bergmann, Hannover Medical School).
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Figure 4.10: Assessment of hiPSC quality. (A) Representative brightfield images confirming normal hiPSC
colony morphology (scalebar=300 um). (B) Flow cytometric analysis of stage-specific embryonic antigen 4
(SSEA-4) on HWS8 wild-type and ChiPSC12 wild-type cells, as well as CRISPR/Cas9-edited ETV6::RUNX1*
hiPSC lines HW8 E::R 1, HW8 E::R 2 and ChiPSC12 E::R. (C) Representative RT-gPCR analyses of
pluripotency marker genes DNMT3B, GDF3, POU5F1 and NANOG in HW8 wild-type, ChiPSC12 wild-type,
as well as the respective ETV6::RUNX1* hiPSC clones. Fibroblasts from 2 healthy donors were used as
negative controls. Expression of DNMT3B and GDF3 is normalized to ATP5PB, expression of POU5F1 and
NANOG is normalized to PGK1. Data is presented as the mean + SD, and expression of ETV6::RUNX1*
hiPSC lines is presented relative to the respective wild-type.

Table 4.1: Analysis of CRISPR/Cas9 off-target sites in ETV6::RUNX1* hiPSCs. In silico prediction of off-target
sites was performed using the Cas-OFFinder tool (http://www.rgenome.net/cas-offinder [220]). Off-target
sites with <2 mismatches from the target sequences and bulge size of <2 were considered.

mismatch
gene location predicted off-target sequence  detected?
intergenic region chrl: 205039607 GG--GAGGCTAAATCCCaARAAGG no
intergenic region chr5: 12289845 GGATGAG--TAAATCCCTtAGGG no
IncRNA

chr5: 32906797 GCCTAATYGGGAATGGTIG-GIGG

ENSG00000250697 no
UTRN (intron) chr6: 144392358 GG--GAGGCTAgATCCCTAAAGG no
NALF1 (intron) chr13: 107849120 GGAaGAaGCTAARATCCCTAATGG no
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4.2 Transcriptome analysis of ETV6::RUNX1* preleukemia

Following successful genome editing, bulk RNA sequencing (RNA-seq) of ETV6::RUNXI* and
wild-type hiPSCs was performed. Unsupervised principal component analysis (PCA) taking into
account all genes identified by RNA-seq (n=16,328) clearly separated ETV6::RUNXI1* and
wild-type hiPSCs according to genotype (Figure 4.11A). Of note, both ETV6::RUNX1* HW8 hiPSC
lines formed a single cluster, indicating high similarity of expression profiles. Altogether,
expression changes were subtle with only 20 genes showing differential expression in all 3
ETV6::RUNX1* hiPSC lines compared with their respective wild-type counterpart (cut-offs:
absolute FC>2 and p<0.05, Figure 4.11B-C). These mild changes in expression underline the
subtle oncogenic impact of ETV6::RUNX1 and requirement of additional mutations for

manifestation of overt leukemia.
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Figure 4.11: Transcriptome analysis reveals subtle expression changes induced by ETV6::RUNX1 in hiPSCs.
(A) Unsupervised principal component analysis (PCA) plot of ETV6::RUNX1* and wild-type hiPSC
transcriptome profiles determined by RNA-seq taking into account all genes. (B) Hierarchical clustering
analysis of the 20 differentially expressed genes with an absolute FC>2 and p<0.05 detected in
ETV6::RUNXI* hiPSCs by RNA-seq compared to their respective wild-type counterpart. (C) Venn diagrams
of upregulated and downregulated differentially expressed genes using the cut-offs mentioned in (B).

While expression changes were mild, ETV6::RUNXI* hiPSCs displayed dysregulation of multiple
previously identified ETV6::RUNX1 target genes (Figure 4.12). These include the direct
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ETV6::RUNX1 target genes RAG1I [133], SPIB [134] and ICAM1 [221], as well as other genes

previously found to be dysregulated upon ETV6::RUNX1 knockdown, such as S100A4 and LYN
[130].
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Figure 4.12: ETV6::RUNXI* hiPSCs recapitulate dysregulation of common ETV6::RUNX1 target genes.
RNA-seq expression of ETV6::RUNX1 target genes depicted in HW8 and ChiPSC12 hiPSCs. Data is shown
as mean * SD and analyzed for statistical significance using an ordinary one-way ANOVA. ** = p<0.01,
*** = p<0.001

Given that the ETV6::RUNX1 fusion gene likely arises in a hematopoietic precursor cell (HPC)
[125], hiPSCs were differentiated towards HPCs using a serum- and feeder-free differentiation
protocol (STEMdiff Hematopoietic kit, Stemcell Technologies). Differentiation was performed in
two steps: hiPSCs were first induced towards mesodermal cells for three days and then

differentiated for another nine days towards the hematopoietic lineage (Figure 4.13).
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Figure 4.13: Overview of hiPSC differentiation towards HPCs. Representative brightfield images of HW8
wild-type hiPSCs during differentiation using the STEMdiff Hematopoietic kit (Stemcell Technologies) are
shown.

ETV6::RUNX1 expression in the emerging HPCs was determined via RT-qPCR, indicating that
fusion gene levels increased during hematopoietic differentiation to levels comparable to REH
cells (Figure 4.14A). Additionally, single-cell RNA-seq (scRNA-seq) analyses of HPCs were
performed to characterize cellular heterogeneity of ETV6::RUNX1" and wild-type HPCs. Flow
cytometric analysis revealed significantly increased output of CD34* cells derived from
ETV6::RUNX1* hiPSCs compared to wild-type hiPSCs (Figure 4.14B-C). In line with this,
scRNA-seq identified upregulation of hematopoietic stem cell (HSC) marker genes CD34,
MECOM, NIRP1, NKAIN2 and PROM1 in ETV6::RUNX1* hiPSC-derived HPCs (Figure 4.14D). Of
note, while flow cytometry detected the CD34 surface protein on 78.8-97.4% of HPCs, the
fraction of CD34* HPCs identified by scRNA-seq was much lower (11-22%). The discrepancy
between RNA and surface protein levels is a common observation in scRNA-seq and has been

previously decribed for CD34 [222].

Additionally, annotation of cell stages was performed by using gene set signatures derived from
fetal bone marrow scRNA-seq data [205]. As expected, gene signatures of HSCs and multipotent
progenitors (MPPs) were enriched in ETV6::RUNX1* HPCs compared to wild-type HPCs (Figure
4.14E).
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Figure 4.14: ETV6::RUNX1 expression enhances HSC output during hiPSC differentiation.
(A) Quantification of ETV6::RUNX1 expression by RT-qPCR in REH cells and hiPSC-derived HPCs. Mean
expression t SD is indicated. (B,C) Frequencies of CD34" hiPSC-derived HPCs determined by flow
cytometry. (B) Representative flow cytometry plots of wild-type and ETV6::RUNX1* hiPSCs. (C) Each dot
represents a technical replicate (n=5) and replicates were pooled for scRNA-seq. Mean expression + SD is
indicated and data was analyzed for statistical significance using an unpaired t-test. ** = p<0.01,
*** = p<0.001 (D) Dot plot showing mean expression per sample (z-score) of HSC marker genes CD34,
MECOM, NRIP1, NKAIN2 and PROMI1, cell-cycle inhibitor CDKNI1A (p21) and G2/M marker DNA
topoisomerase TOP2A determined by scRNA-seq. Gene expression frequency (fraction of cells per
sample) is indicated by spot size and expression level is indicated by color intensity. (E) Heat map
visualizing the HSC/MPP I-IV scores of scRNA-seq data derived from ETV6::RUNX1* and wild-type HPCs
using gene set signatures from Jardine et al. [205]. Analysis of scRNA-seq data was performed by Andrea
Hanel.

ETV6::RUNX1 has been implicated in cell cycle repression [126]. Hence, annotation of cell cycle
states was performed based on cell cycle marker gene scoring. Cell cycle distribution was
skewed towards the GO/G1 state in ETV6::RUNXI* HPCs (Figure 4.15A), possibly due to
increased numbers of quiescent CD34" cells. In line with this, cell cycle kinase inhibitor CDKN1A
expression was elevated in ETV6::RUNXI* HPCs, while expression of the G2/M phase-specific

DNA topoisomerase TOP2A was markedly enriched in wild-type HPCs (Figure 4.14D).

To measure overall transcriptional activity, the number of detected genes per cell (n_genes) and
number of unique transcripts per cell (n_UMlIs, UMI: unique molecular identifier) was
determined. Both gene counts and unique transcripts per cell were significantly decreased in

ETV6::RUNX1* HPCs compared to wild-type HPCs (Figure 4.15B-C).
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Figure 4.15: ETV6::RUNX1 expression is associated with slower cell cycle and decreased transcriptional
activity in hiPSC-derived HPCs. (A) Stacked bar plot showing distribution of cell cycle stages of samples
analyzed by scRNA-seq. Analysis of scRNA-seq data was performed by Andrea Hanel. (B, C) Violin plots
depicting number of detected genes (n_genes) and unique molecular identifier counts (n_UMIs) per cell.
Median expression and quartiles are indicated. Data was analyzed for statistical significance using an

unpaired t-test. *** = p<0.001
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4.3 Linker histone H1-0 upregulation in ETV6::RUNX1* preleukemia and BCP-ALL
Transcriptome analysis of ETV6::RUNX1* hiPSCs revealed consistent upregulation of linker
histone H1-0 (Figure 4.11B), an epigentic regulator that mediates chromatin remodeling [183].
Elevated expression levels of H1-0 identified by RNA-seq (Figure 4.16A) were confirmed both by
RT-gPCR (Figure 4.16B) and immunoblot (Figure 4.16C). Again, ETV6 protein levels were
markedly reduced in ETV6::RUNX1" hiPSCs as a result of the RUNX1 HDR template disrupting
one ETV6 allele.
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Figure 4.16: Human ETV6::RUNX1* preleukemia models exhibit upregulation of linker histone H1-0.
(A) H1-0 expression levels determined by RNA-seq in ETV6::RUNX1* and wild-type hiPSCs. (B) H1-0
expression levels determined by RT-gPCR in ETV6::RUNXI* and wild-type hiPSCs. Values are normalized to
HW8 wild-type expression levels and to GAPDH expression. Samples shown in (B) were subjected to
RNA-seq. (C) Western blot analysis of ETV6::RUNX1, H1-0, ETV6 and B-actin levels in ETV6::RUNX1* and
wild-type hiPSCs. (D) H1-0 levels in HSCs (CD19°CD34*CD45RA"), IL7R* (CD19°CD34*CD45RA* IL7R*) and
pro-B (CD19*CD34*) cells differentiated from ETV6::RUNX1* or reverted MIFF3 hiPSCs, and fetal liver cells.
Data is derived from a published RNA-seq dataset (accession number: E-MTAB-6382 [125]). (A, B, D)
Mean expression * SD is indicated and data was analyzed for statistical significance using an ordinary
one-way ANOVA. * = p<0.05, ** = p<0.01, *** = p<0.001

Furthermore, analysis of a published RNA-seq dataset (accession number: E-MTAB-6382 [125])
revealed that upregulation of HI-0 in ETV6::RUNX1* preleukemic cells is preserved during

differentiation of hiPSCs along the B lymphoid lineage and HI-0 levels were restored to a
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degree comparable to sorted fetal liver cells in reverted hiPSC-derived cells that lack

ETV6::RUNX1 expression (Figure 4.16D).

To assess H1-0 levels in overt leukemia, RNA-seq and expression microarray datasets derived
from three patient cohorts, encompassing a total of 3,026 samples (PeCan St. Jude database,
GSE87070 [199] and GSE13159 [198]) were analyzed. Across all cohorts, ETV6::RUNXI* BCP-ALL
showed highest H1-0 levels (Figure 4.17).
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Figure 4.17: H1-0 levels are consistently upregulated in ETV6::RUNX1* BCP-ALL patients. (A-C) H1-0 levels
across various ALL patient cohorts derived from the (A) PeCan St. Jude database and two published
expression microarray datasets (accession numbers: GSE87070 [210] (B) and GSE13159 [208] (C)).
Number of patients per leukemia entity is indicated. Mean expression is indicated and data was analyzed
for statistical significance using an ordinary one-way ANOVA. ** = p<0.01, *** = p<0.001
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Additionally, 9 patient-derived xenograft (PDX) samples were analyzed for H1-0 expression via
RT-gPCR. In line with my previous observations, ETV6::RUNXI* PDX samples displayed highest
H1-0 expression compared to high hyperdiploid, BCR::ABL1* or TCF3::PBX1* BCP-ALL (Figure
4.18A). Moreover, immunoblot analysis of B-ALL cell lines was performed to determine H1-0
expression levels (Figure 4.18B). The ETV6::RUNX1* cell line REH and high hyperdiploid cell line
MHH-CALL-2 (derived from a near-haploid clone) showed particluarly high H1-O protein
expression, while cell lines bearing other chromosomal translocations exhibited low or

undetectable levels of H1-0. Moreover, H1-0 protein levels were found to reflect doubling times

in the B-ALL cell lines.
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Figure 4.18: H1-0 levels are consistently upregulated in ETV6::RUNX1* PDX samples and cell lines.
(A) H1-0 expression was quantified by RT-gPCR. Technical replicates (n=3) are shown with mean
expression + SD. Statistical significance of H1-0 upregulation in ETV6::RUNX1* PDX was determined using
an ordinary one-way ANOVA. *** = p<0.001 (B) Protein levels of ETV6::RUNX1, H1-0, RUNX variants, ETV6
and B-actin in BCP-ALL cell lines quantified by Western blot. Chromosomal aberrations present in the

respective cell lines are indicated. Doubling times are derived from the DSMZ database
(https://www.dsmz.de).
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4.4 Regulation of H1-0 expression

Given the association between ETV6::RUNXI1 and HI-O expression, direct binding of the
ETV6::RUNX1 transcription factor to the H1-0 promoter region might be conceivable. However,
reanalysis of the H1-0 promoter using published chromatin immunoprecipitation sequencing
(ChlP-seq) data of ETV6::RUNXI* REH cells (accession numbers: GSE176084 [215] and
GSE117684 [133]) showed no direct binding of either the fusion protein or RUNX1 to the HI-0

promoter region (Figure 4.19).
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Figure 4.19: Chromatin immunoprecipitation does not show direct binding of ETV6::RUNX1 or RUNX1 to
the H1-0 promoter region. Chromatin immunoprecipitation (ChlP) peak visualization within the human
H1-0 gene region (hg38) from ChIP-seq data of REH cells for H3K4mel, H3K4me3, H3K27ac and RUNX1
(accession number: GSE117684 [215]) as well as ETV6::RUNX1 (accession number: GSE176084 [129]).

To determine the potential of ETV6::RUNX1 to transactivate the H1-0 promoter, dual-luciferase
promoter assays were performed. For this, the H1-0 promoter region (-351 to +161 from TSS)
was cloned into a luciferase reporter plasmid (Figure 4.20A), which was transfected into 293T
cells along with either an empty vector or vectors containing the FLAG-tagged ETV6::RUNX1 or
RUNX1 sequence. Luciferase activity measurements confirmed that expression of ETV6::RUNX1
is sufficient to activate the H1-0 promoter (2.2-fold), while RUNX1 expression induces reduction

of luciferase activity (3.1-fold; Figure 4.20B).
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Figure 4.20: ETV6::RUNX1 activates the H1-0 promoter. (A) Schematic representation of the H1-0 locus,
including the 512-bp region (nucleotides -351 to +161 from TSS) encompassing promoter-like signature
EH38E2163184 (ENCODE). The H1-0 CpG island (CGl) shore and 450K Infinium array probes are indicated.
(B) 293T cells were transfected with a vector encoding the H1-0 promoter-like signature indicated in (A),
together with the empty pcDNA3 vector or pcDNA3 plasmids expressing either ETV6::RUNX1 or RUNX1,
and a vector expressing Renilla luciferase. Luciferase activities were normalized to Renilla luciferase
activity and the empty vector control. Data represent mean values of three independent replicates + SD.
Significance was calculated using an ordinary one-way ANOVA (*** = p<0.001). Representative protein
levels of ETV6::RUNX1, RUNX1 and B-actin determined by Western blot are shown.

Apart from direct binding, HI-0 expression might be indirectly affected by ETV6::RUNX1.
Indirect regulation of H1-O expression is conceivable via epigenetic regulation, such as
methylation or acetylation. Recently, differential DNA methylation of the H1-0 CpG island (CGl)
shore has been implicated in regulating H1-0 expression [183]. A schematic representation of
the H1-0 CGI shore region is depicted in Figure 4.21A. The 450K Infinium probes covering the

indicated genomic locus are indicated.

To analyze differential methylation of the H1-0 CGIl shore region, publicly available 450K
Infinium microarray DNA methylation data comprising patient samples of T-ALL (n=101) and six
B-ALL subtypes (n=445; accession number: GSE49032 [158]) were analyzed. These analyses
revealed that mean HI-0 CGI shore methylation comprising probes cg07141002 and
cg01883777 was lowest in ETV6::RUNX1* ALL (Figure 4.21B) and inversely correlated with H1-0
RNA expression (Pearson r=0.645, p<0.0001; Figure 4.21C).
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Figure 4.21: H1-0 RNA expression is inversely correlated with H1-0 CGI shore methylation in ALL patient
samples. (A) Schematic representation of the HI1-0 CGIl shore region and position of 450K Infinium
microarray DNA probes. Adapted from [183]. (B) Pearson correlation of H1-0 RNA expression and mean
DNA methylation of the H1-0 CGI shore probes cg07141002 and cg01883777 in leukemia patients. Data
was retrieved from NCBI GEO (accession number: GSE49032 [158]). Expression is shown for microarray
probe 208886 _at. Each dot represents a single patient. (C) H1-0 DNA methylation in different leukemia
entities is visualized as a heatmap with each column corresponding to a single patient. Within each entity,
patients are sorted according to mean DNA methylation of CGI shore probes cg07141002 and
cg01883777. The total number of patients per entity is indicated. Data was retrieved from NCBI GEO
(accession number: GSE49032 [158]) and processed by Dr. Rabea Wagener.

H1-0 expression can be induced by various extrinsic and intrinsic signals. Early accounts of H1-0
accumulation via the HDACis sodium butyrate [223] and Trichostatin A (TSA) [224] treatment
suggested a potential role of histone acetylation in modulating H1-0 expression. Induction of
H1-0 expression by HDACis was confirmed by Morales Torres et al. in a screen of >4000
compounds in HCC1569 breast cancer cells and tumor differentiation factor (TDF)-transformed
dermal fibroblasts [194]. This screen identified the three HDACis JNJ-26481585/Quisinostat,
PClI-24781/Abexinostat and suberanilohydroxamic acid (SAHA)/Vorinostat as potent inducers of

H1-0 expression.
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Hence, induction of H1-0 after 24-hour treatment with these three HDACis was tested in hiPSCs.
As can be observed in Figure 4.22A, all compounds led to significant increase of H1-0 RNA,
albeit with different potencies. Importantly, drug doses of 1 uM Abexinostat and >100 nM
Quisinostat led to lethality. Among the three drugs, Quisinostat showed highest potency,
leading to significantly elevated H1-0 RNA levels at low nanomolar concentrations of 5-15 nM

after 24 hours compared to DMSO-treated hiPSCs (Figure 4.22B).
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Figure 4.22: Quisinostat induces H1-0 expression at low nanomolar concentrations in hiPSCs. HW8 hiPSCs
were treated with the indicated concentrations of (A) Abexinostat, Quisinostat or Vorinostat, and
(B) Quisinostat for 24 hours. H1-0 levels were quantified by RT-gPCR and normalized to GAPDH levels.
Values represent technical replicates (n=3) and mean expression + SD is indicated. One-way ANOVA was
used to compare DMSO-treated and HDACi-treated hiPSCs. * = p<0.05, *** = p<0.001

Next, the effect of Quisinostat treatment on transcriptional activation via the H1-0 promoter
was assessed by transfection of 293T cells with the exogenous H1-0 promoter sequence cloned
upstream of a luciferase reporter gene (as previously shown in Figure 4.20A). Quisinostat
induces dose-dependent activation of transcription via the H1-0 promoter (Figure 4.23A) and
induces expression of endogenous H1-O RNA levels in 293T cells, as measured by RT-gPCR

(Figure 4.23B).

As shown in Figure 4.18, Western blot analysis of H1-0 protein levels in BCP-ALL cell lines
indicated high expression in the ETV6::RUNX1* cell line REH as well as the hyperdiploid cell line
MHH-CALL-2, while cell lines bearing other chromosomal translocations displayed low
(SUP-B15) or undetectable levels. To test whether treatment with Quisinostat induces HI-0
expression in leukemic cells of the B lineage, BCP-ALL cell lines with high (REH and

MHH-CALL-2), medium (SUP-B15) and low HI1-0 expression (RS4;11) were treated with 1 uM
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Quisinostat for 24 hours. All cell lines showed strong upregulation of H1-0 upon Quisinostat
treatment, dependent on their basal levels (Figure 4.24). The increase of HI-0 expression
observed upon Quisinostat treatment was highest in RS4;11 (343.7-fold), indicating that
Quisinostat can efficiently induce H1-0 expression in B-ALL cells with low basal H1-0 expression
levels. Of note, expression of H1-0 could not be detected in wild-type RS4;11 on Western blot

level (Figure 4.18), while the H1-0 RT-gPCR approach was able to pick up low HI1-0 expression
with high sensitivity.
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Figure 4.23: Quisinostat activates the HI-0 promoter at nanomolar concentrations. 293T cells were
transfected with vectors encoding for the H1-0 promoter-like signature upstream of Firefly luciferase and
for Renilla luciferase. (A) Luciferase activities were normalized to Renilla luciferase activity and the empty
vector control. (B) HI-0 expression was quantified by RT-qPCR and normalized to GAPDH levels. Data
represent mean values of three independent replicates + SD. Significance was calculated using an
ordinary one-way ANOVA. * = p<0.05, *** = p<0.001
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Figure 4.24: Quisinostat induces strong H1-0 upregulation in BCP-ALL cell lines. RT-gPCR quantifying H1-0
levels 24 hours after treatment with DMSO or 1 uM Quisinostat in BCP-ALL cell lines. Values represent
mean + SD from three independent replicates and data was analyzed for statistical significance using an
ordinary one-way ANOVA. *** = p<0.001.
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4.5 Functional characterization of linker histone H1-0

4.5.1 H1-0knockdown in REH cells

Given that H1-0 is specifically upregulated in preleukemia and overt BCP-ALL carrying the
ETV6::RUNX1 translocation, | aimed to characterize the contribution of H1-0 to ETV6::RUNX1*
BCP-ALL pathology. To this end, a transient knockdown of HI-0 was performed in the
ETV6::RUNX1* B-ALL cell line REH using siRNA pools delivered by nucleofection. siRNA-mediated
knockdown resulted in reduction of HI-0 RNA levels by =50-60% compared to non-targeting
control siRNA (siCtrl) treatment after 48 h (Figure 4.25A-B). Knockdown was confirmed on

protein level by performing Western blot analysis (Figure 4.25C).
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Figure 4.25: siRNA-mediated knockdown of H1-0 in REH cells. (A) Relative H1-0 expression determined by
RNA-seq in REH cells treated for 48 hours with an siRNA control pool (siCtrl) or H1-O-targeting siRNA
pools siH1-0_1 or siH1-0_2. Values are normalized to H1-0 expression levels in siCtrl-treated cells. Data is
presented as the mean + SD. (B) H1-0 expression levels determined by RT-gPCR in REH cells treated for 48
hours with siCtrl or H1-O-targeting siRNA pools. Values are normalized to GAPDH expression and HI1-0
expression levels in siCtrl-treated cells. Samples measured in (B) are derived from an experiment
independent of samples shown in (A). Data is presented as the mean + SD. (C) Representative Western
blot analysis of REH lysates following siRNA-mediated knockdown of HI-O for 48 hours, detecting
ETV6::RUNX1, H1-0 and B-actin.

Transcriptome analysis by RNA-seq of REH cells treated with HI-0-targeting siRNA compared to
siCtrl treatment revealed moderate gene dysregulation, with 38 genes showing recurrent >1.5
fold changes (p<0.05, 23 upregulated and 15 downregulated, Figure 4.26A). Gene set
enrichment analysis (GSEA) of dysregulated genes identified by RNA-seq upon H1-0 knockdown
revealed significant enrichment (cut-offs: p<0.005, false discovery rate (FDR) g-value<0.1) of
gene signatures associated with DNA replication, histone modification, DNA repair and protein
ubiquitination in siCtrl-treated REH cells (Figure 4.26B, Supplementary Table 8.1), while no
significantly enriched pathways were identified in REH cells treated with HI1-O-targeting siRNA

using the same cut-offs (Supplementary Table 8.2),. Notably, GSEA uncovered dysregulation of
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genes linked to histone acetylation and methylation (Supplementary Table 8.1), consistent with
previous reports highlighting strong correlation between HI-0 gene expression and chromatin

methylation or acetylation [194, 224].
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Figure 4.26: Canonical signaling pathways enriched in REH cells upon siRNA-mediated H1-0 knockdown.
(A) Significantly dyregulated genes in REH cells treated with H1-0-targeting siRNA for 48 hours compared
to siCtrl treatment (cut-offs: absolute FC>1.5 and p<0.05) determined by RNA-seq. (B) Enrichment map of
gene sets enriched in siCtrl-treated REH cells compared to siRNA-mediated knockdown of H1-0 (cut-offs:
p<0.005, FDR g-value<0.1) using the canonical pathways gene set collection (Human MSigDB Collections).
No significantly enriched gene sets were found in siH1-O-treated REH cells using the indicated cut offs.
Groups of similar pathways are indicated.

To ascertain common molecular drivers of the observed gene expression changes upon H1-0
knockdown, upstream regulator analysis (Ingenuity Pathway Analysis, QIAGEN) was performed
(Supplementary Tables 8.3 and 8.4). Notably, the most significant potential drivers of expression
changes were ETV6::RUNX1 and TP53 (Figure 4.27A). Negative activation z-scores indicate
predicted inhibition of the ETV6::RUNX1 transcription factor upon H1-0 knockdown. Given that
ETV6::RUNX1 primarily functions as a repressor of RUNX1 target genes [128], a set of genes
upregulated upon ETV6::RUNX1 knockdown (cut-offs: log, FC>0.9 and p<0.05) [130] was used to
validate the previous findings. Indeed, GSEA revealed significant upregulation of ETV6::RUNX1
signature genes upon HI-0 knockdown (normalized enrichment score (NES)=1.63, FDR

g-value=0.001; Figure 4.27B).
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Figure 4.27: ETV6::RUNXI1-specfic gene signature is reverted in REH cells upon siRNA-mediated
knockdown of H1-0. Ingenuity Pathway analysis (IPA) of upstream regulators significantly enriched in both
siH1-0_1 versus siCtrl and siH1-0_2 versus siCtrl (p<0.05). The ETV6::RUNX1 signature is marked in red.
IPA was performed by Daniel Picard. (B, C) Gene set enrichment analysis (GSEA) results of (B) siH1-0_1
versus siCtrl and (C) siH1-0_2 versus siCtrl using a published gene set of significantly upregulated genes in
REH and AT-2 cells upon ETV6::RUNX1 knockdown (cut-offs: logo FC>0.9 and p<0.05, [130]). Normalized
enrichment score (NES) and false discovery rate (FDR) are indicated.

Significant activation of TP53 (encoding for p53) following H1-0 knockdown was confirmed by
GSEA (NES=1.45, FDR g-value=0.009; Figure 4.27C). Indeed, previous studies have
demonstrated that ETV6::RUNX1 suppresses p53 activity by upregulating MDM2 [225], which |
found to be downregulated in REH cells upon H1-0 knockdown (Figure 4.28A). Moreover, both
EPOR and RAGI, two genes upregulated by ETV6::RUNX1 and imperative to ETV6::RUNXI* BCP-
ALL pathophysiology [14, 133, 135, 226], exhibited reduced levels upon H1-0 knockdown (Figure
4.28A) as well as significant correlation with H1-0O RNA expression in ETV6::RUNX1* BCP-ALL
patient samples derived from the PeCan St. Jude cohort (n=87; https://pecan.stjude.cloud [206,

207]; Figure 4.28B).
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Figure 4.28: Dysregulation of ETV6::RUNX1-regulated signature genes upon HI1-0 knockdown. (A) RNA
expression levels of EPOR, RAG1 and MGM2 determined by RNA-seq in siCtrl and siH1-0 REH. (B) Pearson
correlation of H1-0 expression with EPOR or RAG1 expression in ETV6::RUNX1* BCP-ALL patient samples
derived from the PeCan St. Jude Cloud (n=87, RNA-seq data, https://pecan.stjude.cloud [206, 207]).
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4.5.2 Correlation analyses in healthy and leukemic cells

To gain an understanding of HI1-O function, tissue expression was analyzed using a
publicly-available RNA-seq tissue expression dataset (Human Protein Atlas portal, HPA tissue
dataset, https://www.proteinatlas.org). Notably, bone marrow exhibited highest HI1-0

expression levels compared to 32 other tissues (sorted according to H1-0O expression level,

Figure 4.29).

1200w

c

G 10004 o

A

s 800

a

éﬁDO

S 400

T 833 o

= 200 @:&:@&—% o

SRS B ek & Lo kol Lok LY 13 L LX T 3. LY TP
BUJOLJ—UUJEGJ“‘EL"‘EC’J;OJ}m‘U}mmenﬂh‘"iU‘—m@:m
o c B 0 £ 2 (S v O @ 5 £ £ 5 ¥ @ 3 g @ I3 0w £ @ |, o o
P B zS B g E2eg 2w poc s T8 ELE58 2588 28 80
5 3 w 2 0 g =& E 20O - ¥ T S mp 2 § 0 m BT E S m{P o & @ <
e E > o o2 5 © 0 g & L c ¥ E 45 E @ © — 2 o - 2 3 -
E > £ s g £ 8 @ o DL Hw o 3§ w o = =
= 5 o c 7} < © £ o o < = 0 c = ®
o B T = 5 2 a s O ] = c T A o = c £
£ 8 =2 5 8 8 > §z 2 3zg&g BE I5¢ 2
o @ a £ © = = b = @ £
[e] @ LY Y £ Em -
& ] T - > @

Rl
E

Figure 4.29: H1-0 is highly expressed in human bone marrow. Tissue-based H1-0 RNA-seq data (nTPM)
obtained from the Human Protein Atlas portal depicting the 33 tissues with highest mean expression of
H1-0. Tissue types are sorted according to mean expression. Each dot represents a single patient. Data is
shown as mean + SD. *** = p<0.001

Given that H1-0 has previously been shown to be restricted to undifferentiated, quiescent
progenitor cells in hematopoiesis [187], H1-O expression was analyzed in hematopoietic
precursor cells along the B cell lineage. Analysis of published RNA-seq and expression
microarray datasets revealed a stepwise decrease of mean H1-0 expression during early B cell
development in bone marrow (Figure 4.30A), umbilical cord blood and peripheral blood (Figure
4.30B), as well as fetal liver-derived cells (Figure 4.30C). Moreover, H1-0 expression levels of
ETV6::RUNX1* BCP-ALL patient samples were compared to healthy HSC and B cell progenitors
stages. ETV6::RUNX1* BCP-ALL samples showed significantly higher expression of HI-0

compared to early hematopoietic cell stages (Figure 4.30A).

H1-0 has previously been identified as a heterogenously expressed gene in human solid tumors
[194]. To address cell-to-cell variation, scRNA-seq data of B cell precursor cells derived from
healthy bone marrow of 8 donors was analyzed. Again, H1-0* cell numbers decreased along the
B lineage trajectory, clustering predominantly to more immature and GO/G1 cell states (Figure

4.31).
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Figure 4.30: Expression of H1-0 decreases during hematopoietic differentiation in healthy individuals.
(A) H1-0 expression in ETV6::RUNX1I* BCP-ALL (n=6) and healthy B cell precursor stages derived from a
published RNA-seq dataset (accession number: GSE115656). B cell precursor fractions are HSCs
(CD34*CD191gM"), pro-B cells (CD34*CD19*IgM"), pre-B cells (CD34CD19*IgM") and immature B cells
(CD34°CD19*IgM*). (B) H1-0 expression in healthy B cell precursor stages derived from a published
expression microarray dataset (accession number: GSE24759). B cell precursor fractions are HSCs
(CD34*CD38), pro-B cells (CD34*CD10*CD19*), pre-B cells (CD34°CD10*CD19*), naive B cells
(CD19*1gD*CD27) and mature B cells (CD19*IgD*CD27*). (C) Min-max-normalized RNA expression of H1-0
is depicted in healthy fetal liver B cell developmental stages obtained from a published scRNA-seq dataset
(accession  number: E-MTAB-7407, Developmental  Cell  Atlas  Newcastle  University,
https://www.humancellatlas.org/). (A, B) Mean expression + SD is indicated and data was analyzed for
statistical significance using an ordinary one-way ANOVA (* = p<0.05, *** = p<0.001).
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Figure 4.31: H1-0 expression is primarily restricted to GO/G1 phase cells during normal early B-lymphoid
development. H1-0 expression levels across normal B-lymphoid differentiation depicted in a scRNA-seq
UMAP visualization of B cell precursor cells from bone marrow of eight healthy donors. Data analysis was
performed by Dr. Juha Mehtonen. Cell stage and cell cycle annotation has been published previously
[195].
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4.6 Targeting BCP-ALL via Quisinostat-induced H1-0 upregulation
Due to their cytostatic activity, HDACis are potent inducers of HI-O expression [194, 224].
Therefore, | assessed whether addition of HDACis can potentiate cell death induced by

chemotherapeutic drugs commonly used in B-ALL treatment protocols.

To test correlation of H1-0 protein levels and drug sensitivity towards HDACis, | took advantage
of the Functional Omics Resource of Acute Lymphoblastic Leukemia (FORALL) platform [227,
228] (https://proteomics.se/forall/). Indeed, H1-0 protein levels anti-correlated with sensitivity
towards HDACIs in a panel of 25 B-ALL cell lines (Figure 4.32). In particular, highly significant
anti-correlation of H1-0 protein levels and sensitivity towards AR-42 and Vorinostat (p<0.001)

was found, as well as towards 11 other HDACis, including Abexinostat and Quisinostat (p<0.01).
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Figure 4.32: Susceptibility towards the HDACis correlates with H1-O protein expression. Spearman
correlation and Spearman p-values of H1-0 protein levels and selective drug sensitivity scores (sDSS) in 25
BCP-ALL cell lines derived from the FORALL platform [227, 228] (https://proteomics.se/forall/; cut-offs:
p<0.05, FDR<0.25). HDACis are marked in red.

Next, to determine whether addition of Quisinostat to existing chemotherapeutic B-ALL
regiments might improve treatment, synergy drug screenings were performed. Combination of
Quisinostat with Vincristine and Daunorubicin, two chemotherapeutic drugs that are commonly
used in B-ALL treatment protocols [229], exhibited strong synergism in REH cells (Figure
4.33A-C), whereas either no additive effect or a less pronounced additive effect was observed in
MHH-CALL-2, SUP-B15 and RS4;11 cells. Moreover, strong synergism of Quisinostat with the
proteasome inhibitor Bortezomib in REH with ZIP synergy scores >30 (Figure 4.33D),
MHH-CALL-2 and SUP-B15 cell lines was detected, while synergism was less pronounced in

RS4;11 cells (Figure 4.33A).
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Figure 4.33: Quisinostat synergizes with B-ALL frontline drugs and the proteasome inhibitor Bortezomib in
ETV6::RUNX1* BCP-ALL. (A) Heatmap indicating mean ZIP synergy scores of Vincristine (0.1-5 nM),
Daunorubicin (1.5-50 nM) or Bortezomib (1-10 nM) in combination with Quisinostat (0.2-20 nM) in four
BCP-ALL cell lines treated for 72 hours. Data of three independent experiments is shown. Colors indicate
synergy (red), lack of synergy (white) or antagonism (green). (B-D) Representative synergy plots
visualizing drug combinations with high mean ZIP synergy scores in REH cells. Drug screening experiments
and analyses were supported by Julian Schliehe-Diecks and Rebecca Hasselmann.
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5. DISCUSSION

5.1 Generation of preleukemic ETV6::RUNX1* hiPSCs

The CRISPR/Cas9 technology has greatly facilitated the targeted introduction of point mutations
into a variety of cell types. However, the efficacy of homology-directed repair (HDR) still
remains lower, in particular in hard-to-transfect cell lines, such as hiPSCs. Low single-cell survival
rates, time-consuming clonal expansion and maintenance to preserve pluripotency further

complicate genetic editing of hiPSCs.

In this work, | constructed an HDR template of 3791 bp that encodes for RUNXI exons 2-8 as
well as for a puromycin resistance gene under control of the human EF1a promoter. Puromycin
resistance allows for pre-selecting hiPSCs that integrated the complete or partial RUNX1 HDR
template into their DNA. Indeed, partial integration of the HDR template was observed in
multiple hiPSC clones where genotyping via PCR led to amplification of a product covering the
3’ region of the RUNX1 HDR template that contains the puromycin resistance gene, but gave no

signal for the 5’ region.

Colony screening via genotyping PCR and Sanger sequencing was enabled by using relatively
short homology arm (HA) sequences of <500 bp, while previous studies using larger constructs
relied on labor-intensive Southern blotting [125]. Altogether, screening =200 colonies of two
hiPSC lines (HW8 and ChiPSC12) identified 3 clones with successful integration of the RUNX1

HDR template.

Importantly, since the RUNXI HDR template was inserted at one ETV6 allele, the other ETV6
allele in the 3 genetically modified hiPSC clones stayed intact. This is in line with
haploinsufficiency of ETV6 but does not replicate the disruption of one RUNX1 allele observed in
patients. The ratio of ETV6::RUNX1 and RUNX1 is crucial because both transcription factors
compete for the same DNA binding motifs through their RHD [126]. To improve our
preleukemic hiPSC model, it would therefore be interesting to delete one of the remaining

RUNX1 alleles.

By inserting the RUNX1 HDR template downstream of ETV6 exon 5, expression of ETV6::RUNX1
is driven by the endogenous ETV6 promoter. This approach has been previously demonstrated
to produce physiological ETV6::RUNX1 expression levels in human and mouse models [125,
140], and | observed an increase of ETV6::RUNXI RNA expression during hiPSC differentiation
towards HPCs, reaching levels comparable to those in the ETV6::RUNX1* BCP-ALL cell line REH.
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ETV6::RUNX1 expression did not impact hiPSC colony morphology or pluripotency marker levels
(SSEA-4, DNMT3B, GDF3, POU5F1 and NANOG), and the genetically modified hiPSC clones
maintained their normal karyotype. This might be due to low ETV6::RUNX1 levels expressed at
the hiPSC state. In line with this, a previous study reported that ETV6 haploinsufficiency did not

impact pluripotency marker expression in hiPSCs [98].

5.2 Transcriptome analysis of ETV6::RUNX1* preleukemia

Accurately modeling ETV6::RUNX1* preleukemia and overt leukemia in mice has largely failed to
reproduce restriction to B lineage leukemia seen in humans [140, 141, 218]. This has been
attributed to level-dependent effects of ETV6::RUNX1, especially in models overexpressing the
fusion gene using viral transduction [217]. Discrepancies between ETV6::RUNX1" mouse and
human models were also linked to poor inter-species conservation of GGAA repeat enhancers
identified as key regulators of the ETV6::RUNX1* BCP-ALL gene signature [230]. Hence,
accurately recapitulating the intricate effects of ETV6::RUNX1 may necessitate modeling its

function in a human background with physiological expression levels.

Using whole-transcriptome sequencing, mild expression changes in ETV6::RUNX1* hiPSCs with
few differentially expressed genes overlapping between the 3 hiPSC clones were detected.
These subtle expression changes are in line with low expression of the fusion gene in hiPSCs as
well as the weak oncogenic potential of ETV6::RUNX1. Indeed, expression of ETV6::RUNX1 alone
is not sufficient to induce leukemia but requires additional mutations. While | did not observe
major expression changes, hiPSC lines clustered according to genotype using principal
component analysis of RNA-seq data. Moreover, common ETV6::RUNX1 target genes, including
RAG1 [133], SPIB [134] and ICAM1 [221], were dysregulated. This indicates that ETV6::RUNX1

expression was sufficient to induce a distinct transcriptional landscape even on hiPSC level.

ETV6::RUNX1* preleukemia in human cells has been previously studied by Bdiers et al. in a
developmental context using hiPSCs [125]. This study observed a partial block of B cell
development at the IL7R* progenitor to pro-B cell transition. However, given the variability of in
vitro B lineage differentiation protocols (e.g. due to differentiation potential of hiPSC lines or
quality of feeder cell layers), high cost of reagents and low yield of hematopoietic precursor

cells, downstream analysis of B lineage cells is challenging.

Here, | focused on the HSC compartment during early hematopoietic in vitro differentiation of
hiPSCs. For reproducibility and to eliminate variability introduced by feeder cells, a commercially

available feeder-free differentiation kit (STEMdiff Hematopoietic kit, Stemcell Technologies) was
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used. This differentiation system has been shown to produce multilineage HPCs [231].
Characterization of HPCs by flow cytometry and scRNA-seq showed significantly increased
numbers of HSCs derived from ETV6::RUNX1* hiPSCs compared to wild-type hiPSCs. Correlation
of ETV6::RUNX1 expression and HSC accumulation has been identified previously in mouse
models {140, 232, 233]. Concomitant with HSC accumulation, | observed that transcriptional
diversity (i.e. number of expressed genes per cell) was decreased in ETV6::RUNXI* HPCs
compared to wild-type HPCs. Indeed, HSCs generally have reduced RNA contents and low rate
of protein synthesis [234], and transcriptional diversity has previously been reported to be

associated with cellular differentiation state [235].

Through differentiation, hiPSCs provide the opportunity to generate model systems in disease-
relevant cell types. However, hiPSC modeling used in this work does not recapitulate the effects
of cell-cell interactions observed in the bone marrow microenvironment. In future experiments,
this might be addressed by using bone marrow organoid differentiation protocols that have

recently been published [236, 237].

Engraftment of hiPSC-derived HSCs is highly inefficient and engraftment of either wild-type or
ETV6::RUNX1* HSCs intravenously injected into mice failed (not shown). This is in line with
previous studies that were unable to generate engraftable HSCs differentiated from hiPSCs

without teratoma formation [238] or ectopic expression of transcription factors [239].

5.3 H1-0 upregulation in ETV6::RUNX1* preleukemia and BCP-ALL

Transcriptional analysis detected upregulation of linker histone HI-0 across multiple data sets,
both in preleukemic cells and BCP-ALL expressing the ETV6::RUNX1 fusion gene. As a regulator
of chromatin compaction, H1-0 is involved in epigenetic regulation and affects cellular
differentiation [183]. Of note, H1-0 upregulation in preleukemic cells was preserved during
differentiation. Moreover, increased HI1-O levels were also observed in leukemic BCP-ALL
patient samples, suggesting retention of chromatin compaction throughout ETV6::RUNXI*
BCP-ALL development. This is consistent with a recent study that showed lowest number of
accessible chromatin sites, i.e. more compact chromatin, in ETV6::RUNX1" BCP-ALL compared to
other ALL subtypes [165]. Similar loss of chromatin accessibility and cell cycle arrest has been
detected in myeloid progenitors harboring the RUNXI1::ETO translocation that retains the
DNA-binding RHD, allowing it to bind to RUNX1 target sites [240].

Furthermore, detection of H1-0 protein levels in B-ALL cell lines indicated higher expression in

slow-cycling cells, such as ETV6::RUNX1I* REH and high hyperdiploid MHH-CALL-2 cells. This
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supports previous findings of H1-0 accumulation in slowly or non-dividing cells [184].
Additionally, a study by Ebinger et al. characterizing dormant ALL cells identified H1-0 as the
most significantly upregulated gene in leukemia stem cell (LSC)-like cells [241]. As expected, this
gene signature of LSC-like cells was more highly expressed in ETV6::RUNXI* compared to

wild-type cells [126].

Future analysis regarding the contribution of H1-0 to hematopoietic differentiation could reveal
whether accumulation of ETV6::RUNX1" HSCs can be reverted by knockdown of H1-0. Given
that epigenetic regulation plays a crucial role during differentiation of HSCs, it would be
interesting to determine whether chromatin compaction via H1-0 contributes to B lymphoid

lineage restriction seen in ETV6::RUNX1" leukemias.

5.4 Regulation of H1-0 expression

Dual-luciferase promoter assays showed activation of the HI1-O promoter region upon
ETV6::RUNX1 expression in 293T cells. RUNX1 expression on the other hand led to reduction of
promoter activation when compared to cells transfected with an empty control vector.
Activation of the HI-0 promoter upon ETV6::RUNX1 expression is likely an indirect mechanism,
since ETV6::RUNX1 does not directly bind to the H1-0 promoter region in murine [221, 242] or
human cells. Indirect activation of the H1-0 promoter is further supported by the assumption

that ETV6::RUNX1 primarily acts as a transcriptional repressor [126-131].

Previous studies have shown that H1-O expression is regulated via epigenetic mechanisms,
including DNA methylation and acetylation. DNA methylation of a region located within the
H1-0 gene, the so called H1-0 CGI shore, has been implicated in transcriptional repression in
solid cancers [183]. | could show here that DNA methylation of the H1-0 CGlI shore significantly
correlates to H1-0 expression in leukemia and that HI-0 CGl shore methylation is lowest in
ETV6::RUNX1* BCP-ALL compared to other ALL entities. Apart from DNA methylation, HI-0
expression can be induced by HDACIs, such as sodium butyrate, Trichostatin A, Vorinostat,
Abexinostat and Quisinostat [193, 194, 224]. In dual-luciferase promoter assays, the HDACi

Quisinostat activated the H1-0 promoter region in a dose-dependent manner.

Altogether, H1-0 expression responds to various intracellular and extracellular signals. Given
that HDACis have a strong cytostatic effect and H1-0 levels are higher in slow-cycling cells, it is
conceivable that H1-0 accumulates due to continued protein synthesis [243]. This hypothesis is

supported by the observation that H1-0 synthesis is independent of DNA replication [181, 182].
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5.5 Functional characterization of linker histone H1-0

To determine how H1-0 contributes to ETV6::RUNX1* BCP-ALL, siRNA-mediated knockdowns of
H1-0 were performed in the REH cell line. Upstream regulator analysis of RNA-seq data showed
a significant inhibition of the ETV6::RUNX1 signature upon H1-O knockdown, indicating a
substantial role of H1-0 in transcriptional control of ETV6::RUNX1 target genes. Genes
dysregulated by H1-0 included common ETV6::RUNX1 target genes, such as RAG1 and EPOR [14,
133, 135, 226]. On the other hand, activation of the p53 pathway upon HI-O depletion,
including downregulation of the negative p53 regulator MDM2, was detected. Repression of the

MDM2/p53 pathway via ETV6::RUNX1 has been reported before [225].

Overall, GSEA of RNA-seq data identified enriched gene signatures associated with DNA
replication, histone modification, DNA repair and protein ubiquitination in REH cells treated
with non-targeting compared to H1-0O-targeting siRNA. Enrichment of epigenetic pathways, such
as histone acetylation, is consistent with correlation of H1-O expression and chromatin
acetylation described previously [194, 224]. Moreover, GSEA detected enrichment of genes
involved in chromatin condensation (gene set name: REACTOME_CONDENSATION OF
PROPHASE_CHROMOSOMES) which is in line with the structural role of H1-0 as a chromatin

condenser [178] and indicates loosening of chromatin upon H1-0 knockdown.

Protein-protein interaction studies have indicated involvement of H1-0 in RNA splicing and
ribosomal RNA (rRNA) biogenesis [244]. Using GSEA, | found enrichment of multiple gene sets
associated with rRNA expression. Moreover, evaluation of protein interactions from the STRING
database (https://string-db.org/ [245]) indicated association of H1-O with various histone
proteins, cyclin-dependent kinases and E3 ubiquitin-protein ligase RNF168 [246] (Figure 5.1). In
line with this observation, protein ubiquitination gene sets were enriched in REH cells treated
with  non-targeting siRNA (gene set names: REACTOME_E3 UBIQUITIN_LIGASES
UBIQUITINATE_TARGET_PROTEINS and REACTOME_PROTEIN_UBIQUITINATION).

Interestingly, relaxation of chromatin has been suggested to facilitate DNA damage response
(DDR) and triple knockout of H1-2, H1-3 and H1-4 improved DDR in murine embryonic stem
cells [247]. Given that GSEA identified multiple enriched gene sets associated with DNA repair, it
would be interesting to ascertain whether HI1-O-depleted cells are more resistant to DNA
damage, e.g. in response to ionizing radiation. Regarding ETV6::RUNX1* preleukemia, impaired
DDR due to H1-0 upregulation might make preleukemic cells more prone to acquisition of

secondary mutations.
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Figure 5.1: STRING analysis of the H1-O interactome. Shown are interacting proteins determined by
textmining and experimental evidence. The confidence level was set to 0.4 (medium) and thickness of
network edges indicates the confidence of the respective interactions.

Leukemia cell lines are notoriously difficult to transfect. While nucleofection was able to achieve
transient H1-0 knockdown efficiencies of =50% on RNA level in REH cells, this approach was also
accompanied by considerable cell death. Low total numbers of viable cells and the transient
nature of siRNA treatment hampered functional downstream assays. Therefore, to enable
stable downregulation of H1-0, viral transduction using an inducible knockdown system could
be beneficial. This approach would allow for sorting of transduced cells and studying the

long-term effects of H1-0 ablation.

Binding of H1-0 to chromatin has been found to depend on GC content [183]. Analysis of
chromatin accessibility, e.g. via Assay for Transposase-Accessible Chromatin using sequencing
(ATAC-seq), would allow to determine genomic loci that are affected by H1-O knockdown or

overexpression. These experiments are currently ongoing.

H1-0 accumulation has been associated with terminally differentiated cell types [185, 186]. The
data presented here show that H1-O expression rather indicates cellular quiescence and is
highly expressed in human bone marrow and HSCs. High H1-0 levels observed in HSCs are in line
with the largely quiescent nature of these cells [187]. Single-cell analysis indicated that the
number of H1-0"&" cells gradually decreases during B lymphoid development. This supports the
hypothesis that H1-0 accumulates in quiescent cells that have high proliferative capacity [183,

241] during hematopoiesis. Increased quiescence of ETV6::RUNX1* preleukemic cells is in

77



DISCUSSION

keeping with the presence of these cells in the cord blood of approximately 5% of healthy
newborns that was detected previously [45] and might offer an explanation for prolonged

latency periods of ETV6::RUNX1" leukemia of up to 14 years [39, 84].

5.6 Targeting BCP-ALL via Quisinostat-induced H1-0 upregulation

While treatment outcomes of BCP-ALL patients have considerably improved over the last
decades, therapy is still accompanied by severe side effects. Therefore, enhancing the
sensitivity of chemotherapeutic regimens, for instance by combination with small molecules,
such as HDACIs, has been subject of intensive research. To date, there are multiple clinical trials
testing the efficacy of HDACis in ALL, in particular for T-ALL and relapsed or refractory ALL [248]
and four pan-HDACis (Vorinostat, Romidepsin, Belinostat and Panobinostat) have been
approved by the Food and Drug Administration (FDA) for the treatment of T cell lymphoma or
multiple myeloma [249]. Given the common involvement of epigenetic dysregulation in B-ALL,
targeting epigenetic modifications holds substantial potential to enhance patient outcomes, for
instance by reversing the epigenetic silencing of blast cells. However, further clinical studies are
required to determine whether HDACis can be successfully integrated into treatment of other

hematologic malignancies.

The HDACI Quisinostat has been identified as a potent H1-0 inducer in solid cancers [194] and |
could show similar induction of H1-0 in BCP-ALL cell lines. In previous studies, Quisinostat has
demonstrated high potency and bioavailability at low nanomolar concentrations [250, 251],
while preserving normal stem cell function [194, 252, 253]. However, the predominantly
cytostatic activity of HDACis in vivo suggests that single-drug treatment is not sufficient to

induce cancer remission.

Using leukemic cell line models, | could show here that combinatorial treatment with the
pan-HDACIi Quisinostat is a promising approach to enhance treatment of ETV6::RUNX1* BCP-ALL
when administered alongside Vincristine or Daunorubicin. Additionally, combination of the
proteasome inhibitor Bortezomib with Quisinostat demonstrated remarkable synergy in
targeting ETV6::RUNX1* leukemic cells at nanomolar concentrations. Indeed, combination of
Bortezomib with Quisinostat showed promising treatment outcomes in a multiple myeloma
mouse model [254], while a previous study [255] also reported efficacy of other pan-HDACis
used in combination with Bortezomib in preclinical B-ALL models. As shown for solid cancer
[194], H1-0 levels might indicate susceptibility towards HDACis in BCP-ALL. Therefore,

combination treatments using Quisinostat might be a promising treatment approach for BCP-
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ALL, particularly for subtypes with high basal levels of the H1-0. To verify the efficacy of
combinatorial treatment using Quisinostat, future studies should include patient samples and in

vivo treatment in mice.
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6. OUTLOOK

Usually, leukemia develops by sequential acquisition of mutations. The subtle predisposing
effect of the ETV6::RUNX1 translocation seen by us and others make it challenging to determine
the exact mechanism of how the fusion gene contributes to BCP-ALL development. Rather than
inducing a fitness advantage, ETV6::RUNX1 slows proliferation and leads to a partial
differentiation block [125, 126]. It is conceivable that ETV6::RUNX1 induces selective pressure
for acquisition of certain mutations to overcome the observed fitness disadvantage of
preleukemic cells. Indeed, recurrent second hits observed in ETV6::RUNX1* BCP-ALL impact
pathways that are disrupted by ETV6::RUNX1, such as B lymphocyte differentiation (e.g. ETV6,
PAXS5, IKZF1, EBF1, RAG1, RAG2) or cell cycle (e.g. CDKN2A, CDKN2B). Using the preleukemic
hiPSC models generated in this work, it would be interesting to introduce common secondary
mutations and characterize their transformative potential on ETV6::RUNX1* preleukemic cells,

especially regarding hematopoiesis or proliferation.

The question why certain CNAs are recurrently observed in ETV6::RUNX1* BCP-ALL patients
remains incompletely understood. Using CRISPR screens, gene knockouts that result in selective
advantage of ETV6::RUNX1* cells could be identified on a genome-wide scale (Figure 6.1). This
would not only allow to confirm accumulation of lesions commonly seen in ETV6::RUNX1*
BCP-ALL patients in vitro, but to mimic the sequential acquisition of mutations described by the

two-hit hypothesis [6, 37].
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Figure 6.1: Schematic setup to characterize second hits in ETV6::RUNX1* BCP-ALL. Genetic perturbations
that affect in vitro or in vivo proliferation and survival of hiPSC-derived CD34* cells with or without
ETV6::RUNX1 translocation can be identified by counting of gRNAs sequences delivered via lentivirus.
NGS: next-generation sequencing. Figure created with BioRender.
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Furthermore, transformed ETV6::RUNXI* HSCs should gain the ability to engraft in mice, which
would enable in vivo expansion and in-depth characterization of the arising leukemic cells.
Combined with CRISPR screens, scRNA-seq offers the possibility to determine the specific
expression signatures of gene-edited cells that gained advantageous secondary mutations and
led to transformation of preleukemia to leukemia. The feasibility of sequential introduction of
mutations into hiPSCs and analysis of leukemia evolution in vitro and in vivo has been

demonstrated for AML in a recent study [256].

The dogma of sequential acquisition of initiating and co-operating secondary mutations during
leukemogenesis has been challenged recently for acute megakaryocytic leukemia (AMKL),
where the combination of GATA1 mutations and amplification of chromosome 21 led to disease
development, irrespective of the order of lesions [257]. Whether acquisition of ETV6::RUNX1 as
a secondary lesion is able to induce leukemia is unknown. Interestingly, germline mutations
predisposing to ALL affect genes that are also common secondary events (such as ETV6 [52-54],
PAX5 [55, 56] and IKZF1 [57, 58]), and ETV6::RUNX1 has been detected in cells with underlying
ETV6 germline mutation [258]. This indicates that it is the combination of mutations affecting
genes restricted to a few specific pathways that ultimately leads to leukemia development.
Lesions restricted to these pathways may alter gene dosages, resulting in similar expression
profiles seen in ETV6::RUNX1* BCP-ALL cases [22]. Again, this hypothesis could be tested via

sequential introduction of mutations into hiPSCs and subsequent RNA sequencing.

Of note, the differentiation state of the respective cell of origin may alter the transforming
potential of secondary hits. ETV6::RUNX1" BCP-ALL is predominantly a childhood disease and
may differ from adult ALL by its origin in cells of different developmental state. Given that
ETV6::RUNX1" BCP-ALL is predominantly a disease of childhood, it is conceivable that the
ETV6::RUNX1 fusion gene arises during fetal development in a restricted progenitor cell
population or microenvironment. Therefore, different cell types, e.g. HSCs, IL7R* or pro-B cells,
would need to be manipulated in order to study the transforming effect of secondary lesions.
To date, differentiation of hiPSC-derived HSCs towards definitive B cells remains difficult, as
current protocols are time-consuming and result in a low cell yields [259]. These challenges in
hiPSC differentiation limit the ability to produce adequate numbers of B cell progenitors for

comprehensive functional studies.

Despite these challenges, the preleukemic hiPSC model developed in this thesis opens up many
possibilities to study leukemogenesis via introduction of secondary mutations, e.g. via CRISPR
screens, and thereby provides a platform for dissecting the molecular mechanisms underlying

ETV6::RUNX1" BCP-ALL.
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8. APPENDIX

8.1 Supplementary Figures
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Supplementary Figure 8.1: Testing RT-gPCR primer specificities and efficiencies. (A) Melt curve analyses
of RT-qPCR primer pairs for detection of H1-O0, DNMT3B, GDF3 and ATP5BP expression. No-reverse
transcriptase controls are indicated in red, no-template controls are indicated in green. (B,C) 1:2 serial
dilution standard curves for RT-gPCR primer pairs detecting (B) H1-0, DNMT3B, GDF3 and ATP5BP or (C)
probe-containing RT-gPCR assays detecting NANOG, PU5F1 and ETV6 expression. Regression line
formulas, R? values and efficiencies are indicated. (D) Assessment of RT-gqPCR product lengths and purity
using agarose gel electrophoresis.
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APPENDIX

8.2 Supplementary Tables

Supplementary Table 8.1: Gene set enrichment (GSEA) results of canonical pathways in REH cells treated
with non-targeting compared to H1-O-targeting siRNA. Gene sets are filtered for NES<-1.5. NES:
normalized enrichment score, FDR: false discovery rate.

FDR
gene set name gene set size ES NES g-value
REACTOME_HDACS_DEACETYLATE_HISTONES 46 -0.87 -2.30 <0.001
REACTOME_POSITIVE_EPIGENETIC_REGULATION_OF_

RRNA_EXPRESSION 65 0.79 2.27 <0.001
REACTOME_MEIOSIS 63 -0.78 -2.25 <0.001
REACTOME_MITOTIC_PROPHASE 98 -0.72 -2.25 <0.001
REACTOME_TRANSCRIPTIONAL_REGULATION_BY_SMALL 65  -080 -223 <0.001
_RNAS

REACTOME_REPRODUCTION 69 -0.76 -2.23 <0.001
REACTOME_HATS_ACETYLATE_HISTONES 92 -0.76 -2.23 <0.001
REACTOME_ERCC6_CSB_AND_EHMT2_G9A POSITIVELY_

REGULATE_RRNA_EXPRESSION 35 0.86 221 <0.001
REACTOME_FORMATION_OF_THE_BETA_ CATENIN_TCF_ 46 -082 -219 <0.001

TRANSACTIVATING_COMPLEX

REACTOME_PRC2_METHYLATES_HISTONES_AND_DNA 32 -087 -2.19 <0.001

REACTOME_B_WICH_COMPLEX_POSITIVELY_REGULATES_

RRNA.EXPRESSION 50 -0.82 -2.19 <0.001
REACTOME_CONDENSATION_OF _PROPHASE_

CHROMOSOMES 32 -087 -2.19 <0.001
REACTOME_RNA_POLYMERASE_|_TRANSCRIPTION 69 075 -2.18 <0.001
REACTOME_SIRT1_NEGATIVELY REGULATES_RRNA_

EYPRESSION 27 -0.88 -2.17 <0.001
REACTOME_GENE_SILENCING_BY RNA 84 073 -2.16 <0.001
REACTOME_NEGATIVE_EPIGENETIC_REGULATION_OF__ 8 076 216 0,001

RRNA_EXPRESSION

REACTOME_MEIOTIC_RECOMBINATION 41 -0.84 -2.15 <0.001

REACTOME_ASSEMBLY_OF THE_ORC_COMPLEX_AT THE

_ORIGIN_OF_REPLICATION 28 087 215 <0.001
REACTOME_MEIOTIC_SYNAPSIS 38 081 -2.14 <0.001
REACTOME_BASE_EXCISION_REPAIR 60 075 -2.14 <0.001
REACTOME_RUNX1_REGULATES_TRANSCRIPTION_OF _
GENES_INVOLVED_IN_DIFFERENTIATION_OF _HSCS 81 074 212 <0.001
REACTOME_NONHOMOLOGOUS_END_JOINING_NHEJ 42 080 -2.11 <0.001
REACTOME_EPIGENETIC_REGULATION_OF GENE_

PRESSION 106 069 -2.10 <0.001
REACTOME_RNA_POLYMERASE_|_PROMOTER_ESCAPE 50 -0.80 -2.10 <0.001
REACTOME_DEPOSITION_OF_NEW_CENPA_CONTAINING

_NUCLEOSOMES_AT THE_CENTROMERE 43 079 =210 <0.001
REACTOME_DNA_REPLICATION_PRE_INITIATION 118  -0.68 -2.10 <0.001
REACTOME_DNA_METHYLATION 23 089 210 8.34x10°
REACTOME_PROCESSING_OF_DNA_DOUBLE_STRAND_ B
SREAK ENDS 70 -074 208  8.04x10
REACTOME_DISEASES_OF _PROGRAMMED_CELL_DEATH 58 075 206  7.76x10°
REACTOME_G2_M_DNA_DAMAGE_CHECKPOINT 67 073 205 7.50x10°
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REACTOME_INHIBITION_OF_DNA_RECOMBINATION_AT_
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ot 37 082 205 7.26x10°
$£,FA{ETE(?1\€)ER_OET3E_|EEIQUITIN_LIGASES_UBIQUITINATE_ 18 077 205 Londo
W o o
REACTOME_TELOMERE_MAINTENANCE 81 -068 -204  1.35¢10*
REACTOME_DNA_REPLICATION 143 -065 -203  1.65x10%
REACTOME_ACTIVATED_PKN1_STIMULATES_

TRANSCRIPTION_OF_AR_ANDROGEN_RECEPTOR_ 23 089 203  1.91x10*
REGULATED GENES_KLK2_AND_KLK3

REACTOME_DNA_DOUBLE_STRAND_BREAK_RESPONSE 50 076 203 1.86x10*
E(E),:(JSTI\(IOENBASE_EXCISION_REPAIR_AP_SITE_ 5 081 207 33600
REACTOME_OXIDATIVE_STRESS_INDUCED_SENESCENCE 78 069 201  417x10°
REACTOME_HCMV_LATE_EVENTS 64 071 -201  4.07x10%
ZiiiTﬁLgEBTEQESCRIPTIONAL_REGULATION_OF_ b 077 200 4550
REACTOME_PROTEIN_UBIQUITINATION 68 -071 -200 4.44x10*
REACTOME_ESTROGEN_DEPENDENT_GENE_EXPRESSION 98 066 199  4.62x10°
REACTOME_ACTIVATION_OF_ANTERIOR_HOX_GENES_IN

_HINDBRAIN_DEVELOPMENT DURING_EARLY 67 071 -199  4.77x10%
EMBRYOGENESIS

’F\illéATCY'L(EE/ISEA_SSPENESCENCE_ASSOCIATED_SECRETORY_PHE 4 065 198 8560104
REACTOME_HCMV_EARLY_EVENTS 76 067 -1.97 0.0011
REACTOME_HOMOLOGY_DIRECTED_REPAIR 111 062 193 0.0023
REACTOME_CHROMOSOME_MAINTENANCE 108 062 -1.93 0.0025
REACTOME_RECOGNITION_AND_ASSOCIATION_OF_DNA_
GLYCOSYLASE_WITH_SITE_CONTAINING_AN_AFFECTED 25 082 -1.93 0.0026
PURINE

REACTOME_RMTS_METHYLATE_HISTONE_ARGININES 40 075 192 0.0027
REACTOME_PKMTS_METHYLATE_HISTONE_LYSINES 46 072 -1.92 0.0028
REACTOME_RUNX1_REGULATES_GENES_INVOLVED_IN_
MEGAKARYOCYTE_DIFFERENTIATION_AND_PLATELET 48 -072  -1.90 0.0045
FUNCTION

REACTOME_RHO_GTPASES_ACTIVATE_PKNS 46 071 -1.89 0.0050
REACTOME_G2_M_CHECKPOINTS 138 059 -1.85 0.0096
REACTOME_CHROMATIN_MODIFYING_ENZYMES 209 056 181 0.0182
REACTOME_PRE_NOTCH_EXPRESSION_AND_PROCESSING 64 064 181 0.0194
KEGG_SYSTEMIC_LUPUS_ERYTHEMATOSUS 48 -066 -1.80 0.0208
REACTOME_METALLOPROTEASE_DUBS 24 073 -1.76 0.0372
REACTOME_HDMS_DEMETHYLATE_HISTONES 5 074 -1.75 0.0389
REACTOME_AMYLOID_FIBER_FORMATION 47 -066 -1.74 0.0432
REACTOME_CELLULAR_SENESCENCE 139 055 -1.74 0.0440
REACTOME_HCMV_INFECTION 97 057 -1.71 0.0595
REACTOME_DNA_DOUBLE_STRAND_BREAK_REPAIR 137 054 171 0.0620
WP_EFFECT_OF_PROGERIN_ON_GENES_INVOLVED_IN

HUTCHINSONGILFORD PROGERIA_SYNDROME 26071 -1.70 0.0646
KEGG_HEDGEHOG_SIGNALING_PATHWAY 5 067 -168 0.0828
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REACTOME_ESR_MEDIATED_SIGNALING 148 -0.52 -1.63 0.1246
WP_COMPLEMENT_SYSTEM 32 -065 -162 0.1396
REACTOME_INWARDLY_RECTIFYING_K_CHANNELS 15  -0.74 -1.60 0.1589
REACTOME_SIGNALING_BY_NUCLEAR_RECEPTORS 192 -0.48 -1.59 0.1656
WP_SPLICING_FACTOR_NOVA_REGULATED_SYNAPTIC

PRO_TEINS - - - - - 23 -0.70 -1.58 0.1752
KEGG_BETA_ALANINE_METABOLISM 16 -0.73 -1.58 0.1823
EAE:TCI%I'I(;ME_DEGRADATION_OF_THE_EXTRACELLULAR_ 47 059 -156 0.1991
REACTOME_UB_SPECIFIC_PROCESSING_PROTEASES 160 -0.48 -1.56 0.2108
PID_INTEGRIN1_PATHWAY 19 -069 -1.55 0.2212
PID_HNF3B_PATHWAY 18 -069 -1.52 0.2596
WP_HISTONE_MODIFICATIONS 42 -058 -1.52 0.2647
PID_PI3KCI_PATHWAY 45 -0.57 -151 0.2802

Supplementary Table 8.2: Gene set enrichment (GSEA) results of canonical pathways in REH cells treated
with H1-0O-targeting compared to non-targeting siRNA. Gene sets are filtered for NES>1.5. NES:

normalized enrichment score, FDR: false discovery rate.

FDR
gene set name gene set size ES NES g-value
REACTOME_REGULATION_OF_RUNX1_EXPRESSION_AND
ACTIVITY 16 0.87 1.69 1
PID_ECADHERIN_STABILIZATION_PATHWAY 32 0.78 1.67 1
REACTOME_ABERRANT_REGULATION_OF_MITOTIC_G1_S 15 0.83 164 1
_TRANSITION_IN_CANCER_DUE_TO_RB1_DEFECTS ' '
BIOCARTA_CELLCYCLE_PATHWAY 19 0.81 1.62 1
REACTOME_ASSOCIATION_OF_TRIC_CCT_WITH_TARGET
_PROTEINS_DURING_BIOSYNTHESIS 36 0.73 1.62 1
REACTOME_SARS_COV_1 ACTIVATES_MODULATES_

INNATE_IMMUNE_RESPONSES 39073 161 1
WP_INTERACTIONS_BETWEEN_IMMUNE_CELLS _AND_ 15 0.83 160 1
MICRORNAS_IN_TUMOR_MICROENVIRONMENT ' '
REACTOME_ASYMMETRIC_LOCALIZATION_OF _PCP_

PROTEINS 60 0.67 1.58 1
WP_MITOCHONDRIAL_IMMUNE_RESPONSE_TO_

SARSCOV?2 26 0.76 1.58 1
REACTOME_COOPERATION_OF_PREFOLDIN_AND_TRIC_

CCT_IN_ACTIN_AND_TUBULIN_FOLDING 24 0.75 1.58 1
WP_SPINAL_CORD_INJURY 57 0.68 1.58 0.9917
BIOCARTA_NGF_PATHWAY 18 0.78 1.56 1
REACTOME_DEGRADATION_OF_DVL 55 0.66 1.55 1
WP _STING_PATHWAY_IN_KAWASAKILIKE_DISEASE_AND _

COVID19 19 0.78 1.55 1
PID_ARF6_PATHWAY 23 0.74 1.54 1
BIOCARTA_TOLL _PATHWAY 24 0.75 1.54 1
REACTOME_SIGNALING_BY_CSF1_M_CSF_IN_MYELOID_ )8 072 153 1

CELLS
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SA_PTEN_PATHWAY 17 078 153 1
REACTOME_CYCLIN_D_ASSOCIATED_EVENTS_IN_G1 42 068 153 1
REACTOME_FORMATION_OF_TUBULIN_FOLDING

INTERMEDIATES_BY_CCT_TRIC ) - 17078 152 1
REACTOME_NEPHRIN_FAMILY_INTERACTIONS 18 076 152 1
PID_MAPK_TRK_PATHWAY 31 069 152 1
WP_MEASLES_VIRUS_INFECTION 100 060 151 1
REACTOME_DAP12_SIGNALING 24 073 151 1
REACTOME_PROTEIN_FOLDING 75 063 151 1
REACTOME_DISEASES_OF_MITOTIC_CELL_CYCLE 36 068 150 1

BIOCARTA_ETS_PATHWAY

16 0.79 1.50 0.9994

Supplementary Table 8.3: Ingenuity Pathway Analysis (IPA, QIAGEN) of upstream regulators in siH1-0_1
versus siCtrl REH cells. Depicted are filtered upstream regulators with p<0.05.

upstream
regulator

activation
z-score

p-value of

overlap

target molecules in dataset

ETV6-RUNX1

-4.885

3.73x10°%

ABCG1,ARHGAP4,CACNA1A,CALN1,CCL5,CD70,CD72,
CHI3L2,CXXC5,DDIT4,IRF7,1SG15,LGALS1,MME,MPO,
NPY,PCP4,PDGFRB,PTGDR,5100A4,SMIM3,SNAP91,SPIB,
TLR4, TNFRSF10B, TNFSF9,ZMAT3

SOX2

-1.448

0.00508

BHLHE40,CCL5,CD70,CD9,CDKN1A,CSF1R,DPY30,
EFEMP1,IRS1,NCKAP1,PLD1,TCL1ATEC

NFE2L2

-0.726

0.0197

ARHGEF3,CCL5,CDKN1A,ELN,GSTA4,HBEGF,ISG15,
MMP14,NCKAP1,SRGN,STING1,TMED2

AHR

-0.566

0.0121

ACTA2,CCL5,CD84,CDKN1A,EFEMP1,ELN,FAS,ITGAM,
LCK,PCK1,PDGFRB,TUBAS

IL4

-0.350

0.00000499

ACTA2,ADAP1,ARID5A,ASS1,BHLHE40,CCL5,CCND2,
CD163L1,CD72,CDKN1A,CNR2,CSF1R,DDIT4,DUSP10
,FAS,FCGR2A,H1-
0,HBEGF,HGF,HLX,IRF7,ISG15,LGALS1,LSR,MIR155HG,
MSR1,NDRG1,PINK1,PKP3,PLD1,SEMA7A,TLR4,ZBTB46

PRDM1

-0.323

0.0000353

ATPOA,DDIT4,FNDCS,IRF7,ITGAM,LGALS1,METTL7A,
MIR155HG,MS4A4A,NPAS1,SPIB,SULT1A3/SULT1A4,
TNFSF9

IL10

0.091

0.000000467

ACTA2,CCL5,CCND2,CD163L1,CD72,CDKN1A,CHI3L2,
CSF1R,CTSH,FAS,FCGR2A,HGF,ITGAM,KLRC4-
KLRK1/KLRK1,LGALS1,LILRB2, MMP14,MSR1,TLR4, TLR7

TCF12

0.138

0.000202

CDKN1A,CSF1R,LCK,NGFR,RXRA,SEMA7A,SPIB,SULT1A3/
SULT1A4

IRF8

0.179

0.0000141

CCL5,CDKN1A,CSF1R,DRD5,FAS,GABRR2,IRF7,ISG15,
ITGAM,MSR1,TLR4

PTEN

0.568

0.000166

ABHD4,AKR1C3,BBC3,CCL5,CDKN1A,FAS,GALK1,GMDS,
HGF,ISG15,LGR6,MME,MMP14,NDRG1,NGFR,P2RY14,
PDGFRB,PERP,PINK1,RAB43,SULF2

APP

0.704

7.35x10°1°

ABCG1,ACTA2,ADAP1,BAD,BBC3,CCL5,CCND2,CD82,
CDKN1A,CSF1R,ELN,FCGR2A,GALK1,HECW1,HGF,IRF7,
ITGAM,KCNE3,MGAT3,MME,MMP14,MPO,MSR1,NGFR,
NPY,PCP4,PDGFRB,PKP3,PRKACA,TLR4,TLR7, TNFRSF108,
TP53INP1,TUBA8,TUBB2A,VASP
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0.713

0.00000188
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BBC3,CCL5,CCND2,CD84,CDKN1A,FAS,GLDC,HBEGF,HLX,
IL1RAP,ISG15,KLRC4-
KLRK1/KLRK1,LCK,LSR,PLD1,PRKACA,SRGN,SYNPO,
TNFRSF10B

TCF3

0.955

0.00322

ARHGAP4,CCND2,CDKN1A,CSF1R,H1-0,LCK,MXD3,0PTN,
RXRA,SEMA7A,SPIB,SULT1A3/
SULT1A4

IKBKB

0.971

0.00246

ACTA2,CCL5,CDKN1A,CSF1R,FAS,HGF,IGFBP7,ISG15,
LIPE,S100A4

HMG20A

1.134

0.000265

CCL5,CD9,ELN,HBEGF,IRF7,MMP14,PDGFRB

ESR1

1.279

0.000418

AASS,ACTA2,ASS1,ATF5,C1QTNF4,CAP2,CCDC858,
CDKN1A,DDIT4,DUSP10,EFEMP1,ELN,FAS,FMN1,HBEGF,
IRS1,KLRC4-
KLRK1/KLRK1,LCK,LGALS1,METTL7A,MME,NCKAP1,
NDUFB7,NGFR,NPY,PCP4,SCAND1,SYNPO,TNFSF9,
TRPM2,TSPO

TNFSF11

1.332

0.0015

CCL5,CDKN1A,CSF1R,FAS,ITGAM,LSR,PHLDA3,PLD1,
SPIB, TLR4

ITPR2

1.342

0.00149

CCL5,CSF1R,PCK1,SEMA7A,TLR7

BHLHE40

1.667

0.0119

ACTA2,CD82,CDS,FAS,HBEGF,MMP14,MSR1,NDRG1,
P2RY14

POU5F1

1.674

0.00217

ATP6VOA4,BAD,CCL5,CD70,CDKN1A,EFEMP1,FAS,GAA,
IRS1,NCKAP1,TCL1A, TNFRSF10B

CEBPA

1.796

0.00000476

AKR1C3,ASS1,CCND2,CDKN1A,CSF1R,H1-10,HGF,IRS1,
ISG15,ITGAM,KCNMB1,LCK,LGALS1,MPO,PCK1,SULT1A3
/SULT1A4,TUBB2A,ZNF296

CTNNB1

1.946

0.000107

ACTA2,BBC3,BHLHE40,CCL5,CCND2,CDKN1A,CTHRCY,
DPEP1,FAS,GRAMDA4,HBEGF,IRS1,LCK,LGR6,LIPE,
MECOM,MME,MMP14,NGFR,NME3,PCK1,PKP3,RPS27L,
S100A4,TCL1A,VASP

VEGFA

1.988

0.0259

ACTA2,CDKN1A,HBEGF,HLX,LIPE,MVP,PDGFRB,TSPO

TNF

2.137

0.000000729

ACTA2,APOBEC3B,ASS1,BBC3,BCYRN1,BHLHE40,CCLS,
CCND2,CD163L1,CD70,CD82,CDKN1A,CHI3L2,CMBL,
CNR2,CSF1R,DUSP10,EGFL7,FAS,HBEGF,HGF,IRF7,IRS1,
ISG15,ITGAM,KIAA1671,LIPE,LRIG1,MECOM,MMP14,
MPO,MSR1,MVP,NGFR,NME3,0PTN,PCDH10,PCK1,
PCP4,RXRA,SKI,SYNPO,TLR4,TLR7, TNFRSF10B,TNFSFS,
TP53INP1,VASP

IL2

2.272

0.00000283

ARHGEF3,ATF5,BBC3,BHLHE40,CCL5,CCND2,CDS9,
CDKN1A,CSF1R,DDIT4,DRDS5,FAS,HBEGF,ISG15,KLRC4-
KLRK1/KLRK1,LCK,LSR,MME,NDRG1,RXRA,S100A4,SLA,
TNFRSF10B,TNFSFS,TP53INP1

IFNG

2.368

0.0000875

ACTA2,ADA2,ASS1,BBC3,BCYRN1,CCL5,CCND2,CD163L1,
CD72,CDKN1A,CHI3L2,CSF1R,CTSH,ELN,FAS,FCGR2A,
H6PD,HAAO,HBEGF,IRF7,IRS1,1SG15,ITGAM,KLRC4-
KLRK1/KLRK1,MSR1,0PTN,P2RY14,PCK1,PCTP,PLD1,
SEMA7A,STING1,TLR4,TLR7,TNFRSF10B

AGT

2.394

0.0000744

ACTA2,ATP6VOA4,BHLHE40,CCL5,CCND2,CDKN1A,
CTHRC1,DRD5,EFEMP1,ELN,FDXR,GAA,HBEGF,HGF,
IGFBP7,IRF7,IRS1,MSR1,NDRG1,NPY,PDGFRB,PTGDR,
RGMA,SRGAP3, TMIE

ZBTB10

2.449

0.00911

ARID5A,CCL5,ISG15,0PTN,SEMA7A,STING1

IL18

2.557

0.0000952

ADA2,CCL5,DDIT4,FAS,HLX,ITGAM,KLRC4-KLRK1/KLRK1,
MPO,NPY,TLR4
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Supplementary Table 8.4: Ingenuity Pathway Analysis (IPA, QIAGEN) of upstream regulators in siH1-0_2

4.365 0.000000172

ABHD4,ACTA2,ASS1,ASTN2,ATXN1,BAD,BBC3,BHLHE40,
CCL5,CCND2,CD70,CD82,CDKN1A,CMBL,CSF1R,CTSH,
DDIT4,DGCR6/LOC102724770,DPEP1,FAS,FDXR,HBEGF,
HGF,IGFBP7,IRF7,IRS1,ISG15,LAPTM4A,MIR155HG,MVP,
NDRG1,P2RY14,PCK1,PDGFRB,PERP,PHLDA3,PINK1,
PRAG1,RPS27L,5100A4,SRGAP3,SULF2,TCL1A,TLR7,
TNFRSF10B,TNFSFS,TP53INP1,TSPO,ZMAT3

versus siCtrl REH cells. Depicted are filtered upstream regulators with p<0.05.

upstream activation p-value of

regulator z-score overlap target molecules in dataset

PRDM1 -1.673 0.000131 ADGRG1,FTH1,MAP7D2,RGS16,SPIB,ZAP70

NFE2L2 -1.423 0.0137 CCL5,ELN,FTH1,NCKAP1,STING1

SOX2 -1.131 0.0442 CCL5,CSF1R,NCKAP1,PECAM1

L4 -0.758 0.0163 CCL5,CSF1R,H1-0,HLX,MS4A1,SEMA7A,TLN1,ZAP70

AHR -0.025 0.0104 CCL5,ELN,PDGFRB,TUBAS,ZAP70

POU5F1 0.055 0.0216 BAD,CCL5,NCKAP1,PECAM1

VEGFA 0.106 0.00933 (CTSS,HLX,PDGFRB,PECAM1
BAD,CCL5,CSF1R,ELN,FTH1,HECW1,HSPE1,MGAT3,NGFR,

APP 0.214 0.00000162 PCP4,PDGFRB,TLR7,TUBA8

PTEN 0.218 0.000857 CCL5,FTH1,LGR6,NGFR,P2RY14,PDGFRB,PECAM1,TSC22D3

IL10 0.31 0.000238 CCL5,CSF1R,CTSS,KLRC4-KLRK1/KLRK1,RGS16,TLR7,TSC22D3
ADGRG1,CCL5,CSF1R,CTSS,ELN,FTH1,KLRC4-KLRK1/KLRK1,

IFNG 0.439 0.0000104 P2RY14,PECAM1,SAMHD1,SEMA7A,SNHG16,STING1,TLR7,
TSC22D3

IRF8 0.453 0.000164 CCL5,CSF1R,CTSS,GABRR2,MS4A1
CCL5,CSF1R,CTSS,FTH1,NGFR,PCP4,PECAM1,RGS16,SNHG16

TNF 0.489 0.0163 TLR7,,TSC22I’33 ’ ’ ’ ’ ’ ’ ’

AGT 0.689 0.0378 CCL5,CTSS,ELN,PDGFRB,PECAM1,PTGDR

TCF12 0.739 0.000525 (CSF1R,NGFR,SEMA7A,SPIB
BAD,CCL5,CSF1R,FTH1,P2RY14,PDGFRB,PECAM1,PHLDA3,

P33 0917 0.00184 RGS16,TLN1,TLR7,TSC22D3,ZAP70

HMG20A 1 0.000211 CCL5,ELN,PDGFRB,RGS16

BHLHE40 1 0.0107 CTSS,P2RY14,RGS16,SAMHD1

CEBPA 1.103 0.0321 ARL4C,CSF1R,PTPN3,TSC22D3

IL2 1.235 0.0164 (CCL5,CSF1R,KLRC4-KLRK1/KLRK1,PECAM1,PTPN3,RGS16
CTSS,ELN,KLRC4-KLRK1/KLRK1,NCKAP1,NGFR,PCP4,RGS16

ESRI 1.39 0.0127 SAI\/I;-iDl,,TSCZZD3 / , ’ , , ’

TCF3 1.446 0.00511 (CSF1R,H1-0,RGS16,SEMAT7A,SPIB

CTNNB1 1.633 0.018 (CCL5,HSPE1,LGR6,NDUFB2,NGFR,PECAM1,SNHG16

IKBKB 1.91 0.00844 (CCL5,CSF1R,RGS16,TLN1

TNFSF11 1.949 0.0000096S CCLS5,CSF1R,PHLDA3,RGS16,SIGLEC15,5PIB, TLN1

IL15 1.951 0.00797 CCL5,HLX,HSPE1,KLRC4-KLRK1/KLRK1,RGS16

IL18 1.96 0.00192 CCL5,HLX,KLRC4-KLRK1/KLRK1,SAMHD1
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ITPR2 2 0.0000437 CCL5,CSF1R,SEMA7A,TLR7

ZBTB10 2.236 0.0000608 CCL5,SAMHD1,SEMA7A,STING1,ZBTB20

8.3 RUNX1 HDR template sequence (5’ 2 3')

AATGCATACTTGGAATGAATC
CTTCTAGAGACGTCCACGATGCCAGCACGAGCCGCCGCTTCACGCCGCCTTCCACCGCGCTGAGCCCAGGCAAGATGAGCGAGGCGTT
GCCGCTGGGCGCCCCGGACGCCGGCGCTGCCCTGGCCGGCAAGCTGAGGAGCGGCGACCGCAGCATGGTGGAGGTGCTGGCCGACCAL
CCGGGCGAGCTGGTGCGCACCGACAGCCCCAACTTCCTCTGCTCCGTGCTGCCTACGCACTGGCGCTGCAACAAGACCCTGCCCATCG
CTTTCAAGGTGGTGGCCCTAGGGGATGTTCCAGATGGCACTCTGGTCACTGTGATGGCTGGCAATGATGAAAACTACTCGGCTGAGCT
GAGAAATGCTACCGCAGCCATGAAGAACCAGGTTGCAAGATTTAATGACCTCAGGTTTGTCGGTCGAAGTGGAAGAGGGAAAAGCTTC
ACTCTGACCATCACTGTCTTCACAAACCCACCGCAAGTCGCCACCTACCACAGAGCCATCAAAATCACAGTGGATGGGCCCCGAGAAC
CTCGAAGACATCGGCAGAAACTAGATGATCAGACCAAGCCCGGGAGCTTGTCCTTTTCCGAGCGGCTCAGTGAACTGGAGCAGCTGCG
GCGCACAGCCATGAGGGTCAGCCCACACCACCCAGCCCCCACGCCCAACCCTCGTGCCTCCCTGAACCACTCCACTGCCTTTAACCCT
CAGCCTCAGAGTCAGATGCAGGATACAAGGCAGATCCAACCATCCCCACCGTGGTCCTACGATCAGTCCTACCAATACCTGGGATCCA
TTGCCTCTCCTTCTGTGCACCCAGCAACGCCCATTTCACCTGGACGTGCCAGCGGCATGACAACCCTCTCTGCAGAACTTTCCAGTCG
ACTCTCAACGGCACCCGACCTGACAGCGTTCAGCGACCCGCGCCAGTTCCCCGCGCTGCCCTCCATCTCCGACCCCCGCATGCACTAT
CCAGGCGCCTTCACCTACTCCCCGACGCCGGTCACCTCGGGCATCGGCATCGGCATGTCGGCCATGGGCTCGGCCACGCGCTACCACA
CCTACCTGCCGCCGCCCTACCCCGGCTCGTCGCAAGCGCAGGGAGGCCCGTTCCAAGCCAGCTCGCCCTCCTACCACCTGTACTACGG
CGCCTCGGCCGGCTCCTACCAGTTCTCCATGGTGGGCGGCGAGCGCTCGCCGCCGCGCATCCTGCCGCCCTGCACCAACGCCTCCACC
GGCTCCGCGCTGCTCAACCCCAGCCTCCCGAACCAGAGCGACGTGGTGGAGGCCGAGGGCAGCCACAGCAACTCCCCCACCAACATGG
CGCCCTCCGCGCGCCTGGAGGAGGCCGTGTGGAGGCCCTACTGAAATAAATGGTCAATGTTATTCTTTTTCACTATTATTGCTATTTA
TGTGCctcgagttcaaaattttatcgatactagtggatCTGCGATCGCTCCGGTGCCCGTCAGTGGGCAGAGCGCACATCGCCCACAG
TCCCCGAGAAGTTGGGGGGAGGGGTCGGCAATTGAACGGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGATGTCGTGTA
CTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCC
GCCAGAACACAGCTGAAGCTTCGAGGGGCTCGCATCTCTCCTTCACGCGCCCGCCGCCCTACCTGAGGCCGCCATCCACGCCGGTTGA
GTCGCGTTCTGCCGCCTCCCGCCTGTGGTGCCTCCTGAACTGCGTCCGCCGTCTAGGTAAGTTTAAAGCTCAGGTCGAGACCGGGCCT
TTGTCCGGCGCTCCCTTGGAGCCTACCTAGACTCAGCCGGCTCTCCACGCTTTGCCTGACCCTGCTTGCTCAACTCTACGTCTTTGTT
TCGTTTTCTGTTCTGCGCCGTTACAGATCCAAGCTGTGACCGGCGCCTACtctagagctagegeccacecggecgcacctgcageccaag
cttaccATGACCGAGTACAAGCCCACGGTGCGCCTCGCCACCCGCGACGACGTCCCCAGGGCCGTACGCACCCTCGCCGCCGCGTTCG
CCGACTACCCCGCCACGCGCCACACCGTCGATCCGGACCGCCACATCGAGCGGGTCACCGAGCTGCAAGAACTCTTCCTCACGCGCGT
CGGGCTCGACATCGGCAAGGTGTGGGTCGCGGACGACGGCGCCGCGGTGGCGGTCTGGACCACGCCGGAGAGCGTCGAAGCGGGGGCG
GTGTTCGCCGAGATCGGCCCGCGCATGGCCGAGTTGAGCGGTTCCCGGCTGGCCGCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGL
ACCGGCCCAAGGAGCCCGCGTGGTTCCTGGCCACCGTCGGCGTCTCGCCCGACCACCAGGGCAAGGGTCTGGGCAGCGCCGTCGTGCT
CCCCGGAGTGGAGGCGGCCGAGCGCGCCGGGGTGCCCGCCTTCCTGGAGACCTCCGCGCCCCGCAACCTCCCCTTCTACGAGCGGCTC
GGCTTCACCGTCACCGCCGACGTCGAGGTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAGCCCGGTGCCTGAgecggeccgcaa
agctagcttcgatcCAGACATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGT
GAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTACAACAACAATTGCATTCATTTTATGTTTCA
"CTCAGAAATGTTAAGAAACAAATGTCCTACGTCC
AAAGGTTTATGAGCATGCTAATGGCCCTGTCCTG
\GATTCAGGCCTGTAATTCCATCCTGTGAGCGGTA

GGTTCAGGGGGAGGTGTGGGAGGTTTTTTtgatcaGATG

AGCTTACAAGGAGAGTCACATCAGAATCAAGGCTAAGC!

—~
(€7,
SAZ

5 HA (hg38; chr12: 11869550-11869969, + strand)

RUNX1 exons 1-8
poly(A) tail (RUNX1 exon 7A / SV40 poly(A))

EF1a promoter

puromycin resistance

3’ HA (hg38; chr12: 11870158-11873658, + strand)
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LIST OF ABBREVIATIONS

% percent

°C degree Celsius

ug microgram

ul microliter

uM micromolar

AML acute myeloid leukemia

ATAC-seq Assay for Transposase-Accessible Chromatin using sequencing
BCP-ALL B cell precursor acute lymphoblastic leukemia
BCR B cell receptor

bp base pairs

BSA bovine serum albumin

C cytosine

CBF core binding factor

CD cluster of differentiation

cDNA complementary DNA

Cal CpG island
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