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SUMMARY

SUMMARY

Genomic variation plays a significant role in pediatric cancers, contributing to both oncogenic
somatic driver events and inherited cancer predisposition. While pathogenic single nucleotide
variants have been extensively described and are well characterized, the contribution of larger
structural variants (SVs) in this context are less understood. The full impact of these alterations
still needs to be elucidated. Traditional cytogenetic methods and short-read based next-
generation sequencing (NGS) approaches have limitations in comprehensively detecting the
full spectrum of such larger genomic lesions. Optical genome mapping (OGM) and long-read
sequencing are emerging new technologies that are capable of reliably detecting SVs in
constitutional and cancer genomes. This thesis is based on two original publications that
explore the application of advanced genomic technologies and NGS-based integration in
distinct contexts of pediatric cancer diagnosis and research.

The first original publication focuses on patients with a potential underlying cancer
predisposition syndrome but non-conclusive results from whole-exome sequencing (WES).
OGM was applied to perform an unbiased screening of germline structural variation in 34
pediatric cancer patients, including available parental samples. The study identified a median
of 49 rare SVs per patient and three de novo alterations based on 18 child-parent trios. Notably,
two significant germline alterations were highlighted that were discovered in two respective
leukemia patients: (i) a likely pathogenic deletion of exon three in the known cancer
predisposition gene BRCA2, segregating within a family with a history of breast cancer; and (ii)
a de novo duplication affecting a potentially new cancer predisposition gene candidate RPA1.
Functional testing of patient-derived cells compared to non-affected cells showed that RPA1
duplication might increase the sensitivity to genotoxic agents.

The second original publication applied OGM with multi-omics integration in a cohort of 60
pediatric BCP-ALL cases focusing on the two most common genetic subtypes, ETV6::RUNX1
(E::R) translocated and classical hyperdiploid (HD) BCP-ALL. OGM was combined with
conventional cyto- and molecular genetic methods, WES data, and targeted validation through
long-read and RNA sequencing to comprehensively characterize the genetic somatic landscape
and novel recurrent genetic events. OGM demonstrated a 95% concordance with SVs in
diagnostic samples previously reported by molecular cytogenetics and SNP-arrays. As frontline
method, OGM detected 677 additional SVs that were missed by regular diagnostic testing,

including prognostically relevant focal deletions affecting genes such as IKZF1. The study



SUMMARY

further demonstrated that SV profiles of E::R and HD BCP-ALL are profoundly different, with
E::R cases harboring 2.7-fold more SVs, particularly focal deletions, compared to HD BCP-ALL.
Integration of OGM and WES data identified 52 minimal altered regions (MARs) in the analyzed
pediatric BCP-ALL cohort, including 19 recurrent regions that reveal potential novel leukemic
drivers such as FOCAD, IKBKB, MIB1 as well as double-hit targets STAG2 and MANBA.
Additionally, nine translocations were detected that may lead to novel in-frame fusion genes.
In conclusion, this thesis contributes to the development of a genomic reference platform for
the identification and interpretation of structural variation in both germline and somatic
genomes of children with cancer. Both presented studies demonstrate the advantage of
integrating genomic technologies such as OGM with NGS-based methods. Together, these
findings reveal a more comprehensive spectrum of genomic alterations, offering novel insights
into pediatric cancer predisposition and mechanisms underlying leukemogenesis of pediatric
BCP-ALL. This work provides a foundation for future functional studies and clinical
investigations aimed at improving diagnosis, risk stratification and treatment in pediatric

oncology.



ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Genomische Variation spielt eine bedeutende Rolle bei Krebserkrankungen des Kindesalters
und tragt sowohl zu genetischer Pradisposition in der Keimbahn als auch zu somatischen
onkogenen Treibermutationen bei. Wahrend pathogene Einzelbasenpaar-Veranderungen
umfangreich beschrieben wurden, ist der Beitrag von strukturellen Varianten (SV) in diesem
Zusammenhang weniger erforscht, und die Auswirkungen dieser Veranderungen miissen noch
aufgeklart werden. Traditionelle  zytogenetische  Methoden und ,short-read”
Sequenzierungsmethoden stofen an ihre Grenzen das gesamte Spektrum groRerer
Verdnderungen umfassend zu detektieren. Die optische Genomkartierung (OGM) und ,,long-
read” Sequenzierung haben sich als neue Technologien etabliert, strukturelle Variation im
Kontext von konstitutionellen Erkrankungen und Krebs zuverldssig zu erkennen. Diese
Dissertation basiert auf zwei Originalpublikationen, die den Einsatz dieser Technologien sowie
deren Integration mit sequenzierungsbasierten Methoden in verschiedenen Kontexten der
Krebsdiagnostik und -forschung von kindlichen Tumoren behandeln.

Die erste Studie konzentriert sich auf Kinder mit Krebserkrankungen und einem klinischen
Verdacht auf ein zugrundeliegendes Krebspradispositionssyndrom und einem unklaren Befund
aus der Exom-Sequenzierung (WES). OGM wurde fir ein Keimbahn-Screening der strukturellen
Variationen bei 34 Kindern mit Krebs sowie deren Eltern eingesetzt. Die Studie identifizierte
einen Median von 49 seltenen SV pro Fall sowie drei de novo-Veranderungen in 18 Kind-Eltern-
Trio-Analysen. Dariiber hinaus hebt die Publikation zwei signifikante Keimbahnveranderungen
hervor, die bei zwei Leukdamiefallen entdeckt wurden: (i) eine pathogene Deletion von Exon 3
im bekannten Krebspradispositionsgen BRCA2, die innerhalb einer Familie mit Brustkrebs
auftrat; und (ii) eine de novo Duplikation, die ein potenziell neues Krebspradispositionsgen
RPA1 betrifft und in den Patientenzellen verglichen zu nicht betroffenen Patientenzellen eine
Sensitivitdt gegenliber genotoxischen Reagenzien verursachen kénnte.

Die zweite Studie setzte OGM und Multi-Omics-Integration in einer Kohorte (n=60) von den
zwei haufigsten genetischen BCP-ALL Subtypen ein, die eine ETV6::RUNX1 (E::R) Translokation
oder eine klassische Hyperdiploidie aufwiesen. OGM wurde mit konventionellen
zytogenetischen und molekulargenetischen Methoden sowie WES-Daten kombiniert und
durch Validierung mittels ,/long-read” und RNA-Sequenzierung erganzt, um die somatische
genetische Landschaft umfassend zu charakterisieren und neue wiederkehrende genetische

Events zu identifizieren. OGM zeigte eine 95%ige Ubereinstimmung der SVs in diagnostischen
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Proben im Vergleich zu zuvor mittels molekularer Zytogenetik und SNP-Array berichteten
Befunden. Als primare Methode erkannte OGM zusatzliche 677 SV, die durch die Standardtests
Ubersehen wurden, darunter auch prognostisch relevante Deletionen, die beispielsweise das
IKZF1 Gen betrafen. Die Studie zeigte dariiber hinaus, dass sich die SV-Landschaften von E::R
und HD BCP-ALL deutlich unterscheiden, wobei E::R-Fille die 2.7-fache Anzahl an SVs,
insbesondere fokale Deletionen, aufzeigten. Zudem wurden 9 Translokationen entdeckt, die
potentiell neuartige Fusionsgene erzeugen. Die Kombination aus OGM- und WES-Daten
identifizierte 52 minimal verdanderte Regionen (MAR) in den untersuchten BCP-ALL Fallen,
darunter 19 wiederkehrende Regionen, die potenziell neue Gene in der Leukdmieentstehung
bedeuten konnten, unter anderem FOCAD, IKBKB, MIB1 und STAG2, MANBA die durch
Doppeltreffer verandert wurden.

Zusammenfassend tragt diese Dissertation zur Entwicklung einer genomischen
Referenzplattform zur ldentifikation und Interpretation von strukturellen Variationen in
Keimbahn- und Tumorgenomen krebskranker Kinder bei. Beide originalen Publikationen
zeigten den Vorteil der Integration genomischer Technologien wie der optischen
Genomkartierung mit NGS-basierten Methoden. Die dargelegten Ergebnisse offenbaren ein
umfassendes Spektrum genomischer Veranderungen in kindlichen Krebserkrankungen und
liefern neue Erkenntnisse liber genetische Pradisposition und die Leukdmogenese. Diese Arbeit
bildet eine Grundlage fiir anschlieende funktionelle und klinische Untersuchungen, die auf
eine Verbesserung von Diagnostik, Risikostratifizierung und Therapieansatzen bei Kindern mit

Krebs abzielen.
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1. INTRODUCTION

1. INTRODUCTION

1.1 The human genome

The human genome encodes approximately three billion base pairs of DNA, organized in 23
pairs of chromosomes. Each individual inherits one chromosome of each pair from each parent.
A single chromosome consists of two identical sister chromatids joined at a constricted region
known as centromere which consist of highly complex DNA compartments [1]. The centromere
divides the chromosome into a short p- and a long g-arm. It includes the kinetochore region
which regulates chromosome attachment to the spindle apparatus ensuring accurate
chromosomal segregation during cell division [1]. Each chromatid starts and ends with a
telomere region with highly repetitive DNA sequences that protect the chromosomes from
degradation [2]. DNA is packaged around histone proteins into a complex known as chromatin
which condenses to form visible chromosomes during cell division. Depending on the
compression degree, chromatin can be subdivided into accessible euchromatin and
inaccessible heterochromatin [3]. The largest proportion of the genome consists of non-coding
DNA, which plays regulatory, structural or yet unknown roles, while only about 1-2% is protein-
coding [4]. These regulatory elements include transcription start sites of a gene which is
composed of a promotor region, typically spanning <1 kilobase pairs (kbp) [5]. Distal regulatory
elements comprise e.g. enhancer or silencer regions that can regulate gene transcription from
distances up to 1 Megabases (Mb) [5]. Topologically associated domains (TADs) are structural
domains that organize the 3D genome by grouping genes and their regulatory elements into
insulated functional units [6]. DNA and its regulation are essential for development, function

and health of the human body building the basis for protein synthesis and cellular processes.

1.1.2 Human reference genomes

As a first milestone, the Human Genome Project (HGP) was established with the goal of
sequencing the human genome. The consortium created a reference genome as representative
example of the genetic code to compare human DNA sequences and facilitate annotation of
genomic variation [7, 8]. This reference genome is a consensus sequence as a single
representation of multiple genomes [7]. The first major genome assembly, GRCh35 (hg17), was
released by the HGP in 2004 [9], followed by more accurate and improved versions (GRCh37,

hg19 and GRCh38, hg38) up to the first complete human reference genome from the telomere-
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1. INTRODUCTION

to-telomere (T2T) consortium from one haplotype-resolved individual (T2T-CHM13) in 2022
[10]. The T2T reference filled the 8% of remaining gaps of the previous genome references
covering the entire length of every chromosome [10]. These advances were achieved through
ultra- and high-fidelity long-read sequencing, optical genome mapping and other methods
(refer to section 1.1.4). In contrast to linear genome references, the concept of pangenomes
has emerged in recent years. Pangenomes capture the genetic diversity from many individuals
and ethnicities within the same species and circumvents a reference bias by comparing multiple
alternate alleles offering a more complex representation of genomic variation [11].

While the sequence of the human genome is largely complete, ongoing research continues to
explore gene functions, non-coding elements, genetic variation and their implications for

health and disease.

1.1.3 Human genetic variation and its role in disease

Human genetic variation arises from four main classes of genetic alterations: single nucleotide
variants (SNVs), small insertions and deletions (indels, <50bp) and structural variants (SVs,
>50bp) (Figure 1). Larger chromosomal abnormalities are often referred to as copy number
variation (CNV) including whole chromosome gains or losses. CNVs can result in aneuploid
genomes containing more or less chromosomes than the normal human karyotype. SVs are
further subdivided into deletions (loss of genetic material), duplications (gain of genetic
material), inversions (copy number neutral rearrangements) and translocations. Translocations
involve the exchange of material between two or more chromosomes (interchromosomal) or
within one chromosome (intrachromosomal) and can be balanced (copy number neutral) or
unbalanced resulting in loss or gain of genetic material. Another subclass of SVs includes
insertions, which represents the addition of genetic material into a genomic region that is not
present in the reference sequence. SNVs and SVs arise through different mutagenic processes.
SNVs typically result from errors in DNA replication or repair of single-strand damage, whereas
SVs are generated by errors in DNA double-strand break repair, mitotic or meiotic
recombination or chromosomal misseggregation leading to numerical chromosomal
abnormalities [12]. SVs are typically formed through mechanisms such as non-homologous end
joining (NHEJ) or microhomology-mediated end joining (MMEJ) upon DNA double-strand break
or non-allelic homologous recombination (NAHR) during meiotic crossing-over [13].

While SNVs outnumber other types of variants with >4,000,000 variations per genome, SVs

make up more than 10Mb of the genome affecting approximately 81% of the genome [14]. SVs
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1. INTRODUCTION

largely contribute to individual diversity with an average of 2.500 SVs per individual genome
and are 50-fold more likely to alter gene expression compared to SNVs [15]. Germline SVs are
therefore widely contributing to differences in gene expression in humans [15]. Their
pathogenic potential has been implicated in a wide range of genetic disorders and disease
processes [16]. Notably, more than 98% of the human genome may be altered by genetic
variation in the non-coding fraction like intronic or intergenic regions. Non-coding lesions can
affect cis-regulatory elements (CREs), that regulate gene expression during developmental
processes and cellular differentiation and are broadly classified as promotors, enhancers and
insulators [17]. Intergenic regions are further relevant for organizing the genome into
compartmentalized domains with preferential chromatin interactions [18]. Disruption of TAD
boundaries can lead to de novo contacts between CREs and gene dysregulation [18]. Regulatory
variation by influencing gene expression and genomic architecture can thereby contribute to

inherited disease [19] and cancer biology [20, 21].

A GGGl

; reference genotype
cccdac

cc@Aac R
cc .. G variant genotype

DELETION DUPLICATION INVERSION TRANSLOCATION

Figure 1: Types of human genetic variation.

(A) Chromosomes consist of DNA that is wrapped around histone proteins with heterochromatin being
more condensed and with inactive gene transcription; and euchromatin being more open and with active
gene transcription (depicted as dark and light blue chromosomal bands). The genetic code consists of
DNA sequences of five distinct nucleotides: adenine (green), thymine (red), guanine (yellow) and cytosine
(purple). Single nucleotide variants are single base pair changes in comparison to human reference
genome. (B) Structural variants are genomic alterations >50bp and can be subdivided into deletions
leading to loss of material (red), duplications leading to gain of material (blue), inversions (yellow) and
translocations. An interchromosomal translocation is depicted showing the exchange of material of two
chromosomes (purple and green). Two DNA double-strand breaks (black lines) are needed within one or
two chromosomes for the structural alteration to occur. Abbreviations: single nucleotide variant (SNV).
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1. INTRODUCTION

1.1.3.1 Germline and somatic genetic variation

Germline genetic variants are inherited or arise de novo in parental germ cells or during very
early embryonic development. An allele is a variable version of a DNA sequence at a specific
genomic locus. Each individual inherits one allele from each parent with identical alleles being
homozygous and different alleles being heterozygous. A set of alleles that are physically
grouped together on the same chromosome segment tend to be inherited together and are
referred to as haplotype [22]. As constitutional alterations, they are present in every cell of the
body. Germline mutations accumulate over time and vary among individuals, reflecting
dynamic genetic signatures across populations and generations that are shaped by
evolutionary factors [12]. In contrast, somatic mutations accumulate within cells from one
individual from the beginning of early development and continuing throughout life. These
mutations are driven by endogenous and exogenous influences, resulting in selection pressure
on cells [23]. A mixture of germline and somatic variation, including SNVs and SVs, shape
human phenotypic diversity and can both contribute to risk factors for a wide range of human
disease [12], including cancer [24]. Genetic cancer predisposition can be caused by pathogenic
germline variants that lead to earlier onset of disease compared to the general population,
contributing to the occurrence of cancer in children and adolescents [25-31] (refer to section
1.2.2). A comprehensive characterization of both SNVs and SVs, across coding and non-coding
regions, is crucial to fully understand the spectrum of genetic diversity, identify pathogenic

mutations in affected individuals, and elucidate their role in disease progression.

1.1.4 Methods to resolve genomic structural variation

Structural alterations can be identified using conventional cytogenetic and molecular methods
such as karyotyping via chromosomal banding analysis (CBA), fluorescence in situ hybridization
(FISH) and array-based methods including comparative genomic hybridization (CGH) or single
nucleotide polymorphism (SNP)-array (Figure 2). These techniques are widely implemented in
clinical diagnostic workflows to detect structural aberrations in both constitutional disease and
cancer. CBA is the oldest method that stains chromosomal bands to assemble karyotypes from
metaphase chromosomes identifying genomic alterations >5Mb. FISH enables the detection of
specific target DNA sequences by hybridization of fluorescently labeled probes, while array-
based methods analyze the samples by hybridizing patient DNA to microarrays containing
either sequence-specific probes (CGH) or polymorphic loci (SNP-array). Variations in
fluorescence intensity is used to computationally infer copy number variations. Due to several
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limitations of these conventional methods such as low resolution, required prior knowledge of
SVs or inability to detect balanced aberrations, the complete spectrum of structural aberrations
remains to be explored [32]. Since second generation next-generation-sequencing (NGS)
methods emerged, SNVs and short indels can be characterized by high-throughput short-read
sequencing like whole-exome sequencing (WES) or whole-genome sequencing (WGS) (from
Illumina) with a high accuracy [33]. However, short-read based approaches like WGS have
limited ability to characterize larger SVs, mainly due to their short-read length (usually 100-
150bp) and challenges of mapping reads in complex and repetitive regions of the genome [34].
A critical step is the correct alignment of sequences to the reference genome that is difficult in
repetitive or low-complexity regions and for split reads that align to different regions of the
reference. Notably, many SVs are thought to arise in such difficult repetitive regions [35], which
make up two thirds of the human genome, particularly consisting of transposable elements and
segmental duplications [7]. This further highlights the need for other technologies to fully

characterize the spectrum of genomic variation.
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Figure 2: Technical approaches to detect genomic variation: from SNV to aneuploidy.

Overview of genomic variant detection methods by variant size and molecular resolution (x-axis). The
graph summarizes the capability of variant detection using various cytogenetic, array-based and
sequencing methods across the spectrum of genomic variation, ranging from SNVs, indels, SVs up to
whole chromosome aneuploidy. The effective detection range for each technique is depicted in blue bars.
For sequencing approaches and OGM, the average molecule length is indicated on the y-axis. Traditional
cytogenetic approaches such as FISH and karyotyping are effective for large-scale variants, while NGS
approaches as short-read WES/WGS and long-read platforms from PacBio (CLR + HiFi) and ONT extend
the detection of smaller variants. HiFi sequencing has a higher accuracy compared to CLR sequencing
which enables detection of SNVs. OGM covers a broad spectrum of large SVs with the highest average

molecule length. Abbreviations: single nucleotide variant (SNVs), insertion/deletion (InDel), structural variant (SV), fluorescence
in situ hybridization (FISH), whole-exome sequencing (WES), whole-genome sequencing (WGS), high-fidelity (HiFi), continuous long-
read (CLR), Oxford nanopore technology (ONT), optical genome mapping (OGM), next-generation-sequencing (NGS). Figure partly
adapted from Bionano Genomics.
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In recent years, third generation long-read sequencing methods and optical mapping platforms
have been developed, offering a more robust approach to resolve larger and complex SVs.
Optical genome mapping (OGM), is a novel mapping approach that analyzes ultra-long DNA
molecules and is able to detect SVs >500bp (refer to section 1.1.4.1). The two leading long-read
sequencing technologies include single molecule real-time (SMRT) sequencing by Pacific
Biosciences (PacBio, refer to section 1.1.4.2) and the Oxford nanopore sequencing technology
(ONT) [36]. Unlike short-read sequencing, these technologies generate long sequencing reads
(>10kbp in length) from native DNA without the need for PCR amplification. They further have
demonstrated improved performance in detecting SVs, largely contributing to the detection of
alterations in low mappability and repetitive regions [37]. A comprehensive cross-platform
approach applied by the Human Genome Structural Variation Consortium resulted in a seven-
fold increase in the detection of the number of SVs in human reference samples compared to
previously identified variation based on short-read sequencing, with PacBio long-read data
contributing to the majority of novel variation [38]. This study showed that OGM outperformed
all other methods in detecting large deletions and duplications ranging from 10kbp to 10Mb.
Further, whole-genome sequencing or mapping approaches have the advantage to detect
variation in the non-coding genome and thus provide a more comprehensive view on genetic

variation compared to WES and targeted approaches.

1.1.4.1 Optical genome mapping

Over the last years, DNA-based optical genome mapping has been used to identify SVs and
aneuploidy in constitutional and cancer disease as next-generation cytogenetic tool [39-47].
Most studies applied the OGM technology that was developed by Bionano Genomics and
advocate OGM as next-generation cytogenetics tool due to its feasible implementation in
clinical routine testing [48-51]. Especially in the diagnostic set-up of hematological
malignancies, OGM showed a high concordance with conventional testing methods and the
detection of clinically relevant SVs that have significant implications for risk stratification and
treatment decisions [40, 42, 45, 49, 51-54]. OGM is based on imaging of fluorescently tagged
DNA molecules, converting them into in silico maps that are used for down-stream analysis and

SV detection [41, 53] (Figure 3).
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Figure 3: Technical workflow of optical genome mapping.

A simplified workflow for generation of OGM data is shown. The OGM workflow begins with the
extraction of HMW DNA with molecules >150kbp extending to several megabases in size. Following DNA
precipitation, HMW DNA is bound to nanobind disks which are used to wash and elute the DNA to
minimize shearing and to preserve the integrity of long DNA fragments. The purified DNA is subjected to
a labeling reaction where label patterns are introduced along the DNA molecules through a direct label
enzyme (DLE-1). The DLE-1 globally recognizes a —-CTTAAG— motif that is present on average every Skbp
in the genome and covalently connects a DL-Green fluorophore marker at this specific target site. The
labeled DNA is loaded onto a chip where each DNA molecule is linearized within nanochannels and is
subsequently imaged by a nanochannel scanner from the Bionano instrument. The captured fluorescent
DNA sequence images are computationally processed and converted into digital in silico representations
of the DNA molecules. These digital maps reflect the spatial arrangement of labels across the genome
and are used for further down-stream analysis and SV detection according to the motif. Based on
differences in label spacing or deviations of label patterns from the reference genome map distinct types
of SVs such as deletions, insertions, duplications and translocation can be identified. The optical genome
maps with specific label patterns (yellow) of the investigated DNA sample (e.g., patient sample, blue) are
compared to a reference genome map (green) to detect deletions (red), insertions (light blue),
duplications (red square), inversions (orange) and translocations. This analysis is visualized and annotated

by the automated Bionano Access Software. Figure partly adapted from Bionano Genomics. Abbreviations= high
molecular weight (HMW); Optical genome mapping (OGM), structural variant (SV). Figure partly adapted from Bionano Genomics.

Following data generation, the automated down-stream analysis software Bionano Access with
Bionano Solve is used for SV detection. OGM data can be processed using three different
bioinformatic pipelines: i) the de novo assembly (DN); ii) the rare variant pipeline (RVP) and iii)
the CN pipeline (Figure 4). The DN assembly is efficient to detect haplotype-resolved germline
variation and has been primarily applied in the context of constitutional genetic disorders [39,
46, 55]. The RVP is optimized for somatic variation to efficiently detect SVs with a variant allele
frequency (VAF) >5% [41]. This approach has been frequently applied for hematological
malignancies, where OGM effectively identified somatic and subclonal genomic alterations [40-
43, 50, 52, 54]. The CN pipeline allows for the detection of larger chromosomal events and
whole chromosome alterations. The CN approach has important diagnostic applications, such

as identifying e.g. constitutional trisomy [39] or aneuploidy in cancer cells [41].
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Figure 4: Optical genome mapping pipelines for detection of structural variants and copy number
alterations.

(A) The DN analysis is applied for approximately 420Gb of raw OGM data yielding around 100x effective
genome coverage. This approach enables the detection of SVs >500bp with haplotype resolution. The de
novo assembly pipeline starts with the initial alignment of in silico molecules (blue) >150kbp to each
other, based on similar labeling (yellow) distances, in order to assemble them into long genome
consensus maps in a second step. These consensus maps are then aligned to a reference genome map
(green) to identify SVs. (B) The rare variant analysis is designed to process 1300Gb of raw OGM data,
generating >300x effective whole-genome coverage. The pipeline directly starts with the alignment of
molecules >150kbp to the reference genome map to call potential SVs. All molecules showing identical
SVs are then clustered and locally re-aligned to the reference genome map to confirm the SVs that are
>5kbp. (C) The CN pipeline is a coverage-based approach that is automatically integrated into the
workflows of both SV (DN+RVP) pipelines, enabling the detection of deletions and duplications >500kbp
up to whole chromosome alterations. The overall molecule depth along the reference genome map is
calculated and normalized to establish a baseline for the expected copy number of e.g. a normal human
diploid genome expecting two alleles. At genomic loci where the molecule coverage deviates from the
baseline, the CN caller reports a corresponding reduction or increase in molecule depth and estimates
the actual copy number at that location. Variations of molecule depth are used to call copy number
changes at a specific region of the reference genome map, indicating loss (as illustrated, red highlight) or

gain of one allele. Abbreviations: structural variants (SVs); copy number (CN), de novo assembly (DN), rare variant pipeline
(RVP).

1.1.4.2 Single molecule real-time (SMRT) long-read sequencing

SMRT sequencing developed by PacBio is a long-read sequencing technology that operates on
single DNA molecules without the need for prior DNA amplification (Figure 5). Depending on
the analyzed DNA template size, ranging from one to several megabases in length [36, 56], two
sequencing modes are available: (i) continuous long-reads (CLR); or (ii) circular consensus (CCS)
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reads. CLR sequencing typically achieves a base call accuracy ranging from 85 to 92% [36],
whereas CCS sequencing achieves high-fidelity (HiFi) consensus reads with an overall base call

accuracy up to 99.9% [36].
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Figure 5: Technical workflow to generate SMRT long-read sequencing data.

Simplified workflow to generate whole-genome long-read sequencing data using the PacBio SMRT
technology. (A) After HMW DNA extraction and DNA size selection, the fragmented DNA is submitted for
library preparation. Library preparation involves ligation of hairpin adapters to both ends of double-
stranded HMW DNA, thereby creating circular DNA constructs called “SMRTbell” templates. Before
loading on the flow cell and sequencing, these templates are primed with a polymerase. Based on the
DNA insert size, two modes of PacBio sequencing are available: (i) CLR with DNA fragments in size > 25kbp
leading to multi-molecule subreads, and a consensus sequence with ~90% accuracy; and (ii) CCS with DNA
fragments 10-20kbp leading to single-molecule subreads and consensus sequence with >99% accuracy.
In case of the CLR sequencing approach, the larger insert size limits the number of full passes of the
polymerase to approximately one to five, depending on the duration of the data collection time and size
of the template. CCS is based on smaller DNA insert sizes, which enables the DNA polymerase to progress
multiple complete passes over the circular DNA template for approximately seven to 12 times or more.
This process generates multiple subreads that are combined to highly accurate consensus sequence,
called HiFiread. (B) The DNA-templates are introduced into a SMRT cell, which contains up to eight million
ZMWs. Within each single ZMW, one DNA-polymerase complex is immobilized at the bottom, allowing
for DNA synthesis at a single-molecule level. For each nucleotide, distinct fluorescently labeled dNTPs are
introduced into the sequencing chambers. The polymerase starts synthesizing a new DNA strand by
incorporating each nucleotide along the circular DNA template. While the polymerase holds and cleaves
a fluorescently labeled nucleotide, a specific light pulse for each nucleotide is produced through excitation
at the bottom of each reaction chamber before incorporation of the next dNTP. This process is called
sequencing by synthesis. The emitted fluorescence intensity is recorded over time by the camera of the
sequencer after each nucleotide incorporation and cleavage, generating distinct fluorescence patterns
that reflect the underlying DNA sequences. SMRT sequencing additionally enables the simultaneous
detection of DNA modifications, such as 5-methylcytosine, through distinct inter-pulse durations
generated during nucleotide incorporation. The light pulse kinetics are measured in real-time by the

PacBio sequencing instrument. Abbreviations: high-molecular weight (HMW); single molecule real-time (SMRT); continuous
long-read sequencing (CLR); circular consensus sequencing (CCS); zero-mode waveguide (ZMW), deoxynucleotide triphosphates
(dNTPs), high-fidelity (HiFi). Figure partly adapted from PacBio.
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Although long-read sequencing technologies, including the SMRT technology, are increasingly
utilized in research settings, their integration into clinical routine diagnostics remains limited
[57]. Long-read platforms provide several clinically relevant advantages, including enhanced
sensitivity to detect SVs and complex genomic alterations, the ability to generate high quality
alignments at breakpoint sites, accurate haplotype-reconstruction and simultaneous detection
of DNA methylation [34, 57-60]. The implementation in clinical practice is currently still
hindered by the high cost of instrumentation, the large volume of generated data, the need for

automated workflows and advanced bioinformatic expertise.

1.1.5 Interpretation of genomic variation

The interpretation of genomic variation in health and disease relies on a multifactorial strategy
that includes annotation and assessment of genomic variation and evaluating their potential
impact. This process integrates clinical evidence, population allele frequencies, computational
prediction tools and functional studies to classify the significance of the observed genetic
changes. The American College of Medical Genetics and Genomics (ACMG) has established
standardized guidelines for variant interpretation [25, 61] and further adaption for the
assessment of somatic variation [62, 63]. Genetic variants are classified based on a five-tier
system where assigning points to categories of evidence are summarized to identify their
association with the underlying disease. Genetic variation that is not considered disease-
causing is classified as (i) benign or (ii) likely benign. Variants with insufficient or conflicting
evidence of the impact on the disease are classified as (iii) variants of unknown significance
(VUS). Variants that are definitive or potentially disease-causing are classified as (iv) likely
pathogenic or (v) pathogenic. The classification is determined by weighing multiple criteria to
assess the impact of the genetic alteration. These include the type and location of the alteration
(e.g., null variants such as frameshift or stop gain mutations or those impacting functional
protein domains), de novo occurrence or familial segregation, prevalence (e.g., case-control
studies, population databases from healthy individuals), computational prediction tools
assessing deleterious effects (e.g., conservation, splicing impact) [61]. In addition, the focus of
the interpretation of somatic variation is the determination of oncogenicity and clinical
actionability including the prediction of therapy response or resistance [62].

More recently, ACMG recommendations and adaptions for assessment of copy number
alterations were established including multigenic or single-gene copy number variations with

distinct scoring metrics for duplications and deletions [64, 65]. Exemplarily, for a deletion to be
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considered as potentially pathogenic, it should affect a gene coding region or functionally
important element or an established haploinsufficient region. To assess CNV population
frequencies the curated database of genomic variation (DGV) is widely used, which however
has limitations based on breakpoint uncertainty due to usage of distinct technologies [64]. A
broad clinical adoption of NGS-based methods will lead to an increased detection of genetic
alterations including SVs and variation in non-coding regions, underscoring the need of
laboratory internal and extended population databases with sequence level variation based on
advanced techniques. The ongoing development of comprehensive guidelines for all types of

DNA alterations aims to improve the accuracy and consistency of variant interpretation.

1.2 Pediatric cancer

Each year, around 400 000 children and young adolescents are diagnosed with cancer
worldwide, still making it the leading cause of disease-associated death for children from birth
to 19 years of age [66]. Pediatric cancer encompasses heterogeneous malignancies that can be
broadly subdivided into hematological malignancies, central nervous system (CNS) tumors, and
non-CNS solid tumors. These main categories include numerous subtypes that are defined by
distinct clinical, genetic and prognostic characteristics (Figure 6).

According to the German childhood cancer registry (1980-2018; [67]), the most prevalent
pediatric cancers are leukemia, CNS tumors and lymphomas, occurring in around 30%, 24% and
15% of children with cancer, respectively. Incidence rates vary by tumor type and demographic
factors. Lymphoid leukemia e.g., shows a higher incidence in males compared to females (4.5
vs 3.5 cases). The highest 5-year survival rate of ~¥95% are observed in Hodgkin lymphoma and
retinoblastoma. In contrast, certain cancers such as embryonal tumors and

rhabdomyosarcoma have a dismal disease with 5-year survival rates of 20% to 30%.
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Figure 6: Frequency, incidence and survival of pediatric tumor diagnoses in Germany.

(A) Frequency of tumor entities diagnosed in children with cancer. Different tumor types are indicated by
distinct colors. (B) Incidence per 100,000 children of different tumor types and the corresponding survival
rate (in %) is shown for male and female sex. Data was extracted from the annual report 2019 of the
German childhood cancer registry [67]. Abbreviations: AML=acute myeloid leukemia; GNB= ganglioneuroblastoma;

1.2.1 Etiology of pediatric cancer

The etiology of childhood cancer remains to be fully understood. While life-style risk factors
such as UV-light exposure, infectious diseases, tobacco and alcohol consumption are
contributing to adult cancer risk, these factors not adequately explain the cause of cancer
disease in children and young adolescence, mainly due to their young age. In contrast to adult
tumors, pediatric cancers tend to arise from stem and progenitor cells, exhibit a low mutational
burden, and are frequently characterized by oncogenic gene fusions or epigenetic
dysregulation [27]. To date, a small proportion of childhood cancers can partially be attributed
to pre- and postnatal exposure to environmental factors [68], inherited genetic risk factors [69],
or cancer predisposition syndromes [70]. Recent advances in sequencing technologies and
comprehensive genomic studies provided deeper insights into the role of germline variation in

modulating cancer susceptibility in children [26, 27, 29, 31, 71] (refer to section 1.2.2).
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1.2.2 Genetic cancer predisposition in children

1.2.2.1 Cancer predisposition syndromes

Patients with an inherited cancer predisposition syndrome (CPS) harbor an increased risk of
developing cancer. Typically, the causal link to a CPS is inherited or de novo mutation affecting
either autosomal recessive or dominant cancer predisposition genes (CPG) [29]. Germline
mutations frequently affect CPGs involved in DNA damage repair and/or cell cycle regulation.
These alterations increase rates of somatic mutation, cause genomic instability and the
likelihood of cancer development [72-78]. This pathogenic mechanism is observed in a variety
of well-characterized CPS and the corresponding CPG, including Ataxia telangiectasia (ATM,
[72]); Bloom Syndrome (BLM, [73, 74]), Fanconi anemia (e.g. BRCA2, PALB2 etc. [75]), Nijmegen
breakage syndrome (NBN, [76]) and constitutional mismatch repair (CMMR) deficiency (e.g.
MSH2, MSH6 [77, 78]).

To facilitate systematic clinical screening of pediatric cancer patients, diagnostic criteria for
identifying a suspected CPS have been established by Jongmans et al. [79] and Ripperberger et
al. [80]. These criteria include a prominent family history of cancer, specific cancer entities
known to be associated with a CPS, the presence of multiple primary malignancies, congenital
anomalies and excessive treatment-related toxicity, among other indicators [79, 80]. Notably,
severe toxicity during therapy may result from pre-existing immunodeficiency or dysfunctional
DNA repair mechanisms [81] or from mutations in genes involved in drug-metabolism [82].
These factors can lead to an impaired tissue regeneration or adverse reactions during chemo-
and/or radiotherapy. The identification of cancer susceptibility in pediatric patients can inform
clinical-decision making, lead to modified treatment protocols [83], improve prognostic
assessment [84], identify strategies for tumor surveillance strategies [85], and ensure early
detection of secondary malignancies [86]. Trio sequencing from child-parent samples enables
the detection of de novo mutations and is further helpful, as the identification of germline
predisposition in a child with cancer can have direct implications for parents and siblings [87-
89]. Notably, secondary malignancies occur in around 3-4% of pediatric cancer survivors within
20-25 years after initial diagnosis [90]. These secondary events can be associated with the
therapy of the initial diagnosis or with underlying germline mutations in genes such as TP53,
RB1 and NF1[91]. CPS often remain undetected when relying solely on clinical phenotypes due
to e.g., heterogeneity of clinical presentations or the absence of a clear family cancer

history [30, 79, 87], highlighting the importance of comprehensive genetic testing. Due to
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increased clinical screening and genetic testing, the number of recognized CPS and associated

CPGs are increasingly expanding (Table 1).

Table 1: Cancer predisposition genes in pediatric malignancies.

Summary of selected cancer predisposition genes, the corresponding syndrome and the frequently

associated cancer type. Abbreviations: Atypical teratoid rhabdoid tumor (AT/RT); Acute lymphoblastic leukemia (ALL); Acute
myeloid leukemia (AML); Carcinoma (CA); Embryonal tumor with multilayered rosettes (ETMR); Gastro-intestinal stromal tumor
(GIST); high-grade (H-G); Juvenile myelomonocytic leukemia (JMML); Medulloblastoma (MB); Myelodysplastic syndrome (MDS);

Meningioma (MG); Malignant peripheral nerve sheet tumor (MPNST); Neuroblastoma (NB); Osteosarcoma (OS);

Pilocytic

astrocytoma (PAC); Pineal blastoma (PB); Pheochromocytoma/Paraganglioma (PMC/PG); Pleuropulmonary blastoma (PPB);
Retinoblastoma (RB); Rhabdomyosarcoma (RMS); Sertoli-Leydig cell ovarian TU (SLCOT); Tumors (TU). Table was adapted from [83]
and created in https://Biorender.de.

Gene(s)

APC

ALK

ATM

BLM
BRCA2, PALB2

DICER1

ETV6
GATA2
GPR161
HRAS
1ZKF1
NRAS, KRAS
MSH2/6, MLH1,
PMS2

NBN

NBS1

NF1

NF2
PAX5
POLE

PTCH1, SUFU
PTEN

PTPN11
RB1

RET

RUNX1

SAMDS/L

SMARCA4

SMARCB1

TP53

TRIM28

Associated pediatric cancer(s)

Associated
CERVICAL & LEUKAEMIA &
syndrome(s) ABDOMINALTU BRAINTU SARCOMA
THORACICTU LYMPHOMA
-, APC-associated polyposis MB Thyroid CA Desmoid TU
ALK syndrome NB
Ataxia telangiectasia ALL, Lymphoma
Bloom syndrome Wilms TU ALL 0s
Fanconi anaemia MB
Thyroid CA, PPB,
DICER1 syndrome Wilms TU PB, ETMR RMS
SLCOT
ETV6 deficiency ALL
GATA2 deficiency AML/MDS
GPR161 deficiency MB
Costello syndrome NB
IZKF1 deficiency ALL
Rasopathies JMML
Constitutional MMR ALL, AML/MSD,
MB, H-G glioma
deficiency Lymphoma
Nijmegen breakage
ALL
syndrome
Nijmegen breakage
Lymphoma RMS
syndrome
Type 1 Neurofibromatosis, RMS, MPNST,
NB PAC PMC/PG JMML
Rasopathies GIST
MG, Spinal
Type 2 Neurofibromatosis
ependymoma
PAXS deficiency ALL
Polymerase exonuclease
MB, H-G glioma
deficiency
Gorlin syndrome MB, MG
Cowden s;ndrome, - MG Thyroid CA
Noonanisyindrome,
NB ALL, J]MML RMS
Rasopathies
RB predisposition RB
Multiple endocrine Thyroid CA,
neoplasia PMC/PG
Robertsonian t15;21, Ring
chr21, RUNX1 deficiency, ALL, AML/MDS
Trisomy 21
Ataxia Pancytopenia
AML/MDS
syndrome
Rhabdoid TU predisposition
SCCOHT AT/RT Rhadoid TU
syndrome
Rhabdoid TU predisposition
AT/RT, MG Rhadoid TU
syndrome, Familial MG
NB, MB, H-G glioma,
Li Fraumeni syndrome Adrenocortical Choroid Plexus ALL, AML/MDS RMS, OS
CA CA
Familial Wilms TU Wilms TU
Familial Wilms TU Wilms TU
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1.2.2.2 Germline genetic variation in children with cancer

Over the past years, advances in comprehensive genetic testing of children with cancer showed
that approximately 8-10% of pediatric patients carry a presumably pathogenic germline
mutation, that may contribute to inherited cancer susceptibility [25, 26, 29-31, 71]. Most of
these predisposing mutations occur in children diagnosed with solid tumors (16.7%), followed
by those diagnosed with brain tumors (8.6%) and leukemia (4.4%) [71]. The most frequently
altered genes across large-scale pediatric cancer cohorts include TP53, APC, BRCA2, NF1, PMS2,
RB1 and RUNX1 [25, 26, 29, 31, 71]. These studies mostly applied WES or WGS to identify
pathogenic SNVs or indels, typically incorporating panels of well-established CPGs. However,
recent studies have increasingly integrated SV analysis, using either short- or long-read WGS
approaches to check for pathogenic events in constitutional [92] or cancer disease [59]. It has
been reported that e.g., around 34% of disease-causing germline alterations in an adult cancer
cohort are SVs, with 1.5% of cases carrying predisposing structural alterations [59]. Pathogenic
SVs commonly act as driving lesions during tumorigenesis and may contribute to cancer
susceptibility by disrupting gene function, expression, or broader genomic architecture [93,
94]. Despite these advances, SVs and non-coding variation in the context of cancer
predisposition remain poorly characterized, leading to significant challenges for clinical
interpretation of such alterations. The currently estimated prevalence of 8-10% of detectable
pathogenic germline mutations in children with cancer may represent only a fraction of the

true burden and a substantial proportion may still be obscured.

1.3 Leukemia

Leukemia is a blood cancer that develops through the malignant transformation of cells during
the development of the hematopoietic system (hematopoiesis) leading uncontrolled growth of
abnormal cells in the bone marrow and impairment of production and function of heathy blood
cells [95]. Leukemia can be subdivided into acute forms with rapid onset and progression of
immature blast cells and chronic forms with slow disease progression and gradual
accumulation of dysfunctional but more mature blast cells [96].

Further subdivision groups leukemia based on the expanding cell characteristics such as the
cell lineage, either affecting cells from the myeloid or lymphoid compartment (Figure 7). These

subtypes are grouped to acute lymphoblastic leukemia (ALL), acute myeloid leukemia (AML),
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Figure 7: Leukemia subtypes resulting from distinct hematopoietic compartments.

During hematopoiesis, hematopoietic stem cells can develop into cells with lymphoid or myeloid
competence going through different stem and precursor stages. The different lymphoid or myeloid
neoplasms arising from different cell types are indicated. Figure template was adapted from https://Biorender.de.

chronic lymphoid leukemia (CLL) and chronic myeloid leukemia (CML). The ALL subtype can be
further subdivided into T-cell acute lymphoblastic leukemia (T-ALL) and B-cell acute
lymphoblastic leukemia (B-ALL). Based on the World Health Organization (WHO) guidelines
further refinements for subtype classification include differential molecular and cytogenetic
events as well as clinical and pathological features [97]. This thesis will specifically focus on the

most common B-cell precursor ALL (BCP-ALL) subtypes (refer to section 1.3.2.1 and 1.3.2.2).

1.3.1 Acute lymphoblastic leukemia

ALL is the most common malignancy and leading cause of cancer-related mortality worldwide
amongst children and young adolescents (<19 years) [98]. The majority of ALL cases originate
from transformed precursor cells of the B-cell lineage (~¥83%), with a smaller proportion arising
from T-cell lineage precursors (~17%) [99]. These malignant lymphoid progenitor cells, referred
to as lymphoblasts, become arrested at immature cell stages during lymphoid differentiation
and transform into leukemia [98]. The uncontrolled proliferation of the lymphoblasts leads to
an elevated white blood cell (WBC) count and widespread infiltration of the bone marrow
(>20% of leukemic blasts) and peripheral organs such as the liver, spleen and lymph nodes. The

displacement of healthy hematopoietic cells leads to various cytopenia [98]. In more aggressive
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cases, leukemic blasts may infiltrate the central nervous system (CNS) [100] and testis [101],
thereby contributing to disease severity. Clinically, these pathological processes manifest as
fatigue, neutropenic infections, fever and excessive bleeding, among other symptoms [98, 102,
103].

The etiology of ALL is multifactorial. ALL is thought to be causes by a complex interplay between
environmental factors such as radiation or exposure to toxins [104, 105] and genetic variables.
The majority of ALL may originate from an initiating genetic event during early hematopoiesis,
referred to as “first hit”, which occurs in utero and gives rise to preleukemic clones [98, 106-
110]. The initial genetic lesion typically either involves chromosomal translocations giving rise
to oncogenic fusion genes such as ETV6::RUNX1, BCR::ABL1; TCF3::PBX1; KMT2A-
rearrangments, or numerical chromosomal abnormalities like hyper- or hypodiploidy [98, 106,
107, 110]. The progression from a preleukemic state to overt full-blown leukemia usually
requires additional postnatally-acquired oncogenic hits. These can be triggered by e.g.,
exposure to infections and dysregulated immune responses [98, 106, 111, 112]. Furthermore,
inherited genetic factors may contribute to ALL risk, including GWAS-identified germline
polymorphisms that may direct or indirectly affect regulators of hematopoietic and lymphoid
cell development, such as IKZF1 and ARID5B as well as tumor suppressor genes like CDKN2A/B
and TP63 [113-116]. In addition, pathogenic germline variants in CPGs including ETV6, IKZF1,
PAX5 and TP53 [114, 116-118], have been implicated in familial or sporadic cases of ALL with
variable penetrance (refer to section 1.2.2). The following sections will focus specifically on B-
cell derived ALL, including details on its clinical and genetic background, as well as current

treatment approaches.

1.3.2 B-cell acute lymphoblastic leukemia

B-cell precursor acute lymphoblastic leukemia (BCP-ALL) is the most common cancer in
childhood usually with a good prognosis and an overall 5-year survival rate exceeding 90% in
high-income countries [119]. The success of standard treatment is largely attributed to the
combination of clinical, immunophenotypic and genetic characterization to define ALL
subtypes enabling risk stratification and therapeutic decision-making [100, 120] (refer to
section 1.3.3). The most frequent subtypes of BCP-ALL are characterized by recurrent disease-
initiating genetic alterations, comprising structural abnormalities in approximately 75% of

these subtypes [121] (Figure 8).
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Subtype Prognosis Prevalence

ZNF384-like 7] 0.1% I chromosomal abnormality
KMT2A-like (] 0.1% structural rearrangement
BcLemycr B 0.1% B mutation
ZEB2/CEBP-r [ 0.2% diverse
IKZF1 N159Y D i 0.2%
HLF-r @ 0.4%
NUTMI-r 3 0.5%
PAX5 P8OR [ 1] 1.1%
ZNF384-r (1] = 1.4%
low hypodiploid & 1.5%
MEF2D-r [0 1.5%
ETV6:RUNX1-ike [ 1.6%
nearhaploid [} | 19%
BCR::ABL1 [P ] 3.6%
KMT2Ar B 3.7%
pux4r B 4.2%
TCF3:PBX1 &) 47%
BCR:ABL1-lke B 9.0%
iaMP21 [0 | ;.2
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ETV6:RUNX1 @B 17.6%
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I 1 I 1 1 1
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Figure 8: Prevalence and prognosis of genetic subgroups in pediatric BCP-ALL.

Prognosis and overall frequency of each genetic subgroup of B-cell derived pediatric leukemia is shown.
Excellent (E), good (G), intermediate (I), poor (P) or very poor (P*) prognosis for each subtype was
extracted from [122]. Relative numbers of each subtype were extracted from [99]. Coloring of the bar

graph indicates the genetic alteration contributing to the primary subtype classification. Abbreviations:
rearrangement (-r).

These include gross chromosomal changes such as aneuploidy and chromosomal
rearrangements deregulating genes through the formation of chimeric fusions genes that alter
function or activity of hematopoietic transcription factors, epigenetic modifiers, tyrosine
kinases and others [122]. The underlying genetic landscape plays a central role in
leukemogenesis and is closely linked to gene expression profiles, altered signaling pathways,
clinical presentation, treatment response and overall prognosis [98, 123-125]. Subtype-
defining genetic alterations along with cooperating secondary genetic lesions are essential for
refined risk stratification, prognosis and therapeutic strategies [119, 122]. For instance, the co-
occurrence of IKZF1 deletions together with CDKN2A/B, PAX5, or PAR1 deletions in the absence
of ERG deletions defines a high-risk genetic profile termed IKFZ1P"“s in several BCP-ALL subtypes
[126]. This subgroup has worse outcomes compared to patients with /KZF1 deletions without
fulfilling the IKZF1P'“s criteria [126].

The two most common genetic subtypes are classical hyperdiploid BCP-ALL (HD BCP-ALL) and
ETV6::RUNX1 translocated BCP-ALL (E::R BCP-ALL) (refer to section 1.3.2.1 and 1.3.2.2), both of
which are associated with a favorable prognosis and may benefit from low-intensity therapy
approaches [127]. However, they constitute around 25% of relapsed cases that occur in

childhood BCP-ALL [128]. Additional subtypes with structural and numerical alterations include:
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(i) hypodiploid leukemia, characterized by fewer than 48 chromosomes, (ii) TCF3::PBX1
translocated leukemia, (iii) BCR::ABL translocated leukemia and (iv) KMT2A-rearranged BCP-
ALL. Among the rarest and most aggressive cases is TCF3::HLF-rearranged BCP-ALL, which
comprises less than 1% of cases and is associated with a dismal prognosis [122]. Notably, overall
survival of this rare subtype may be improved with immunotherapy such as blinatumomab
[129]. The application of NGS has led to the discovery of novel subtype-defining events in BCP-
ALL with clinical and therapeutic relevance, including: (i) MEF2D- and ZNF384-rearrangements,
(ii) mutations in PAX5 (P8OR) or IKZF1 (N159Y), and (iii) molecular subgroups mimicking
expression profiles of known genetic subtypes referred to as ETV6::RUNX1-like, Ph-like,
KMT2A-like or ZNF384-like BCP-ALL [122]. Notably, the third most frequent BCP-ALL subtype,
referred to as “B-other”, lacks such defining alterations, making risk stratification and

therapeutic intervention particularly challenging [130].

1.3.2.1 Hyperdiploid BCP-ALL

Classical HD BCP-ALL is characterized by a nonrandom gain of chromosomes, commonly
involving chromosomes 4, 10, 14, 21 and X. These chromosomal gains result in an abnormal
karyotype with a modal chromosome number ranging from 52 to 67 chromosomes, indicative
of aneuploidy in the leukemic blasts [122, 128, 131]. The karyotype normally consists of di-, tri-
and tetrasomies, where trisomies arise from the duplication of a single parental chromosome

and tetrasomies involve the duplication of both parental homologs [128].

1.3.2.1.1 Clinical features

Clinically, HD BCP-ALL comprises approximately one-third of BCP-ALL diagnoses, typically
presents at a median age of around 4 years and is associated with a favorable prognosis. The
immune phenotype of leukemic blasts shows a low expression of CD45 and a high expression
of markers such as CD9, CD20, CD22, CD58, CD66c, CD86, and CD123. CD123 is considered as
immunophenotypic hallmark of classical HD leukemia [132]. Diagnosis of this subtype is based
on the detection of the hyperdiploid karyotype using DNA index measurement, conventional
cytogenetics, FISH or array-based methods. Further refinement of risk stratification specifically
for hyperdiploid leukemia has been proposed in a study of Enshaei et al. [133], suggesting the
existence of two distinct risk groups (good and poor risk) based on the presence or absence of

copy number gains of four specific chromosomes: 17, 18, 5 and 20.
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1.3.2.1.2 Etiology and genetic characteristics

HD leukemia is hypothesized to originate from a single abnormal mitosis occurring prenatally
in a B-cell precursor during early embryogenesis, generating the nonrandom gains [109, 134-
137]. The leukemogenic process is driven by the gene dosage effects and transcriptional
dysregulation caused by the extra chromosomal copies [138, 139]. The precise mechanisms
underlying the initiating chromosomal segregation defect or the corresponding genetic cause
remain unresolved. There is growing evidence of inherited genetic susceptibility in the
development of HD BCP-ALL. Pathogenic germline mutations in RTK/RAS pathway genes are
implicated in the development of RASopathies in children with several clinical abnormalities
including cancer predisposition. Particularly, children with Noonan syndrome and PTPN11 [140,
141] or SOS1 [141] mutations are often diseased with hyperdiploid ALL. Beyond RASopathies,
pathogenic germline mutations in other genes such as ETV6 [142], GAB2 [143] or LZTR1 [144]
have been described to be enriched in patients with the HD BCP-ALL subtype. Genome wide
association studies (GWAS), which statistically assess genotype-phenotype correlations,
revealed selective risk alleles including ARID5B (rs7090445) [114], CEBPE (rs2239630) [145] and
BMI1-PIP4K2A (rs7088318) [146] in patients with HD leukemia. Collectively, the recurrent
germline mutations and risk-associated polymorphisms in HD BCP-ALL indicate genetic
predisposition as contributor to the pathogenesis of this subtype.

Frequent secondary mutations in HD BCP-ALL occur in genes of the RTK/RAS pathway including
KRAS, NRAS, FLT3, SOS and PTPN11 as well as epigenetic modifiers such as CREBBP, NSD2,
SETD2 and EZH2 [128, 131]. In early relapsed HD BCP-ALL cases, KRAS mutations commonly
coexist with mutations in the chromatin-modifying gene CREBBP [147, 148], suggesting a
cooperative role in disease progression and therapy resistance. Secondary structural
alterations are common events and include duplication of chromosome arm 1q, deletion of
chromosome arm 6q and formation of isochromosomes 17q and 7q, which involve loss of the
p-arm and mirror duplication of the g-arm [134]. Focal deletions frequently target gene loci of
the cell cycle regulator CDKN2A and the hematopoietic transcription factor ETV6 [99].

Among HD BCP-ALL around 10-15% of patients experience relapse, that occur within the first
three years after initial diagnosis. Due to the high overall incidence of HD BCP-ALL, the relapses
make up 25% of all relapsed BCP-ALL cases [128]. Relapse is correlated with the acquisition of
genetic hits contributing to therapy resistance and clonal evolution, including mutations in
genes of the RAS pathway and the chromatin-modifier CREBBP [147-150]. Numerical variation

such as positive selection for trisomy 8 is also associated with relapsed HD leukemia [151].
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1.3.2.2 ETV6::RUNX1 BCP-ALL

ETV6::RUNX1 translocated leukemia is defined by the recurrent chromosomal translocation
1(12;21)(p13;922) that results in the juxtaposition of the ETV6 gene to the RUNX1 gene locus,
forming an oncogenic fusion gene ETV6::RUNX1 (E::R). ETV6 and RUNX1 both play an essential
role for embryonic and adult hematopoiesis by regulating hematopoietic stem cell
differentiation into mature blood cells [152, 153]. The chimeric fusion protein acts as an ETV6-
mediated transcriptional repressor converting RUNX1 from a transcription activator into a
repressor of its downstream target genes [154, 155], thereby causing a partial block of B-cell

differentiation [156].

1.3.2.2.1 Clinical features

Clinically, around 20% of pediatric BCP-ALL cases are characterized by a favorable diagnosis
[157, 158] occurring at a median age of ~4 years [103]. The leukemic blasts express B-cell
lineage markers such as CD19, CD10 and TdT expression and exhibit clonal genetic
characteristics such as immunoglobulin heavy chain (/gH) and T-cell receptor (TCR)
rearrangements [159-161]. In some cases, aberrant expression of myeloid-phenotypic markers
like CD13 and CD33 is observed [160]. For diagnostic confirmation of the genetic subtype, the
translocation is routinely detected using reverse-transcriptase polymerase chain reaction (RT-

PCR), FISH or targeted RNA-sequencing.

1.3.2.2.2 Etiology and genetic characteristics

The origin of the translocation t(12;21)(p13;922) is frequently acquired in utero and can be
detected in up to 5% of neonatal blood spots or cord bloods [57, 75-78]. The generation of the
fusion gene is considered as first hit that arises in a pre-leukemic B-cell progenitor, conferring
a genetic predisposition to leukemia. However, the presence of the E::R gene fusion is
insufficient to drive the development to a full-blown leukemia, as postnatal secondary hits are
required for leukemogenesis to occur [107-110, 162-164]. Furthermore, GWAS studies have
identified germline susceptibility loci associated with increased risk of E::R positive leukemia.
Significant associations have been reported for polymorphisms within genes of the TP53 family,
including TP63, as well as in the tyrosine phosphatase gene PTPRJ [165].

Secondary additional genetic events are essential for the progression from a preleukemic clone

to overt E::R positive leukemia [108]. These events can largely be attributed to aberrant activity
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of the recombination activating gene (RAG) recombinase activity. Mechanistically, the E::R
fusion protein, along with wild-type RUNX1, can directly bind to enhancer and promotor
regions of the RAG1 gene, thereby upregulating its expression [166, 167]. Under physiological
conditions, RAG1/2 recombinases are essential for somatic V(D)J recombination during normal
lymphoid differentiation, generating antigen receptor diversity in B- and T-cells [168]. In the
leukemic context, the aberrantly active RAG1/RAG2 complex promotes illegitimate
recombination events near specific recombination signal sequences leading to secondary
structural rearrangements [169]. Specifically, secondary copy number alterations such as loss
of the second ETV6 allele and deletion of PAX5 and IKZF1 are frequent genetic events in E::R
positive leukemia contributing to leukemogenesis [98, 121, 169]. Other focal deletions
recurrently affect CDKN2A, CDKN1B, ATF7IP, BTG1, TBL1XR1, BTLA, CD200, SLX4IP and
members of the histone cluster located on chromosome 6p22.2 [99, 159]. Although less
frequently, secondary mutations in genes such as UBA2, involved in post-translational protein
modification, and KRAS are observed in the E::R BCP-ALL subtype [99, 170].

Among E::R translocated cases, around 20% experience relapse that typically occurs later
compared to other BCP-ALL subtypes, often several years after initial diagnosis [171, 172].
Relapsed E::R cases often harbor copy number alterations such as loss of chromosome 12p13,
including the second ETV6 allele, and depletion of cell cycle regulator CDKN1B or PAXS5, IKZF1
and CDKN2A/B [173, 174].

1.3.3 Diagnosis and treatment of childhood acute lymphoblastic leukemia

Diagnosis and treatment strategies in pediatric ALL apply a risk stratification system that
incorporates clinical factors such as age, sex, CNS or testicular involvement, whole white blood
cell count, treatment response alongside with cytomorphological and cytogenetic features
present in the leukemic blasts at diagnosis [119]. Based on these criteria, patients are stratified
into three main risk groups: standard risk (SR), intermediate risk (IR) and high risk (HR) (Table

2). Further details on diagnosis and treatment are provided in the following sections.
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Table 2: Prognostic factors influencing favorable and unfavorable outcomes in ALL.
Abbreviations: WBC= white blood cell count, CNS= central nervous system, SR= standard risk, HR= high risk. Table was created in
https://Biorender.de.

Outcome
Prognostic factors Favorable Unfavorable
1. Clinical characteristics
Age 1-9 years infant or >10 years
Sex female male
Ethnicity caucasian, asian hispanic, african american
WABC counts <50x10° cells/L 250x10° cells/L
Lineage B-ALL T-ALL
CNS involvement CNS 1 CNS 2&3
Testicular involvement no yes
2. Genetics
Down syndrome no yes
Subtypes hyperdiploidy hypodiploidy
ETV6::RUNX1 BCR::ABL/-like
TCF3::PBX1 TCF3::HLF
NUTM1-r KMT2A-r
MEF2D-r
iAMP21
BCL2/MYC-r
3. Minimal residual disease
Day 33 SR: <0.0001% ®
Day 78 - HR: 20.001%

1.3.3.1 Diagnostic work-up of acute lymphoblastic leukemia

A range of standard-of-care techniques are currently used to detect clinically relevant genetic
alterations during the diagnosis of ALL, including cytogenetic methods such as karyotyping and
FISH or molecular genetic techniques such as SNP-array, CHG or multiplex ligation-dependent
probe amplification (MLPA) [124, 125].

Treatment response is assessed through minimal residual disease (MRD) monitored at the end
of induction and consolidation therapy. MRD is a key prognostic factor and can be quantified
by: (i) leukemic cell frequency with a detection threshold of one leukemic cell in 10,000 normal
cells (1 x 107#), (ii) quantitative reverse transcription PCR (QRT-PCR) targeting leukemia-specific
rearrangements (e.g., immunoglobulin or TCR genes), offering a specificity between 1 x 107
and 1x 107 leukemic to normal cell ratios and (iii) multiparametric flow cytometry, which
identifies aberrant immunophenotypes. Not yet standardized but emerging NGS-based
approaches are investigated to increase MRD sensitivity and resolution during the course of
therapy, targeting immunoglobulin or T-cell receptor rearrangements [175]. A critical aspect of

diagnostic evaluation includes the potential leukemic involvement in CNS. Leukemic blasts can
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infiltrate CNS sites which confers a worse prognosis, increased neurotoxicity and higher relapse

risk where CNS is involved in approximately 30% [176].

1.3.3.2 Treatment of childhood acute lymphoblastic leukemia

In Germany, ALL is treated according to common protocols of the AIEOP-BFM-ALL and
CoALL/ALLTogether consortia. These protocols are reference standards for clinical trials and
routine care and are regularly updated to incorporate new risk stratification parameters such
as MRD and genetics. The overall goal of ALL therapy is to maximize cure rates while minimizing
treatment-related toxicities. Standard chemotherapy treatment for childhood ALL comprises
four key components: (i) induction, (ii) consolidation and, (iii) maintenance therapy, as well as
(iv) CNS prophylaxis [103].

Induction therapy aims to rapidly remove most of the leukemic cells to achieve remission.
During induction therapy, a three-drug scheme is administered with a steroid substance
(prednisone, prednisolone, or dexamethasone) together with vincristine and L-asparaginase in
order to achieve complete remission. Remission is defined samples with less than 5% leukemic
blasts in the bone marrow on morphological level or less than 0.01% blasts by MRD testing
[177]. Consolidation phase is started after a patient achieved complete remission and
intensifies therapy to maintain remission, eliminate residual leukemic cells, reduce the risk of
relapse and to improve the long-term outcome [103]. Finally, maintenance therapy is lasting
about two years to sustain long-term remission and prevent relapse. Composition and intensity
of the chemotherapy may vary according to the ALL subtype and risk stratification,
incorporating drugs such as methotrexate, 6-mercaptopurine, doxorubicin and cytarabine.
Further treatment options include radiotherapy, especially for CNS prophylaxis, hematopoietic
stem cell transplantation (HSCT) for high-risk or relapsed cases, immunotherapy and targeted
therapy [119]. Small molecules like tyrosine kinase inhibitor Imatinib are applied to target
specific molecule markers such as BCR::ABL positive leukemic blasts [178]. As a potential new
frontline therapy, Blinatumomab, a CD19-directed T-cell engager antibody construct, has
emerged as a novel transformative treatment option in pediatric BCP-ALL including relapsed

and refractory disease [179].
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2. AIMS OF THE THESIS

This thesis aims to decipher comprehensive genomes of children with cancer with the focus on
germline and somatic structural variation by applying optical genome mapping and integration

of next-generation sequencing approaches.
This thesis is based on two Original Publications with the following main objectives:

Objective I:

Identification of pathogenic structural variants and novel potential cancer predisposition

genes by optical genome mapping in children with cancer (Original Publication I, [180])

The first objective was to decode germline structural variation in children with cancer that were
clinically suspicious for an underlying cancer predisposition syndrome but had a negative result
using whole-exome sequencing. The aim was to apply optical genome mapping to detect and
evaluate germline structural variants in known or novel cancer predisposition genes. In
addition, validation and functional testing of relevant candidates aimed to characterize the

function of novel structural variants and their contribution to childhood cancer predisposition.
Objective ll:

Deciphering the somatic structural variation landscape of pediatric ETV6::RUNX1+ and

hyperdiploid B-cell precursor acute lymphoblastic leukemia by optical genome mapping

(Original Publication 1l, [181])

The second objective was to evaluate the clinical application of the novel optical genome
mapping technique in diagnostic B-cell precursor acute lymphoblastic leukemia (BCP-ALL)
samples and to discover new potential targets relevant for BCP-ALL leukemogenesis. Technical
performance and additional value of optical genome mapping was evaluated by determining
the concordance with conventional cytogenetic methods and molecular array data. In addition,
structural variation landscape of ETV6::RUNX1+ and hyperdiploid BCP-ALL was analyzed and
compared using optical genome mapping. Further analyses aimed to identify recurrently
altered regions and genes by integrating short-read whole-exome sequencing data with optical
genome mapping and to find potential novel fusion genes. The application of long-read
sequencing and/or RNA sequencing aimed to validate structural variants affecting novel

recurrently altered target genes and novel fusion genes.
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This thesis is based on the following original publications which are referred to within the text:

3.1 Summary of Original Publication |

Wagener, R.*, Brandes, D.*, Jung M. Huetzen M.A.,, Bergmann A.K., Panier S., Picard D., Fischer
U., Jachimowicz R.D., Borkhardt A., Brozou T.

Optical genome mapping identifies structural variants in potentially new cancer
predisposition candidate genes in pediatric cancer patients.

International Journal of Cancer. 2024 Feb 15;154(4):607-614.
PMID: 37776287; DOI: 10.1002/ijc.34721; impact factor: 5.7, *equal contribution

Graphical abstract:

34 pediatric patients with cancer

/ Suspicious for cancer predisposition:

- congenital anomalies
- positive family cancer history
- particular cancer type
- syn- or metachronous tumors

'
WES
no pathogenic SNVs/indels identified
v
OGM
O

Analysis of rare SVs

Detection of pathogenic germline SVs
and novel candidate CPGs

Key findings:

e OGM identified structural variants in known and novel candidate cancer predisposition
genes in pediatric cancer patients clinically suspicious of an underlying cancer
predisposition syndrome and a negative whole-exome sequencing result

e De novo structural variants can be identified by performing OGM-based parent-children
trio analysis

e OGM identified an inherited pathogenic deletion affecting the known cancer

predisposition gene BRCAZ2 in a family with cancer segregation
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e OGM identified a duplication affecting a potential new cancer predisposition gene RPA1
in a pediatric leukemia patient
e Functional testing of patient fibroblasts with RPA1 duplication show a higher sensitivity

to DNA damage compared to age-matched controls

Contribution:

| revised and wrote the paper together with R.W. | conceptualized and designed the graphical
abstract. | extracted DNA from clinical samples, performed optical genome mapping
experiments as well as data analysis together with M.J. | further performed functional
validation and analysis of known and candidate cancer predisposition genes including whole-
exome-sequencing, reverse-transcription PCR, quantitative PCR, Sanger-sequencing and SNP-
array analysis together with R.W. and M.J. Major contribution and my own experiments are
represented in Table 1 & Figure 2; Supplementary Material & Methods PCR-based analysis,

Supplementary Figures 1 & 4; Supplementary tables 1, 3 & 5.
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Abstract

Genetic predisposition is one of the major risk factors for pediatric cancer, with
~10% of children being carriers of a predisposing germline alteration. It is likely that
this is the tip of the iceberg and many children are underdiagnosed, as most of the
analysis focuses on single or short nucleotide variants, not considering the full spec-
trum of DNA alterations. Hence, we applied optical genome mapping (OGM) to our
cohort of 34 pediatric cancer patients to perform an unbiased germline screening and
analyze the frequency of structural variants (SVs) and their impact on cancer predis-
position. All children were clinically highly suspicious for germline alterations (con-
comitant conditions or congenital anomalies, positive family cancer history, particular
cancer type, synchronous or metachronous tumors), but whole exome sequencing
(WES) had failed to detect pathogenic variants in cancer predisposing genes. OGM
detected a median of 49 rare SVs (range 27-149) per patient. By analysis of

Euicc

Abbreviations: aCGH, array comparative genome hybridization; BCP-ALL, B-cell-precursor acute lymphoblastic leukemia; CPG, cancer predisposition gene; CPS, cancer predisposition syndrome;
DSBs, double strand breaks; GoF, gain of function; HMW, high molecular weight; HU, hydroxyurea; indels, insertions and deletions; OGM, optical genome mapping; PBMC, peripheral blood

mononuclear cells; PFBMFT6, telomere-related pulmonary fibrosis and/or bone marrow failure-6 syndrome; SNVs, single nucleotide variants; STS, short telomere syndrome; SVs, structural

variants; WES, whole exome sequencing.
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WAGENER ET AL

18 patient-parent trios, we identified three de novo SVs. Moreover, we discovered a
likely pathogenic deletion of exon 3 in the known cancer predisposition gene BRCA2,
and identified a duplication in RPA1, which might represent a new cancer predisposi-
tion gene. We conclude that optical genome mapping is a suitable tool for detecting
potentially predisposing SVs in addition to WES in pediatric cancer patients.

KEYWORDS
cancer predisposition, optical genome mapping, pediatric cancer, structural variants

germline alteration. However, the entire spectrum of genetic alterations has yet to be consid-
ered. Here, the authors analyzed 34 pediatric patients with a suspected underlying cancer pre-
disposition syndrome by using the new optical genome mapping technique. They identified de
novo or inherited genetic structural variants in BRCA2 and in the potential novel cancer predis-
position gene RPA1. The study demonstrates that optical genome mapping is a suitable tool for
detecting potentially predisposing structural variants in addition to whole exome sequencing in
pediatric cancer patients.

2 | MATERIALS AND METHODS

In recent years, several studies have shown that ~10% of pediatric can-
cer patients harbor a cancer predisposing germline alteration. How-
ever, most of these studies focused on single nucleotide variants
(SNVs) and small insertions and deletions (indels) <20 bp. In all of these
studies, the whole exome sequencing (WES) analysis was mainly con-
centrated on a predefined gene panel of known cancer predisposition
genes (CPG). Therefore, there is some question as to whether the
remaining ~90% of patients carry any predisposing germline
alteration, in particular as not the entire spectrum of genetic alterations
was considered. In line with this, no causative genetic alteration was
detectable in ~80% of pediatric cancer patients with clinical signs indic-
ative of an underlying cancer predisposition syndrome (CPS).*¢
Although SNVs outnumber other types of DNA sequence variants by
7:1, structural variants (SVs) are 30-fold more prone to alter the gene
expression. Moreover, 34% of all disease-causing variants are larger
than SNVs, with 1/3 being >20 bp in size.” Based on previous studies,
1.5% of adult cancer patients harbor a cancer predisposing SV.? By con-
trast, the frequency seems to be more variable in pediatric cancer
patients, with reports of 0.4%-3.2% of patients harboring a pathogenic
germline SV."° These studies are mostly based on short-read next gen-
eration sequencing approaches that have limitations with respect to
accurate alignment in challenging genomic regions, which are prone to
breakpoints causing SVs.? Hence, the exact prevalence of SVs in the
germline of cancer patients might be substantially underestimated.
Recent proof-of-principle studies have shown that optical genome
mapping (OGM) is a new method of reliably detecting constitutional
SVs that can be used as an alternative to karyotyping, fluorescence in
situ hybridization and DNA microarrays.*%*!

We here report on the applicability of OGM as a complementary
instrument to the existing sequencing methods for unbiased germline
screening of pediatric cancer patients regarding cancer predisposing SVs.

21 | Patient cohort

We included 34 patients of our germline study and, if available, their
parents.'? Those patients were positive for clinical criteria suggesting
the presence of an underlying CPS,"** but lacking pathogenic cancer
predisposing variants in WES.? Refer to Supplementary Material and
Methods for a detailed description of the cohort.

2.2 | Optical genome mapping
2.2.1 | Extraction and labeling of high-molecular
weight DNA

We extracted high-molecular weight (HMW) DNA peripheral blood or
bone marrow mononuclear cells from remission or, if available, from
fibroblasts of the children and peripheral blood of the parents. Suffi-
cient material was available from 18 child-parent trios, six child-parent
duos and 10 child-singletons. The HMW DNA (750ng) was labeled,
loaded on a Saphyr G2.3 chip and molecules were imaged by the
Saphyr instrument (Gen 2, Bionano Genomics). Refer to Table S1 for
an overview of the run statistics and quality metrics and Supplemen-
tary Material and Methods for a detailed description.

222 | De novo assembly and variant calling

The de novo assemblies against the human reference genome
GRCh38, structural variant calling and annotation were per-
formed using Bionano Solve (version 3.5.1, Bionano Genomics).
The Bionano Access software (version 1.5.2, Bionano Genomics)
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was used to visualize the data. For OGM data from the patient
and one or both parents, we performed “Dual” or “Trio” variant
annotation, respectively, to differentiate de novo and transmit-
ted SVs. Refer to the Supplementary Material and Methods for
a detailed description of the performed analysis and SV filtering.

2.3 | Variant annotation and interpretation

The final list of SVs was manually annotated using the UCSC genome
browser tracks to identify whether an SV targets a gene (NCBI
RefSeq, Ensembl: MANE Project [v1.0], GENCODE V39) and whether
the SV region overlaps with a common SV (21% of the population)
using the NCBI dbVAR Curated Common SVs database.’® We also
checked whether the SVs overlap with known regulatory regions
using GeneHancer (Double Elite)."® We annotated the overlap of an
SV with a CPG using a published list.* Genes targeted by an SV that
potentially hits a coding region were explored with regard to clinical
relevance for the cancerogenesis of the respective patient.

24 | Validation and functional testing

We performed validation experiments using DNA microarray,
PCR-based assays and/or RNA sequencing for selected SVs and per-
formed functional testing on P28 fibroblasts and age/gender-matched
controls. Refer to the Supplementary Material and Methods for a
detailed description of the performed analysis.

3 | RESULTS AND DISCUSSION

3.1 | Description of patient cohort

We analyzed 34 pediatric cancer patients with a median age of
5.4 years (range 0-18.5) at initial tumor diagnosis and a male to female
ratio of 1.6:1 (Table S2). All patients harbored clinical signs indicative of
an underlying predisposition such as congenital anomalies, concomitant
conditions, multiple tumors or excessive toxicity to the chemotherapy
(Figure 1A). Fifty-five percent of the patients harbored congenital
anomalies, mainly of a mild form and not corresponding to a specific
syndrome. Thirty-eight percent of the patients harbored positive famiiy
histories of pediatric and/or adult cancer. Nine patients were diagnosed
with types of cancer strongly associated with genetic germline predis-
position, such as sonic hedgehog-activated medulloblastoma. More-
over, three patients harbored more than two tumors (synchronous or
metachronous) or showed excessive toxicity after chemotherapy.

3.2 | Identification of structural variants using
optical genome mapping

We generated an average of 422.5 Gb of data per sample resulting in
average 106x effective coverage of the de novo assemblies

(Table S1). SV calling vielded a median of 6455 (range 5696-6685)
SVs per sample. Applying filter steps to exclude artifacts and to detect
rare SVs, yielded 1831 SVs, with a median of 49 (range 27-149) SVs
per patient. Deletions and insertions were the most frequent SV types
(median of 30 [range 15-93] and 18 [range 10-53], respectively;
Figure 1B, Table S3). 95.6% of unbalanced SVs (considering deletions,
duplications and insertions that can also constitute duplications) had a
length of less than 50 kbp (Figure 1C). The majority of SVs were either
intergenic (55%) or were located in an intron (19%) (Table S3). How-
ever, 26% of the SVs potentially affected coding sequences of one or
more genes.

Due to our unique OGM dataset of 18 child-parent trios, we were
able to identify de novo SVs (two deletions and one insertion) in 17%
(3/18) of the children, affecting the DDX10 or FLG1 gene or an inter-
genic locus, respectively (Figure 1D, Table S4). This is in line with esti-
mates based on WES published by Kloosterman et al, who reported
de novo SVs >20bp or>500bp in 16% or 8% of children,
respectively.'”

3.3 | Structural variants targeting known cancer
predisposition genes

In our list of high-confidence SVs, we checked whether they targeted
known CPGs." Twenty-one SVs overlapped with a CPG, of which five
potentially affected a coding region (Table S5).

Patients P6 and P10 both carried the same 1.4 kbp deletion in
17p13.1, potentially targeting the TP53 gene (Figure S1A,B). Further
analysis revealed that the deletion maps 5.5 kbp upstream of the
TP53 gene, overlapping with a described common deletion
(nssv16197110) (Figure S1C,D).

After literature mining, we classified a deletion in BRCA2, which
occurred in P26 as likely pathogenic (Table 1, Figure 2A). A maternally
transmitted 4.8 kbp deletion was detected that overlapped with the
exons 2-9 of the BRCA2 gene. Performing PCR-based Sanger
sequencing, we could confirm the presence of a 4.7 kbp deletion in
chr13:32318724-32 323 440 bp, leading to deletion of the third exon
of the BRCA2 gene (BRCA2®°, ENST00000380152) (Figure 2B).
Variants leading to BRCA2 exon 3 deletions have been reported in
individuals with breast and ovarian cancer.'®'? Although this deletion
does not alter the reading frame, a part of the highly conserved
N-terminai domain is iost that is important for the interaction with
PALB2?° and DNA repair. Next, we performed a semiquantitative
PCR to check whether both the BRCA2°®® and BRCA2** transcripts
were expressed. While material was available from the child and the
father, unfortunately, no material was available of the mother or
the initially diagnosed leukemia of the patient to be examined for
down-stream analysis. Interestingly, the child exhibited a higher
expression of BRCA2®® than BRCA2"! compared to the father and
the control samples with predominant expression of BRCA2"! tran-
script (Figure 2C). There has been some debate about the pathogenic
effect of exon 3 deletion, as the BRCA22®* transcript is constitutively
expressed in tissue samples from apparently healthy individuals. How-
ever, Muller et al reported an allelic imbalance in favor of the
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FIGURE 1  Structural variants detected by OGM in 34 pediatric patients suspicious for an underlying cancer predisposition syndrome.

(A) Summary of patients' tumor diagnoses and status of clinical criteria. Each line represents a clinical feature and each column represents a
patient. (B) Overview of structural variants identified using OGM. The dot plot represents the number of germline SVs per type, with every dot
representing a patient. The red horizontal lines represent the median. (C) The violin plot depicts the length distribution of the identified SVs. The
dashed line represents the 50 kbp threshold that is a lower limit of copy number variant length detectable by conventional DNA array-based
methods. (D) Analysis of 18 child-parent trios using OGM revealed that 3/1007 detected SVs were de novo variants.

BRCA2%® mutant allele’® and Caputo et al proposed that only vari- deletion segregated within the cancer history in the maternal lineage.
ants producing transcripts lacking exon 3 should be classified as path- The grandmother (carrier status unknown) was diagnosed with breast
ogenic.’ In line with this, we observed an allelic imbalance toward cancer at the age of 32, and the patient developed an ETVé6:RUNX1

the BRCA2® transcript in our patient. The maternally transmitted rearranged BCP-ALL at the age of 12, whereas the patients' mother
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TABLE 1  Structural variants and affected genes potentially playing a role in cancer predisposition of two pediatric patients.
Case P26 P28
Tumor type BCP-ALL BCP-ALL
Subtype ETV6:RUNX1 KMT2A:AFF1
Phenotype Congenital cardiac anomaly (HP:0001627) Arched eyebrows (HP:0002553)
Genomic region (hg38) chr13:32 315 668-32 331 479 bp chr17:1 747 307-1 899 562 bp
SV type Deletion Duplication
Size 4.8 kbp 166 kbp
Affected genes of interest BRCA2 RPA1
QOverlap common dbVar None None
Validation WES, Sanger, RT-qPCR WES, SNP-array, gPCR
Functional testing n.a. Telomere length, DNA damage
Interpretation Likely pathogenic Likely pathogenic
Note: Overlap common dbVAR: Indicating whether the region in which the SV was observed overlaps with a known copy number alteration using the
common dbVar database (>1% in the population) as reference.
(A) 4.8 kbp deletion in (B Exon2 _|. Exon4
chr13'3231566832331479hp AACAAAGGC AG|GAAGGAAT GT
VA AaVAVVATAY \ \
chr13 L MA / f L7 I ;
e e child father cirl1 ctri2 ctrl3 ctrld H20
0k ' BRCAZ"
-_— — — —
200 bo S, " BRCA2***
BRCA2 200 bp T
— — e — GUSB
(D) 166 kbp duplication in (E)
chr17:1729 121-1895 273 bp 4-
Ret mao || [[I] 01 (0 IINETCTRTH W0 T W § S
chri7 i last samples

W PBMC samples

Mean of normalized expression

179133 0 \\b Me*“@‘,a\'\x\'lrm’ba_&’m“,gx"fa&b.&‘x@
vl e RS
P28 Fibroblast PBMC
ctrls ctrls.

FIGURE 2  Structural variants affecting the known CPG BRCA2 and the potential candidate CPG RPA1 in two pediatric cancer patients. (A) Germline
deletion detected in the cancer predisposition gene BRCA2 in P26. Genome maps (green bar above reference and blue bar below patient) indicating the
presence of a 4.8 kbp deletion in 13q13.1. Lower part of the figure depicts the location of the deleted region, highlighted in red, which is located within
the BRCA2 gene. (B) Sanger sequencing of the mRNA of the patient confirms the deletion of exon 3 in BRCA2 (ENST00000380152). (C) Upper panel:
Semiquantitative PCR of BRCA2™ and BRCA2*® transcript RNA extracted from the PBMCs of P26 carrying the 4.8 kbp deletion in comparison to the
father (P26 _father) and four control samples (PBMC ctrl 1-4). Lower panel: GUSB was used as control. (D) Genome map of duplicated region affecting the
RPA1 gene locus (17p13.3) in P28 (green bar represents reference map and blue bars the patient map) and the location within the genome using UCSC
genome browser (duplication highlighted in blue). (E) Analysis of RPA1 mRNA expression levels reveals higher expression in PBMCs and fibroblasts of P28
in comparison to the parents and controls. The controls were separated based on tissue of origin, including fibroblasts (blue) and PBMC (gray) control
samples. The dashed lines represent the mean expression levels of the fibroblast controls (blue) and PBMC controls (gray).
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had not yet developed any cancer at the age of 40. Although, BRCA2
alterations have not been described to increase the susceptibility to
ALL as yet, the internal BRCA2 deletion might be a possible risk factor.

34 | Identification of novel candidate cancer
predisposition genes

98.8% of all SVs identified by OGM in our study did not overlap with
a known CPG. Performing a comprehensive literature search and fur-
ther analysis, we identified three interesting SVs potentially targeting
novel CPGs.

In patient P16, a girl who synchronously developed a medullo-
blastoma and an astrocytoma at the age of 3, we identified a mater-
nally transmitted 180 kbp tandem duplication in 8p11.22, verified by
SNP array and coverage-based WES data (Figure S2A-C). The dupli-
cated region encompasses the ADAM9 and ADAM32 genes, which
belong to the “disintegrin and metalloprotease” (ADAM) family.
ADAMS9 is overexpressed in glioblastoma, where it promotes invasive-
ness and proliferation.?!?? To test the effect on ADAM9 and ADAM32
expression or if the duplication leads to a potential fusion transcript,
we performed whole transcriptome analysis of the patient and the
noncarrier father. We did not detect an ADAM32::ADAMY fusion tran-
script or altered expression of both genes in the affected child
(Figure S2D). In addition, we identified compound heterozygous SVs
in the RAP1B gene, in P10, a boy with B-ALL. The patient carried a
maternally transmitted 9.3 kbp insertion and a paternally transmitted
10.8 kbp deletion, both affecting regulatory regions of RAP1B gene
locus (Figure S3A,B). RAP1B encodes for a protein of the RAS family
of small GTP binding proteins with mitogenic and oncogenic proper-
ties.?®2% Activating missense variants in RAP1B have been described
in three patients with syndromic thrombocytopenia and multiple mal-
formations, including microcephaly and learning difficulties.?>*® In line
with these findings, P10 had mild global developmental delay and a
growth disorder in addition to his B-ALL. However, the analysis of
RAP1B mRNA expression in the PBMCs of the patient revealed no
altered expression in comparison to the father or the controls
(Figure S3C).

Conclusively, additional experiments including corresponding
tumor analysis are required to clarify whether the identified germline
SVs affecting ADAM9 and RAP1B have a functional influence on the
development of the patient's tumors.

The most interesting SV was a 166 kbp duplication in 17p13.3 in
P28, an infant diagnosed with KMT2A-rearranged B-cell-precursor
acute lymphoblastic leukemia (BCP-ALL) at the age of 4 months, who
relapsed 6 months after initial diagnosis (Table 1, Figure 2D). The
duplication was present in the germline and the corresponding tumor
of P28 (Figure S4A). We verified the copy number gain in the child
using coverage-based information from WES and could show that this
gain was not present in the WES data of the parents, indicating that
the SV occurred de novo (Figure S$4B). Using SNP array, we could
show that the duplication is located in a region of copy number neu-
tral loss of heterozygosity in 17p13.3-p13.1 (Figure S4C). Due to the

consanguinity of the parents (first-degree cousins), 11.2% of
the patient's autosomal genome is homozygous (Figure S4D). The
duplication affected five genes, including RPA1, which has essential
functions in DNA replication, repair, and recombination.?” It is associ-
ated with autosomal dominant inherited telomere-related pulmonary
fibrosis and/or bone marrow failure-6 syndrome (PFBMFT6,
MIM:619767). The PFBMFT6 syndrome belongs to the short telo-
mere syndromes (STS) with variable symptoms, genetic heterogeneity
and variable expressivity. Analysis of the RPA1 mRNA level in PBMCs
and fibroblasts of the child revealed an increased expression in com-
parison to parents and controls, which points toward the duplication
having a gain-of-function (GoF) effect (Figure 2E). This is in line with
reports by Sharma et al, who described GoF RPA1 missense variants
in patients with short telomeres and varying clinical features of STS.?®
We further assessed RPA1 protein expression in the patient's fibro-
blasts in comparison to two age/gender-matched fibroblast samples
from children without RPA1 alterations, which revealed similar RPA1
expression (Figure S5A). We screened for a potential telomeropathy
by performing TeloTAGGG Assay on fibroblasts of P28 carrying the
RPA1 duplication in comparison to age/gender-matched control fibro-
blasts (Figure S5B,C). However, we even detected a mild increase of
mean telomere restriction fragment length in the RPA1 duplicated
cells compared to the controls (P28 = 13.3 kb vs Ctrll = 10.4 kb;
Ctrl2 = 11.6 kb, respectively).

Additionally, it has been reported that RPA1 duplication induces
elevated sensitivity to DNA damage.?” Therefore, we also checked for
an underlying DNA repair defect in P28 by performing cell viability
assays to analyze sensitivity to genotoxic agents (Figure S5D,E). We
used the chemotherapeutic agent cisplatin, inducing DNA cross-
linking and DNA double-strand breaks (DSBs), and the ribonucleotide
reductase inhibitor hydroxyurea (HU) that depletes nucleotides and
induces replication stress leading to subsequent DSBs. Fibroblasts of
P28 carrying the RPA1 duplication exhibited a significant increase in
sensitivity to cisplatin und HU compared to wild-type age/gender-
matched controls. Thus, in line with the published findings,>” P28
fibroblasts with RPA1 duplication showed elevated sensitivity to DNA
damage. The extent to which the described genotype might be associ-
ated with the origin of the KMT2A+ infant ALL and if the patient,
who remains very young, may develop shortened telomeres needs to
be monitored in the future.

4 | CONCLUSION

By applying OGM, we comprehensively characterized the SV land-
scape of 34 pediatric cancer patients who were clinically highly suspi-
cious for an underlying CPS and had a nonconclusive WES result. We
identified three de novo SVs among 18 child-parent trios and two hot
germline alterations affecting the known CPG BRCA2 and the poten-
tial new CPG candidate RPA1 in two respective leukemia patients.
Our study highlights the suitability of OGM in a clinical setting to
detect potentially predisposing SVs in suspicious pediatric cases.
However, there remains the necessity for applying additional
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sequencing-based methods to determine the exact breakpoint bound-
aries when interpreting OGM reported SVs. We expect that extended
germline screens, improvement of the OGM reference database and
integration of the telomere-to-telomere reference genome will
enhance SV detection and interpretation of disease-causing events.
Further studies will likely use a combination of OGM and long-read
sequencing technologies to overcome the current limitations of OGM
resolution (<500 bp) to cover the full spectrum of genetic predisposi-
tion in children with cancer.
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3.2.1 Original Publication I: Supplementary Methods and Figures

Relevant results for the discussion of this thesis are included in the following section. Complete
supplementary methods and figures can be found online at the publisher site (refer to supporting
information):
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fijc.34721&file=ijc34721-sup-
0002-Supinfo.pdf

Supplementary Material and Methods

Rare Variant Analysis Pipeline

Moreover, we performed a rare variant analysis of the tumor and the germline of patient
P31 in order to check for the presence of the ring chromosome r(21). We applied the
algorithm using the default settings against the human reference genome GRCh38. The
variants were annotated using the “Dual” annotation pipeline, allowing the identification of
somatic SVs. Somatic SVs were filtered using the following settings: 1) confidence score 0
and minimum length of 500 bp for insertions and deletions; 2) confidence score >0.01 for
inversions; 3) confidence score 0 for translocations; and 4) confidence score -1 for
duplications.

Taken together, we (1) repeated the de novo assembly algorithm on this sample using the
newest software version 1.7 and (2) we analyzed the tumor sample with the rare variant
analysis pipeline of Bionano Genomics. Irrespective of the analysis algorithm applied, we

were not able to detect the ring chromosome 21 in patient P31 using OGM.
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Supplementary Figure 1: Deletions detected in 17p13.1 by whole-genome optical
mapping in patients P6 and P10. A) Genome maps (green bar above reference and blue
bar below patient) indicating the presence of a 1.4 kbp deletion in 17p13.1 in patient P6 and
P10. B) The UCSC track displays the region in 17p13.1 (chr17:7,642,059-7,684,753 bp) in
which the 1.4 kbp deletion was detected by whole-genome optical mapping. The ATP1B2
gene and the cancer-predisposition gene TP53 (NCBI RefSeq and Ensembl transcripts
track) are located in that region and, hence, could be targeted by the deletion. Moreover, a
common deletion (nssv16197110) is located in this region. Performing PCR-based Sanger
sequencing in patients P6 (C) and P10 (D), we confirmed the breakpoints of the deletion to
be chr17:7,661,294-7,662,879 bp, yielding a 1.5 kbp deletion that overlaps with the
common deletion nssv16197110. Accordingly, this deletion is a common polymorphism
located upstream of the TP53 gene.
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Supplementary Figure 3: Compound heterozygous SV in RAP1B. A) Upper panel
displays the genome map of a region in 12q15 targeted by compound heterozygous SVs
affecting RAP1B gene in patient P10 (green bar represents reference map and blue bars
the patient maps). Patient map 1 displays a 10.8 kbp deletion in chr12:68,625,860-
68,643,330 bp, whereas patient map 2 shows a 9.3 kbp insertion downstream of the
deletion. The lower panel shows the UCSC genome browser track of the RAP1B gene
region, with the green highlight displaying the region with the insertion and the red highlight
the region of the deletion. The yellow lines indicate the location of the labels that are deleted
based on OGM. Moreover, the enhancers (grey bars) and promoters (red bars) from the
GeneHancer database are displayed. B) UCSC genome browser view of region in intron 1
of RAP1B gene containing a 10.8 kbp deletion in patient P10 based on OGM. Highlighted
in yellow are the labels that are deleted in this region, which allow us to pinpoint the deleted
regions more precisely. The deleted region overlaps with several enhancers (GeneHancer
track, grey bars). Interestingly, using the ChIP-seq data for H3K27ac and H3K4me3 histone
markers of two B-ALL samples (ALL_01 from NCMLS and pz 294 from NCMLS), we
observed an open chromatin confirmation in this deleted enhancer region, which might point
to this region having a regulatory function for RAP1B gene expression in B-ALL. C) Analysis
of RAP1B mRNA expression levels reveals comparable expression levels in the blood (PB)
of the patient (P1_child) in comparison to the father and controls. The dashed lines
represent the mean expression levels of the blood (PB) control samples.
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Supplementary Figure 4: Verification of duplication in 17p13.3 identified in patient
P28 using OGM. A) Circos plot of the corresponding leukemia is shown with
t(4;11)(921.3;923.3) leading to KMT2A::AFF1 fusion. Optical map of the persistent
duplication in the leukemia map (blue) compared to the reference map (green) in 17p13.3
is shown. B) WES-based coverage information of the patient and the parents in the
chromosomal region chr17:1,725,175-1,937,747 bp overlapping with the predicted
duplicated region. Each dot represents the normalized coverage value of a sequenced
target region. The arrows above represent the duplication predicted by OGM and the copy
number gain observed by WES in the patient as an increase in coverage in comparison to
the parents. C) Display of the SNP-array analysis of the patient, with the upper panel
showing the log2Ratio and the lower panel the B-allele frequency (BAF), confirming the
presence of the duplication. Moreover, a copy number neutral loss of heterozygosity was
identified in 17p13.3-p13.1 encompassing the duplicated region. D) Karyotype of patient
P28 showing 22 regions of homozygosity (>3Mbp), highlighted in blue as detected by SNP-
array. The autosomal genomic measure of individual autozygosity is 11.2%, in line with a
third-degree parental relationship.
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Supplementary Figure 5: Functional validation of cells of patient P28 with focal
duplication of 17p13.3, including RPA7-gene locus. Cells show comparable RPA1
protein expression, a mild increase of telomere length and higher sensitivity to DNA damage
and replication stress, compared to age/gender-matched controls. A) Immunoblot detecting
RPA1 protein expression in dermal fibroblasts of patient P28 and age/gender-matched
fibroblast controls (Ctrl1 and Ctrl2) from children without RPA1 alterations. B) TeloTAGGG
assay: southern blot showing telomere fragment lengths of dermal fibroblasts of patient P28
and age/gender-matched fibroblast controls (Ctrl1 and Ctrl2) from children without RPA1
alterations. Telomere length is calibrated against a DIG-labelled molecular weight marker.
Biological triplicates are shown. C) Quantification of the representative TeloTAGGG
southern blot. Chemiluminescence signal peaks of the telomere restriction fragments (TRF)
were defined as mean TRF length. Biological triplicates were analyzed. p-values were
calculated using One-Way-ANOVA. Ns p>0.05 and **p<0.01. D) Cell-Titer-Glo viability
assay: Replication stress was induced through nucleotide depletion by hydroxyurea
treatment. One of two biological replicates is shown. Every biological replicate contained
four technical replicates. e) Cell-Titer-Glo viability assay: DNA damage was induced by
Cisplatin treatment. One of two biological replicates is shown. Every biological replicate
contained four technical replicates. p-values were calculated using Two-Way-ANOVA with
multiple comparisons. *p<0.05, **p<0.01 and ***p<0.001.

3.2.2 Original Publication I: Supplementary data

Relevant results for the discussion of this thesis were included in the following section. Complete
supplementary data can be found online at the publisher site (refer to supporting information):
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fijc.34721&file=ijc34721-sup-
0001-Tables.xlsx
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Key findings:

e OGM reliably detected structural variations that previously have been identified with
conventional cytogenetic or molecular methods performed during routine diagnostics

e Paired non-tumor/tumor approach by OGM identified additional somatic structural
variants that have been missed by conventional techniques

e ETV6::RUNX1 translocated BCP-ALL carried more structural alterations compared to the
hyperdiploid subtype, mainly focal deletions

e The combination of OGM and WES identified novel recurrent and subtype specific altered
regions and genes in pediatric BCP-ALL

e The combination of OGM and WES detects double hits of structural variants and single

nucleotide variants in the same BCP-ALL case indicating novel tumor suppressor genes
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e OGM together with long-read and RNA-sequencing identifies novel fusion genes

e Long-read sequencing refines OGM detected alterations

Contribution:

| wrote and revised the manuscript. | further conceptualized the graphical abstract. | generated
the molecular genetic data including DNA extraction, RNA extraction, whole-exome
sequencing, optical genome mapping and long-read sequencing experiments. | further
analyzed all molecular data and created data evaluation strategies. Major contribution and my
own experiments are represented in Figure 1, 2, 3, 4, 5, 6, 7 & 8; Supplementary Material and
Methods 11&lIIl; Supplementary Figures 1, 2,3,4,5,6,7,8,9, 10, 11, 12 & 13; Supplementary
Tables 2,4,5,6,7,8,10,11, 12 & 13.
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ABSTRACT

The mutational landscape of B-cell precursor acute lymphoblastic leukemia (BCP-ALL), the most common pediatric cancer, is not fully
described partially because commonly applied short-read next generation sequencing has a limited ability to identify structural variations.
By combining comprehensive analysis of structural variants (SVs), single-nucleotide variants (SNVs), and small insertions-deletions,
new subtype-defining and therapeutic targets may be detected. We analyzed the landscape of somatic alterations in 60 pediatric
patients diagnosed with the most common BCP-ALL subtypes, ETV6::RUNXT+ and classical hyperdiploid (HD), using conventional
cytogenetics, single nucleotide polymorphism (SNP) array, whole exome sequencing (WES), and the novel optical genome mapping
(OGM) technique. Ninety-five percent of SVs detected by cytogenetics and SNP-array were verified by OGM. OGM detected an addi-
tional 877 SVs not identified using the conventional methods, including (subclonal) IKZF1 deletions. Based on OGM, ETVE::RUNXT+
BCP-ALL harbored 2.7 times more SVs than HD BCP-ALL, mainly focal deletions. Besides SVs in known leukemia development genes
(ETVEB, PAX5, BTG1, CDKNZA), we identified 19 novel recurrently altered regions (in n = 3) including 9p21.3 (FOCAD/HACD4), 8p11.21
(IKBKB), 1p34.3 (ZMYM1), 4924 (MANBA), 8p23.1 (MSRA), and 10p14 (SFMBT2), as well as ETV6::RUNXT+ subtype-specific SVs
(12p13.1 (GPRC5A), 12g24.21 (MED13L), 18q11.2 (MIB1), 20g11.22 (NCOA®)). We detected 3 novel fusion genes (SFMBT2::DGKD,
PDS5B.:STAGZ, and TDRD5::LPCATZ2), for which the sequence and expression were validated by long-read and whole transcriptome
sequencing, respectively. OGM and WES identified double hits of SVs and SNVs (ETV6, BTG1, STAG2, MANBA, TBL1XR1, NSD2) in

the same patient demonstrating the power of the combined approach to define the landscape of genomic alterations in BCP-ALL.
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INTRODUCTION

In the early 1960s and 1970s, a plethora of specific chromo-
somal abnormalities were identified in B-cell precursor acute
lymphoblastic leukemia (BCP-ALL), the most common child-
hood cancer. Their association with clinical variables, response
to chemotherapy, and ultimately outcome has deeply impacted
trial design, patient stratification, and therapy allocation. Today,
in most routine diagnostic laboratories, a combination of stan-
dard, low-cost, and easy-to-perform technologies such as cyto-
genetics as well as fluorescence in situ hybridization (FISH) and
more sophisticated genome-wide analytical tools such as single
nucleotide polymorphism (SNP) array analysis are used to deter-
mine the molecular genetic make-up of BCP-ALL. The 2 most
frequent genetic subtypes, encompassing 50%-55% of all child-
hood BCP-ALL cases are ETV6::RUNX1-translocated (t[12;21]
[p13;q22]) BCP-ALL and classical hyperdiploid (HD) BCP-ALL,
harboring about 51-67 chromosomes per leukemic cell and
comprise heterozygous di-, tri-, and tetrasomies.! Both genetic
entities usually have excellent therapy responses. Their good out-
comes may identify them as candidates for therapy reduction?;
however, ~20% of patients experience a relapse, partly with
unknown reason, in a subset of initially diagnosed standard-risk
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patients.” It is not yet known whether additional secondary
genomic alterations in ETV6:RUNX1+ and HD BCP-ALL, par-
ticularly the frequently overlooked large-scale structural varia-
tions, may help to characterize and subdefine these entities and
their outcome even further. For instance, studies by Enshaei et al*
and others highlighted that specific copy number (CN) patterns
of HD leukemia may influence prognosis and enable further sub-
classification in low and poor-risk groups.'

According to the 2-step model of childhood leukemogenesis,
both lesions are acquired in utero during fetal hematopoiesis,
and postnatally acquired secondary genetic hits are required
for the development of overt disease.’ Thus, a distinct constel-
lation of secondary structural variants (SVs) and single-nucleo-
tide variants (SNVs) together with the entity-defining key lesion
likely drive the leukemic process.

Most of the mutational landscape of BCP-ALL has been ana-
lyzed by conventional cytogenetic methods, SNP or array com-
parative genomic hybridization and whole genome sequencing
(WGS). However, it should be noted that large SVs are partic-
ularly difficult to detect by short-read DNA-sequencing meth-
ods.®” This can be attributed to the fact that SVs are likely
enriched within or near repetitive DNA regions.® Repetitive
DNA is known to be difficult to analyze by short-read sequenc-
ing technologies because the resulting reads map ambiguously
to multiple locations.”!” The recently introduced genome-wide
optical mapping technology analyzes long linear DNA molecules
(>150kb) and covers more repetitive and complicated regions,
which allows for the detection of SVs, including inversions, inser-
tions, deletions and translocations, with a size cut-off of 500bp
in length for de novo assembled genomes. The applicability of
this approach has recently been shown for various hematologi-
cal malignancies, and some researchers even advocate for further
replacing the existing routine diagnostics methods of those neo-
plasms with optical genome mapping (OGM).'"-"7

Here, we present a study focusing on 60 HD and
ETV6::RUNX1+ BCP-ALL cases analyzed by whole exome
sequencing (WES) and OGM to decipher the landscape of
genomic alterations in both entities, with a special focus on their
SVs. We report several novel recurrently altered genes, which
are not described in previous studies that applied SNP-arrays or
WGS. 31520 Moreover, we demonstrate that the overall genomic
landscape of secondary alterations in these 2 types of BCP-ALL
is profoundly different.

MATERIALS AND METHODS

Patient cohort

This study includes 60 pediatric patients diagnosed with
either ETVG6::RUNX1+ or classical HD BCP-ALL in 3 different
clinical institutions (Suppl. Tables S1). Patients were enrolled
in this study after informed consent was obtained following
institutional guidelines in accordance with the declaration of
Helsinki. We collected fresh-frozen bone marrow mononu-
clear cells (BMMNCs) or peripheral blood mononuclear cells
(PBMNC:s) of all leukemia samples from the time point of initial
diagnosis, as well as fibroblasts (n = 16 cases) or fresh-frozen
BMMNCs/PBMNCs from remission (n = 44 cases) as matched
non-tumor controls. Four of the herein analyzed patients devel-
oped a relapse. From 1 ETV6:RUNX1+ patient, we were able
to analyze initial tumor, matched non-tumor, and the relapsed
leukemia.

Cytogenetics and molecular genetics

Karyotypes were determined by chromosomal G-banding.
The results of the analysis for ETV6::RUNX1 translocation by
FISH of the leukemia samples obtained during routine diag-
nostics were compiled from the patient records for this study
(Suppl. Tables S2 and S$3). To detect CN alterations and CN
neutral loss of heterozygosity (CNN-LOH), all 60 leukemia
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samples were analyzed using SNP-arrays. For 18 leukemia cases,
the CytoScan HD array (Thermo Fisher Scientific, Waltham,
MA) was used as described.”! The data were initially aligned
to GRCh37 and a lift-over to GRCh38 was performed for
downstream analysis. The remaining 42 leukemia cases were
analyzed using the Illumina CytoSNP-12 v2.1 array (Illumina,
San Diego, CA) according to the manufacturer’s protocol. The
array was scanned using the scanner option on the NextSeq3550
sequencing platform (Illumina). The raw data were processed
and analyzed using the Beeline 2.0.3.3 and the BlueFuse Multi
4.5 software from [lumina. The human reference genome
GRCh38 was used. We included SVs encompassing >20 probes,
>50kb for deletions and duplications, or =5Mb for CNN-
LOH. For all samples, B- and T-cell receptor rearrangements
were excluded from downstream analysis and SVs overlapping
with centromere or reference gap regions. The filtered molecu-
lar genetic results are summarized in Suppl. Table 54.

Whole exome sequencing

WES data was collected from 58 tumor samples and the cor-
responding non-leukemia, which allows for the detection of
somatically acquired alterations. Unfortunately, no sufficient
material was available for 2 leukemia samples. WES was per-
formed using the SureSelect Human All Exon V5+UTR kit, All
Exon V7 or All Exon V8 (Agilent). The library was paired-end
sequenced on a NextSeqS550 (2x 150bp) sequencer. An average
on-target coverage of >70x for germline and >100x for tumor
samples (Suppl. Figure S1) was generated. Refer to Suppl.
Materials and Methods I for a detailed description of the bio-
informatic processing of WES data. Data of filtered variants are
summarized in Suppl. Table S5.

Optical genome mapping

Extraction of high-molecular-weight DNA, labeling, and chip loading

We extracted high-molecular-weight (HMW) DNA from
PBMNC or BMMNC at initial diagnosis using the SP Blood and
Cell Culture DNA Isolation Kit, according to the manufactur-
er’s guidelines (Bionano Genomics, San Diego, CA). In addition,
HMW DNA was extracted from remission material or fibro-
blasts (if available) of the respective children as matching non-
tumor control. Labeling of HMW DNA was performed using
the DLS DNA Labeling Kit (Bionano Genomics), according to
the manufacturer’s protocol (Bionano Prep Direct Label and
Stain [DLS] Protocol 30206). The labeled DNA was loaded on a
Saphyr G2.3 chip and molecules were imaged using the Saphyr
instrument (Gen 2, Bionano Genomics). Overall, we performed
OGM on 60 matched tumor/non-tumor pairs (120 samples),
and 1 sequential sample including tumor material from initial
diagnosis and relapse in comparison to matched non-tumor
material (ALL4). Refer to Suppl. Figure S2 for an overview of
the applied OGM workflow.

Data collection and analysis

We collected an average of 124x effective coverage for all
tested non-tumor samples (420 GB/sample) and 384x for tumor
samples (1300 GB/sample) (Suppl. Figure $1). The Bionano
Access Server ([BAS], Bionano Genomics, San Diego, CA) was
used for data analysis and visualization. The human reference
genome GRCh38 was used for alignment. SVs were called
using the de novo (DN) assembly (BAS 1.5.2) and rare vari-
ant pipeline (RVP) (BAS 1.7) for each non-tumor and tumor
sample. Before the OGM data of the leukemia samples could
be processed using the DN pipeline, the molecule files had to
be downsampled to 480 GB with a minimal molecule length
of 150kb. To differentiate between somatic and germline SVs,
we performed dual annotation for the DN and RVP data. In
the ALL4 case, we used the trio annotation module, allowing
for the direct comparison of the data from initial diagnosis and
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relapse as well as filtering for variants detected in the matching
non-leukemia controls.

Data Filtering and Interpretation

We excluded all SVs that were present in the matching non-
leukemia samples, which likely represent germline SVs. SVs
were filtered as described in Suppl. Material and Methods II.
The curated lists of SVs, including deletions, duplications,
insertions, inversions, inter and intrachromosomal transloca-
tions, detected by both DN and RVP pipelines were merged.
The applied software calls large inversions and deletions as
intra-chromosomal translocations. Both DN and RVP pipe-
lines contain an additional CN algorithm tool that detects CN
alterations, mainly deletions and duplications 25 Mb including
aneuploidy. Accordingly, the final dataset included the filtered
SVs detected by the DN and RVP algorithms and the SVs 25 Mb
detected with the CN tool.

For downstream analysis, we differentiated between SVs
=5Mb and SVs <5 Mb. The latter included inversions and translo-
cations for each case, as well as deletions and duplications <5 Mb
to delineate focal SVs and detect recurrently altered regions/genes
as previously described.’ Moreover, we incorporated the detected
CNN-LOH identified by SNP-array. Refer to Suppl. Table $6-58
and Suppl. Figures $3 and 54 for the OGM results.

Validation of selected SVs by NGS
Long-read sequencing

PacBio (Pacific Biosciences, Menlo Park, CA) long-read
sequencing was performed on 11 tumor samples where sufficient
material was available to validate selected SVs that were newly
detected by OGM. HMW DNA (5 pg) was used for the contin-
uous long-read (CLR) workflow (>25 kb size cut-off), according
to the manufacturers’ instructions. Each sample was submitted
to sequencing on a PacBio Sequel Il (performed by Genomics
and Transcriptomics Laboratory, BMFZ, Dusseldorf, Germany)
using 1 SMRT cell. We generated an average of 31x coverage
(~231 GB/sample). Raw bam files were sorted and aligned to
the reference genome GRCh38 using pbmm2 (v1.3.0; hteps://
github.com/PacificBiosciences/pbmm2). Sorted bam files were
visualized using the Integrative Genomics Viewer (IGV, https://
www.broadinstitute.org/igv, version 2.11.9). Refer to Suppl.

Materials and Methods III for detailed analysis of the CLR data.

RNA sequencing

To validate newly detected gene fusions, data of RNA
sequencing (RNA-seq) were collected from 6 tumor samples.
Data of 2 samples were generated as described before.?* Total
RNA of 4 cases was isolated from fresh-frozen cells and sub-
mitted for RNA-seq at the Genomics and Proteomics Core
Facility (DKFZ, Heidelberg, Germany) or Genomics and
Transcriptomics Laboratory (BMFZ, Dusseldorf, Germany).
For detailed description of RNA-seq workflow refer to Suppl.
Material and Methods IV. Fusions were detected and visu-
alized using Arriba v2.4.0 algorithm.”® Arriba was run with
default settings against the GRCh38 reference genome with the
GENECODE annotation.

RESULTS

OGM detects 1.6- to 3-fold more deletions than conventional SNP-
arrays in a cohort of 60 primary pediatric BCP-ALL patients

We studied somatically acquired SNVs, insertions-deletions
(indels), and SVs in 60 pediatric patients with ETV6:RUNX1+
and classical HD BCP-ALL (each n = 30) (Suppl. Table $9).
The cohort consisted of 32 male (53%) and 28 (47%) female
newly diagnosed patients with a median age of 3.8 years
(range, 1.6-17 years). The majority of patients (87%; 52/60)
were stratified as standard or medium risk, while 13% (n =
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8/60) were classified as high risk. In total, 93.3% (56/60) of the
patients remained in complete remission, whereas 6.7% (4/60)
relapsed. By analyzing tumor and matched non-tumor samples
of these leukemia patients using OGM and WES, we were able
to detect somatically acquired alterations potentially associ-
ated to the leukemogenesis. A comprehensive set of genomic
data was generated by adding diagnostically reported data
from conventional cytogenetics (karyotyping and FISH) and
SNP-array data (Figure 1).

Performing OGM, we yielded an average coverage of 384x
in the BCP-ALL samples and 124x in the non-leukemia samples
(Suppl. Figure S1). By applying 2 SV calling pipelines (DN and
RVP) together with an integrated CN pipeline, we detected a
total of 1203 somatic SVs by OGM. First, we analyzed the con-
cordance rate of SVs detected by conventional genetic techniques
and OGM. OGM reliably identified 95% (526/552) of SVs
identified by karyotyping, FISH, and/or SNP-array, including all
hallmark translocations t(12;21)(p13;q22) and chromosomal
gains in HD BCP-ALL (Figure 2A). Notably, OGM resolved
3-way translocations involving t(12;21)(p13;q22) present in 9
of 30 ETV6::RUNX1 BCP-ALL cases. All aberrations detected
by FISH and 96% (164/171) of SVs identified by karyotyping
were observed by OGM. Of note, the translocation der(14)
t(10;14)(p11;p11) with breakpoints in centromeric regions
was not detectable by OGM. In total, 96% (486/508) of SVs
identified by SNP-array were detectable by OGM (Figure 2B).
Alterations missed by OGM, even after manual reevaluation,
included, among others, a gain of chromosome Y, 2 focal mosaic
deletions (~30% of cells) in chromosome 13q and 1 mosaic gain
in 5p15.33p15.1 (~15% of cells) (Suppl. Table $10).

Next, we compared the lengths of the deletions and dupli-
cations detected by OGM and SNP-array. As we used 2 dif-
ferent types of SNP-arrays that have different probe coverages
(CytoSNP-12 array =300,000 versus CytoScanHD =2,670,000
SNPs targeting probes) and detection limits with respect to
alteration length, we performed 2 separate analyses for each
array (Figure 2C and 2D). Considering the CytoSNP-12
array’s detection limit of 50kb for the OGM data, the abso-
lute numbers of deletions detected by OGM exceeded the
number identified by CytoSNP-12 array by 3-fold (245 versus
81). By contrast, considering a detection limit of 1kb using
CytoScanHD, the number of deletions detected by OGM was
only 1.6 times higher compared with the array (197 versus 122
deletions, respectively). Interestingly, the number of somatic
duplications detected by OGM and both array types was not
notably different (OGM n= 28 versus CytoSNP-12n = 20 with
50kb detection limit; OGM n = 25 versus CytoScanHD n = 33
with 1kb detection limit), likely due to the overall rareness of
these events in our data.

Compared with the above-described conventional genetic
methods, OGM detected an additional 677 SVs, including com-
plex 3-way translocations (Figure 2A). About 66.3% of those SVs
consisted of deletions (449/677) with a median size of 40.5kb
(range, 1kb to 3.6 Mb). In total, 55.2% (248/449) of the deletions
detected by OGM were <50 kb, which is the lower detection limit
of the CytoSNP-12 array. The remaining additional SVs found
by OGM were insertions (n = 89), inter and intrachromosomal
translocations (n = 76 and n = 33, respectively), inversions (n =
17), and duplications (n = 13); 37.2% (252/677) of those SVs
were detected by both SV detection algorithms, whereas 53.5%
(362/677) were solely identified by the RVP pipeline.

ETV6::RUNX1+ BCP-ALL harbor 2.7-fold more SVs, mainly
deletions, compared with HD BCP-ALL as determined by OGM

We compared the frequencies of SVs detected by OGM
between the 2 genetic subgroups of BCP-ALL (ETV6::RUNXT +
and HD leukemia, n = 30 each) that occurred in addition to their
hallmark events. We identified 2.7 times more somatic SVs (focal
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Figure 1. Overview of genomic data collection from 60 pediatric BCP-ALL patients. Tumor and matched non-tumor samples from 30 ETVE::RUNXT
and 30 classical HD BCP-ALL patients were analyzed, A comprehensive data set was collected to detect SVs, CNN-LOHs, and SNVs/indels using karyotyping,
FISH, OGM, WES, and SNP-array. BCP-ALL = B-cell precursor acute lymphoblastic leukemia; BMMNC = bone marrow mononuclear cells; CNN-LOHs = copy number neutral loss of
heterozygosity; FISH = fluorescence in situ hybridization; HD = hyperdiploid; OGM = optical genome mapping; PBMMNC = peripheral blood monenuclear cells; SNP = single nucleotide poly-

morphism; SV = structural variants; WES = whole exome sequencing.

deletions and duplications <5Mb, insertions, inversions, inter
and intrachromosomal translocations) in ETV6:RUNX1+ com-
pared with HD BCP-ALL (n = 625 versus n = 219 SVs, respec-
tively) (Figure 3A and 3B). SVs =5Mb were twice as frequent
in ETV6:RUNX1+ leukemia (n = 47 versus n = 27) (Figure 3A
and 3B; Suppl. Table S6). In both subtypes, 68% (577/844) of
all SVs <5 Mb, the most prominent type of SV in both subtypes,
were focal deletions. Focal deletions were 3.4-fold more frequent
in ETV6:RUNX1+ BCP-ALL compared with HD BCP-ALL (n
= 446 versus n = 131 focal deletions). The burden of deletions
in ETV6:RUNX1 BCP-ALL was 13.5 deletions (median; range,
1-46) per tumor compared with 4 deletions (median; range,
1-14) in HD cases (Figure 3C; Suppl. Table §7).

We observed secondary interchromosomal translocations in
20 ETV6::RUNX1 BCP-ALL cases that occurred in addition to
their hallmark translocation. By contrast, secondary interchro-
mosomal translocations were rarely detected in HD BCP-ALL
cases (7 translocations in § cases).

We further compared patterns of aneuploidy events and
SVs =5Mb including chromosomal p/q alterations (detected
by OGM), as well as CNN-LOH (observed by SNP-array)
between both genetic subgroups. In terms of aneuploidy events,
we detected 7 ETV6::RUNX1+ cases harboring a trisomy 21,
1 case with trisomy 16, and 1 female case with monosomy X
(Figure 4A). Whole chromosomal CNN-LOH were detected in
only 1 ETV6::RUNX1+ case on chrX (Figure 4A). In classical
HD BCP-ALL, all cases showed typical aneuploidy patterns
including tetrasomy 21 (29/30); except 1 patient with trisomy
21; trisomy 14 (24/30) or tetrasomy 14 (6/30) (Figure 4A).
Whole chromosomal CNN-LOH were identified in chr2 and
chr9 in 2 HD BCP-ALL and in chr1 and chrX in 2 different HD
BCP-ALL (Figure 4A). Of note, to define additional potential
risk factors in HD BCP-ALL as described in Enshaei et al,* we
analyzed OGM defined aneuploidy patterns. Specifically, HD
BCP-leukemia without trisomy 17 and 18 or harboring either
trisomy 17 or 18 with trisomy $§ or 20 are associated with poor
risk. We detected 6 poor-risk HD leukemia (ALL31, ALL41,
ALL49, ALL51, ALLS52, and ALLS5), based on these criteria.

Large-scale SVs 25 Mb (not affecting the whole chromo-
some) detected by OGM encompassed deletions and duplica-
tions (Figure 4B). Large-scale deletions were more frequent
in ETV6::RUNX1+ than in HD BCP-ALL (n = 31 versus n =
8, respectively), including the secondary large-scale deletion
(mean of 17Mb) in chr12p that led to the loss of the second
ETV6 allele. By contrast, only 1 deletion on 1q21.1q21.2
was found to be recurrently affected in 2 of 30 HD BCP-
ALL cases. Large duplications were more frequent in HD
than in ETV6:RUNX1+ BCP-ALL (n = 20 versus n = 13,
respectively). Recurrently affected regions were identified on
chromosome 1q21.1q42.13 (n = 4/30, HD BCP-ALL) and
17p11.2¢25.3 (n = 4/30; HD BCP-ALL). In both BCP-ALL
entities, CNN-LOH on chromosome arms 9p (n = 3) and 9q
(n = 3) was detected.

Moreover, we were able to analyze sequential tumor samples
in 1 ETV6:RUNX1 BCP-ALL case (ALL4) who relapsed 48
months after initial diagnosis. Comparing the diagnostic and the
relapse samples in terms of common and acquired SVs detected by
OGM, we observed 34 shared SVs, 34 acquired SVs, and 11 SVs
that were lost in the relapse sample (Suppl. Figure S5). Acquired
SVs included an inv(X)(p11.3;q13.2) potentially leading to a
KDM6A:XIST gene fusion (Suppl. Figure S5B; Suppl. Table S8).

The combination of OGM and WES revealed novel commonly
recurrent as well as subtype-specific altered regions and genes in
ETV6::RUNX1+ and HD BCP-ALL

Our next aim was to identify recurrently altered regions and
genes affected by either SVs <5 Mb and/or SNVs/indels, com-
bining both OGM and WES data sets. We determined the min-
imal altered regions (MARs; not differentiating between the SV
types) and the therein located potential target genes detected in
>3 BCP-ALL cases by OGM. Next, we checked whether target
genes located within these MARs were affected by SNVs/indels
in the BCP-ALL cohort, that is allowing for the detection of
cases with double hits (SVs and SNV/indel) or single hits har-
boring either an SV or SNV/indel in a target gene (Figure 5).
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Figure 2. Comparison of SVs detected by conventional genetic techniques and OGM in 60 primary BCP-ALL cases. (A) OGM reliably detects 95%
(526/552) of SVs detected by conventional genetic methods (SNP-array, karyotyping, and FISH), including all hallmark aberrations such as the ETVE::RUNXT
translocation and hyperdiploidy. OGM detected 677 additional SVs compared with standard methods. (B) Frequencies of concordant and discordant SVs
detected by karyotyping, SNP-array, and FISH compared with OGM. (C) Size distribution of deletions and duplications detected by OGM (green) and
CytoScanHD (SNP-array, gray) in 18 cases. Dashed lines indicate the detection limit of 1 kbp (SNP-array, gray) and 500bp (OGM, green). (D) Size distribution of
deletions and duplications detected by OGM (green) and CytoSNP-12 (SNP-array, gray) in 42 cases. Dashed lines indicate the detection limit of 50 kbp (SNP-
array, gray) and 500bp (OGM, green). BCP-ALL = B-cell precursor acute lymphoblastic leukemia; FISH = fluorescence in situ hybridization; HD = hyperdiploid; 0GM = optical genome

mapping; SNP = single nucleotide polymophism; SV = structural variants.

Overall, we detected 52 MARs, including 40 MARs harbor-
ing a potential target gene and 12 MARs, which were located
in intergenic regions. We identified more ETV6:RUNX1+ cases
with MARs compared with classical HD BCP-ALL cases (n = 30
versus n = 24, respectively). The most frequently detected MARs
and therein located potential target genes, which were observed
in 210% of both BCP-ALL subtypes, were 12p13.2/ETV6 (27 %;
16/60), 9p21.3/CDKN2A (23%; 14/60), 9p13.2/PAXS (22%;
13/60), 4p16.3/NSD2 (17%; 10/60), 11p12/RAG2/IFTAP
(17%510/60),20p12.2/MKKS/SLX4IP (17%;10/60),3q13.2/C-
D200/BTLA (15%; 9/60), 9p13.2/ZCCHC7 (13%; 8/60), and
Xq25/STAG2 (12%; 7/60). Less frequently detected, but recur-
rently altered regions/genes (n=2; 3%) in both ETV6:RUNX1+

and HD BCP-ALL included focal deletions affecting, for exam-
ple 7p12.2/IKZF1 and 3q25.1/MBNL1 (Suppl. Figure S6).

We identified 11 novel, not yet reported to the best of our
knowledge, MARs affecting 8 potential target genes that are
commonly affected in both entities (Suppl. Table S11). Hence,
they might be involved in general BCP-ALL leukemogene-
sis. These MARs and potential target genes included 9p21.3/
FOCAD/HACD4 (8%; 5/60), 8p11.21/IKBKB (7%; 4/60),
1p34.3/ZMYM1/6 (5%; 3/60), 4q24/MANBA (5%; 3/60),
8p23.1/MSRA (5%; 3/60), and 10p14/SEMBT2 (5%; 3/60). We
validated selected SVs in tumors where sufficient material was
available for long-read sequencing and with the available SNP-

array data (Suppl. Table S11; Suppl. Figure S7).
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Figure 3. Frequencies of SVs detected in 60 primary BCP-ALL cases by OGM in addition to their hallmark alterations. The defining ETV6::RUNX1
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Figure 4. Landscape of aneuploidy and SVs >5Mb in ETV6::RUNX1+ and HD BCP-ALL identified by OGM and SNP-array. Depicted are (A) aneu-
ploidies and whole chromosomal CNN-LOHSs and (B) SVs >5Mb and CNN-LOHs not affecting the whole chromosome, identified ETV6::RUNXT+ and HD
BCP-ALL cases. Each column represents a case and each line an altered region. The color code indicates the type of alteration detected. BCP-ALL = B-cell pre-
cursor acute lymphoblastic leukemia; CNN-LOHs = copy number neutral loss of heterozygosity; HD = hyperdiploid; 0GM = optical genome mapping; SNP = single nucleotide polymorphism;
SV = structural variants.
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Figure 5. Combination of OGM and short-read whole exome sequencing reveals recurrently altered regions and genes in 60 primary BCP-ALL
cases. The oncoprint depicting the combined dataset of MARs by SVs identified by OGM and SNVs/indels affecting the potential target gene, which are
recurrently affected in n=3 BCP-ALL (5%). Every column indicates a case and each line a recurrently altered region. The color code indicates the type of SV and
SNV/indel alteration. The number of cases (n) with the specific region of the MARs is given on the right. Subtype-specific alterations are highlighted in blue for
ETV6::RUNXT+ BCP-ALL. If 2 or more potential target genes are located in the MAR, an asterisk (*) indicates the gene affected by SNV/indel. BCP-ALL = B-cell
precursor acute lymphoblastic leukemia; HD = hyperdiploid; MARs = minimal altered regions; OGM = optical genome mapping; SV = structural variant.

Moreover, 22 ETV6:RUNXI+ subtype-specific MARs
(22/54) have been identified, of which 17 could be associated
with potential target genes. Six of those genes were also affected
by 1 or several SNVs/indels. Four of them have previously been
described to be recurrently affected in this subtype: BTG1 (33%;
10/30), ATF7IP (30%; 9/30), UHRF1 (17%; 5/30), and UBA2
(17%; 5/30).3192° Applying long-read sequencing, we validated a
deletion in ALL4 (chr19:4,804,231-4,918,731bp) by which the
promotor region of UHRFI was removed (Suppl. Figure S7D)
and a deletion in ALL7 (chr19:34,458,211-34,460,111bp),
which removed exon 13 of UBA2 (Suppl. Figure S7H). Strikingly,
we herein identified 4 novel, that is, not yet reported to the best
of our knowledge, potential target genes in the MARs that are
specifically and recurrently altered in the ETV6::RUNX1+ BCP-
ALL subgroup by SV and/or SNV (Suppl. Table S11). These
included 12p13.1/GPRCSA (17%; 5/30), 20q11.22/NCOA6
(13%; 4/30), 12q24.21/MED13L (10%; 3/30), and 18q11.2/
MIB1 (10%; 3/30). We validated selected SVs affecting a novel
target gene in tumors where sufficient material was available
by long-read sequencing (Suppl. Table S11; Figure 6; Suppl.
Figure S7). The MAR on 18q11.2 was defined by 3 deletions
detected by OGM, which affected the promotor region of MIB1
and the first coding exon of the gene (Figure 6A and 6B). The
analysis of the MIB1 region in the existing long-read sequencing
data for this case showed that the promotor region was dele-
tion (chr18:21,725,899-21,756,226 bp) in ALL2 (Figure 6C).

Interestingly, we also detected a somatically acquired transloca-
tion t(17;18)(q12;q11.2) in the relapsed leukemia of case ALL4,
with one of the breakpoints being located in the MAR of the
MIBIT gene locus (Figure 6A; Suppl. Table S8).

By combining OGM and WES datasets, we were able to iden-
tify double hits in genes targeted by SVs and SNVs/indels. The
combination of deletions and truncating SNVs/indels is of partic-
ular interest, as this might indicate the presence of a tumor-sup-
pressor gene. Mining our combined dataset, we identified 6 genes
that carried such double hits. The ETV6 gene was affected by sec-
ondary deletions and frameshift mutations in 1 ETV6:RUNX1+
and 1 HD BCP-ALL case. Likewise, NSD2 was affected by a
deletion and a frameshift mutation in 1 ETV6:RUNX1 BCP-
ALL case while another carried a deletion as well as frameshift
and missense mutations. Further double hits of deletions and
concomitant SNVs were observed in BTG1, STAG2, MANBA,
and TBL1XR1 in § ETV6::RUNX1+ BCP-ALL cases.

Mutational landscape of ETV6::RUNXT1+ and classical HD BCP-ALL
as assessed by WES

We analyzed the mutational landscape of the 2 BCP-ALL
subgroups, considering only the SNVs/indels as detected by
short-read WES. In ETV6:RUNX1+ BCP-ALL, we identified a
median of 18 SNVs/indels (range, 2-198) per case compared
with 13.5 SNVs/indels (range, 5-35) per HD BCP-ALL case (ns,
P = 0.057, Mann-Whitney test) (Suppl. Figure S8).
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For the most frequently mutated genes (n>3), we classified
the recurrent mutations with regard to probable oncogenicity
(Suppl. Table S$12; Suppl. Materials and Methods I). The most
frequently mutated genes in both subtypes were NRAS (24%;
14/58), NSD2 (10%; 6/58), and ETV6 (9%; 5/58) (Suppl.
Figure S9). The herein detected NRAS mutations affected the
well-known hotspot codons located in the GTPase domain. As
previously reported,*** these mutations were more prevalent in
HD than in ETV6:RUNX1+ BCP-ALL cases (40% versus 7%)
(Suppl. Figure S9; Suppl. Table $12).

Moreover, we identified recurrent ETV6::RUNX1+ subtype-spe-
cific SNVs/indels in CCDC168 (11%; 3/28) and UBA2 (11%; 3/28),
whereas in the HD BCP-ALL group, subtype-specific recurrent
somatic SNVs/indels were observed in KRAS (27 %; 8/30), CREBBP
(20%; 6/30), FLT3 (17%; 5/30), and PTPN11 (10%:; 3/30).

10

Detection of poor prognostic markers including TP53 and IKZF1
deletions by OGM

We examined, whether there would be an additional bene-
fit of applying OGM alongside standard techniques in order to
detect prognostic genomic alterations in BCP-ALL. Accordingly,
we mined our OGM data for SVs, which have been described to
be relevant to prognosis.*

In ETV6::RUNX1+ BCP-ALL case ALL4, which was strat-
ified as a standard-risk case, but later developed a relapse, a
somatic loss of 12 Mb length encompassing the TP53 gene locus
was detected (chr17:5,423,849-18,312,173bp) (Suppl. Table
S6). In line with this, case ALL4 had a mutator phenotype har-
boring 198 SNVs at initial diagnosis, which represents an exces-
sive number of mutations compared with other ETV6:RUNX1
cases (median 18 SNVs/indels [range, 2-60]). However, this
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TP53 deletion was also present in the SNP-array data, which
were retrospectively gathered in the framework of this study
(Suppl. Table S4). We identified 2 double hits (combination of SV
and SNV) in the genes STAG2 and MANBA that were already
present at initial diagnosis (Suppl. Tables S5 and 57). The 2 dele-
tions affecting STAG2 (chrX:123,968,231-124,001,631bp)
and MANBA (chr4:102,682,958-102,825,431bp) were vali-
dated by long-read sequencing (Suppl. Figure S7A and S7E).

We could retrospectively show that ETV6::RUNX1+ BCP-
ALL case ALL13 harbored an intragenic IKZF1 deletion.
Patients characterized by IKZF1 deletions that co-occur with
deletions in CDKNZ2A/B, PAXS, or PARI in the absence of
ERG deletions belong to a recently described poor prognostic
group, IKZF1™*, with lower event-free survival and higher rates
of relapse in an MRD-dependent manner.”> ALL13 carried a
39kb deletion (chr7:50,306,321-50,348,483 bp), which led to
loss of exon 2 and 3 within the IKZF1 gene and a concomitant
61kb deletion (chr9:36,841,199-36,916,988 bp) affecting exon
8 and 9 of the PAXS gene. Deletion in IKZF1 (chr7:50,308,978-
50,348,439bp) and PAXS (chr9:36,843,016-36,903,796 bp)
were confirmed by long-read sequencing (Suppl. Figure S10).
This case would have fulfilled the IKZF1" criteria, although
these criteria are not clinically applied to ETV6::RUNX1 posi-
tive cases. Neither deletion was detectable via the CytoSNP-12
v2.1 array, underscoring the benefits of applying OGM.

We detected another IKZF1 alteration, an 88kb deletion
removing exon 2-7 (chr7:50,306,321-50,399,656 bp), which
was identified by OGM and not detected by the CytoScanHD-
array in an HD BCP-ALL (ALLS5S5). OGM data suggested a low
variant allele frequency (~0.06) of the IKZF1 deletion, which is
under the detection limit of the applied array. The prognostic
impact of subclonal IKZF1 deletions is still unclear and needs
to be assessed.” No other deletion of the IKZF1¢™ criteria
occurred in this medium risk patient.

Our results show that OGM is particularly useful for the
detection of SVs within the highly repetitive region of the IKZF1
gene, where array platforms lack probe coverage.

Novel secondary translocations and potential fusion genes were
frequently detected in ETV6::RUNX1+ BCP-ALL

One of the strengths of OGM is the ability to detect inter-
chromosomal translocations and complex rearrangements. We
mined our data for the presence of potential secondary trans-
locations that might lead to the genesis of novel fusion genes.
Notably, due to the resolution of OGM, the exact breakpoints
of the translocation could not be estimated and hence, the
fusions are approximations. We identified 10 translocations
where gene fusions potentially led to disruption of the juxta-
posed genes, including recurrent translocations affecting the
MEDI13L gene locus on 12¢24.21 in 2 ETV6:RUNX1+ BCP-
ALL cases. In ALL13,a t(6;12)(p21;q24) was reported by karyo-
typing during routine diagnostics. By OGM, this translocation
was determined to be a complex 3-way translocation t(6;8;12)
(p12.1;24.23;q24.21), which might lead to the disruption of
MEDI13L and HMGCLL1 (Suppl. Figure S11). The disruption
of MED13L by the translocation was verified by long-read
sequencing (Suppl. Figure STM).

In this study, 9 translocations detected by OGM, which have
not yet been described in the Mitelman database or by Brady
et al,’ might lead to the in-frame fusion of 2 genes. Seven of
those translocations were detected in ETV6::RUNXT1+ and 2 in
HD BCP-ALL cases (Suppl. Table $13) and are further described
below.

OGM detected a translocation t(X;13)(q235;q13.1) in an
ETV6:RUNX1 BCP-ALL (ALL29) leading to potential fusion
of exon 1 of the PBSSB gene to exon 3-35 of STAG2, which both
encode for proteins of the cohesion complex (Figure 7A). By
long-read sequencing and RNA-seq, we could validate the fusion

of PDS5B::STAG2 on DNA and mRNA level in the leukemic

1
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sample (Figure 7B; Suppl. Figure S12A and S12B). In ALL10,
OGM detected a translocation t(2;10)(q37.1;p14) that poten-
tially leads to in-frame fusion of SFMBT2 exon 1-2 and DGKD
exon 4-30 (Figure 7C). The SFMBT2::DGKD fusion was con-
firmed by long-read sequencing and expression in the leukemic
sample was verified by RNA-seq (Figure 7D; Suppl. Figure S12C
and S12D). In addition, the SFMBT2 gene locus was potentially
disrupted by a translocation t(10;19)(p14;p13.3) in case ALLS,
which might also alter the UHRFI gene located on 19p13.3.
We further validated the fusion of TPRG1::BRDS in ALL3 by
long-read sequencing (Suppl. Figure S12E and S12F) and con-
firmed the expression of TDRDS::LPCAT2 in an HD BCP-ALL
(ALLS59) and PEX1:FGFR1OP2 in an ETV6::RUNX1 BCP-
ALL (ALL10) by RNA-seq, respectively (Suppl. Figure S13).

An immunoglobulin heavy locus (IGH) rearrangement was
observed in an HD BCP-ALL case, ALLS1, by FISH (using an
IGH 5" 37 break-apart probe), which indicated the presence of
a t(14;14) with complex additional aberrations on the deriva-
tive chromosome 14; without determination of the transloca-
tion partner (Figure 8A). By applying OGM, we found complex
intrachromosomal translocations, which potentially lead to
the juxtaposition of the IGH region on 14q32.33 to SNAPCI,
likely via intrachromosomal translocation of the IGH locus to
14q22.1 (PTGER2) and concomitant inversion of the SNPACI
locus (Figure 8B and 8C). By RNA-seq, we could detect fusion
of the IGHVII-26-2/IGHV7-27 locus to SNAPC1 (Figure 8D).
However, no gene located on 14q was highly expressed, suggest-
ing that the IGH translocation is rather a bystander product of
the complex rearrangement on chromosome 14 than a stand-
alone driver event in that particular case.

DISCUSSION
Bv annlvine a combination of conventional cvtoeenetic and
by applying a combination of conventional ¢ ytogenetic an a

molecular genetic methods, WES and the novel OGM tech-
nique, we comprehensively resolved the landscapes of somatic
SNVs/indels and SVs in 60 cases of the 2 most frequent sub-
types of childhood BCP-ALL: ETV6:RUNXI1+ and classical
HD. Our data adds to the molecular landscape of those sub-
types determined by previous large-scale studies that applied
SNP/micro-array and/or short-read NGS.3!8-20.27-2%

In our study, OGM reliably detected 95% of SVs reported by
molecular cytogenetics and SNP-array. In line with this, a high
concordance of karyotyping and FISH in hematological malig-
nancies has been shown in previous studies.'?'¥3%3 By applying
this new technique, we were able to detect an additional 677
SVs not identified by conventional techniques, of which 66%
(448/677) were focal deletions with a median of 40.5kb. These
included 2 cryptic deletions within the highly repetitive region
of the IKZF1 gene® that were missed by SNP-array likely due
to poor probe coverage and low allele frequency. Other stud-
ies showed that OGM may become a particularly useful tool
to identify patients belonging to the prognostically relevant
IKZF1*" group in a simple, fast, and cost-effective way.'>'” Of
note, IKZF17"* detection is usually assessed either by SNP-array
or multiplex ligation-depended probe amplification,” which
are comparable in respect to detection limit and sensitivity of
~20%. Consequently, IKZF1 deletions may be difficult to detect
in samples with low tumor cell content or leukemic subclones
by conventional techniques. However, prognostic impact of sub-
clonal deletions still needs to be evaluated in a clinical setting.>

Further, we could show that OGM is able to outperform
Cyto-SNP12 array, depending on the resolution of the sensitivity
of the array. OGM is a useful tool to further detect SVs in gene
regions with probably low marker coverage in CytoScanHD-
array, which is mainly enriched in known OMIM genes. Around
20% of leukemic blasts are required for SNP-array in a diag-
nostic setting for large CN alterations.*** Our study and oth-
ers'**37 showed that OGM performance on samples with blast
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Figure 7. OGM and RNA-seq reveal expression of novel fusion genes in ETV6::RUNX1 BCP-ALL. (A) Left: Circos plot showing somatic SVs of ALL28
with secondary translocation t(X;13)(@25;q13.1) detected by OGM (left). Right: Detailed view of patient optical map (blue) partly aligning to reference chromo-
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= B-cell precursor acute lymphoblastic leukemia; OGM = optical genome mapping; SV = structural variants.

12

65



3. ORIGINAL PUBLICATIONS

HemaSphere (2023) 7:8

www.hemaspherejournal.com

A der(14) B - By
e lfe g2 o
) b‘ ’ \
ce Mg =hy" e b A IV
T e r « gianiin |
] ’ /
L = * \
ar L 2 \ / ,
. » ”’ t" L N \\ P—
‘ der(14)
IGH-5-3" "
~
C D
HIF1A SNAPCI """’;;’: o q1233
Genes 14q23.2 = g ﬂ
o o et o o »* breakpont breakgaini
i] | '
R SO S S E— ,
i e s L ey oo
Genes 1493233 I T
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HD = hyperdiploid; /GH = immunoglobulin heavy locus; 0GM = optical genome mapping.

amounts of about 20%-30% could also detect alterations
observed by conventional diagnostic methods. Hence, OGM
could be an attractive option for routine diagnostic workup of
hematological malignancies, as it has a fast turnaround time of
=5 days from sample acquisition to data analysis.

We showed that the SV landscapes in ETV6:RUNXI and
classical HD leukemia are profoundly different. Compared with
HD BCP-ALL, ETV6::RUNX1+ BCP-ALL harbored on average
3 times more SVs (mainly focal deletions) that might be associated
with hyperactive RAG1/2 mediated recombination, which has
been described as an oncogenic process in this specific subgroup.*
By contrast, there are limited analyses of aberrant RAG activity
in HD BCP-ALL, and mechanisms of secondary SVs need to be
further investigated. We further identified well-known large recur-
rent 12p deletions (=25 Mb) in ETV6::RUNXT leukemia, which are
associated with biallelic inactivation of the ETV6 gene.*

By integrating OGM and WES, we identified 52 MARs affect-
ing either 40 potential target genes or 12 intergenic regions. The
latter regions are increasingly recognized in the field as possi-
bly having functional effects on leukemia genomes through
enhancer deletions, hijacking, and topically associated domain
disruption, leading to gene dysregulation.*** Of note, we iden-
tified 4 intergenic MARs located in proximity (20kb) of genes
including 1q32.2 (-6kb; CDS3), 21g22.11 (-20kb; ATPSPO),
and 22q12.1 (-0.2kb; XBP1). It should be noted that OGM has
no exact breakpoint resolution and localization of MARs may
have upstream and downstream variations dependent on label
coverage of the identified region.

In line with previous findings, we identified SVs in both sub-
groups that affected several genes known to play a role in BCP-
ALL development, including ETV6, PAXS, BTG1, CDKN2A, and
RAG2.%* In addition to these well-described alterations, we iden-
tified SVs recurrently affecting STAG2, a member of the cohesin
complex, including (1) 4 cases with focal intragenic deletions in the
cohesin complex gene STAG2; (2) 1 case harboring a focal dele-
tion within STAG2 (16kb, chrX:123,983,164-124,005,001bp)

and a concomitant missense mutation (p.llel118Met); and (3) 1
case with a fusion of STAG2 to PDSSB gene, which also encodes
for a cohesin complex protein. STAG2 inactivation has been impli-
cated to cause aneuploidy in human cancer”’; however, only 2 of
the cases with intragenic STAG2 deletion were HD tumors, and the
4 ETV6:RUNX1 leukemia with STAG2 alteration harbored no
aneuploidy. The cohesin complex is involved in chromosome seg-
regation in dividing cells, but is also implicated in more wide-rang-
ing functions, such as DNA damage repair and regulation of gene
expression, as indicated by the loss-of-function developmental
syndrome, Cornelia de Lange.* Previous studies based on the
short-read sequencing, conventional technologies, and OGM
reported somatic alterations of STAG2 in BCP-ALL*7* and
showed that germline SNVs/indels in cohesin complex members,
such as NIPBL or RAD21, could be involved in BCP-ALL pre-
disposition.** Consistently, studies in conditional knockout mice
demonstrated that Stag2 deletion in hematopoietic stem/progeni-
tor cells increased their self-renewal capacity and impaired B-cell
differentiation by decreasing chromatin accessibility and transcrip-
tion of important B-cell transcription factors, such as PAXS5.#” Our
findings of recurrent STAG2 alterations underlines the potential
relevance of the cohesin complex genes to BCP-ALL development,
arguably without involvement of chromosome segregation defects.

We further showed that a combined approach of OGM and
NGS, including long-read and RNA-sequencing, is able to detect
novel potential driver genes in BCP-ALL. Specifically, we were
able to identify 19 recurrently altered regions in BCP-ALL with
novel potential leukemic drivers. Twelve of these novel regions
were not detected by SNP-array, which underscores the benefits of
applying the OGM technique. We identified recurrently affected
genes by SVs, such as FOCAD/HACD4, MANBA, and SFMBT2
that were validated by long-read sequencing and/or RNA-seq
in at least 1 leukemia. Recurrent potentially inactivating SVs in
SFMBT?2 included the following: (1) an ETV6:RUNXI+ case
(ALL10) with translocation t(2;10)(q37.1;p14), leading to fusion

of the promotor region to DGKD and a concomitant loss of the
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whole SEMBT2 gene; (2) an ETV6::RUNX1+ case (ALLS) with
a translocation t(10;19)(p14;p13.3) that might lead to disrup-
tion of SEMBT2 and UHRFI; and (3) a HD case with an intra-
genic focal deletion (45kb; chr10:7,286,100-7,343,440bp),
which hints at a potential role in leukemogenesis. SFMBT2 is
associated with histone-binding activity and negative regulation
of gene expression.®® Its functional impact and role in BCP-ALL
leukemogenesis should be addressed in the future.

‘We aimed to identify subtype-specific events of both genetic sub-
groups. In classical HD BCP-ALL, we did not find any recurrently
affected region or gene by structural variation but SNVs/indels that
recurrently affected genes including KRAS, FLT3, and CREBBP.
In addition, CREBBP mutations are more prevalent in recurrent
HD BCP-ALL.** Consistently, one of the HD BCP-ALL relapses
in our study already had a CREBBP mutation (p.GIn1491Lys) at
the time of diagnosis, which is located in the HAT domain and was
previously described in relapse prone HD BCP-ALL.*

In ETV6::RUNX1 + cases, we detected genes including UHRF1
and UBA2 recurrently altered by SV or SNV. Those genes are
involved in sumoylation and ubiquitination, which is currently
recognized as a new biological pathway in BCP-ALL,? highlight-
ing the importance of those pathways in ETV6:RUNXT1 leuke-
mia. Interestingly, by using long-read sequencing, we detected
that deletions (1) in ALL4 removed exon 1 and 2 of the UHRF1
gene, which is coding for the ubiquitin homologues domain and
(2) in ALL7 removed exon 13 of the UBA2 gene, which is cod-
ing for the ubiquitin/SUMO-activating enzyme ubiquitin-like
domain. A recent study further showed that a frameshift variant
of UBA2 was discussed to predispose to ETV6:RUNX1+ leu-
kemia in monozygotic twins.*

Novel ETV6::RUNXI specific regions detected in our study
encompassed genes such as GPRCSA, MED13L, and MIB1
that might play a role in leukemogenesis. The MAR of 3 cases
(chr18:21,727,621-21,759,839bp) included the MIBI promo-
tor region. MIB1 encodes for an E3 ubiquitin-protein ligase that
is involved in, among other processes, NOTCH signaling and
ubiquitination of centriolar satellites.*"** The MIB1 gene locus
has been shown to be hypomethylated in ETV6:RUNX1+ BCP-
ALL**** and is highly expressed in ETV6::RUNX1 leukemia com-
pared with other subtypes (MILE study, St. Jude Pecan Cloud).>>=*¢
Interestingly, the relapsed sample of ALL4 harbored an acquired
translocation t(17;18)(q12;q11.2) affecting the MIB1 gene locus,
indicating that deregulation of MIBI might play a role in leu-
kemogenesis. Notably, we found 2 translocations and a stop-
gain mutation disrupting MED13L in 3 ETV6::RUNXT1+ cases.
MED13L is part of a mediator complex functioning as a coacti-
vator for RNAII transcribed genes,’” and has been implicated in a
case with constitutional haploinsuffiency in a syndromic patient
who developed an ALL alongside clinical abnormalities.’®

The identification of genes such as ETV6, BTG1, STAG2,
MANBA, TBL1XR1, and NSD2 that were affected by double
hits of SVs and SNVs/indels demonstrates the power of combin-
ing OGM and WES for comprehensive determination of somatic
alterations in BCP-ALL. Moreover, double hits affecting one tar-
get gene are indicative of a potential tumor suppressor® that
may have a strong relevance for ALL development. However,
our study design with a combined approach of OGM and WES
has a limited ability to detect compound heterozygosity due to
lacking resolution on single-nucleotide level of OGM and short-
reads surrounding the SNV. Only a scenario where for example
a deletion overlaps with an SNV would suggest compound het-
erozygosity. That was not detected in any of the potential targets
in our cohort. It is worth mentioning that secondary mutations
in TBL1XR1 have recently been implicated in improving risk
stratification, especially in ETV6:RUNX1 leukemia, where
mutations led to inferior survival.’

Taken together, we have unraveled a profoundly differ-
ent molecular make-up of ETV6::RUNX1+ and classical HD
BCP-ALL in terms of their landscape of structural aberrations.
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Moreover, we identified novel, recurrently altered genomic loci
potentially involved in disease development and/or progression
of these 2 BCP-ALL subtypes. Although OGM has obvious
advantages compared with conventional technologies, compre-
hensive side-by-side evaluation and standardized round-robin
tests must still be performed before it can be applied in rou-
tine diagnostics. And, only a fraction of genomic alterations
(>500bp) can be analyzed with OGM, so other techniques
such as RNA- and long-read sequencing must be performed in
parallel to cover the full spectrum of alterations. The rapidly
developing third-generation high-fidelity long-read sequencing
techniques might be advanced tools to decipher the whole spec-
trum of SVs and SNVs/indels in BCP-ALL and other tumor enti-
ties in the near future.
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3.4.1 Original Publication II: Supplementary Figures

Relevant results for the discussion of this thesis were included in the following section. Complete
supplementary methods and figures can be found online at the publisher site (refer to supplemental digital

content): https://links.lww.com/HS/A452

SDC, Figure 2

60 BCP-ALL
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SDC, Figure 2: Optical genome mapping (OGM) workflow to detect somatically
acquired SVs in 60 BCP-ALL. Tumor and matched non-tumor samples were collected
from 60 BCP-ALL cases. De novo assembly and rare variant pipeline were applied for SV
calling using the duo-annotation mode allowing for the detection of somatic SVs. Filtered
somatic SVs of each pipeline were merged to a final set of somatic SVs. Concordance of
diagnostically reported SVs (karyotyping and FISH), SVs detected by SNP array and OGM

was determined.
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SDC, Figure 5
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SDC, Figure 5: Tumor evolution in ETV6::RUNX1 BCP-ALL case ALL4, who
developed a relapse 48 months after initial diagnosis. Circos plots showing (A) SVs
shared by initial and relapsed BCP-ALL samples and (B) SVs unique to the relapse sample
identified by OGM including t(17;18)(q12;q11.2) affecting the MIB1 gene locus and
inv(X)(p11.3;q13.2) leading to potential fusion of KDM6A::XIST. (C) Quantity chart showing
that 34 SVs were shared between initial and relapse tumor samples, whereas 14 SVs were
unique to the initial tumor and 26 SVs were acquired during disease progression and solely

identified in the relapsed sample.
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SDC, Figure 7
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SDC, Figure 7: Selected SVs detected by OGM and cross-validation with long-read
sequencing in seven BCP-ALL. Left: Optical map of the leukemia (blue) and respective
reference map (green) indicating SV and overlapping gene. Red highlight indicates
deletions. Split maps with aligned blue labels and unaligned yellow labels indicate
translocations. Right: Continuous long-reads (CLR) aligning to the respective gene locus
are shown (grey bars). Dashed lines indicate location of breakpoints. Split reads supporting
the respective SV are marked by purple arrows. Decreased coverage of aligned reads
support a deletion (red bar). (A) ALL4; 4g24 (MANBA) (B) ALL4; 20q11.22 (NCOAG®G) (C)
ALL4; 21922.11 (D) ALL4; 19p13.3 (UHRF1) (E) ALL4; Xq25 (STAG2) (F) ALL4, 22g12.1
(XBP1) (G) ALL7; 20911.22 (NCOAG6) (H) ALL7; 19q13.11 (UBA2) (I) ALL36; 9p21.3
(FOCAD; HACD4) (J) ALL11; 18g21.2 (TCF4) (K) ALL13; 4928.3 (L) ALL1; 12p13.1

(GPRC5A) and (M) ALL13; 12q24.21 (MED13L).
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SDC, Figure 10
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SDC, Figure 10: High risk ETV6::RUNX1 BCP-ALL case harboring concomitant IKZF1
and PAXS5 deletion. (A) Left: Optical map of ALL13 (blue) compared to reference chr7
(green) indicating deletion in IKZF1. Right: ALL13 CLR-seq reads mapping to the IKZF1
locus are shown. Split reads (purple arrows) and decreased coverage (red bar) reveal a
deletion on chr7:50,308,978-50,348,439 bp, removing exon 2 and 3 of IKZF1. (B) Left:
Optical map of ALL13 (blue) compared to reference chr9 (green) indicating deletion in
PAXS5. Right: ALL13 CLR-seq reads mapping to the PAX5 locus are shown. Split reads
(marked by purple arrows) and decreased coverage (red bar) reveal a deletion on

chr9:36,843,016-36,903,796 bp, removing exon 8 and 9 of PAX5.
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SDC, Figure 12
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SDC, Figure 12: Cross-validation of potential in-frame fusion genes with long-read
sequencing in three BCP-ALL. Left: Optical map of the leukemia (blue) and respective
reference map (green) indicating translocation and potential breakpoint in the overlapping
gene. Split maps with aligned blue labels and unaligned vyellow labels indicate
translocations. Right: Continuous long-reads (CLR) aligning to the respective gene locus
are shown (grey bars). Dashed lines indicate location of breakpoints. Split reads supporting
the respective translocation are marked by purple arrows. Decreased coverage of aligned
reads support a deletion (red bar), increased coverage of aligned reads support a
duplication (blue bar). (A), (B) 1t(X;13)(g25;913.1) PDS5B::STAG2 (C), (D)

£(2;10)(q37.1;p14) SFMBT2::DGKD and (E), (F) t(3;5)(q28;931.2) TPGR1::BRDS.
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SDC, Figure 13
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SDC, Figure13: OGM and RNAseq reveal novel fusion genes in ETV6::RUNX1 and HD
BCP-ALL. (A) Left: Circos plot showing somatic SVs of an HD BCP-ALL (ALL59) with a
secondary translocation t(1;6)(q25.2;q12.2) detected by OGM. Right: Patient optical map
(blue) partly aligning to reference chromosomes (green) 1 and 16. Potential breakpoints
(pink line) overlap with TDRD5 and LPCAT?2. (C) Validation of TDRD5::LPCAT2 expression
in ALL59 by RNA-seq. Arriba output of RNA-sequencing data is shown indicating
t(1;16)(925.1;q12.2) translocation leading to in-frame fusion of LPCAT2 exon1-14 to TDRD5
exon 17. Coverage of the aligned reads is indicated. (D) Left: Circos plot showing somatic
SVs of an ETV6::RUNX1 BCP-ALL (ALL10) with secondary translocations, including
t(7;12)(921.2;p11.23) detected by OGM. Right: Patient optical map (blue) partly aligning to
reference chromosomes (green) 7 and 12. Potential breakpoints (pink line) overlap with
PEX1 and FGFR10P2. (E) Validation of PEX1::FGFR10P2 expression in ALL10 by RNA-
seq. Arriba output of RNA-sequencing data is shown indicating t(1;16)(g25.1;912.2)
translocation leading to in-frame fusion of PEX71 exon1-13 to FGFR10P2 exon 3-7.

Coverage of the aligned reads is indicated.
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3.4.2 Original Publication II: Supplementary data

Relevant results for the discussion of this thesis were included in the following section. Complete
supplementary data can be found online at the publisher site (refer to supplemental digital content):

https://links.lww.com/HS/A453

Supplementary Table S2 was adapted from [181] by filtering for (HD).

Supplementary Table S2.
Karyotypes determined by chromosomal G-banding from initial diagnosis obtained during clinical diagnostics of 37 BCP-ALL samples.

Chromosomal deletions and gains not detected in respective SNP-array analysis were not included for concordance analysis
(i.e. comparison conventional (cyto)genetics vs OGM).
Abbreviations: ID: Patient’s identification; E::R: ETV6::RUNX1-translocated BCP-ALL; HD: classical hyperdiploid BCP-ALL; OGM: optical genome mapping

ID Subtype Karyotypes
- X -
ALL31 HD 55,XX,+X,+4,+6,i(7)(q10),+9,+10+,11+14,+21,+21
ALL32 HD 58,XX,+X,+4,+6,+8,+10,+14,+17,+18,+21,+21,+21
ALL33 HD 46 XY [3]
ALL34 HD 56,XY,+X,+der(1;9)(q10;p10),+4,+6,+10,+14,+17,+18,+21,+21 [3]
ALL35 HD 56, XY, +X, +Y, +4, +6, +10, +14, +17, +18, +21, +21 [7];46 XY [10]
ALL36 HD no metaphases
ALL37 HD 52-57, XX, +x,+4,+5,+6,+710,+14,+15,+17,+18,+21,+21,inc[cp5]/46,XX[15]
ALL38 HD 56 XY, +X,+Y, +4, +6,+10,+14,+18,+21,+21,+22 [2] 56 XY, +X,+Y, +4, +6,+10,+14,i(17)(q10),+18,+21,+21,+22 [2] 46, XY, [20]
ALL39 HD 55, XY, +X,+4,+6,+10+14,+17,+18,+21,+21 [5]/46,XY[17]
ALL40 HD 51~53, XX, +X, +4, +?10, +14, +18, +21, +21[cp3]/46,XX[9]
ALL41 HD 51~53, XY, +X+Y+6,+14,add(19)(p13),+21,+21,+mar[cp7]/46,XY[8]
ALL42 HD 55XY, +X, +4, +6, +10, +11, +14, +18, +21,+21[4]/46 XY[11]
ALL43 HD no metaphases
ALL44 HD 55XX,+X,+4,+6,+8,+10,+14,+17,+21,+21[5)/46,XX[10]
ALL45 HD 46,XY[10]
ALL47 HD 57, XX,+X,+X,dup(1)(q21943),+4,+6,+8,+10,+14,+17,+18,+21,+21,inc[2])/46,XX[1]
ALL48 HD 46,XX[13]
ALL58 HD 61,XY,+X,+4,+5,+6,+8,+10,+11,+12,+14,+14,+16,+17,+18,+21,+21[12)/46,XY[3]
ALL59 HD 56~58,XY,+X,+4,+5,+6,+8,+10,+14,+?17,+?18,+21,+21,+mar[cp11]
ALL60 HD 57~58,XY,+X,dup(1)(q24q44),+3,+4,+6,+8,+10,+14,+14,+21,+21,+mar1,+mar2,inc[cp15])/57~58,idem, trp(1)(q24944)[cp2]

Supplementary Table S4 was adapted from [181] by filtering for (n).

Supplementary Table S4.

Overview on copy number alterations detected by SNP-array and concordance of OGM data in 60 BCP-ALL samples.
Hg38 was used as reference genome. For aneuploidy events (X) coordinates and size were not assesed (NA).

CNN-LOH anylsis was not assessed in our study using OGM thus "NA" was given at "Detected by OGM".

A yes (y) or no (n) indicates if the copy number alterations was detected by OGM.

If detectable by manual control but not called an "n visible" is given.
Abbreviations: ID: Patient’s identification; E::R: ETV6::RUNX1-translocated BCP-ALL; HD: classical hyperdiploid BCP-ALL;
CNN-LOH: copy number neutral loss of heterozygosity; Cyto: cytoband; CN: copy number; SNP: single nucleotide polymorphism

ID |~ Subtype - StartCyto - EndCyto ~ CN Type - Chr ~ Genomic Start -~ Genomic End - Size (bp) ~ Aneuploidy - Detected by OGM bt
ALL10 E:R 2g31.3 2q37.1 GAIN 2 180,471,069 231,336,638 50865570 n

ALL12 E:R Yp11.2 Yq11.223  GAIN Y NA NA NA X n

ALL15 E:R 13¢21.33 13q22.1 LOSS 13 70,293,313 74,577,622 4284309 n visible (30%)
ALL15 E:R 13¢31.1 13g31.1 LOSS 13 82,675,257 84,517,201 1841944 n visible (30%)
ALL15 E:R Xqg28 Xqg28 GAIN X 153,456,261 153,508,273 52012 n

ALL16 E:R 16p12.1 16p12.1 LOSS 16 27,426,261 27,478,516 52255 n

ALL16 E:R Xqg26.3 Xq26.3 GAIN X 134,870,853 134,891,198 20345 n

ALL17 E:R Xqg27.1 Xqg27.1 LOSS X 139,215,290 139,219,296 4006 n

ALL19 E:R 4q13.2 4q13.2 GAIN 4 68,500,975 68,676,245 175270 n

ALL20 E:R 12p12.1 12p11.22  LOSS 12 23,336,874 28,430,051 5093177 n visible (20%)
ALL21 E:R 5p15.33 5p15.1 GAIN 5 113,462 15,469,536 15356074 n visible (15%)
ALL21 E:R 13¢31.3 13¢31.3 LOSS 13 92,015,933 92,037,389 21456 n

ALL22 E:R 8p22 8p22 LOSS 8 18,994,017 19,001,298 7281 n

ALL22 E:R 22q11.21 22911.21  LOSS 22 18,046,575 18,079,435 32860 n

ALL22 E:R Xqg24 Xqg24 LOSS X 119,744,652 119,754,545 9893 n visible
ALL22 E:R Xqg26.1 Xqg26.1 LOSS X 130,241,415 130,242,491 1076 n

ALL22 E:R Xqg27.1 Xq27.1 LOSS X 140,722,033 140,724,090 2057 n

ALL51 HD 1q924.2 1q924.2 LOSS 1 167,706,471 167,735,965 29494 n

ALL51 HD 4912 4912 GAIN 4 54,237,750 54,255,091 17341 n

ALL51 HD 824.23 8q24.23 LOSS 8 136,665,653 136,850,192 184539 n

ALL52 HD 3q13.33 3q13.33 LOSS 3 119,657,202 119,696,984 39782 n

ALL6 E:R Xqg22.3 Xg22.3 GAIN X 108,733,214 109,235,639 502426 n
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Supplementary Table S11.
Novel common region/genes in 60 ETV6 ::RUNX1 and classical HD BCP-ALL.
Abbreviations: DEL: deletion; TRANS: translocation; STOPGAIN: Stopgain mutation;

n samples: number of samples with genetic alterations in this region , *by at least one case;
CLR: continuous long-read sequencing (PacBio); n.a.: not available;

CBA: chromosomal banding analysis; SNP: single nucleotide polymorphism;

MAR: minimal altered region; HD: classcial hyperdiploid BCP-ALL

ETV6::RUNX1 HHD
Common region Minimal altered region Validation by orthogonal
Type n Type n "
(genes) (MAR, hg38) method
Missense 1
9p21.3 (FOCAD*, HACD4) DEL ) DEL 3 chr9:20965099-21001153 CLR, SNP-array
8p11.21 (IKBKB) DEL 1 DEL 3 chr8:42308052-42337440 n.a.
DEL 2
Xp21.1 DEL 1 chrX:33548160-33612296 n.a.
DUP 1
1p34.3 (ZMYM1, ZMYM6) DEL 2 DEL 1 chr1:35029474-35100899 n.a.
Missense 1
4q24 (MANBA) DEL ; DEL 1 chr4:102716969-102793507 CLR, SNP-array
8p23.1 (MSRA) DEL 2 DUP 1 chr8:10056881-10097222 SNP-array
TRANS 2
10p14 (SFMBT2) DEL 1 - CLR, SNP-array
DEL 1
9g21.11 DEL 2 DEL 1 chr9:67478734-67489803 n.a.
1932.2 DEL 2 DUP 1 chr1:207366708-207396170 SNP-array
40931.1 DEL 1 DEL 2 chr4:138546463-138553645 n.a.
6g25.3 DEL 2 DEL 1 chr6:156271736-156392444 SNP-array
DEL 4
12p13.1 (GPRC5A) - CLR, SNP-array
TRANS 1
20q11.22 (NCOAG6) DEL 4 chr20:34793163-34828648 CLR
4028.3 DEL 3 chr4:132260249-132268752 CLR
21q22.11 DEL 3 chr21:33935406-33950171 CLR
22q12.1 DEL 3 chr22:28800807-28812628 CLR
18921.2 DEL 3 chr18:55584361-55831523 CLR
TRANS 2
12q24.21 (MED13L) - CLR, CBA
STOPGAIN 1
18q11.2 (MIB1) DEL 3 chr18:21727664-21759897 CLR

80



4. DISCUSSION

4. DISCUSSION

In this thesis, the application of OGM was leveraged to analyze two pediatric cancer patient
cohorts in distinct contexts: (i) inherited cancer predisposition (Original Publication 1), and (ii)
somatic mutational landscapes of BCP-ALL cases (Original Publication II). Both publications
demonstrate and discuss the potential of OGM as a new tool for the genomic analysis of
structural variation and copy number alteration in patient samples, in addition to or interlinked
with NGS-based approaches. Both Original Publications conclude that a multi-platform strategy
utilizing OGM and NGS effectively captures a broader spectrum of germline or somatic genetic
alterations [180, 181]. This strategy can uncover previously uncharacterized or inaccessible
sites of the genome. Integration of novel technologies enabled the generation of genomic
portraits underlying inherited cancer predisposition and pediatric tumorigenesis, while
revealing candidate regions/genes and establishing a research platform for further functional

and clinical investigations.

4.1 Utility of OGM in clinical routine testing

Original Publication | and Il, along with other studies, highlight the advantage of applying OGM
in both constitutional disease [39, 46] and hematological disorders [40, 45, 48, 52, 54, 182].
These include the high concordance of OGM and conventional methods and its added value as
genetic follow-up tool (refer to section 4.3.1 and 4.5.1).

OGM is a DNA-based approach that requires no cell cultivation and directly utilizes the input of
1.5 million cells for DNA extraction. Unlike short-read NGS or classical cytogenetic approaches,
OGM does not rely on DNA amplification or cell cultivation, thereby preventing false-positive
results due to PCR-related bias or culturing artifact [41]. In addition, OGM detects SVs with a
higher resolution compared to conventional karyotyping methods (>500bp vs ~5-10Mb) [41].
Compared with FISH and array-based methods, OGM is a non-targeted, single-assay approach
that enables genome-wide detection of both balanced and unbalanced SVs. From a practical
perspective, OGM is a cost- and time-effective assay that can be streamlined in routine clinical
workflows, achieving results after approximately 4-6 days [40, 44]. The turnaround time is
composed of hands-on laboratory experiments (2 days), instrument runtime (1-2 days) and
automated data analysis (1-2 days). In contrast to NGS workflows, where costs per sample vary
depending on genome coverage and batch size, OGM maintains a consistent per-sample cost

[41]. For instance, the high sequencing depth required for the detection of subclonal mutations
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in cancer diagnostics substantially increase the costs of NGS [183]. In contrast, OGM generates
more than 300x genome coverage per run and potentially detect variants with a VAF as low as
5% [41], offering a feasible alternative in a diagnostic context. The analysis of OGM data is
supported by automated pipelines, reducing the need for extensive bioinformatic expertise
and can be implemented relatively easy compared to NGS-based methods [41].

Overall, the high reliability and detection sensitivity of OGM, combined with its streamlined lab
and data analysis workflow, underline the novel technology as powerful tool in routine clinical

diagnostics.

4.2 Limitations of OGM in clinical routine testing

OGM has several technical and biological limitations that need to be considered while
evaluating its clinical utility. First, OGM requires HMW which needs to be extracted from fresh
or frozen material. Standard DNA preparations commonly used for array-based methods or
short-read sequencing are not suitable. However, obtaining good quality HMW DNA from
clinical samples is often more challenging compared to requirements for standard methods.

Second, OGM has some limitations due to its non-sequencing approach, depending on the
genomic distribution of the fluorescence marker recognition sites. Fluorescence labeling occurs
at an average label density of 15 labels per 100kbp [40], resulting in a detection threshold of
approximately 500bp and limited breakpoint resolution. Consequently, breakpoints detected
by OGM are approximations and require validation by orthogonal methods. In the Original
Publications presented in the thesis, PCR-based Sanger-Sequencing or NGS-based approaches
were applied to validate and refine the OGM detected SVs [180, 181]. In Original Publication I,
CLR sequencing was used to refine breakpoints of selected SVs, and RNA-sequencing confirmed
potential fusion genes predicted by OGM (SDC Figure 7, 12, 13 [181]). Other studies have
applied whole-genome short-read sequencing to close OGM gaps [184] or Cas9-directed long-
read sequencing to resolve OGM findings [185]. Notably, the Cas9-directed approach
confirmed all alterations and pinpointed the actual location of the breakpoint between 0.2 and
5.5kbp of the OGM labels [185]. In Original Publication I, clinically relevant deletions
overlapping with the TP53 locus were initially identified in two cases with suspected cancer
predisposition [180]. Subsequent PCR-based Sanger sequencing demonstrated that the actual
deletion affected intergenic region overlapping with benign polymorphism (Suppl. Figure 1
[180]). This example highlights the importance of precise breakpoint characterization,

especially in clinically relevant genes such as TP53.
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Third, the interpretation of OGM results is often limited by the lack comprehensive OGM
reference databases. Extended internal and external databases of OGM detected SVs in healthy
and disease samples would facilitate accurate SV interpretation. More studies are needed to
improve SV classification, to filter common benign variants, and to assess their phenotypic
impact. However, such databases remain scarce for OGM and other advanced technologies
such as long-read sequencing [48, 59].

Other technical challenges of OGM involve the resolving of specific genomic regions, including
highly repetitive telomere and centromere regions, and areas with insufficient label coverage.
OGM detected SVs, especially in these regions, require manual review which demands training
and specific expertise [42]. Even after manual re-evaluation, OGM missed several SVs in the
cohort of Original Publication | and Il that were previously detected with conventional methods
[180, 181]. These included a constitutional ring chromosome 21 (Original Publication I, Suppl.
Material and Methods [180]), centromeric translocations, gain of chromosome Y and focal
variants with low cell fractions of 15-30% (Original Publication Il, Suppl. Table S4 [181]). Other
OGM studies have reported similar limitations, such as missed constitutional Robertsonian
translocation [39], (peri-) centromeric rearrangements, and low VAF (~10%) SVs in
hematological malignancies [40].

Finally, both Original Publications and other studies discuss that improvements of the Bionano
reference database, as well as application of the T2T reference genome, may help to overcome

these limitations [39, 49, 51, 53, 180, 181, 186, 187].
4.3 OGM and NGS-based approaches in constitutional disease

4.3.1 Clinical utility of OGM in constitutional disorders

In the field of constitutional disease diagnostics, Original Publication | together with other
studies advocate the use of advanced methods such as OGM, particularly for cases that remain
unresolved after conventional cytogenetic testing or short-read sequencing [39, 46, 180, 187].
The first significant large-scale application of OGM in a cohort of developmental disorders
(n=85) by Mantere et al. demonstrated high concordance of OGM and standard methods while
identifying or refining additional pathogenic SVs relevant for the genetic disease [39]. The study
further highlighted that OGM had a higher resolution than karyotyping and could resolve
regions refractory to NGS analysis [39]. A multi-center study of constitutional postnatal cases

(n=359) confirmed the reliable detection of chromosomal aberrations with a high technical
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concordance of 99.5% [187]. Schrauwen et al. analyzed families with developmental disorders
and a negative WES result and found (likely) pathogenic SVs in 10.6% (5/47) of cases, using
OGM [46]. Following a similar approach, Original Publication | identified (likely) pathogenic SVs
in 6% (2/34) of pediatric cancer samples with a suspected CPS and a negative WES result [180].
Notably, integration of OGM and long-read sequencing resolved 100% (6/6) of cases with a
suspected genetic disease where previous genetic testing remained negative [186]. Hiatt et al.
reported an additional diagnostic yield of 7.3% (7/96 cases) when combining long-read
sequencing with short-read data in a neurodevelopmental disorder cohort [188].

These studies propose OGM as a complementary or alternative approach in constitutional
disorder diagnostics and further suggest that integration of OGM and long-read sequencing

methods may be the most effective strategy to resolve unresolved genetic cases in the future.

4.3.2 Advantages of long-read sequencing

In comparison to OGM, long-read sequencing methods offer single-base resolution for both
SVs and SNVs, eliminating the need for complementary methods to refine breakpoints. The
long-reads enable phasing of SNVs and SVs even when parental samples are missing,
distinguishing genetic variation on the same chromosome (cis) or on different chromosomes
(trans) [189]. Phasing is particularly relevant for autosomal recessive disorders, as detection of
variants in trans with a known second pathogenic alteration can provide moderate evidence
for pathogenicity and support reclassification of a VUS in some cases [61]. For example, OGM
de novo assembly can also provide haplotype-resolved SVs as shown in Original Publication |
where compound heterozygous SVs in a leukemia patient with developmental delay was
described (Suppl. Figure 3 [180]). The SVs, a deletion and insertion, potentially overlapped with
regulatory elements of the RAP1B gene locus [180]; long-read sequencing could clarify the
precise breakpoints and the sequence of the insertion and subsequent pathogenicity
classification and functional impact. Haplotype phasing using long-reads has been successfully
applied in clinical settings [190-192]. However, the phasing accuracy is dependent on the scope
of the reference genome used which is currently underrepresented in many subpopulations
and genetic ancestries [60, 193].

Further, a study by Noyes et al. demonstrated that familial long-read sequencing increased de
novo mutation detection by over 25% compared to short-read sequencing [194]. De novo
mutations play a significant role in the etiology of genetic disorders [195, 196], including

pediatric cancer risk [27, 88, 89, 197, 198]. In Original Publication I, analyses of child-parent
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trios revealed de novo SVs in 17% of the children, demonstrating the applicability of OGM in in
this context [180]. However, the additional yield of de novo SVs detected by OGM compared
to short-read methods was not analyzed in this cohort.

Another advantage of long-read based approaches (Nanopore and PacBio technologies) is their
ability to detect base modifications, such as CpG methylation, which is crucial for diagnosing
imprinting disorders [199]. For example, haplotype-resolved HiFi sequencing combined with
methylation profiling identified rare hypermethylation events resulting in allele-specific loss of
regulatory element activity in a rare disease cohort [200].

The clinical utility of whole-genome long-read sequencing and potential increased diagnostic
yield over short-read WGS in constitutional disease, including pediatric cancer predisposition,

still remains uncertain and warrants further cohort screenings and clinical investigation.

4.3.3 Current limitations of advanced technologies in constitutional

diagnostics

Despite major advances, several barriers remain for clinical implementation of advanced
technologies, such as OGM and long-read sequencing. Clinical laboratories require extensive
quality control and validation before adopting such technologies to ensure high specificity and
minimize false-positive results [189].

Comprehensive genome-wide testing using these novel technologies will generate a larger
number of genetic findings, many of which are difficult to interpret [201]. Pagnamenta et al.
showed that WGS increased the diagnostic yield in a rare disease cohort, mainly due to SVs and
non-coding alterations and interpretation of such is challenged by incomplete reference
databases, sparse annotations, and insufficient understanding of the functional impact [202].
This missing information often leads to identification of VUS without knowing their actual
impact on the diagnosed disease. In Original Publication I, the majority of identified rare SVs
(74%) were located in non-coding regions, potentially affecting regulatory elements, yet their
functional relevance remained unclear (Suppl. Table S3 [180]). A study by Chiang et al. showed
a larger impact of SVs on gene expression compared to SNVs/indels and that 88.3% of those
resided in non-coding regions enriched at CREs [15]. However, Collins et al. could show that
SVs in 14,891 genomes of the general population are causing around one quarter of protein
truncating events, and that non-coding SVs, mostly deletions of the full regulatory element,
show only a modest selection [203]. Thus, there could be risk of overestimating the

pathogenicity of SVs identified by novel technologies. To enable clinical adoption, continued
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expansion of population databases, reference genomes and family segregation studies
together with analytical strategies is crucial for accurately distinguishing pathogenic SVs and
non-coding variants from benign polymorphisms and technical artifacts [201, 204].
Computational approaches could further help overcoming those limitations. For example,
Cohen et al. integrated HiFi long-read sequencing with machine learning to analyze a pediatric
rare disease cohort, showing that computational approaches are efficient for diagnostic SNV
prioritization [205].

With decreasing costs, improved data analysis and interpretation, advanced technologies are
expected to transition from follow-up genetic-test to standalone clinical methods in the future,
proving a one-step workflow for comprehensive genetic testing thereby replacing current

multi-step diagnostic pipelines [39, 189, 206].
4.4. Genetic germline variation in pediatric cancer predisposition

4.4.1 Genotyping approaches in pediatric cancer patients

Germline genetic predisposition is a significant risk factor in pediatric cancer, with
approximately 8.5-12% of cases attributed to pathogenic variants in known cancer-
predisposition genes [25, 26, 29-31]. Original Publication | highlights the increasing importance
and complexity of germline testing in children with cancer, including individuals with a high
suspicion for a cancer predisposition syndrome [26]. The cohort was selected based on clinical
phenotypic criteria and a negative WES result, so that children with (likely) pathogenic SVs
without overt clinical signs would have been missed. Several working groups recommend
phenotype-agnostic genetic testing of all children with cancer to evaluate their risk for an
underlying CPS and to establish guidelines to accurately inform diagnosis, therapy guidance,
and support cancer prevention [26, 29, 30, 180, 207-209]. Multidimensional germline testing
should include aspects such as (i) genetic testing of all affected individuals and if possible their
parents to assess inherited vs de novo events [128][197] as well as (ii) comprehensive tumor-
germline testing of SNVs/indels, SVs and epigenetic considerations.

A multi-center trial identified a pathogenic variant in a CPG in 75% of pediatric patients with a
rare cancer entity and could be newly diagnosed due to study participation [207]. This study
concluded that germline testing can identify the first patient of a hereditary cancer family
through a genotyping approach. The advantage of parent-child sequencing is the systematic

testing of de novo variation in pediatric cancer cohorts [89], that could bring novel insights into
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novel genes and mechanisms in cancer predisposition as well as relevant decision making for
families with potential hereditary cancer. Newman et al. emphasized the relevance of paired
tumor-normal testing, showing that 55% of pathogenic germline variants contribute to
tumorigenesis in a pediatric cancer cohort, particularly when combined with RNA sequencing
and WGS analyses to investigate impacts on splicing and mutational signatures [210]. Further,
emerging evidence suggests an underestimation of the contribution of genomic cancer
predisposition due to limitations of conventional testing that primarily focus on SNVs/indels or
predefined gene-panels (refer to section 4.4.2). Increasing genetic testing of children and their
families requires extended research to evaluate the consequences of CPS identification and

impact on treatment, patient care and tumor surveillance [208, 209].

4.4.2 Contribution of structural variation and multi-omics profiling

Recent advances in SV detection and systematic WGS studies, including Original Publication |,
support that large genomic alteration contribute to additional risk mechanisms in pediatric
cancer patients [59, 60, 180, 210-212].

The importance of the contribution of germline SVs to various genetic diseases have been
previously described. For example, large-scale studies reported additional impacts on
diagnostic yield from 8 to 30% in patients with genetic disease, mainly due to SVs and deep
intronic variants by applying WGS [92, 204]. Notably, two studies screened germline SVs in
distinct cancer cohort by applying long-read sequencing, showing that pathogenic SVs can be
found in ~1.5% of cases in an adult cancer cohort [59] or in suspected inherited breast cancer
predisposition [60]. Studies are increasingly investigating the contribution of SVs in pediatric
cancer cohorts, including Original Publication | that identified a potential cancer predisposing
SV in 6% (2/34) of pediatric cases, however in a relatively small and preselected cohort of
clinically suspicious pediatric cases [180]. By combining OGM and long-read sequencing,
Sabatella et al. identified a constitutional retrotransposon insertion in SMARCB1, functionally
disrupting its splicing, that could explain the atypical teratoid rhabdoid tumors diagnosed in
two siblings [213]. To understand the mechanistic role of germline SVs on tumorigenesis,
studies are increasingly applying multi-omics profiling [211, 212, 214, 215]. Gillani et al. showed
that rare germline SVs, affecting not only mutationally intolerant genes but also tissue-relevant
3D chromatin structures, increase the risk for pediatric solid tumors [214]. The Pan-Cancer
Analysis of Whole-genomes consortium integrated whole-genome and transcriptome data to

identify germline SVs impacting genes that might contribute to cancer [215]. Wong et al.
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analyzed 245 high-risk pediatric patients using integration of genome, transcriptome and
mutational signature analysis, reporting a higher incidence of pathogenic germline alterations
in 16.2% of cases [212] compared to other pediatric cohorts [26, 29]. Chen et al. recently
combined genotyping of germline SVs with tumor transcriptomes and global DNA methylation
of corresponding pediatric brain tumors, showing that germline SVs modulate cancer
predisposition and progression through epigenetic dysregulation [211]. Long-read sequencing
is able to detect whole-genome variation and methylome changes in one single assay, stressing
that this application could be a valuable research tool to study SV-driven risk mechanisms in
pediatric oncology.

Differences in SV occurrence in pediatric cancer cohorts may result from combined analysis of
germline and somatic WGS, cancer subtype constellations, risk profiles and patient ethnic
backgrounds. Extended studies and multi-platform approaches, including whole-genome
sequencing, will be essential to uncover the full spectrum of SVs and genetic risk mechanisms
in hereditary cancer susceptibility. For reliable comparison across studies and clinical
implementation, the application of harmonized bioinformatic pipelines, standardized variant

detection and classification, including SVs and non-coding alterations will be crucial.

4.4.3 Adult-onset CPGs and pediatric cancer

Recent studies increasingly suggest a potential association between heterozygous pathogenic
variants in adult-onset CPGs and pediatric cancer risk [28, 216], including genes classically
linked to hereditary breast and ovarian cancer (HBOC) [217, 218]. Most of these studies
considered only small variations, while the contribution of SVs remains underexplored.
Comprehensive testing of SVs and SNVs could potentially expand the understanding of adult-
onset CPGs and risk association in childhood malignancies.

Original Publication | identified a heterozygous likely pathogenic deletion in the DNA-damage
repair regulator BRCA2 that segregated in a family with breast cancer and a child with leukemia
[180]. BRCA2 is grouped among HBOC genes, but is additionally frequently altered in pediatric
cancer patients [29, 71]. Further, pathogenic variants in adult-onset CPGs and HBOC genes are
associated with an increased risk for secondary malignancies [217-220], warranting further
research that may impact clinical surveillance for affected individuals, including the child with
BRCA2 deletion [180].

Bi-allelic mutations in BRCAZ2 are well established as causative of the CPS called Fanconi anemia

with an increased risk of leukemia [221]. In contrast, the association of pediatric cancer,
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including hematological disease, and heterozygous carriers of pathogenic variants in BRCA2
remains debated [222-224]. In a pediatric cancer cohort, Stoltze et al. systematically analyzed
mutational constraint that reflects the depletion of genetic variation due to negative selection
and acting against deleterious mutation [225]. Childhood mortality and genetic cancer risk
should be linked to this evolutionary theory [27]. However, analyzing monoallelic loss-of-
function variants (only SNVs) of classically recessive childhood cancer risk genes, the authors
found no evidence of constraint for monoallelic BRCA2 variants [27], suggesting no or a
potential more complex relationship in pediatric cancers. Recent recommendations discourage
the reporting of heterozygous pathogenic variants in recessive disease [208]. However,
heterozygous variation combined with additional genetic layers, including SVs and haplotypic
changes, remains insufficiently studied. Comprehensive whole-genome sequencing coupled
with functional testing may help clarify the contribution of adult on-set CPGs, such as BRCA2,

to pediatric cancer predisposition.

4.4.4 Candidate cancer predisposition genes and functional characterization

Comprehensive germline testing of pediatric cancer patients, using OGM and long-read
technologies, will lead to more genetic findings including novel candidate CPGs.

Consistent with that, Original Publication | identified a de novo duplication in RPA1, a gene
involved in DNA replication and DNA repair gene [226], as a potentially new CPG in a leukemia
patient (Suppl. Figure 4 [180]). Interestingly, gain-of-function germline variants in RPA1 has
recently been implicated in germline predisposition of a short telomere syndrome, including
hematopoietic malfunctions [227]. Functional studies of the RPA1 mutation in induced
pluripotent stem cells (iPSCs) exhibited telomere shortening and defects in hematopoietic
differentiation [227]. In addition, a systematic study reported rare heterozygous RPAI1
mutations in 1% (75/5993) of children with cancer [228], supporting its role as candidate CPG
and emphasizing the need for further functional investigation. In Original Publication |,
functional assays on patient fibroblast cells carrying the germline RPA1 duplication revealed
increased sensitivity to DNA-damaging reagents, but no telomere shortening (Suppl. Figure 5
[180]. Functional modeling by introducing relevant novel genetic aberrations, such as BRCA2
and RPA1 SVs detected in Original Publication |, into iPSCs provides a valuable tool to delineate
the potential predisposing role of germline variation of childhood malignancies in a cell-type
specific context [229]. An iPSC model of patient-derived cells of a Li-Fraumeni patient could

recapitulate features of the diagnosed osteosarcoma and identify dysregulated genes with
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clinical implications [230]. Babbe et al. generated patient-derived iPSCs, carrying a germline
PTPN11 mutation, which could recapitulate the hematopoietic abnormalities of the diagnosed
juvenile myelomonocytic leukemia and increased cell proliferation [231]. Importantly, this
method was also used for drug-screening of differentiated myeloid cells in for deciphering new
treatment options.

Functional characterization could be also relevant for SVs affecting the non-coding candidate
regions overlapping with regulatory elements identified in Original Publication | [180], as CREs
especially function in a tissue and cell-type-specific manner [232-234]. Kellman et al. identified
cancer-associated germline SNVs by integrating reporter, expression and chromatin
accessibility assays with CRISPR knockout screenings, thereby linking germline variants to
regulatory mechanisms in cancer [235]. Further, the role of non-coding mutations in
leukemogenesis has been shown by Yang et al. showing that germline non-coding GATA3
mutation leads to enhancer activation and reshaped chromatin accessibility and 3D genome
organization in ALL [236].

Both Original Publications showed that applying integrative approaches have the potential to
uncover novel CPGs and predisposing mechanisms in the future. This will include the detection
of novel so far underrepresented genomic alterations like SVs, de novo variation as well as
regulatory perturbations. Comprehensive genetic studies and multi-omics testing of pediatric
cancer cohorts are expected to expand the currently acknowledged contribution of inherited

cancer predisposition.

4.5. OGM and NGS-based approaches in hematological malignancies

4.5.1 Clinical utility of OGM in hematological malignancies

Due to emerging novel subtype-defining genetic characteristics established by WHO [237] and
ICC recommendations [238] for accurate diagnosis, risk assessment and treatment selection of
hematological neoplasms, multiple complementary diagnostic assays are often required to
capture the full spectrum of alterations. Not yet standardized, the application of advanced
diagnostic tools includes transcriptome sequencing, short-read whole-genome sequencing and
OGM, which offer insights into expression profiles as well as structural and sequence-level
genomic alterations [126]. Up to date, OGM has been extensively adopted in diagnostic
laboratories to identify genomic alteration in hematological malignancies thereby replacing

standard of care methods [40, 45, 48, 52, 54, 182].
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The first clinical adoption of OGM as a DNA-based single assay was tested in large-scale studies
of distinct hematological neoplasms [40] including AML and myelodysplastic syndromes (MDS)
patients [45, 50, 52, 182]. Interestingly, Original Publication Il and these studies demonstrated
a high concordance of OGM and conventional cytogenetic methods, such as FISH and CBA,
ranging from 93-100% [40, 45, 50, 52, 181]. As stand-alone comparison, Original Publication Il
analyzed the concordance of OGM and SNP-array, revealing a higher sensitivity of OGM for the
detection of submicroscopic deletions [181]. Further, all studies revealed additional SVs, partly
relevant for the refinement of risk stratification, underlining the advantage of OGM compared
to conventional cytogenetics in the diagnostic work-up of hematological cancer genomes [40,
45, 50, 52, 181]. Original Publication Il detected novel cytogenetic markers and clinically
actionable results including co-occurring deletions affecting IKZF1 and PAX5 in one BCP-ALL
patient (SDC Figure 10, [181], potentially defining a HR prognostic subgroup in BCP-ALL with
adverse outcomes [126, 239, 240]. A systematically conducted OGM study by Lilhmann et al.
categorized 142 BCP-ALL cases into IKZF1%' and IKZF1P“s subgroups, where OGM led to
reclassification due to previously missed cryptic deletions [241], highlighting the advantage of
OGM to provide broader insights into prognostic subgroup classification in pediatric BCP-ALL.
Of note, E::R and hyperdiploid BCP-ALL were more common in the IKZF1%'group [241].

The broad clinical application of OGM has led to the formation of international frameworks as
the International Consortium for OGM which established guidelines to standardize the use
across laboratories [42, 51], thereby discussing clinical indications, validation and
interpretation guidelines. OGM was supported as first-line test for pediatric leukemia such as
ALL, AML and BCP-ALL for diagnosis and relapsed samples [51]. Original Publication Il is a
practical demonstration of the application of these guidelines in BCP-ALL samples. OGM was
able to detect all subtype-defining lesions, E::R translocation and hyperdiploidy, of the two
most common BCP-ALL subtypes [181]. For characterization of the most common HD BCP-ALL
subtype, conventional karyotyping often fails as the hyperdiploid leukemia cells grow slowly
due to mitotic arrest, which leads to missing chromosomal metaphases that are required for
routine karyotyping [128]. OGM as DNA-based approach can overcome these limitations.
Exemplarily, the aneuploid profiles of 30 analyzed HD BCP-ALL cases from Original Publication
Il could be resolved by OGM, even in 10% (2/20) of cases where CBA failed due to missing or
low number of metaphases (Suppl. Table S2 [181]). The application of OGM further identified
poor-risk profiles in 20% (6/30) of HD BCP-ALL cases, based on specific copy number profiles

that were established by Enshaei et al. [133]. However, there is a proportion of ~¥9% of BCP-ALL
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subtypes where WES or transcriptome analysis is needed for subtype identification [99], which
would be missed by OGM. In addition, a significant amount of BCP-ALL, called B-other, remains
without a defining genetic lesion after conventional diagnostic testing [67, 130]. Exemplarily, a
recent study by Hidalgo-Gomez et al. showed that seven distinct subgroups can be identified
within the B-other subgroup when characterizing them using OGM [242]. Further, current
detection threshold of ~5% VAF and non-targeted use restricts the application of OGM for MRD
testing in hematological malignancies that is currently tested with short-read sequencing
approaches [175, 243].

All contributing OGM studies highlight the applicability of OGM for reliable detection of
relevant genomic alteration for diagnosis of hematological malignancies, including pediatric
BCP-ALL. Comprehensive diagnostic screening will reveal detailed genomic profiles, refined risk

stratification and treatment-relevant alterations in the future.

4.5.2 Strategies of OGM data integration and analysis

Several studies, including Original Publication I, highlight the clinical value of integrating OGM
and NGS-based methods [50, 52, 181]. Sahajpal et al. used the integration of OGM and NGS-
panels as clinical work-up for myeloid leukemia, leading to improved clinical management in
20% (6/30) of myeloid leukemia cases [50]. Similarly, a large-scale study of 101 MDS cases
achieved an improved prognostication in 17% (17/101) of cases [52]. As a novel integrative
approach, Original Publication Il combined short-read WES and OGM data to identify
recurrently altered regions and gene targets in diagnostic BCP-ALL cases [181]. This approach
identified minimal altered regions based on the smallest common overlap region of OGM
detected SVs (Figure 9). Minimal overlapping region can be used to indicate key genes involved
in the biology and outcome of pediatric leukemia. For example, Bokemeyer et al. showed that
recurrent NR3C1 deletions are associated with poor response to induction treatment in
relapsed BCP-ALL [173]. With this strategy, Original Publication Il further identified novel
potential tumor suppressor genes by integrating somatic mutations based on WES in order to
identify double hits (SV and SNV/indel) affecting the same target gene [181].

The OGM frameworks for standardized laboratory usage recommend the application of the
bioinformatic analysis using the RVP for cancer genomes [42, 51]. In contrast, Original
Publication Il applied both downstream pipelines to check for performance and analyze the
most comprehensive SV landscape, including smaller (>500bp, DN) and larger subclonal (>5kbp,

RVP) alterations, in the pediatric BCP-ALL samples (SDC Figure 2 [181]).
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Figure 9: Integration of OGM and NGS-based methods to identify recurrently altered genes and
double hits in potential tumor suppressor genes.
The identification of smallest overlap regions in multiple samples with the same disease narrow down

candidate regions to understand the functional consequences of the SVs. Minimal altered regions (grey)
are determined based on boundaries of OGM detected structural variants as shown in the exemplarily
figure with deletions (red) and an inversion (green) occurring in at least three of the leukemia cases (BCP-
ALL1-4). SNV variants (orange) in the target gene affected by the MAR are integrated to determine
recurrently altered genes as well as double hits when SV and SNV occur in the same sample (here BCP-

ALL3). Abbreviations: MAR=minimal altered region; BCP-ALL= B-cell precursor acute lymphoblastic leukemia; INV= inversion; DEL=
deletion. Figure was created in https://Biorender.de.

Using the combinational approach in the BCP-ALL cohort of Original Publication Il (Suppl. Figure
1 [181]) revealed overlapping SV detection in around half of the somatic SVs (47.6%, 416/874).
Notably, 7.9% of somatic SVs (69/874) would have been missed by the RVP alone, including
one subtype defining t(12;21) translocation and the deletion of the second ETV6 allele in two
cases [181]. The DN pipeline also enables the detection of loss-of-heterozygosity (LOH) due to
assembly of haplotype-specific maps [42]. This is particularly relevant in aneuploid BCP-ALL
diagnosis and risk stratification, where LOH detection identifies high-risk cases. Masked
hypodiploidy, resulting from endoreduplication of the haploid genome, could potentially lead
to misclassification in a lower hyperdiploid risk group and treatment failure, when LOH
detection is not considered [244]. The clinical use and sensitivity of OGM classifying aneuploid
BCP-ALL should be tested in the future. Further, systematic testing of both pipelines increases
the computational analysis time from one to three days, but would potentially improve the

diagnostic yield and risk stratification of a broader BCP-ALL spectrum.
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4.5.3 Long-read sequencing in hematological malignancies and other cancers

In addition to OGM, long-read sequencing is emerging as novel tool with diagnostic potential
in hematological malignancies [245, 246]. Geyer et al. showed that nanopore long-read
sequencing with adaptive sampling reliably defined 57 pediatric ALL cases, while reducing both
cost and turnaround time [246]. The largest somatic long-read dataset to date was established
by the Personalized OncoGenomics consortium, which analyzed 189 adult solid tumors with
nanopore long-read sequencing [247]. This effort illustrated the ability of long-reads to resolve
complex SVs, viral integrations and extrachromosomal DNA [247]. Phased methylation analysis
provided by the long-read technologies further allowed detection of differentially methylated
regions and allele-specific inactivation of cancer hallmark genes, which was driving homologous
recombination deficiency without coding mutations [247]. Aberrant DNA methylation is a
hallmark of pediatric ALL, where methylation profiles often correlate with genetic subtypes
[248] and clinical outcomes [249, 250]. Novel integrational approaches that combine (epi)-
genomes, transcriptome and methylome analysis may therefore accelerate the identification
of driver genes, tailor therapies and resistance mechanisms [251]. For example, a multi-
platform approach of whole-genome, transcriptome and methylome applied by Wong et al.
identified actionable targets in 71% of cases of a high-risk pediatric cancer cohort [212].

Despite these initial advances, several barriers limit the widespread adoption of whole-genome
long-read sequencing in clinical tumor diagnostics, including high costs compared to short-read
sequencing, clinical validation, the requirement for deep coverage to confidently call somatic
variants and the need for specialized data expertise. As costs continue to decrease and
bioinformatic pipelines mature, clinical use of long-read sequencing is expected to expand in

the future.

4.6. Contribution of structural variation in somatic landscapes of pediatric ALL

Somatic tumor profiling has led to tailored targeted therapy approaches in various pediatric
cancers [71, 252, 253]. The somatic landscape of pediatric BCP-ALL is characterized by a low
overall mutational burden but a remarkable genomic diversity, including SVs as central drivers
of leukemogenesis, therapy response and relapse [119].

Comprehensive studies, including Original Publication Il and others, consistently showed that
focal SVs represent the key genetic alterations in pediatric ALL [99, 181]. Advances in WGS
technologies have enhanced the detection of these focal events and other SVs, improving the
understanding of subtype specificity and clinical significance [99, 254-256]. However, most of
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these studies focused primarily on SNVs and focal deletions to identify driver and potential
target genes, whereas the approach of Original Publication Il captured and analyzed other
alterations, such as inversions and translocations, alongside the integration of SNV profiles for
target discovery in BCP-ALL. This resulted in the detection of 19 novel recurrent MAR that
affected potential novel target genes, including IKBKB and MIB1, and potential tumor
suppressor genes, including STAG2 and MANBA [181]. Together, these findings highlight the
added value of OGM profiling for uncovering novel candidate genes that can be functionally
investigated for their role in leukemogenesis and as potential therapeutic targets in pediatric

BCP-ALL.

4.6.1 Recurrent alterations and mechanistic insights

Recurrent alterations in BCP-ALL are frequently targeting genes involved in RNA processing,
lymphoid development, cell-cycle control, and epigenetic regulation [99]. Focal deletions arise
though mechanisms such as aberrant recombination by off-target RAG activity, predominantly
in the E::R-positive subtype [169]. Original Publication Il confirmed focal deletions are the most
common type of alteration in E::R BCP-ALL, though without analyzing the mechanistic basis of
SV formation [181]. Because OGM lacks nucleotide-level resolution, potential RAG recognition
motifs flanking the identified SVs could not be analyzed, but could be integrated with long-read
data as follow-up experiment. Mapping RAG off-target-mediated events could give insights on
biological mechanism of novel candidate SVs in leukemogenesis, as RAG activity is an early
event in B-cell development [257]. A recent systematic analysis of RAG-mediated recurrent
alterations in 1616 pediatric cancer cases established a comprehensive resource of such sites
for further functional studies, further showing that RAG-driven hotspots are specific to
pediatric ALL [258].

Original Publication Il identified recurrent MARs in E::R translocated BCP-ALL cases that
affected genes involved in protein modification pathways such as SUMOylation (UBA2) and
ubiquitination (MIB1, UHRF1) [181]. Increasing studies support that specific E3 ubiquitin ligases
play a role in B-cell development and malignancy [259-261]. SUMOylation has been implicated
as a predisposing factor in E::R leukemia [262], as a potential target in AML [263] and as a
modulator of dexamethasone sensitivity in ALL [264]. HypoSUMOylation thereby increased the
sensitivity in leukemic cells through altered chromatin openness [264]. Together with other

genomic studies [99, 181], the recurrence of mutations in protein modification genes implicate
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post-translational modification pathways as potential mechanistic drivers for leukemia
development.

Further, the novel candidate target /IKBKB, identified in Original Publication Il, is a lkappaB
kinase that plays a central role in the canonical NF-kB signaling pathway, regulating
inflammation, cell survival and proliferation [265]. Interestingly, it has been shown that NF-kB
activation contributes to myeloid and lymphoid leukemogenesis in BCR::ABL1 expressing cells,
indicating the pathway as potential pharmacological targets for the fusion-driven ALL that is
characterized by a poor prognosis and the need for intensive therapy [266, 267]. However, how
the recurrent alteration contributes to other types of pediatric BCP-ALL still needs to be
elucidated.

Overall, the contribution of these identified pathways to pediatric ALL biology and their

potential target exploitation remains unclear and supports the need for further investigations.

4.6.2 Relapse-associated alterations

Although E::R and HD BCP-ALL have a favorable prognosis, they still make up around ~20% of
relapsed cases, warranting further insights into somatic landscapes and risk mechanisms of
relapsed cases, which often initially are diagnosed as SR patients [99]. In Original Publication Il,
relapse-associated focal deletions were detected in genes involved in B-cell development
(CDKN2A[268]) or glucocorticoid signaling pathway (NR3C1[269]) [181]. Additionally, two
relapsed cases carried deletions in STAG2 [181] which is involved in the cohesin complex,
regulating chromosome segregation, DNA damage repair and gene expression [270]. Recurrent
alterations in epigenetic modifiers have been observed in large-scale cohorts of initial and
relapsed BCP-ALL [99, 256]. The recurrency of STAG2 alterations, the functional fusion of two
cohesin complex members and double-hit analysis [181] further points towards an important
role of the cohesion complex in B-ALL biology. Generally, it has been shown that genome
architecture and histone modification play a critical role in cell fate decision and dynamic gene
expression during lineage differentiation and commitment in hematopoietic development
[271, 272]. Functional studies by Viny et al. further revealed that loss of Stag2 enhances stem
cell self-renewal, impairs differentiation and is involved in regulatory loop interaction of lineage
genes [273].

OGM identified relapse-specific alterations in one E::R BCP-ALL, including a translocation
involving the histone demethylase KDM6A (SDC Figure 5 [181]), which has previously shown to

be enriched in relapsed ALL among other epigenetic regulators [274]. KDM6A and has been
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implicated in several treatment resistance mechanisms in AML [275, 276], but the role in
pediatric BCP-ALL still needs to be elucidated.

Recurrent deletions and the novel expressed fusion genes identified in Original Publication I
provide an opportunity to functionally investigate genomic architecture perturbation in

relapsed ALL, modeling their role in leukemogenesis, therapy resistance and relapse.

4.6.3 Non-coding variation and functional characterization

Intergenic regions are recurrently altered in BCP-ALL with Original Publication Il detecting 19
novel recurrently altered regions with around 50% (9/19) affecting non-coding regions (Suppl.
Table S11 [181]). In ALL, non-coding and intergenic SVs are emerging as functionally significant
alterations, disrupting CREs or regulatory loops that lead to oncogenic gene dysregulation [277-
280]. This suggests, that SVs outside of coding regions can contribute to leukemia
development, highlighting the importance of functionally investigating such events for
potential driver event and target detection.

Particularly in T-ALL, a recent large-scale genomic study by Polonen et al. redefined the
genomic landscape by integration of genomic and transcriptome data, showing that more than
half of the driving genetic alterations are non-coding changes [280]. These changes involve
common enhancer perturbation events such as enhancer hijacking or creation of neo-
enhancers that grouped T-ALL cases into distinct subtypes with distinct treatment outcomes
[280]. In BCP-ALL, Yang et al. could show that focal deletions in 13g12.2 led to loss of TAD
boundaries and FLT3 upregulation through enhancer hijacking in [277]. Yang et al. showed that
chromatin architectural changes, including TAD disruption, also play a role in the biology of
pediatric hyperdiploid BCP-ALL [138]. Genome architecture analysis of pediatric ALL cases
further showed that fusion genes, aneuploidy and SVs can remodel the 3D genome, affect
chromatin compartments and enhancer-promotor loops, thereby dysregulating driver genes
such as FLT3, TP53 and IKZF1 [279]. Since chromosomal alterations can weaken TAD boundaries
and lead to widespread genome dysregulation, analyzing the genomic architecture in other
poor prognostic aneuploid BCP-ALL, such as hyperhaploid and hypodiploid cases, could give
valuable insights on target discovery.

Evaluating the biological consequences of recurrent non-coding alterations identified in
Original Publication II, requires the integration of transcriptome data and chromosome
confirmation capture assays. Functional perturbation approaches provide a strategy to assess

the perturbations of transcription and genomic 3D structure of regulatory DNA variants and

97



4. DISCUSSION

their role leukemogenesis. Li et al. used targeted sequencing of CREs, relevant for
hematopoietic lineage development, to detect recurrently mutated regions that were further
characterized by CRISPR-Cas9-mediated perturbation screening in leukemia samples [281].
Discovery of novel therapeutic targets could be especially relevant for BCP-ALL subtypes with
high-risk features, such as KMT2A-translocated and hypodiploid leukemia, where novel
blinatumomab treatment approaches generally improved disease-free survival compared to
chemotherapy alone, but still is poor compared to other BCP-ALL subgroups [179].
Multi-platform studies increasingly underscore the importance of integrative analysis. Original
publication Il used transcriptomic and CLR data for validation and refinement of the OGM-
detected results [181], but follow-up integration of transcriptomic and long-read based
methylation analysis could give more insights on detected candidate targets. CLR is based on
larger library insert sizes and may be therefore more effective compared to HiFi sequencing to
detect larger SVs identified by OGM. However, CLR-sequencing generally has a higher error-
rate. For comprehensive and reliably detection of haplotype-resolved alterations and genome
assembly, HiFi sequencing may represent the preferential method for follow-up experiments
[282]. The Genomes for Kids study used WGS and RNA sequencing to identify activating gene
fusions and enhancer hijacking in pediatric cancer patients [210]. The combination of non-
coding mutations together with RNA sequencing and assessment of accessible chromatin sites
identified 128 mutational hotspots with differential gene expression of nearby genes in 345
pediatric ALL cases [278].

The work presented in this thesis together with other studies, highlights the pivotal role of SVs
and non-coding variation in shaping the somatic landscapes of pediatric ALL. Detailed future
research, using long-read sequencing, epigenomic profiling and functional modeling, will be

essential to fully delineate their contributions to ALL pathogenesis and clinical outcome.
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5. CONCLUSION AND OUTLOOK

The Original Publications presented in this thesis contribute to the development of a genomic
platform for the identification and annotation of structural variation in both germline and
somatic genomes of children with cancer. Original Publication | and Il demonstrate the
advantage of integrating advanced genomic technologies such as OGM with NGS-based
approaches to offer novel insights into pediatric cancer predisposition and mechanisms
underlying pediatric BCP-ALL, thereby bridging gaps in clinical diagnostics [180, 181].

This work provides insights on genetic backgrounds and novel gene targets in children with
cancer establishing a foundation for future functional studies and clinical investigations. As
whole-genome approaches become faster, affordable and clinically accessible, it is crucial to
develop standardized guidelines for informed genetic results that ensure appropriate clinical
implementation together with ethical considerations for the pediatric patients and their
families [283, 284].

Future perspectives on decoding germline and somatic genomics should include the
improvement of genomic reconstruction and SV detection by using advanced references
genomes such as the T2T reference [10] and pangenome graphs [285] as well as long-read
sequencing [286]. While long-reads, de novo assemblies, T2T reference and pangenomes
improve variant detection in newly accessible repetitive regions and complex variants as well
as considering haplotypes of diverse ancestry, benchmarking of such alterations is a future task
that is especially important in medically relevant regions [286, 287]. For clinical adoption, novel
reference genomes, such as T2T or pangenomes, have to overcome some hurdles to be
adopted in research and clinical settings. These limitations include the need for extensive re-
annotation of new genomic areas, which are conservatively established for older references
(GRCH37/38) and the need for high computational power and storage capacity [286]. Further
challenges represent the interpretation of the large number of VUS that would be discovered
[286]. Emerging studies applying long-read sequencing in population cohorts or haplotype-
resolved assemblies provide valuable foundations for novel reference and variant annotation
tools [288, 289], supporting clinical interpretation. For the clinical adoption of advanced
genomic methods, including long-read sequencing, standardized ACMG criteria need to be
established for comprehensive SV detection, that are mainly established for SNVs/indels [61]

and copy-number alterations [64]. Extended studies on frequency and functionality of SVs in
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coding and non-coding regions in the context of health and disease will lead to novel curated
databases and an improved annotation for clinical interpretation.

Despite significant progress with advanced sequencing methods and improved bioinformatic
processing in recent years, the complete (non)-coding genetic landscape together with
regulatory networks remains to be fully explored. Increasing multi-omics data integration from
both germline and tumor samples will provide a broader understanding of how germline
variation impacts pediatric cancer risk and development. When combining clinical information,
such multi-factorial approaches will generate vast and complex datasets that can be leveraged
for the application of artificial intelligence (Al) in order to construct comprehensive risk profiles
and reveal novel disease associations [290]. However, the robust integration of machine
learning tools into health care practices requires access to consistent and harmonized data,
together with multi-disciplinary collaborations and technical strategies, to ensure both
effective and ethical implementation [291].

By providing comprehensive insights into the genetic backgrounds of children with cancer, it
may shape a future with improved cancer diagnosis, refined risk assessment and targeted

therapeutic interventions in pediatric oncology (Figure 10).
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Figure 10: Future era of genomics in pediatric oncology.

The illustration outlines the role of multi-faceted genomics to enhance diagnostic precision, risk
assessment and tailored therapeutic strategies for children with cancer. The integration of short- and
long-read technologies enables improved resolution of small variants and complex SVs across coding and
non-coding regions, including regulatory elements such as enhancers, promotors or TADs. Broader clinical
implementation and extended research studies will help to understand their contribution to cancer
predisposition and their oncogenic potential. Comprehensive profiling of germline and somatic genomes
combined with multi-omics data and Al-driven analytics will facilitate the detection of disease-driving
alteration and predictive biomarkers. The transition to gap-less T2T reference genomes and population-
representative pan-genomes will enable a more accurate genomic reconstruction and the discovery of

novel variation relevant to pediatric cancer susceptibility. Abbreviations: telomere-2-telomere (T2T); structural
variants (SVs); transcription factor (TF); artificial intelligence (Al); topologically associated domain (TAD). Figure was created in
https://Biorender.de.
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