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Introduction

Cancer

Life, in all its complexity, begins and continues through the most fundamental
biological process: the division of a single cell. From the earliest stages of
embryogenesis to the daily renewal of tissues, the human body relies on an
astonishing number of cell divisions, each requiring the precise replication and
division of genetic material. Every time this process occurs, the entire human
genome, containing more than six billion base pairs and 20 000 genes, must be
copied with remarkable accuracy. Although sophisticated molecular safeguards
exist to correct errors, they are not perfect. Most mistakes are harmless or corrected,
while some persist and accumulate. This biological plasticity is not a flaw but a
fundamental condition for evolution and ultimately for life itself. However, when
mutations affect key regulators of maturation, growth, death and/or DNA stability
and arise in the right cellular context, they may confer selective advantages,
promoting uncontrolled cell division.'

The word cancer is both feared and infamous, evoking anxiety and dread across
societies. It is not a single disease, but rather a broad group of disorders
characterized by the uncontrolled growth and spread of abnormal cells. As the
second leading cause of death worldwide and a major cause of disease related
mortality among children, cancer claims over 8 million lives each year, and
alarmingly, its incidence is expected to rise by more than 50% in the coming
decades.”® Despite many years of research, cancer remains in many ways a black
box, a complex and still partially unexplored territory of biology and medicine.’

This thesis is dedicated to hematological malignancies and seeks to further explore
the genetic landscape, mechanisms of relapse and therapy resistance in a patient
cohort with a poor prognosis. The following introduction aims to provide context
for these studies.

Cancer cell evolution

Carcinogenesis, the transformation of normal cells into malignant cells, is a
complicated, multistep process, for which numerous models of evolution have been
proposed.* A combination of genetic, epigenetic and phenotypic changes together
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with a permissive local microenvironment is likely required and collectively
contributes to the heterogeneity of tumours.*® Common traits acquired during
carcinogenesis have been defined as hallmarks of cancer, an expanded framework
comprising eight hallmark capabilities and two enabling characteristics, with four
additional emerging dimensions proposed in 2022 (Figure 1).°*
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promoting | | | | , | | | | l:\r:::g:(m?c
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Avoiding Enabling
immune replicative
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suppressors \. 0 cell death
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angiogenegsis invasion and Original hallmarks
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proliferative Expanded hallmarks
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Figure 1: Hallmarks of cancer. The original six hallmarks described in 2000 were expanded with
two additional hallmarks and two enabling characteristics in 2011 and further expanded in 2022 to
encompass fourteen biological capabilities of cancer. Adapted from Hanahan and Weinberg (2000,
2011) and Hanahan (2022). Illustration created with BioRender.com.

Through the gradual accumulation of genetic alterations, cancer evolves through
repeated cycles of mutation, clonal expansion and selection. This process may begin
with an initiating driver alteration that promotes cell survival or proliferation and/or
disrupts normal differentiation or cellular identity, allowing the affected cell to
persist and form a microscopic clone. As the clone expands, additional genetic
alterations accumulate, most of which are harmless passenger mutations.
Occasionally, however, a cell acquires an additional driver alteration that confers a
selective advantage, triggering a new wave of clonal expansion and the emergence
of a new subclone (Figure 2).>'°
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Figure 2: Clonal evolution during tumour development. Illustration of a normal cell acquiring a
driver mutation, followed by clonal expansion and the emergence of genetically distinct subclones.
Illustration created with BioRender.com.

As clonal evolution continues, subsequent driver alterations can emerge in
expanding subclones, further increasing the genetic diversity of the tumour. Some
driver genes are recurrently altered across many cancer types (so-called mountains,
e.g. KRAS and TP53), whereas many others are altered at lower frequencies or
within specific tumour types (so-called #ills)."

Driver genes include activated oncogenes and inactivated tumour suppressor genes.
For oncogenes (e.g. genes regulating growth factors, signal transduction molecules
and transcription factors), alteration of a single allele is usually sufficient, whereas
tumour suppressor genes (e.g. genes regulating apoptosis, cell growth and
proliferation) typically require inactivation of both alleles. Persistent activation of
proto-oncogenes or loss-of-function mutations and deletions in tumour suppressor
genes can lead to a sustained state of cellular proliferation.®

Viewed through the lens of Darwinian evolution, carcinogenesis reflects a process
of natural selection occurring at the cell level.'' Some of these alterations provide a
selective advantage, allowing certain cells to outcompete others.'? This drives the
formation of subclones, each with different genetic profiles. The tumour’s subclonal
architecture is continually shaped by internal dynamics such as competition or
cooperation between clones, spatial limitations within the tissue and external
pressures, including therapy."

DNA structure, genetic alterations and gene regulation

A normal human cell consists of 46 chromosomes, arranged in 22 pairs of autosomes
and one pair of sex chromosomes, XX in females and XY in males. Thus, each cell
is diploid, meaning that it has two copies of each chromosome. The chromosomes
are divided into two arms, the shorter p-arm (petite) and the longer q-arm (simply
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because q follows p alphabetically), bound together by a centromere. Each
chromosome contains one long double-stranded deoxyribonucleic acid (DNA)
molecule wrapped around proteins known as histones. Multiple histones, together
with the wrapped DNA, form a fundamental unit called a nucleosome. These
nucleosomes coil and fold to create a structure called chromatin, which is condensed
into chromosomes during cell division (Figure 3).’

\} 3‘% L gy
% i‘*\k "

\ /' Centromere
1 Histone

N~

Figure 3: Levels of DNA organisation. Illustration of how DNA is packed into chromosomes. The
DNA wraps around histones to form nucleosomes, which then coil into chromatin and finally form the
chromosome. Illustration created with BioRender.com.

The DNA molecule, carrying our genetic code in the cell nucleus, is a double-
stranded helix consisting of a long sequence of four different nucleotide bases with
sugar and phosphate groups. These four bases are divided into purines, adenine (A)
and guanine (G) and pyrimidines, cytosine (C) and thymine (T), with A pairing with
T and C pairing with G. Three consecutive nucleotides form a codon, which
specifies either an amino acid or a translation start or stop signal. Because there are
64 possible codons but only 20 amino acids, multiple codons encode the same amino
acid. Amino acids are linked together to form proteins, which are essential for
virtually all cellular functions.

DNA contains genes, which consist of exons (coding regions) and introns (non-
coding sequences between exons), as well as intergenic regions. Perhaps
unexpectedly, exons account for less than 2% of the human genome.'* Before a cell
divides through mitosis, its DNA is replicated to ensure that each daughter cell
receives a complete copy of the genome. When a cell needs to produce a certain
protein, the corresponding region of DNA is transcribed by RNA polymerase into
single stranded precursor messenger RNA (pre-mRNA). Before it is transported to
the cytoplasm, the pre-mRNA undergoes splicing, during which the introns are
removed and exons are joined together, forming mature messenger RNA (mRNA).
The mRNA is then exported to the cytoplasm, where it is translated by ribosomes
into a chain of amino acids, creating a protein (Figure 4).
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Figure 4: Overview of transcription, alternative splicing and translation. Illustration showing how
genetic DNA undergoes transcription by RNA polymerase to produce pre-mRNA. Through alternative
splicing, different combinations of exons are joined together, resulting in three mRNA transcripts from
a single gene. Finally, these mRNAs undergo translation, where ribosomes decode the mRNA
sequences to synthesize three structurally and functionally unique proteins. Illustration created with
BioRender.com.

During DNA replication and cell division, genetic alterations may arise because of
replication errors, reactive oxygen species or environmental factors such as
radiation and chemical exposure.® Under normal conditions, several DNA repair
mechanisms, including proofreading by DNA polymerases and the mismatch repair
system, maintain genomic integrity by correcting most of these errors. However,
these repair processes are not completely reliable, allowing some alterations to
persist and become permanently incorporated into the genome. Such alterations
range from single nucleotide changes to large scale abnormalities affecting
chromosome segments or entire chromosomes. The major classes of genomic
alterations are described below, from the smallest to the largest.

Single nucleotide changes

A single nucleotide variant (SNV) is a change affecting a single nucleotide and can
be either inherited (germline) or acquired during life (somatic). A somatic SNV can
arise when a nucleotide on one DNA strand is altered or incorrectly incorporated. If
the change escapes DNA repair, the next DNA replication can introduce a
complementary base on the opposite strand, establishing a stable altered base pair
that is passed on to daughter cells. Germline SNVs present in at least 1% of the
population are referred to as single nucleotide polymorphisms (SNPs). While most
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SNPs are biologically neutral, some are associated with an increased risk of
developing cancer or other diseases."

SNPs and SNVs can occur throughout the genome. If a variant occurs in an exon, it
can be either nonsynonymous or synonymous, where a nonsynonymous mutation
causes a change in the amino acid sequence, whereas a synonymous variant does
not. Curiously, a synonymous variant can still have functional consequences, as it
can affect splicing, mRNA stability or the rate of translation, potentially influencing
protein folding and function.'® Nonsynonymous variants, however, result in a
different codon that changes the protein. Nonsynonymous mutations can be divided
into missense mutations, where amino acids are changed, or nonsense mutations,
where a premature stop codon is introduced, resulting in a truncated protein. Both
missense and nonsense mutations can result in dysfunctional or nonfunctional
proteins (Figure 5).

Missense mutation ' Nonsense mutation Frameshift mutation

Wild-t
feype gene (e.g, G-A) (€.g, CAASTAA) (e.g, +A)

TEECENY =~ WABUNEN =~ EEERWEE L i W
oA mmmmm mmmmm - ERRRFER At
MRNA - RCAEER mnenmum

Protein \ AN | NURAN ¥ N\ A

Figure 5: Different SNVs. Illustration of missense, nonsense and frameshift mutations compared to
the wildtype sequence on the DNA, mRNA and protein levels. Red indicates the specific nucleotide
change or mutation site. For the nonsense and frameshift mutations, the alteration in the genetic code
can lead to a truncated protein product. Illustration created with BioRender.com.

If a variant occurs within an intron, the amino acid sequence is usually not directly
affected, since introns are removed during RNA splicing. Still, intronic variants can
disrupt splice sites or other regulatory elements, resulting in aberrant mRNA
transcripts and altered proteins that can contribute to cancer.'” Although intronic
and intergenic regions do not encode proteins, they can contain regulatory elements
that control gene expression through promoters, enhancers and chromatin
organisation.'® Alterations in these regions may therefore disrupt regulatory
networks and contribute to cancer development, although their functional effects
can be more difficult to identify using conventional approaches.

Insertions and deletions

When one or more nucleotides are added to DNA, this is called an insertion, while
the removal of one or more nucleotides is called a deletion. Together, these changes
are called indels. Indels occurring in multiples of three nucleotides preserve the
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reading frame (in frame indels) but result in the insertion or deletion of one or more
amino acids, which can alter protein structure or function. In contrast, indels that
are not in multiples of three disrupt the reading frame (frameshift mutations),
typically resulting in an altered amino acid sequence downstream of the mutation
and often introducing a premature stop codon, leading to a truncated protein (Figure
5). Larger insertions and deletions, typically exceeding 50 base pairs, are generally
classified as structural variants (SVs).

Structural variants

SVs are larger rearrangements in our DNA. They include deletions, duplications,
insertions, inversions and translocations, and they impact the genome in several
ways. Firstly, they can directly change gene dosage. Duplications add extra copies
of a gene, which can cause the body to produce too much of a certain protein, while
deletions remove genetic material, leading to a shortage or complete loss of that
protein. Secondly, SVs can physically disrupt and destroy genes by breaking apart
the coding sequences, making the genes non-functional. Finally, even if a gene’s
code remains untouched, SVs can rearrange the surrounding DNA and alter gene
regulation. They can accidentally separate a gene from its natural “on/off switches”
(enhancers and silencers) or move it next to a foreign switch, causing the gene to be
turned on at the wrong time or in the wrong place. Thus, SVs can cause disease
without affecting a single exon.'” Below is a short description of common SV types.

Translocations

A translocation is a structural chromosomal abnormality in which a DNA segment
breaks off and reattaches either elsewhere on the same chromosome
(intrachromosomal) or to a different chromosome (interchromosomal). When such
rearrangements disrupt two genes, a chimeric fusion gene may be generated with an
altered gene function. Although interchromosomal translocations are the most
common mechanism underlying fusion gene formation, fusion genes can also arise
through intrachromosomal rearrangements, including inversions (180° reversal of a
chromosome segment), insertions, tandem duplications (an additional copy of a
chromosome segment inserted immediately adjacent to the original sequence) and,
less frequently, deletions.’

Breakpoints commonly occur within introns, partly because introns are much longer
than exons. In addition, intronic breakpoints can preserve the coding sequence of
the exons, allowing the formation of an in frame fusion transcript that encodes a
functional fusion protein (e.g. BCR::ABLI). In contrast, breakpoints within exons
can disrupt the reading frame, resulting in a truncated or non-functional fusion
protein. In some cases, the disrupted exon is skipped during RNA splicing, allowing
fusion to a neighbouring exon and thereby preserving the reading frame.?*!

Following two DNA double-strand breaks and subsequent re-ligation, the regulatory
elements (e.g. promoters or enhancers) of one gene become positioned adjacent to
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another intact gene. Although no fusion protein is formed, the relocated regulatory
elements can drive aberrant overexpression of the intact gene, thereby contributing
to cancer development (e.g. IGH::MYC).>*

Translocations can either be reciprocal, where chromosome segments are
exchanged between non-homologous chromosomes, or non-reciprocal, where only
one segment is moved without exchange. Reciprocal translocations are often
balanced, meaning that no genetic material is lost or gained, while non-reciprocal
translocations result in genetic imbalances that can have major biological

consequences (Figure 6).’

Normal set of Balanced Unbalanced
chromosomes reciprocal non-reciprocal

Figure 6: Chromosomal translocations. Examples of balanced reciprocal and unbalanced non-
reciprocal translocations. Balanced translocations exchange genetic material without net loss or gain,
whereas unbalanced translocations result in gain and/or loss of chromosomal material. Illustration
created with BioRender.com.

Fusion genes can also arise at the RNA level through aberrant splicing, where exons
from two genes are mistakenly joined together. These are called spliced fusions and
arise without any direct alteration of the DNA (Figure 4).%

Chromosomal translocations arise when double-strand breaks are incorrectly
repaired, often through non-homologous end joining (NHEJ). Their formation is not
random and is influenced by where the breaks occur, the spatial proximity of
genomic regions, chromatin structure, cellular stress and the cell type in which the
breaks arise. In hematopoietic cells, physiological processes such as V(D)J
recombination can create DNA breaks that are misrepaired into translocations.?*

Copy number changes

Copy number alterations (CNAs) are defined as duplications or deletions of DNA
sequences that can affect whole chromosomes or specific chromosome segments.
Gains or losses of entire chromosomes are defined as aneuploidy. Losses can be
hemizygous if only one allele is affected or homozygous if both copies are lost. If a
hemizygous loss results in a dosage that is insufficient to maintain normal function,
the gene is considered haploinsufficient. Loss of heterozygosity (LOH) refers to the
loss of one parental allele at a specific genomic locus. LOH occurs together with
copy number loss or through copy-neutral mechanisms (CN-LOH).
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In a healthy cell, aneuploidy is usually not tolerated and results in cell cycle exit or
apoptosis (although exceptions exist, e.g. trisomies 13, 18 and 21 and sex
chromosome aneuploidies). In a cancer cell, the imbalance in gene expression
disturbs cellular homeostasis and has been linked to inflammation, proteotoxic and
replication stress and genomic instability. However, cancer cells can adapt to these
challenges, with aneuploidy acting as a driver of cellular adaptation (Figure 7).%
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Figure 7: Different CNAs. Schematic illustration of a normal diploid chromosome set and different
types of CNAs, including trisomy, monosomy, amplification, deletion and copy-neutral loss of
heterozygosity (CN-LOH). Illustration created with BioRender.com.

Epigenetic alterations

Gene expression is tightly regulated by several epigenetic mechanisms. DNA
methylation involves the addition of methyl groups to DNA and, when occurring at
gene promoters, is generally associated with transcriptional repression or silencing.
Histone modifications, including acetylation and methylation, alter chromatin
structure and regulate DNA accessibility to the transcriptional machinery. Histone
acetylation is generally associated with open chromatin and active transcription,
whereas specific histone methylation marks are linked to gene repression.
Chromatin remodelling regulates gene expression by repositioning or restructuring
nucleosomes, influencing the accessibility of transcription factors and other DNA-
binding proteins. Lastly, non-coding RNAs contribute to post-transcriptional
regulation by modulating mRNA stability and translation (Figure 8).%

Enzymes involved in epigenetic modulation are grouped into four categories by
function: writers, erasers, readers and remodelers. Writers add chemical
modifications to DNA or histone proteins, while erasers remove these
modifications, often having opposite effects on gene activity. Readers recognize
these modifications and recruit protein complexes that influence chromatin structure
and gene activity. Lastly, remodelers adjust chromatin by moving or removing
nucleosomes at key regulatory sites, subsequently altering DNA accessibility.?’
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Figure 8: Histone acetylation and DNA methylation regulate chromatin accessibility and
transcription. Histone acetylation promotes open chromatin, allowing RNA polymerase to access
genes and promote transcription. DNA methylation promotes condensed chromatin, restricting RNA
polymerase access and transcription. Illustration created with BioRender.com.

Which regions of the genome are prone to mutations?

While mutations were historically viewed as entirely random events, it is now clear
that some regions of the genome are more susceptible to change than others. One of
the best-known examples is CpG dinucleotides, where a C nucleotide is located next
to a G nucleotide. These sites are frequently methylated as part of normal gene
regulation. Methylated cytosines are chemically unstable and can spontaneously
change into T, making CpG dinucleotides some of the most prominent mutation
hotspots in the human genome. Repetitive DNA sequences, such as microsatellites
and segmental duplications, are also highly unstable and can acquire insertions,
deletions or larger structural rearrangements during DNA replication. In contrast,
other genomic regions accumulate fewer mutations due to more efficient DNA
repair or lower susceptibility to replication errors.?®

Mutation rates are also influenced by chromatin organisation and DNA replication
timing. In general, mutations accumulate more frequently in regions of closed
chromatin and in late-replicating regions, where DNA repair is less efficient. Thus,
the human genome contains both mutational hotspots and relatively protected
regions, resulting in an uneven distribution of genetic variation.”

Gene regulation

Gene expression is regulated by non-coding DNA sequences known as regulatory
elements, which control when, where and to what extent a gene is expressed.
Promoters are located around the transcription start site and act as docking sites
where the transcriptional machinery binds to initiate transcription. Enhancers
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increase expression by recruiting transcription factors and bringing the
transcriptional machinery closer to the promoter, often over long genomic distances
through chromatin looping.* In contrast, silencers reduce expression by recruiting
proteins that inhibit transcription. Finally, insulators act as genomic boundaries that
prevent enhancers from activating the wrong genes, thereby ensuring proper gene
regulation.’!

Methods to study cancer

Over the past few decades, genome-wide technologies have transformed our
understanding of cancer, shifting the focus from individual gene studies to
comprehensive analysis of the entire genome. Early attempts at understanding the
molecular basis of cancer were limited by available technologies. Today, high-
throughput techniques allow us to analyse massive amounts of data and address
fundamental questions about the genetic and epigenetic alterations that drive cancer
initiation, progression and treatment response.

The development of cytogenetic techniques in the mid-20th century marked an
important moment in cancer research, offering the first concrete insights into the
chromosomal abnormalities in various malignancies. A milestone discovery was
made in 1960 by Nowell and Hungerford in Philadelphia. They studied bone
marrow (BM) samples from chronic myeloid leukemia (CML) patients and
identified a small recurrent marker chromosome, which they named the Philadelphia
chromosome (Figure 9).* However, it was not until detailed chromosome banding
techniques were introduced in 1970% that researchers understood that the
Philadelphia chromosome was the result of a translocation between chromosomes 9
and 22.>* These findings constituted a paradigm shift, as they were the first direct
evidence that certain cancers could be driven by specific genetic alterations. In 1985,
breakpoint characterization resulted in the detection of the BCR::ABLI fusion
gene,”>*% which was linked to the oncogenic properties of the Philadelphia
chromosome.’’*® The discovery of this fusion gene paved the way for the
development of the tyrosine kinase inhibitor imatinib, which specifically binds to
the ATP binding site of the BCR::ABLI tyrosine kinase and inhibits its constitutive
kinase activity. Imatinib has revolutionized the treatment of CML.*

In 1977, Sanger sequencing was unveiled and suddenly each exact nucleotide base
of the DNA string was exposed. Sanger sequencing allowed detection of point
mutations and small insertions and deletions® and has played a critical role in the
discovery of important cancer genes, including 7P53, KRAS and BRCAI. In the
1980s, fluorescence in situ hybridization (FISH) was developed* and is still used
together with chromosome banding techniques for the clinical identification of
chromosomal abnormalities.
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Figure 9: Formation of the Philadelphia chromosome. A schematic illustration of the reciprocal
translocation between chromosomes 9 and 22, t(9;22), resulting in the formation of the Philadelphia
chromosome and the BCR::ABL]I fusion gene. Illustration created with BioRender.com.

During the 1990s and early 2000s, microarray technologies enabled the
simultaneous analysis of large numbers of genes and genomic loci. Complementary
DNA (cDNA) microarrays allowed genome-wide comparisons of gene
expression,” while SNP arrays enabled high-throughput genotyping and the
detection of CNAs and allelic imbalances.*” These technologies represented an
important transition from targeted analyses to genome-wide molecular profiling.

The next major step was the Human Genome Project, which spanned from the 1990s
to 2003, during which over 90% of the human genome was sequenced.' This was
the starting point of a new era and catalysed the development of next-generation
sequencing (NGS) technologies, allowing rapid and massively parallel sequencing
of both DNA and RNA. These technologies have made it possible to
comprehensively characterise cancer genomes by detecting SNVs, SVs and CNAs
across large patient cohorts.'” The aptly named The Cancer Genome Atlas (TCGA)
is a major repository of cancer genomic data, including publicly available data from
over 20 000 tumour and matched normal samples across 33 cancers.*’ NGS
technologies for genomic studies comprise several different methods, each with
specific applications and advantages, including whole genome sequencing (WGS),
which analyses the entire genome; whole exome sequencing (WES), which targets
the protein-coding regions; targeted sequencing, which focuses on predefined genes
or genomic regions of interest; and RNA sequencing (RNA-seq), which enables the
analysis of gene expression, alternative splicing and fusion transcripts.

At the same time, epigenetic profiling techniques started to emerge, including whole
genome bisulfite sequencing (WGBS) for DNA methylation, chromatin
immunoprecipitation (ChIP) sequencing for histone modifications and later assay
for transposase-accessible chromatin (ATAC) sequencing to measure chromatin
accessibility. These techniques revealed that gene regulation can be disrupted at an
epigenetic level in cancer cells, contributing to oncogenesis and therapy resistance.**

In 2009, the field was again transformed by the development of single cell RNA
sequencing.* These methods allow sequencing of individual cells, thereby
capturing the cellular heterogeneity of both healthy and malignant tissues. Since
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then, several single-cell applications have emerged, including single-cell RNA
sequencing (scRNA-seq), single-cell DNA sequencing (scDNA-seq) and
multimodal approaches that simultaneously profile multiple molecular features
within the same cell.

Today, multi-omics platforms combining genomic, proteomic, transcriptomic,
epigenomic and spatial data are used to gain a more complete understanding of the
complexity of cancer. These advances continue to push the boundaries of our
understanding of cancer, while also creating new challenges for future cancer care
and the successful translation of these findings into clinical practice.

Bioinformatics

Bioinformatics is an interdisciplinary field combining biology, computer science,
mathematics and statistics to analyse and interpret the immense amounts of data
generated by sequencing methods. It emerged as a response to the rapid growth of
large-scale biological datasets, which required specific expertise for analysis.
Bioinformatics is crucial in modern biological and medical research as it facilitates
the translation of complex data into patterns, predictions and new biological
insights.*®

Creating and processing sequencing data involves a multistep workflow, from the
lab bench to the computer. There are numerous sequencing techniques. Illumina
sequencing was used in all studies (I-III), and the general steps are described below.

The process begins with extraction of DNA or RNA. During library preparation, the
nucleic acids are fragmented, followed by ligation of sequencing adapters, which
contain sample specific index barcodes to enable multiplexing. Then, the library is
amplified by polymerase chain reaction (PCR) to generate sufficient material for
sequencing. The fragments are added to a flow cell, immobilized and amplified into
clusters, each containing multiple copies of the same fragment. Fluorescently
labelled nucleotides are incorporated, and the emitted fluorescence from each
cluster is detected during every sequencing cycle. In this workflow, a paired-end
sequencing strategy of 2x150 base pairs (bp) is used. This means that each DNA
fragment is sequenced from both ends, generating two separate 150 bp reads per
fragment and improving the accuracy of downstream mapping.

This information is saved as raw data in binary base call (BCL) files. After
sequencing is completed, BCL files are converted to FASTQ format, which contains
nucleotide sequences and quality scores for each base, indicating the probability of
an incorrect base call. This is followed by mapping and alignment of the reads to a
reference genome (hgl19 in Articles I-III). The coverage refers to how many times
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a specific region of the genome has been read, with higher coverage generally
making the results more reliable (Figure 10).
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Figure 10: Sequencing workflow. Schematic overview of the sequencing workflow, from sample
collection to data analysis. Blood is collected and DNA is extracted, followed by library preparation
including DNA fragmentation, adapter ligation and amplification. The DNA library is then subjected
to bridge amplification and hybridization to generate amplified clusters, which are sequenced using
fluorescently labelled nucleotides. Sequencing reads are aligned to the reference genome to generate
assembled sequence data and identify genetic alterations. Illustration created with BioRender.com.

Following alignment to the human reference genome, sequence alignment map
(SAM) files are generated, containing information on how each sequencing read
maps to the reference. As these files are large, they are typically compressed into
binary alignment map (BAM) files for storage and downstream analyses. Variant
calling is subsequently performed to identify genetic alterations. In cancer
genomics, somatic variant calling is ideally carried out by comparing the tumour
sequence with matched normal DNA from the same individual, allowing inherited
germline variants to be distinguished from acquired somatic mutations. The
identified variants are stored in variant call format (VCF) files, followed by filtering
steps to reduce false positive calls and improve data quality.

There is a wide array of bioinformatic analysis tools available to support each stage
of the pipeline, from alignment to variant interpretation. Each tool has unique
strengths and limitations, and the choice of tool often depends on the research
question and data type.?’

Since genomic data are sensitive, all computational analyses and data storage in this
thesis were performed in a secure computing environment to ensure patient privacy.

Normal hematopoiesis

The cells in the human body undergo an astonishing turnover, with over 300 billion
new cells produced daily. More than 90% of these are blood cells generated through
hematopoiesis within the BM.*** During childhood, all bones contribute to blood
cell production. However, as we age, the hematopoietically active marrow in the
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peripheral (long) bones is gradually replaced by fatty, inactive marrow.
Consequently, blood cell formation becomes restricted primarily to the central
(axial) skeleton, including the vertebrae, pelvis and sternum.>

All hematopoietic cells originate from quiescent hematopoietic stem cells (HSCs),
which are characterized by their capacity for self-renewal and multipotent
differentiation.’'* Through proliferation and differentiation, HSCs give rise to
mature, specialized blood cells essential for survival: erythrocytes responsible for
oxygen transport; thrombocytes involved in blood clotting; granulocytes and
monocytes mediating immune defence; B-cells producing antibodies; and T-cells
eliminating virus-infected cells.”**

Hematopoietic hierarchy

The classical view of hematopoiesis is built upon a hierarchical structure with the
HSC at the top. This model is often depicted as a branching tree with progressively
committed progenitors along its branches.’® During the first differentiation step,
HSCs give rise to multipotent progenitors (MPPs), which retain multilineage
differentiation potential but have limited self-renewal capacity.’®’ The cells
downstream of the MPPs are divided into two lineages, the common myeloid
progenitors (CMPs), which produce myeloid cells and the lymphoid primed
multipotent progenitors (LMPPs), which retain the potential to generate both
myeloid and lymphoid cell types.*” CMPs differentiate into granulocyte monocyte
progenitors (GMPs), which give rise to monocytes, granulocytes (neutrophils,
eosinophils and basophils) and dendritic cells (DCs), and megakaryocyte erythroid
progenitors (MEPs) which further differentiate into megakaryocytes (and later
platelets) and erythrocytes.*”>® LMPPs also generate GMPs, as well as common
lymphoid progenitors (CLPs), which give rise to natural killer (NK) cells, a subset
of DCs, and T- and B-cells (Figure 11).*

Yet, accumulating evidence shows that this representation might oversimplify a
process that is not completely understood. Recent studies have revealed that HSCs
actually are heterogeneous and can be primed towards particular lineages. Contrary
to the classical model, which predicts a balanced lineage output, HSCs often exhibit
biases favouring certain lineages. This lineage bias has been demonstrated by
transplanting individual HSCs and following which blood cell types they produced,
as well as by genetically marking cells in mice and tracing their descendants during
normal hematopoiesis. These studies showed that individual HSCs can contribute
more strongly to some lineages than others.”’**! By combining flow cytometry
(FC), transcriptomics and functional analyses at single cell resolution, researchers
have now proposed an alternative model: the continuum model (Figure 11).
According to this model, hematopoiesis is a dynamic and continuous process, in
which HSCs gradually acquire lineage-specific biases without passing through
defined progenitor stages.®
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Figure 11: Classical and continuum models of hematopoietic differentiation. Classical stepwise
“tree” model of hematopoiesis (left) compared with the continuum model (right), in which
heterogeneous HSCs display linecage biases and differentiate along a continuous spectrum. HSC,
hematopoietic stem cell; MPP, multipotent progenitor; CMP, common myeloid progenitor; LMPP,
lymphoid-primed multipotent progenitor; MEP, megakaryocyte-erythroid progenitor; GMP,
granulocyte-monocyte progenitor; CLP, common lymphoid progenitor; DC, dendritic cell. Illustration
created with BioRender.com.

Regulation of hematopoiesis

Hematopoiesis is a tightly regulated yet highly dynamic process, continuously
replenishing short lived blood cells while adapting swiftly to physiological demands
such as blood loss or infection.”*** It is orchestrated by a combination of extrinsic
factors, such as cytokines and growth factors, and intrinsic factors such as
transcription, epigenetic regulation and intracellular signalling pathways.®
Disruptions in external or internal signals can upset the delicate balance of
hematopoiesis, with fatal consequences.

Extrinsic factors

The environment around the HSCs, the bone marrow niche, adapts to support the
HSC function.®” HSCs are localized in the trabecular regions of the long bones,
adjacent to capillaries and mesenchymal stromal cells.**> The niche is a complex
tissue, composed of support structures as well as over 20 different cell types (both
hematopoietic and non-hematopoietic) that are closely intertwined.®**® These cells
release cytokines (secreted molecules that bind to cell surface receptors) that sustain
HSC survival and guide migration and lineage fate.®” Two of the best characterized
cytokines with a regulatory role for HSC maintenance are CXCL12 (binding to
CXCR4) and stem cell factor (SCF, binding to KIT).5%¢
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Our understanding of the niche is incomplete. However, recent single cell studies
have started to decipher the cellular architecture and molecular landscape.”! It is
worth noting that the risk of developing hematological disease increases with age,
as both the niche and HSCs inevitably age in parallel with us. An increased
understanding of these age-related changes and their impact on malignant
transformation can help identify treatment targets, guide strategies to restore an aged
niche or inform new preventive approaches.**%®

Cytokines and growth factors can also be released from other tissues, such as
erythropoietin (EPO), which is primarily secreted from the kidneys into the plasma.
EPO binds to receptors on erythroid progenitors to sustain red cell production and
systemic oxygen homeostasis.”>”* Further, thrombopoietin (TPO), which is mainly
produced in the liver, stimulates the production of megakaryocytes and
subsequently platelets,”* and granulocyte colony stimulating factor (G-CSF),
produced by endothelial cells, fibroblasts and macrophages in virtually all organs,
supports the survival and proliferation of neutrophil progenitors.”

Intrinsic factors

During hematopoietic differentiation, dynamic changes in gene expression are
essential for proper lineage commitment and cellular maturation. Disruption of these
tightly regulated programmes is a hallmark of hematological malignancies, where
genes controlling blood cell development are frequently mutated, thereby
contributing to leukemogenesis. Gene expression is regulated by transcription
factors that can activate or repress transcription in response to external signals.'*’
Recent studies have shown that multipotent hematopoietic stem and progenitor cells
can simultaneously express low levels of genes associated with multiple lineages, a
phenomenon known as multilineage priming, which prepares cells for rapid and
flexible fate decisions.’®’® As hematopoietic progenitors commit to a specific
lineage, one transcriptional programme becomes dominant while alternative lineage
programmes are actively repressed. For example, GATA1 promotes erythroid and
megakaryocytic differentiation, whereas SPI1 (PU.1) promotes myeloid
development. These transcription factors activate lineage-specific genes while
simultaneously repressing each other's activity, thereby ensuring commitment to a
single lineage. Similarly, CEBPA plays a central role in granulocytic differentiation
by activating myeloid gene expression and cooperating with SPI1. Together, these
regulatory networks allow hematopoietic stem and progenitor cells to balance
alternative cell fates while ensuring lineage commitment.””** In this manner,
different transcription factors regulate B-cell, T-cell and myeloid differentiation,
including IKZF1, PAXS and VPREBI in B-cells®*; GATA3, HEB and TCF1 in T-
cells®; and IRF8, RUNX1 and GFI1 in myeloid cells.®

Epigenetic regulation is also important for the initiation and continued preservation
of transcriptional memory throughout hematopoiesis. The dynamic process of
attaching or removing chemical groups on histone proteins and DNA molecules
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modulates the three-dimensional organization and accessibility of chromatin. This,
in turn, affects gene expression by enabling recruitment of either activating or
repressive transcriptional complexes. The importance of epigenetic regulators in
hematopoiesis is underscored by the frequent disruption of these genes in
hematologic malignancies, including TET2, DNMTI, DNMT3A and DNMT3B 5>

Lastly, the activation of specific signalling pathways can influence HSC fate. These
pathways can be activated by extrinsic factors binding to receptors on HSCs or niche
cells. Examples include Wingless (WNT), which can promote either myeloid or
lymphoid signalling in a dose-dependent manner;®’, Smad, which contributes to
self-renewal;®® Hedgehog signalling whose role in normal hematopoiesis remains
controversial but which is recognized as a regulator of HSC differentiation and
leukemogenesis,*”* and RAS/mitogen-activated protein kinase (MAPK) signalling,
which transmits cytokine and growth factor signals that regulate proliferation,
survival and differentiation.’’ Signals can also be transmitted through direct cell-to-
cell interactions, such as NOTCH signalling, which is essential for T-cell lineage
commitment,***%%

Hematological malignancies

Hematological malignancies are among the most common cancers and a major
contributor to the global tumour burden. They are broadly classified as leukemia,
multiple myeloma, non-Hodgkin lymphoma and Hodgkin lymphoma.’* Today, the
World Health Organization (WHO) and the International Consensus Classification
recognize over 50 entities, defined by clinical features and genetic alterations.”>**’

These malignancies evolve through the accumulation of somatic mutations,
generating clonal heterogeneity that shapes disease behaviour and treatment
response. Extensive efforts have been devoted to characterising their genomic
landscape. However, genomic profiling alone cannot fully explain how genetic
alterations influence clonal evolution or treatment response. Addressing these
questions requires complementary approaches, such as longitudinal sampling of
patients and functional experimental models.

Leukemia

Among the hematological malignancies, leukemia accounts for a particularly large
proportion of hematological cancer deaths.”® It is broadly classified as acute or
chronic based on cell maturity and the rate of disease progression. In acute leukemia,
differentiation is arrested early, resulting in the accumulation of immature blast
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cells, whereas in chronic leukemia, the arrest occurs later, allowing the malignant
cells to retain some degree of maturation and function. Consequently, acute
leukemia generally progresses rapidly, whereas chronic leukemia often follows a
more indolent course. Leukemia can further be classified as myeloid or lymphoid
according to the hematopoietic lineage of the malignant cells. % Rarely, leukemic
blasts exhibit features of both myeloid and lymphoid differentiation and are
classified as mixed phenotype acute leukemia (MPAL).'®

In adults, acute myeloid leukemia (AML) is the most common acute leukemia and
its incidence rises with age,”® while acute lymphoblastic leukemia (ALL) has its
peak prevalence between the ages of 2-5 years.” Leukemia is the most common
childhood malignancy, accounting for 20-30% of childhood cancers.® According to
the Swedish Childhood Cancer Registry (SBCR; sbcr.se), this corresponds to
approximately 100 cases annually in Sweden.

Leukemia development

Leukemia is a heterogeneous disease driven by genomic rearrangements and
somatic mutations acquired in hematopoietic stem and progenitor cells.'”""'> The
first evidence that leukemia arises from clonal expansion of a single transformed
cell came from studies of chromosome X inactivation and CML in the 1960s.'%*'*
These findings contributed to the concept of clonal hematopoiesis, in which
hematopoietic stem or progenitor cells carrying somatic mutations acquire a
selective growth advantage and expand over time. The cancer stem cell concept was
later experimentally demonstrated in AML in 1994, when a rare population of
CD34*CD38" cells was shown to regenerate leukemia following transplantation into
immunodeficient mice.'"

Somatic mutations accumulate throughout life in virtually all human cells. As their
number increases with age, they contribute to the development of both malignant
and non-malignant diseases.'” In HSCs, some acquired mutations can confer a
competitive advantage, leading to clonal expansion and a progressive reduction in
the diversity of the stem cell pool. Clonal fitness is context dependent, with intrinsic
and extrinsic selection factors determining the fate of a clone."”” Clonal
hematopoiesis of indeterminate potential (CHIP) refers to the presence of somatic
mutations in leukemia-associated driver genes with a variant allele frequency (VAF)
of >2%, but without overt hematological malignancy. It is rare in people under the
age of 50, but present in 10-20% of people over 70 years. CHIP is not malignant per
se but confers an increased risk of hematological transformation.’”!%-!1?

Leukemia contains different populations of cellular clones. How this heterogeneity
is formed has been extensively studied and today there are several proposed models
of evolution. One of the earliest models was linear evolution, in which clonal
evolution was viewed as a linear stepwise process, with successive mutations
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leading to the emergence of new, increasingly fit subclones that replace ancestral
populations through selective sweeps.''' However, more recent studies describe
clonal evolution as a highly dynamic process that begins before clinical diagnosis,
with the clonal landscape continuously reshaped by selective pressures and the
accumulation of both genetic and non-genetic changes. While most blast cells arise
from one or a few dominant clones, competition and selection during premalignant
development can result in a complex and heterogeneous clonal architecture.''

This complexity is better captured by the branching evolution model, in which
clones diverge from a common ancestor and evolve in parallel, with each acquiring
different alterations that may confer a selective advantage.®®'" Unlike solid
tumours, leukemia cells are free to move within the blood and BM and are therefore
not restricted by space. In branching evolution, different subclones can coexist and
evolve in parallel.’

Another model is called punctuated evolution. In contrast to linear and branching
evolution, where genetic alterations accumulate as clones evolve, punctuated
evolution proposes that many genomic alterations arise in rapid bursts, often early
in tumour development, followed by the stable expansion of one or more dominant
clones.'" Lastly, the neutral evolution model proposes that tumours accumulate
random passenger mutations, which confer no fitness advantage. This genetic drift
generates extensive intratumoral heterogeneity, with limited selection among
subclones during subsequent tumour growth'"” (Figure 12).
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Figure 12: Clonal evolution in leukemia. [llustration of four models of leukemic evolution: linear
evolution (sequential selection of dominant clones), branched evolution (parallel outgrowth of multiple
subclones), punctuated evolution (bursts of early genetic changes) and neutral evolution (expansion
driven by random genetic drift without strong selection). Illustration created with BioRender.com.
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Our understanding of clonal evolution has improved with advances in sequencing
technologies. Early studies were based on cytogenetics and bulk sequencing, which
could only estimate the clonal composition of a sample. More recently, single-cell
sequencing has made it possible to study individual cells, providing a much clearer
picture of clonal architecture and evolution.

Leukemia can progress slowly or rapidly, either through the gradual accumulation
of genetic alterations that confer a selective advantage or via a specific genetic event
that gives a strong survival advantage, such as KMT2A4 rearrangements or the
BCR::ABL1 fusion. These initiating events are often essential for leukemia
maintenance. The extent to which additional genetic alterations contribute varies
considerably between leukemia subtypes.**!!¢

Subclones, relapse and therapy mediated clonal selection

During treatment, cytotoxic and targeted therapies impose strong selective pressures
on the leukemic population. Resistant or quiescent subclones can survive and later
expand, leading to relapse. If the dominant diagnostic clone persists, relapse follows
a linear evolutionary pattern and remains genetically similar to the primary disease.
Alternatively, relapse can arise from a minor or ancestral subclone that expands after
treatment, resulting in branching evolution.!'>!7-120

Relapse might be driven by resistance already present at diagnosis, alterations
acquired during treatment or a combination of both. Although many mutations
detected at relapse are likely to be passenger events, some may promote treatment
resistance or clonal expansion.''>'?! The relative contributions of pre-existing
subclonal diversity and treatment-associated mutagenesis to relapse in KM7T24-
rearranged (KMT2A-r) leukemia were investigated in Article I and are further
discussed in the Discussion section.

Prenatal origin of acute leukemia

A prenatal origin has been established for several major subtypes of childhood acute
leukemia, including ETV6::RUNXI-positive, high hyperdiploid and KMT2A-r
leukemia. Evidence for a prenatal origin includes shared leukemia-associated
rearrangements in monozygotic twins, retrospective detection of fusion genes in
neonatal Guthrie cards collected at birth and identification of leukemia-associated
alterations in fetal hematopoietic samples.'**'* The frequent prenatal occurrence of
chromosomal rearrangements in childhood leukemia indicates that fetal
hematopoiesis provides a cellular and developmental context in which these
rearrangements can arise.'*® However, prenatal initiation does not necessarily imply
that overt leukemia is present at birth. This is particularly evident in ETV6::RUNXI -
positive ALL, in which the fusion can generate a preleukemic clone that persists for
several years but requires additional postnatal genetic or epigenetic alterations for
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progression to leukemia.'”!?” Twin studies have provided evidence of prolonged
latency, including one pair in which the twins developed ETV6::RUNXI-positive
ALL nine years apart but shared the same clone-specific fusion breakpoint.'*®

In contrast, infant (children <1 year) KMT2A-r leukemia is characterized by a short
latency and a low burden of somatic mutations, indicating that the KMT24 fusion
acts as a potent initiating driver that requires relatively few cooperating alterations
in the permissive context of fetal hematopoiesis.'**'*"'* Experimental mouse
models support a strong leukemogenic role for KMT24 fusions, although disease
development depends on the fusion partner, cooperating alterations and cellular
context.””® Phylogenetic single cell studies further show that the KMT24
rearrangement represents an early, truncal event, followed by divergent clonal
evolution."!

The factors determining whether a preleukemic clone progresses to overt leukemia
remain incompletely understood. Rare, high-penetrance germline variants account
for only a minority of childhood ALL cases, whereas common low-penetrance
susceptibility variants can modify disease risk more broadly. Environmental and
immune-mediated factors might also influence progression. According to the
delayed infection hypothesis, limited microbial exposure during infancy could
predispose some children to dysregulated immune responses when common
infections are encountered later in childhood. These immune responses may
promote the acquisition or selection of secondary alterations in a pre-existing
preleukemic clone. No specific infectious agent has yet been established as a direct
cause of leukemia.”*'*?

Pediatric acute lymphoblastic leukemia

ALL can arise from immature lymphoid progenitor cells committed to either the B-
or T-cell lineage, with T-cell ALL (T-ALL) accounting for 15% of pediatric and
25% of adult ALL cases."**'** Both B-cell ALL (B-ALL) and T-ALL are divided
into multiple genetic subtypes, which carry diagnostic and prognostic
information.>*"3*!% Thanks to RNA-seq, today over 23 molecular subtypes have
been identified in B-ALL and 17 in T-ALL with an age dependent
distribution,'!6-13¢:137

B-ALL

Around 75% of B-ALL cases harbour aneuploidy or recurrent chromosomal
rearrangements, which are early initiating events in leukemogenesis and
fundamental for clinical diagnostics, disease monitoring and treatment decisions.'**
The genetic abnormalities considered clinically actionable in the pediatric
ALLTogether treatment protocol (clinicaltrials.gov: NCT04307576)"%° are
described below. The list includes abnormalities relevant to disease classification,

33



genetic risk stratification or treatment decisions, rather than all recognized
molecular ALL subtypes. Overall risk classification also incorporates clinical and
treatment-response variables (see the section The clinic for further information).
KMT2A-r leukemia is discussed separately in a dedicated section (Figure 13).

Hyperdiploid

Hyperdiploid B-ALL is characterized by chromosomal gains, resulting in more than
46 chromosomes, and is generally associated with a favourable prognosis. High
hyperdiploid, defined by more than 51 chromosomes, is present in around 30% of
pediatric B-ALL cases, but rare in adults (3%). It is associated with a low white
blood cell count and rarely involves extramedullary sites.*>'**'*! Large cohort
studies have established that chromosomal gains are non-random, with recurrent
gains of chromosomes X, 4, 6, 10, 14, 17, 18 and 21'* and neonatal studies have
shown that these gains frequently originate prenatally.'*!

Hyperdiploid B-ALL is thought to originate from a single abnormal cell division in
an immature precursor cell, in which the chromosomes fail to segregate properly.
Exactly what causes this event and the preferential selection of these specific
chromosomes remains unclear.'**'*! One proposed explanation is a gene dosage
effect, meaning that the presence of extra copies of certain chromosomes leads to
increased expression of genes located on those chromosomes. However, gene
dosage alone is unlikely to fully explain the non-random pattern of chromosomal
gains, and additional mechanisms are likely to contribute to the development and
progression of the disease.'*® Subsequent acquisition of secondary genetic
alterations, particularly in the RAS pathway (including NRAS, KRAS, FLT3 and
PTPNI1I) and epigenetic regulators (CREBBP), seems to further promote clonal
evolution and progression to leukemia. %!

Hypodiploid

Hypodiploid B-ALL is characterised by the loss of whole chromosomes and
comprises two biologically different entities: low hypodiploid ALL (32-39
chromosomes) and near haploid ALL (24-31 chromosomes). Low hypodiploid
ALL is rare, accounting for approximately 1% of childhood ALL and up to 10% of
adult cases and is associated with an adverse prognosis. Near haploid ALL is slightly
more common in children (approximately 3% of cases) and likewise carries a poor
prognosis. Interestingly, like high hyperdiploid ALL, near haploid ALL frequently
exhibits dysregulation of the RAS signalling pathway. This most commonly results
from deletions affecting negative regulators of RAS signalling, such as NFI, rather
than activating mutations in NRAS or KRAS.'**

Masked hypodiploidy is a phenomenon in which an initially hypodiploid clone
undergoes whole genome duplication, resulting in a hyperdiploid chromosome
number. Consequently, masked hypodiploidy cytogenetically resembles
hyperdiploid ALL and there is a risk of misclassification, resulting in an
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underestimation of the number of hypodiploid cases. These cases can be
distinguished by SNP arrays or WGS through detection of the characteristic CN-
LOH created by whole-genome duplication. Masked hypodiploid cases differ
biologically and prognostically and are often associated with adverse genetic
features, including germline 7P53 alterations. Accurate distinction is therefore
essential for correct risk stratification and treatment decisions.'**'**

The inferior survival in hypodiploid ALL compared with hyperdiploid likely
reflects both the biological consequences of chromosome loss and the specific genes
affected. Loss of whole chromosomes reduces the dosage of multiple genes,
including tumour suppressor genes.'**'**!'* In particular, low hypodiploid ALL is
strongly associated with TP53 alterations (90%), which are linked to genomic
instability and increased resistance to therapy.'*'***® In approximately 40% of
TP53 mutated pediatric cases, the alteration is also detected in non-leukemic cells,
consistent with a germline origin and an association with Li-Fraumeni syndrome.'*?
In contrast, high hyperdiploid ALL is generally highly responsive to chemotherapy,
partly because leukemic cells accumulate higher intracellular concentrations of
active drug metabolites and are more susceptible to drug-induced apoptosis.'*’

ETV6::RUNXI

ETV6::RUNXI results from t(12;21)(p13;q22) and is the most common fusion gene
in pediatric leukemia (25%) but is rare in adults (<1%)."*? The fusion gene is
regarded as an initiating event arising in utero, acting as a weak oncogene.'®
ETV6::RUNXI encodes a chimeric transcription factor in which the repression
domain of ETV6 is fused to the DNA binding domain of RUNXI. This abnormal
protein deregulates gene expression in precursor B-cells, represses RUNX] target
genes, disrupts normal hematopoiesis and alters pathways controlling proliferation,
differentiation and cellular homeostasis, thereby promoting leukemogenesis.'*
However, ETV6::RUNXI alone is insufficient to induce leukemia and additional
genetic alterations are required. These vary between patients and may include
deletion of the remaining non-rearranged ETV6 allele, alterations affecting B-cell
development (e.g. PAX5 and BTG1) or mutations affecting signalling pathways (e.g.
KRAS and NRAS).>*14

ETV6::RUNXI-positive ALL is associated with a favourable prognosis and a low
relapse risk across age groups (5%), but accounts for a larger proportion of relapses
(20%) due to its high prevalence.'*

Intrachromosomal amplification of chromosome 21 (iAMP21)

The abnormal iAMP21 chromosome is thought to develop through repeated cycles
of chromosome 21 breakage and fusion. This repeated damage creates progressive
genomic instability and can eventually lead to chromothripsis, in which
chromosome 21 is shattered and reassembled in a disorganized way. This results in
gains, losses and rearrangements along chromosome 21. Variation in the size and
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location of these changes results in different iAMP21 structures.''®'** Genomic
analyses support the view that chromosome 21 instability represents the initiating
genetic event in iAMP21 leukemia, whereas recurrent alterations affecting genes
such as IKZF1, ETV6, CDKN2A/B and PAXS5 are acquired later during disease
evolution.''*'** Activating mutations in the RAS/MEK/ERK signalling pathway are
also found in iAMP21, often as subclonal events, consistent with their acquisition
during disease progression.'”"'* Recurrent alterations affecting FLT3 and the
tumour suppressor SH2B3 have also been identified in iAMP21. Both genes are
involved in JAK/STAT signalling. SH2B3 inactivation is often associated with CN-
LOH of chromosome 12. These alterations may represent potential therapeutic
targets.'>!1%

iAMP21 is rare in adults but present in 2-6% of pediatric ALL."'*!** jAMP21 is
associated with poor outcomes with standard ALL therapy, with higher relapse rates
and inferior survival.'> In ALLTogether, iAMP21 is therefore classified as a high-
risk genetic feature and incorporated into risk-adapted treatment.'*’

TCF3::HLF

TCF3::HLF, t(17;19)(q22;p13), is very rare (<1%) but highly aggressive. The
fusion encodes an aberrant transcription factor that deregulates genes involved in
lymphoid differentiation and cell survival, contributing to chemoresistance and a
high risk of early relapse. Despite treatment intensification over the past three
decades, outcomes remain poor and long-term survival is limited.'"”® TCF3::HLF
leukemia is frequently accompanied by alterations affecting B-cell differentiation,
particularly PAXS and VPREBI, as well as alterations in the RAS pathway.'>

Philadelphia-positive and Philadelphia-like ALL, including ABL-class fusions

The translocation t(9;22)(q34;q11.2) gives rise to the Philadelphia chromosome and
the BCR::ABLI fusion gene (Figure 9). BCR::ABLI encodes a tyrosine kinase that
drives leukemia by activating signals promoting cell growth and survival.'**!*’

BCR::ABL]I is the main driver of CML but is also present in approximately 3-5% of
pediatric ALL and 40% of adult ALL. Outcomes have improved since the
introduction of tyrosine kinase inhibitors (TKIs, e.g., imatinib and dasatinib) in
combination with chemotherapy.'*>'"!* [KZF] alterations are common in
BCR::ABLI leukemia and are associated with poor treatment response and an
increased risk of relapse, despite TKIs.!*> Notably, IKZF1 deletions are absent in
BCR::ABLI positive CML, suggesting that /KZFI loss is specifically involved in
lymphoid transformation and the development of BCR::ABLI positive ALL.'
These patients are currently treated in a separate trial within the ALLTogether.'*’

Philadelphia-like (Ph-like) ALL is a genetically heterogeneous subtype
characterized by kinase-activating alterations and accounts for approximately 15%
of high-risk pediatric B-ALL. Among Ph-like ALL, approximately 10-15% harbour
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ABL-class fusions involving ABLI, ABL2, PDGFRB or CSFIR. These patients

receive TKI therapy in addition to chemotherapy.'*'%
; _ ZEB2/CEBP ZNF384 ZNF384-lik
Ph-like TCF3-PBX1 ike g
8% 5% 0.2% 1% 0,05% B%Qef
Ph BCL2/MYC
4% 0,1%
PAXb5alt
DUX4
7% 4%
PAXS5 P8OR
1%
NUTM1 ETV6-RUNX1
1% 18%
Near haploid
2%
MEF2D
2% ETV6-RUNX1-like
Low hypodiploid 2%
2%
KMT2A-like HLf
0,1% 0,5%
KMT2A || IKZF1 N159Y || iAMP21 Hyperdiploid
3% 0,2% 6% 24%

Figure 13: Distribution of 23 molecular categories in a large cohort of pediatric B-ALL (0-18
years). The pie chart includes data from a cohort of 2 176 B-ALL cases reported by Brady et al. (2022).
ABL-class fusions are included in the Philadelphia-like (Ph-like) group. Cases with an age >18 years
were excluded.

T-ALL

T-ALL 1is genetically heterogeneous, with recurrent alterations affecting
transcriptional regulation (e.g. TALI, LMOI1/2, TLXI, TLX3, HOXA), NOTCH
signalling (e.g. NOTCHI and FBXW?7), intracellular signalling (e.g. JAK/STAT,
RAS and PI3K pathways), cell cycle regulation (e.g. CDKN2A4, CDKN2B, RB1) and
epigenetic regulation (e.g. DNMT3A4, EZH2, SUZI2, PHF6). Activating NOTCH1
mutations and deletions of CDKN2A4/CDKN2B are frequent and occur across several
molecular subtypes, whereas dysregulation of transcription factors such as TALI,
TLX1/3 and HOXA defines major T-ALL subgroups.'3%!6!-1¢2

Other recurrent rearrangements generate fusion genes, including NUP214.::ABLI,
KMT2A4::MLLTI and PICALM::MLLTI0. Recent profiling has classified childhood
T-ALL into 17 molecular subtypes based on their genomic and transcriptional
profiles,132161:162

Lastly, early T-cell precursor (ETP) ALL represents an immature form of T-ALL,
characterized by low expression of typical T-cell markers and expression of stem
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cell or myeloid markers. Genetically, ETP-ALL is enriched for alterations in
signalling pathways, hematopoietic transcription factors and epigenetic regulators
(Figure 14).'63:164
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Figure 14: Distribution of 17 molecular categories in a large cohort of childhood (1-18 years) T-
ALL. The pie chart includes data from 1 335 T-ALL cases reported by Pélonen et al. (2024).

Pediatric acute myeloid leukemia

AML accounts for a quarter of pediatric leukemia and comprises molecular subtypes
defined by recurrent genetic alterations, many of which are important for risk
stratification and treatment decisions.'®'% A quarter of pediatric AML presents
with a normal karyotype, making cytogenetic risk classification challenging. The
introduction of NGS has enabled identification of recurrent somatic mutation
patterns that improve molecular classification for these patients.'®*'¢” In fact, AML
from an adult patient was the first cancer genome to be comprehensively
characterized by WGS.'®® In the current protocol for pediatric AML, CHIP-AML22
(clinicaltrials.gov: NCT06262438),'® the diagnosis and classification are based on
the WHO classification of pediatric tumours.'”® The main genetic subtypes are
described below (except KMT2A-r leukemia, which is discussed separately). In
CHIP-AML22, KMT2A-r, CBFA2T3::GLIS2, FLT3"” and NPMI mutations are
specifically considered for treatment allocation (Figure 15).
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AML with NPM1 mutations

NPM 1 mutations are among the most frequent genetic alterations in AML, with their
incidence increasing with age, occurring in approximately 10% of pediatric cases,
20% of adolescent cases and up to one third of adult AML cases. Nucleophosmin 1
(NPM1) is a nuclear protein involved in several processes including ribosome
formation, cell cycle regulation and DNA damage repair. Mutations in NPM1 create
anovel nuclear export signal, causing NPM1 to accumulate in the cytoplasm instead
of in the nucleus.'”" Cytoplasmic localisation of mutant NPM1 results in persistent
activation of leukemic transcriptional programs, including HOXA, HOXB and
MEIS1.'" Since mutant NPM1 depends on these transcriptional programs several
targeted therapeutic strategies, including menin inhibitors, arsenic and all-trans
retinoic acid (ATRA), are being explored.'”"'’* NPMI-mutated AML is generally
associated with a favourable prognosis. However, FLT3""” mutations frequently co-
occur and may worsen the clinical outcome.'”!

CBFB::MYHI1

CBFB::MYHI1 1is generated by inv(16)(p13.1q22) or, less commonly, by
t(16;16)(p13.1g22) and defines a core binding factor (CBF) AML subtype with a
favourable prognosis. The fusion protein disrupts the normal function of the CBF
transcription factor complex, which regulates genes required for normal myeloid
differentiation, resulting in impaired maturation and accumulation of immature
myeloid cells."”! Additional cooperating mutations, particularly affecting RAS,
FLT3 and KIT signalling, are usually required for leukemic transformation.'”
CBFB::MYHI1 is present in 10-15% of pediatric AML cases and is less common in
adult cases.'’!"!7>176

RUNXI::RUNXITI

RUNXI::RUNXITI is generated by t(8;21)(q22;q22) and also defines a CBF AML
subtype with a generally favourable prognosis. The fusion protein retains the DNA
binding ability of RUNXI but replaces its normal activating function with
transcriptional repression from RUNXITI. As aresult, RUNX] target genes required
for myeloid differentiation are silenced, blocking normal maturation of myeloid
progenitors and leading to accumulation of immature leukemic cells.
RUNXI::RUNXITI is one of the most common recurrent chromosomal
rearrangements in AML and is more frequent in children than in adults.'”"'7

PML::RARA in acute promyelocytic leukemia

Acute promyelocytic leukemia (APL) is characterized by the fusion gene
PML::RARA, t(15;17)(q24.1;q21.2), and represents a distinct AML entity.'”" The
fusion protein blocks normal myeloid differentiation at the promyelocyte stage.'”’
APL accounts for approximately 5-10% of pediatric AML cases and 10-15% of
adult cases.'”® Unlike most AML subtypes, APL can be treated with targeted
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differentiation therapy rather than conventional intensive chemotherapy. ATRA
targets the RARA portion of the fusion protein, while arsenic trioxide binds the PML
part, leading to degradation of the fusion protein and restoration of differentiation.'”’
Although APL has survival rates exceeding 90%, it remains a hematological
emergency due to the risk of fatal hemorrhage. ATRA should therefore be initiated
immediately upon clinical suspicion, before molecular confirmation. '”®

NUPY8 rearrangements

NUPYIS rearrangements occur in 4-9% of pediatric and around 2% of adult AML,
and over 30 different fusion partners have been discovered.'”"'”” NUP9S fusion
proteins dysregulate gene expression through aberrant recruitment of chromatin-
modifying complexes, leading to increased HOX expression and impaired
differentiation.'”' NUP9S-rearranged AML is associated with an adverse prognosis,
although clinical outcome is influenced by both the fusion partner and cooperating
genetic alterations, particularly FLT3"™ and WTI mutations,'”":!7%:1%

MECOM rearrangements

MECOM rearrangements are rare in both pediatric and adult leukemia (1-2%) and
are associated with a poor prognosis.'”' MECOM is a gene locus that includes the
EVII transcription factor. In the classical inv(3)/t(3;3) rearrangements, a distal
GATA2 enhancer is repositioned near the MECOM locus, leading to aberrant
activation of EVII and reduced GATA2 expression. Increased EVII promotes stem
cell self-renewal and impairs normal myeloid differentiation, while reduced GATA2
disrupts normal hematopoiesis, together contributing to leukemogenesis.'®!

CBFA2T3::GLIS2

CBFA2T3::GLIS2 predominantly affects very young children and usually presents
with megakaryoblastic differentiation in the absence of Down syndrome. The fusion
is generated by a cytogenetically cryptic inv(16)(p13q24) and is detected in about
3% of AML and 20-30% of pediatric non-Down syndrome acute megakaryoblastic
leukemia (AMKL) cases. In contrast to AMKL associated with Down syndrome,
this subtype is frequently resistant to chemotherapy and is associated with very poor
survival. The resulting chimeric transcription factor dysregulates gene expression,
promotes leukemic self-renewal and interferes with normal megakaryocytic
differentiation. Recurrent additional driver alterations appear to be uncommon,
although RAS pathway mutations occur in a small subset of cases.'**!®

CEBPA bZIP-mutated AML

This is a recently refined molecular subgroup associated with a favourable
prognosis. The bZIP domain is the C-terminal region of the CEBPA transcription
factor responsible for DNA binding. Mutations affecting this domain impair normal
CEBPA transcriptional activity and myeloid differentiation. Co-occurring W71 and
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GATA2 mutations are relatively common and are each detected in approximately
20% of cases.'3!%

Additional rare entities

Additional rare subgroups, each present in <2% of cases, will not be further
discussed. These include DEK::NUP214, RBMI15::MRTFA, MNXI::ETVG6,
KAT6A::CREBBP and FUS::ERG.
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Figure 15: Distribution of molecular categories in a large cohort of pediatric AML. The pie chart
includes 881 non-Down syndrome patients aged <18 years with diagnostic AML samples from the
genomic cohort reported by Umeda et al. (2024). The distribution provides an estimate of molecular
subtype frequencies in pediatric AML and does not reflect population-based prevalence. APL was
underrepresented in the cohort and was therefore excluded.

Mixed phenotype acute leukemia

MPAL accounts for approximately 2-5% of pediatric leukemia.'** It is defined by
leukemic blasts fulfilling diagnostic criteria for more than one hematopoietic
lineage, either as two different blast populations (bilineage) or as a single blast
population expressing lineage-defining markers of more than one lineage
(biphenotypic).”1°*18¢187 B_lineage assignment requires either strong CD19
expression together with at least one additional B-cell marker, or weak CD19 with
at least two additional markers. T-lineage assignment requires strong cytoplasmic
or surface CD3 expression, while myeloid lineage is established by
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myeloperoxidase (MPO) expression or clear monocytic differentiation.'®” MPAL
most commonly involves B/myeloid and T/myeloid subtypes.'*

MPAL includes four genetically defined entities characterized by BCR::ABLI
fusions, KMT2A rearrangements, ZNF384 rearrangements or BCL1IB activation.
However, these genetic alterations can also occur in single-lineage leukemia, and
the diagnosis of MPAL therefore still requires an appropriate mixed-linecage
immunophenotype. Although immunophenotypically heterogeneous, MPAL is
thought to arise from early hematopoietic progenitors with multilineage potential.
Additional recurrent genetic alterations include mutations in genes such as WTI,
RUNXI, ETV6 and CEBPA, reflecting overlap with both ALL and AML biology.'®’
Clinical studies have consistently shown that pediatric patients with MPAL achieve
superior outcomes with ALL-directed therapy compared with AML-based or hybrid
regimens. Many pediatric MPAL cases harbour genetic features commonly
associated with ALL, although the biological basis for the superior response to
ALL-directed therapy remains incompletely understood.'**'**

Secondary genetic alterations in leukemia

There is a complex interplay between genomic subtypes and their secondary
alterations, which together influence both leukemogenesis and clinical outcomes in
pediatric leukemia. Studies have shown that the number of putative driver gene
alterations (4-5 per diagnostic sample) is similar in pediatric and adult leukemia.''®
However, some subtypes, including KMT2A-r and aneuploid types, exhibit a lower
number (2-3 per diagnostic sample), potentially reflecting a reduced need for
secondary driver genes or a younger age at diagnosis.''*'*

Below is a selection of genes, grouped by pathway, that are frequently mutated or
prognostically relevant in pediatric acute leukemia.

Hematopoietic differentiation genes

IKZF1

The transcription factor IKAROS, encoded by the IKZF1 gene, was first identified
in 1992'® and soon thereafter recognized as playing an important role in leukemia.
IKZF1I alterations include whole-gene or intragenic deletions, the latter generating
abnormal isoforms (different versions of a protein produced from the same gene).
Some of these abnormal isoforms are dominant negative, meaning that they interfere
with the function of the wildtype IKAROS protein.'**!”! An example is IK6, which
is usually generated by deletion of the exons encoding the N-terminal DNA-binding
domains. IK6 cannot bind DNA but retains the ability to bind wildtype IKAROS,
thereby acting as a dominant negative isoform that interferes with normal IKAROS
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function.'"”® IKZFI alterations can disrupt lymphoid differentiation and are
associated with poor prognosis in B-ALL."%*!*

IKZF1I can also be lost through the formation of an isochromosome 7q, or i(7q). An
isochromosome results from duplication of one chromosome arm and loss of the
other. Thus, i(7q) duplicates the long arm of chromosome 7 while deleting the short
arm, 7p, including /KZFI (Figure 16)."!

p-arm
o <+ IKZF1
ol
g-arm

A normal pair of Isochromosome
chromosome 7

Figure 16: Isochromosome i(7q). A normal pair of chromosome 7 is shown on the left, with IKZF]
located on the p-arm. To the right, i(7q) is formed through loss of one p-arm and duplication of the g-
arm. Illustration created with BioRender.com.

PAX5

PAXS5 is a transcription factor and a master regulator of B-cell lineage commitment
and differentiation. Genetic alterations affecting PAX5 include deletions, point
mutations and chromosomal rearrangements and are frequently observed in B-
ALL."* PAXS alterations have been associated with an increased risk of relapse and
poor prognosis in B-ALL, although their clinical impact varies depending on the
alteration type.'” While PAXS5 alterations often occur as secondary events, specific
alterations define distinct B-ALL subtypes, including PAX5alt and PAX5 P8OR.''®

VPREBI

VPREBI encodes a component of the pre-B-cell receptor, which plays a critical role
in early B-cell development. Loss of VPREBI impairs pre-B-cell receptor signalling
and B-cell differentiation (blocking pro- to pre-B-cell transition) and contributes to
leukemogenesis by allowing immature B-cell progenitors to persist and expand.'”

Cell cycle genes

TP53

TP53 encodes p53, a transcription factor that regulates several essential cellular
processes, such as DNA repair, cell cycle arrest, apoptosis, autophagy and
metabolism. In response to cellular stress, pS3 determines whether a cell should
undergo repair or be eliminated, thereby safeguarding genomic integrity and earning
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it the title the guardian of the genome."*""” Loss of p53 function can therefore have
devastating consequences.

Over time, research has revealed an increasingly complex role for p53, extending
beyond classical tumour suppressive functions to include regulation of the immune
microenvironment, stem cell biology and metabolic homeostasis.'’” Given the high
frequency of 7P53 mutations across cancers, pS3 represents an attractive target for
future precision therapies, particularly in leukemia, where TP53 alterations are
associated with inferior prognosis.”®'**!”” However, therapeutic targeting has
proven challenging, primarily because the protein lacks well defined druggable
binding pockets and there is no clear mechanism for restoring mutant p53
function,'?6-2"

The challenge becomes even greater because of the many different 7P53 mutations
observed in cancer, most of which are missense mutations in the DNA binding
domain. These alterations impair p53 activity through diverse structural and
functional mechanisms, making it difficult to develop a single drug capable of
broadly restoring function.?”® New approaches are therefore being developed to
identify therapeutic vulnerabilities, including prime-editing screens that assess the
functional effects of large numbers of TP53 variants in their normal genomic
context.”!

The clinical impact of a TP53 alteration depends not only on the presence of a
mutation but also on its allelic state. p53 functions as a tetramer, with four protein
subunits cooperating to regulate transcription. Like [KZFI, monoallelic 7P53
mutations can impair p53 function through dominant negative effects, where mutant
p53 interferes with the function of the remaining wildtype protein.”> In AML,
biallelic 7P53 alterations are typically associated with dominant clones, occur
independently of other common myeloid gene mutations and are strongly linked to
adverse outcomes.'*** In contrast, monoallelic mutations frequently coexist with
alterations in genes such as TET2, ASXL1 and DNMT3A, and are often regarded as
later subclonal events with more variable prognostic impact.'**2%

Exposure to cytotoxic therapies has been associated with a higher frequency of
TP53-mutant clones. This can reflect selective expansion of pre-existing
clones,'"'" but chemotherapy has also been suggested to directly induce TP53
mutations.'**?°® This is further discussed in Articles I and II.

CDKN24/B

The cyclin-dependent kinase inhibitor genes CDKN2A4 and CDKN2B encode key
tumour suppressors that control the G1/S checkpoint through the retinoblastoma
(RB) and TP53 pathways. Deletions affecting CDKN2A/B are among the most
common genetic alterations in childhood ALL, observed in 21% of B-ALL and 50%
of T-ALL, and lead to dysregulation of cell cycle control.**® Homozygous deletions
have been associated with an increased risk of relapse in childhood B-ALL.'*
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CDKN2A alterations include CN-LOH, heterozygous and homozygous deletions. In
some cases, a large heterozygous deletion is accompanied by a smaller homozygous
deletion nested within the larger deleted region, consistent with sequential loss of
both CDKN24 alleles during leukemic evolution.?’*?"”

RAS-pathway genes

The RAS gene family represents the most frequently mutated group of oncogenes
in human cancers. RAS proteins function as molecular switches that regulate key
signalling pathways controlling cell proliferation and survival, including MAPK
and PI3K pathways. Oncogenic RAS mutations lock the protein in an active state,
resulting in constitutive downstream signalling and uncontrolled tumour growth.?*
The frequent detection of subclonal RAS pathway mutations at diagnosis indicates
that these alterations are secondary events during leukemia evolution rather than
initiating lesions.’” During treatment, some subclonal RAS pathway mutations can
persist and expand at relapse, whereas others are lost, reflecting changes in clonal
composition under treatment.?'**!! This is further discussed in Article II.

In KMT2A4-r ALL, these activating mutations are frequently subclonal and not
mutually exclusive. Instead multiple different RAS-mutated clones often coexist
within a single patient.'?2°"212213 In AML, on the other hand, RAS mutations appear
to be mutually exclusive,** and a recent study of KMT2A4-r AML showed that KRAS
mutations are associated with inferior outcomes.?'> Previous work from our group
found that RAS mutations promote clonal evolution and enhance clonal fitness in
KMT2A-r leukemia through increased proliferative signalling and altered cytokine
expression, supporting the founding clone.?'®

KRAS is the most common oncogenic driver in human cancers, accounting for 90%
of RAS mutations. Most mutations are gain of function and single base missense
changes, with over 90% occurring in just three hotspot codons, G12, G13 and
Q61.2"7 NRAS is also a recurrent cancer driver, particularly in melanoma and
leukemia.?'® Although RAS was long considered “undruggable” due to its
biochemical properties and lack of suitable drug-binding sites, recent advances have
enabled the development of mutant-specific inhibitors such as those targeting
KRASY'"*¢, demonstrating that RAS-driven cancers can be targeted.?*®*!”

FLT3 encodes a receptor tyrosine kinase. Mutations occur mainly as internal tandem
duplications (ITDs), predominantly in AML, or as point mutations in the tyrosine
kinase domain (TKD), also found in ALL. Both cause ligand-independent,
constitutive activation, driving cell proliferation (Figure 17).>'* FLT3'™ mutations
are present in approximately 15% of pediatric AML and about twice as frequently
in adults. They are enriched in KM724-r AML and associated with poor
prognosis.”?’*?? FLT3 inhibitors, such as quizartinib, are currently implemented for
molecularly defined risk groups in CHIP-AML22.'® Notably, in Article III,
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characterization of a large KMT2A4-r leukemia cohort showed that the majority of
FLT3 mutations in AML were TKDs and not [TDs.
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Figure 17: FLT3 signalling. Left: Normal function of the FLT3 tyrosine kinase, which is activated
upon ligand binding, triggering the downstream RAS pathway and promoting cell proliferation. Right:
The FLT3™ mutation, which results in a constitutively active tyrosine kinase, leading to persistent
activation of the RAS pathway and aberrant cell proliferation. Illustration created with BioRender.com.

NF'I encodes neurofibromin, a tumour suppressor that negatively regulates RAS
signalling. NFI alterations are present in around 4-11% of adult AML and 2% in
pediatric AML.*!"* Lastly, PTPN11 encodes SHP2, a protein tyrosine phosphatase
that is expressed in most cell types and plays an important role in transmitting
signals from cell surface receptors to intracellular signalling pathways.’*
Alterations in NF/ and PTPN1] have been associated with a poor prognosis in
pediatric AML.*

Epigenetic mutations

Mutations in epigenetic regulators are among the most common cooperating events
in leukemia. By disrupting the machinery responsible for DNA methylation, histone
modification or chromatin organization, these mutations reprogram transcriptional
networks and impair normal hematopoietic differentiation. These mutations affect
three principal layers of epigenetic control: DNA methylation, histone
modifications and higher-order chromatin architecture.

Mutations in genes regulating DNA methylation (e.g. DNMT3A, TET2 and IDH1/2)
disrupt the balance between DNA methylation and demethylation, resulting in
aberrant DNA methylation patterns, altered transcriptional programs and impaired
hematopoietic differentiation.’”**** Similarly, mutations in chromatin-modifying
genes (e.g. ASXL1 and EZH?) alter histone modifications, leading to dysregulated
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gene expression, enhanced self-renewal and blocked differentiation.?***?” Mutations
affecting the cohesin complex, such as STAG2, disrupt the normal organization of
chromatin within the nucleus. Consequently, genes may become inappropriately
activated or silenced, leading to abnormal transcriptional programs that promote
leukemogenesis.****?’ Epigenetic alterations not only contribute to leukemogenesis
but also establish transcriptional states that maintain leukemia stem cell identity and
promote therapy resistance, highlighting epigenetic plasticity as a central
mechanism underlying disease persistence and relapse.”*

Assessing the functional impact of cooperating mutations

When multiple somatic alterations co-occur, it can be difficult to determine which
are functional drivers and which are passenger mutations. Recurrent alterations are
more likely to be functionally relevant, while computational predictions and
experimental studies can provide additional evidence.

Mutations in signalling genes, such as FLT3 or RAS, can be tested using the murine
Ba/F3 cell line. These cells normally depend on a growth factor (the cytokine IL-3)
to survive and if IL-3 is removed, they rapidly die. In this assay, the mutated gene
of interest (e.g. FLT3 or KRAS) is first inserted into an expression vector, which acts
as a molecular transport vehicle to deliver the genetic material. Once this vector is
transduced into the Ba/F3 cells, it forces them to produce the mutated protein. The
cells are then cultured in a medium without IL-3. If the cells continue to grow and
multiply without this growth factor, this demonstrates growth factor-independent
proliferation.'?*2!®23! Mutant proteins can also be overexpressed in other relevant
cell models to assess their effects on survival, proliferation or cellular
transformation. However, failure to induce transformation does not exclude a
functional role, as some alterations require cooperating mutations or an appropriate
cellular context.

To confirm this autonomy at the molecular level, downstream pathway activation
can be assessed. Since signalling receptors such as FLT3 and intracellular mediators
such as RAS both converge on the MAPK cascade, activating mutations can result
in constitutive pathway activation. This can be assessed by Western blotting for
phosphorylated ERK (p-ERK), a key downstream signalling protein in this cascade.
A strong p-ERK signal in cells cultured without IL-3 provides evidence of
constitutive pathway activation.'?*%"

For other classes of alterations, such as inactivating mutations in tumour suppressor
genes or epigenetic regulators, different functional approaches are required. In
contrast to oncogenes, tumour suppressors generally require loss of function of both
alleles to promote tumorigenesis. Functional validation therefore often relies on
gene knockout or knockdown strategies or restoration of the wildtype gene in
deficient cells, followed by assessment of proliferation, apoptosis, differentiation or
colony-forming capacity. Depending on the biological function of the gene,
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transcriptomic profiling or differentiation assays may also be used to evaluate
downstream effects.®***

Genetic predisposition

A minority of childhood leukemia cases occur in individuals with an underlying
constitutional or germline predisposition. Pathogenic germline variants have been
identified in approximately 4% of children with leukemia, although the reported
frequency varies depending on the patient population, genes analysed and variant
interpretation criteria.>***** In adults, pathogenic or likely pathogenic germline
variants occur in approximately 14% of AML cases,”* whereas their frequency in
adult ALL remains less well characterized.

Several constitutional syndromes are associated with an increased risk of leukemia.
Down syndrome increases the risk of both ALL and AML, particularly AMKL.
Down syndrome is also associated with transient abnormal myelopoiesis, a
preleukemic condition that resolves spontaneously in most children but can precede
myeloid leukemia.”****® Constitutional DNA repair disorders, such as Fanconi
anemia and Nijmegen breakage syndrome, also confer an increased risk of
leukemia. Li-Fraumeni syndrome, caused by germline 7P53 variants, is strongly
associated with low-hypodiploid B-ALL.'*

Although inherited leukemia predisposition is uncommon, germline variants in
ETV6, PAX5, GATA3 and IKZFI are mainly associated with B-ALL, whereas
RUNXI, GATA2 and CEBPA variants predominantly predispose to myeloid
neoplasms. Such variants are found both in families with multiple affected
individuals and in patients without an apparent family history.'?%!4223

Pediatric versus adult malignancies

The notion that “children are simply small adults” can make any pediatrician, and
especially any pediatric oncologist, shiver (Figure 18). One major difference is that
cancer is much less common in children than in adults. The types of cancer also
differ, with adults mainly developing epithelial cancers (e.g., breast, lung and
colorectal cancer), while childhood cancers more often arise from developing
tissues and include leukemia, brain tumours, embryonal tumours and sarcomas.*?%
While cancer in older individuals results from a complex interplay between
inherited predisposition, environmental exposures and the gradual accumulation of
somatic mutations over time, pediatric cancers more often arise from genetic and
epigenetic alterations acquired during fetal development or early childhood.****%24!
This difference is reflected in tumour mutational burden. Cancers associated with
environmental mutagens, such as melanoma and smoking-associated lung cancer,
exhibit the highest mutational burdens, whereas pediatric cancers have among the
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lowest mutational burdens.'**** The relatively low mutational burden of pediatric
cancers is thought to reflect their early onset, leaving less time for somatic mutations
to accumulate before malignant transformation. Consequently, pediatric cancers are
often driven by a limited number of genetic alterations, frequently involving
chromosomal rearrangements and developmental pathways. However, as in adult
cancers, most somatic mutations are likely to represent passenger events,'*24-243
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Figure 18: Common organ sites for adult and pediatric cancer. The figure is based on data from
Jassim et al. (2023). Only cancer sites accounting for more than 4% of cases were included. Where
frequencies differed between adult females and males, the mean of the two values is presented.
Illustration created with BioRender.com.

The spectrum of driver genes differs between pediatric and adult cancers. Pediatric
malignancies are enriched for alterations affecting transcriptional regulation,
epigenetic control, cell-cycle regulation and developmental signalling pathways,
with relatively limited overlap with the most frequently mutated driver genes in
adult cancers.*** Consistent with their low mutational burden, many pediatric
cancers are driven by structural variants, particularly chromosomal rearrangements
that generate oncogenic fusion genes and disrupt normal transcriptional and
developmental programmes.’***** Since these driver alterations frequently involve
transcription factors and epigenetic regulators rather than recurrent kinase mutations
that can be directly targeted, the development of effective targeted therapies has
been challenging, highlighting the need for therapeutic strategies targeting
chromatin regulation and epigenetic mechanisms.'?!#4°246

These age-related differences are also evident in acute leukemia. ALL is the most
common leukemia in children, whereas AML is the most common acute leukemia
in adults.”*’ This age distribution reflects differences in hematopoietic development
and leukemic mechanisms: childhood ALL typically arises from lymphoid
progenitors during early immune system development and is often initiated by
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chromosomal rearrangements that arise during fetal development, whereas adult
AML more frequently develops through the gradual accumulation of somatic
mutations in hematopoietic cells.”>**® HSCs also become increasingly biased
towards myeloid differentiation with age, while their lymphoid potential
decreases.”*

Lastly, the impact of prolonged survival differs fundamentally between pediatric
and elderly patients. An equivalent gain in survival does not have the same impact
across age groups. While five additional years of survival in an older individual may
represent a substantial proportion of remaining life expectancy, the same gain in a
young child falls far short of restoring a normal life span. Consequently, preventing
relapse is critical in childhood cancers, where long term disease control is essential
to preserve an entire life trajectory.”

KMT?2A-rearranged leukemia

Prevalence

KMT2A rearrangements occur in leukemia across all age groups and are found in
approximately 10% of acute leukemia cases. KMT2A rearrangement is the most
common genetic abnormality in infants, representing over 70% of infant ALL and
35-50% of infant AML cases.”***! In older children, KMT2A4 rearrangements are
found in 5-6% of ALL and 20-25% of AML cases, and in adults, in approximately
15% of ALL and 6% of AML cases.**!***

Approximately 70% of therapy-related leukemias occurring after treatment with
topoisomerase II inhibitors, such as etoposide or doxorubicin, harbour KMT2A4
rearrangements. Topoisomerase Il is an enzyme involved in the relaxation of
supercoiled DNA during chromatin remodelling. When the enzyme is blocked by
these drugs, it forms a complex that causes breaks in both strands of DNA. Repair
of these breaks predominantly occurs through the error-prone NHEJ pathway,
contributing to genomic alterations involving the KMT24 locus.”* Between 2 and
12% of patients undergoing treatment with topoisomerase II inhibitors are
diagnosed with leukemia, of whom a majority develop AML. Therapy-related
leukemia is characterized by a short latency and may occur as early as six months
after exposure, although it generally develops within 2-4 years. Cleavage sites for
topoisomerase II inhibitors are distributed in the susceptible scaffold attachment
regions (SARs) of KMT2A. Interestingly, breakpoint patterns observed in infant
leukemia share similarities with those in therapy related leukemia. Maternal
exposure during pregnancy to certain natural substances with topoisomerase II
inhibitory activity, such as quercetin found in onions and apples and genistein found
in soy products, has been proposed as a possible contributor to KMT2A4
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rearrangements in infant leukemia. However, these exposures are common, whereas
infant leukemia is very rare and a causal relationship has not been established.**

Although rare outside acute leukemia, KMT2A rearrangements have also been
identified in B-lymphoblastic lymphoma and in solid tumours, including aggressive
thymomas and sarcomas primarily affecting young adults. 62>

The normal function of the KMT7T2A gene

The KMT2A gene was formerly called MLL, an abbreviation for myeloid/lymphoid
or mixed-lineage leukemia since KMT2A rearrangements can be found in both ALL
and AML, with some cases exhibiting ambiguous or mixed-lineage
characteristics.”** Contrary to what this historical nomenclature might suggest, only
a minority of MPALs have KMT2A rearrangements.”>> KMT2A4 encodes lysine
methyltransferase 2A, is located on chromosome 1123, and was identified and
characterized in the early 1990s. It is a relatively large gene with 38 exons spread
across a 90 375 base pair region.”*2%

KMT?2A belongs to a group of proteins called trithorax proteins, which maintain
gene expression patterns through cell divisions and help cells preserve their identity
over time. This system works in opposition to the polycomb proteins, which mainly
silence genes.”***! Transgenic mouse models, which are genetically engineered to
carry specific alterations, have shown that KMT2A is required both for the
generation of HSCs during embryonic development and for the long-term
maintenance of HSCs in adulthood.”**?®* One of KMT2A’s major targets is the
HOX gene cluster, which regulates embryonic development, stem cell renewal and
blood cell formation. KMT2A activates these genes by promoting histone H3 lysine
4 (H3K4) methylation, which keeps chromatin in an open and transcriptionally
active state. 26224

The protein is composed of an N-terminal region responsible for promoter
recognition and DNA binding and a C-terminal region involved in chromatin
binding and H3K4 methylation.” The N-terminal region contains several
functional domains, including the menin-binding motif, AT-hooks, CxxC domain,
subnuclear localisation domains, repression domain, four plant homeodomain
fingers, bromodomain and FYRN domain. The C-terminal region contains the
FYRC domain, transactivation domain and SET domain, the latter being responsible
for H3K4 methyltransferase activity (Figure 19).%°
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Figure 19: Domain structure of wild type KMT2A. KMT2A is cleaved by the enzyme TASPASE1
into two subunits, with the N-terminal subunit depicted on the left and the C-terminal subunit on the
right. KMT2AN, N-terminal KMT2A subunit; KMT2AC, C-terminal KMT2A subunit; MBM, menin-
binding motif; LBD, LEDGF binding domain; AT hooks, adenosine-thymidine hooks; CxxC, cysteine-
rich zinc finger domain; SNL1/2, subnuclear localisation domains 1 and 2; RD2, repression domain 2;
PHD, plant homeodomain; BRD, bromodomain; FYRN, FY-rich N-terminal domain; TAD,
transactivation domain; FYRC, FY-rich C-terminal domain; SET, Su(var)3-9, Enhancer-of-zeste and
Trithorax domain; H3K4, histone H3 lysine 4. Illustration created with BioRender.com.

Fusion partners in KMT2A-r leukemia

Over 130 gene partners have been identified in KMT2A-r leukemia, several of which
are clinically relevant for risk stratification and disease monitoring.”*® Despite this
diversity, a mere six of them account for 85% of all cases (AFFI, MLLT3, MLLTI,
MLLTI10, AFDN and ELL). While many KMT24 fusions occur across lineages,
specific patterns exist. For instance, KMT2A4::MLLT3 is strongly linked to AML,
whereas KMT2A::AFF1 dominates in ALL, particularly in infants and adults.?’
Predicting outcomes is complicated by the fact that the same fusion can carry
different prognostic weights across age groups,’®*® with most KMT24
rearrangements being associated with a dismal prognosis®’ (Figure 20).
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Figure 20: Distribution of KMT2A rearrangements across age groups and leukemia subtype.
Distribution of the most common KMT24 fusion genes across infants, children and adults with ALL
or AML. Data are based on 3 267 patients from Meyer et al. (2023).

Over 95% of KMT2A breakpoints occur within the major breakpoint cluster region
(BCR1), spanning intron 7 to exon 13. The highest concentration is between introns
9 and 11, a region containing repetitive elements and several sites associated with
chromatin accessibility and DNA cleavage. Only around 1% of breakpoints occur
in the minor breakpoint cluster region (BCR2), between intron 20 and exon 24, most
often involving USP2, USP8 or AFDN (with the latter occurring in both BCR1 and
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BCR2). BCR1 also contains SARs, which attach the DNA to proteins in the nucleus
and make this region more prone to breakage (Figure 21),°°23%267:270
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Figure 21: Overview of the KMT2A gene. Illustration of the exons and introns in KM724, with BCR1
and BCR2 marked.

These chromosomal rearrangements disrupt the normal structure of KMT72A4. The
fusion protein retains the N-terminal DNA-binding domains, allowing it to remain
associated with its target promoters, including HOX genes, while the C-terminal
region, which mediates H3K4 methylation, is lost and replaced by sequences from
the fusion partner.?>>** Consequently, the fusion protein loses its normal epigenetic
regulatory function while acquiring aberrant transcriptional activity through
interactions mediated by the fusion partner. Together with interaction partners such
as MENIN and the polymerase-associated factor complex (PAFc), the fusion
proteins remain localized to target genes and maintain abnormal gene activation.?’"”
23 MENIN is essential for both wildtype and rearranged KMT2A.*"* As a result,
KMT?2A fusion proteins continue to activate stem cell associated transcriptional
programs in an abnormal and persistent manner, even though large parts of the
protein are lost, promoting leukemic transformation.

KMT2A aberrations drive leukemogenesis through different molecular mechanisms.
The most common are fusions with nuclear translocation partners (NTPs), including
AFF1, MLLT3 and MLLTI. These fusions recruit proteins involved in
transcriptional elongation and histone modification, including the super elongation
complex (SEC) and DOT1L-associated complexes, to KMT2A target genes. This
leads to increased transcriptional elongation and H3K79 methylation, keeping
critical hematopoietic progenitor genes such as HOXAY9 and MEIS] transcriptionally
active.”’*?”7 Together, these mechanisms activate the transcription factor MYB,
which is essential for KMT2A-r leukemia.’”® MYB sustains leukemia development
by activating oncogenic genes, often leading to prominent MY C-associated
transcriptional signatures (Figure 22).””***" Consequently, these leukemia cells
express a gene profile similar to normal progenitor cells, but with an aberrant self-
renewal program.?!?%2

A smaller subset of KMT2A4 fusion partners, including GAS7 and EPSI5, are
cytoplasmic translocation partners (CTPs). Instead of primarily acting through
transcriptional activation domains, these proteins can bring several KMT2A fusion
proteins together through dimerization or oligomerization. This strengthens their
interaction with chromatin and activates leukemia-promoting genes (Figure 22).”’+
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277.283.28 4FDN also belongs to this group, although its mechanism is more complex.
KMT2A::AFDN promotes oligomerization but remains dependent on DOTIL-
mediated H3K79 methylation.?”

Both pathways disrupt epigenetic homeostasis and impair hematopoietic
differentiation, making components of these complexes potential targets for small
molecule inhibition.

Super elongation complex
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Figure 22: Molecular mechanisms of KM7T2A4 fusion proteins. Wildtype KMT2A4 associates with
MENIN and LEDGEF and regulates transcription through its C-terminal SET domain, which mediates
H3K4 methylation. In fusions with nuclear translocation partners, such as MLLT3, transcriptional
elongation complexes and DOTIL are recruited, promoting RNA polymerase elongation and H3K79
methylation. In contrast, cytoplasmic translocation partners, such as GAS7, promote oligomerization
of KMT2A fusion proteins, resulting in aberrant activation of KMT2A target genes through mechanisms
that remain incompletely understood. Both mechanisms contribute to persistent activation of stem cell-
associated transcriptional programs and leukemic transformation. Illustration created with
BioRender.com and adapted from Perner et al. (2025).

Beyond fusion genes, KMT2A can also undergo pathogenic remodelling through
internal rearrangements. KMT2A partial tandem duplications (KMT2A4-PTD) occur
when exons 3-9 or 3-11 are duplicated in tandem within the gene itself.”®> While the
precise mechanism underlying KMT2A4-PTD leukemogenesis remains unclear, it
may involve two complementary epigenetic effects. KMT2A4-PTD activates the
HOXA9/MEIS1 oncogenic program while promoting DNA hypermethylation and
silencing of tumour suppressor genes.?****’

WGS has shown that the majority of KMT2A4 rearrangements are structurally
complex and unbalanced, rather than simple reciprocal translocations (Figure 6).
At the nucleotide level, more than half of these events involve three or more
chromosomes and are accompanied by large deletions, insertions or inversions
adjacent to the breakpoints. Even translocations that appear cytogenetically
balanced harbour focal deletions or insertions at the base-pair level. These
rearrangements typically generate an in frame KMT2A fusion, while reciprocal
products can be heavily disrupted or rarely expressed. This genomic instability is
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predominantly driven by error prone NHEJ during the rearrangement process.'”
This is further investigated in Article III.

Below is a short description of different characteristics of the six most common
fusion genes.

AFF1/AF4/t(4;11)

KMT2A::AFF1 is predominantly associated with ALL and is more common in
infants and adults, whereas older children have a more diverse range of fusion
partners (Figure 20).2°7?% The biological basis for this age-dependent distribution
remains incompletely understood but may reflect differences in the developmental
cell of origin and the cellular context in which the rearrangement occurs.”’*

Like several other KMT2A rearrangements, the t(4;11) translocation is often
cytogenetically balanced. In these cases, the reciprocal AFFI1::KMT2A fusion is
frequently retained and expressed. This was also the case in Article III. Notably,
the reciprocal fusion does not appear to be a silent bystander but possesses
independent oncogenic capacity and is capable of autonomously inducing ALL in
vivo.”® Interestingly, expression of the reciprocal AFF1::KMT2A fusion has also
been associated with an improved outcome in infants.**® Together, these findings
highlight the complex biological and clinical role of the reciprocal fusion.

MLLTI1/ENL/(11;19)

KMT2A4::MLLTI is mainly associated with ALL and is the second most common
fusion gene in ALL across all age groups.”” It is associated with a particularly poor
prognosis in childhood AML.*' In about 50% of cases, MLLTI can form spliced
fusions, in which the DNA breakpoint occurs upstream of the MLLTI gene, leaving
MLLTI intact (Figure 4). The KMT2A4 and MLLTI sequences are not directly fused
at the DNA level but are joined during RNA splicing, generating a KMT2A::MLLTI
fusion transcript without an expressed reciprocal fusion. Other fusion partners rarely
form spliced fusions.”**”*’* The same pattern was also observed in Article III.

MLLT3/AF9/t(9;11)

KMT2A4::MLLT3 is the most common fusion in AML and the third most common
driver fusion in infant and childhood ALL.**” In CHIP-AML22, this is the only
KMT2A rearrangement that is not automatically considered high risk, and patients
with low measurable residual disease (MRD) are assigned to the standard risk group.
The biological basis for its relatively favourable outcome remains unclear.'® In
ALL, KMT2A::MLLT3 is still considered high risk.'*

MLLTI0/AF10/t(10;11)

KMT2A4::MLLTI0 is the second most common fusion in AML, is less frequent in
ALL and is associated with an adverse prognosis.”*’*"**2 Unlike the other fusion
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genes, KMT2A4 and MLLTI0 are transcribed in opposite directions and thus an in
frame oncogenic transcript cannot be formed by a simple reciprocal translocation.
This process requires a more complex rearrangement with at least three
chromosomal breaks, which frequently makes the fusion cytogenetically cryptic
(Figure 23).>”
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Figure 23: Examples of different KMT2A fusions. On the left, a simpler KMT2A::MLLT3 fusion
with a small deletion (del) is shown, and on the right, a more complex KMT2A4::MLLTI10 fusion
involving a small del, two larger chromosomal deletions (CNA loss) and an intrachromosomal
translocation (ITX).

ELL/(11;19)

KMT2A::ELL is the third most common fusion in infant AML but is rare in ALL.
ELL and MLLT] are both located on chromosome 19, with ELL located closer to the
centromere.>’

AFDN/AF6/MLLT4/1(6:11)

KMT2A::AFDN is the third most common fusion in pediatric AML and the fourth
most common in pediatric ALL.?” Remarkably, the small RA1 domain of AFDN,
comprising approximately 100 amino acids, is sufficient to promote leukemic

transformation.””* KMT2A::AFDN is associated with particularly poor outcomes in
childhood AML.*'

The cellular origin of KMT2A-r leukemia

Identifying the cellular origin of KMT2A-r leukemia remains challenging. Early
studies found that introducing fusions like KMT2A::MLLTI or KMT2A::MLLT3 into
murine HSCs and committed myeloid progenitors using retroviral transduction,
followed by transplantation into recipient mice, was sufficient to trigger AML.*%!-%°
KMT2A fusion genes induce a transcriptional “self-renewal” program in committed
progenitor cells, giving them stem cell-like properties.”' However, these early
models relied on forced fusion gene expression, and transplantation of GMPs
expressing endogenous levels of KMT2A::MLLT3 failed to initiate leukemia.**®

Later, conditional and inducible mouse models allowing controlled fusion gene
expression produced conflicting results. Some studies indicate that HSCs are
protected against KMT2A4-mediated transformation, with downstream progenitors

56



being susceptible.””’ In contrast, another study showed that KMT24::MLLT3 can
transform both HSCs and GMPs, with more aggressive disease originating from
HSCs.?”® These studies model murine AML and should not be generalized to human
KMT2A4-r ALL. Syngeneic mouse models frequently generate myeloid disease,
whereas human cord-blood xenograft models have shown that KMT2A4::AFF1
introduced into HSC and progenitor cells can generate B-cell precursor ALL.*”

In murine KMT2A::MLLTI AML models, leukemic transformation depends on
C/EBPa activity. C/EBPa is a critical transcription factor needed to form
GMPs.3% When CEBPA is genetically knocked out, the fusions completely lose
their ability to initiate leukemia.’®" These findings establish that KMT2A-driven
transformation depends not only on the fusion itself but also on the transcriptional
and differentiation state of the target cell.

The multilineage potential of KMT2A-r leukemia is further illustrated by lineage
switch, most commonly from B-ALL to AML, although the reverse has also been
reported.'®” KMT2A4::AFF1I is the most frequently reported fusion among cases of
lineage switch, although it remains unclear whether this reflects a fusion-specific
potential or its high prevalence in KMT24-r ALL.*** The leukemia retains the same
founding genetic alteration, demonstrating a common clonal origin. Although rare,
lineage switch is associated with KMT2A-r leukemia, particularly following CD19-
directed therapies. This phenomenon reflects the remarkable lineage plasticity of
KMT2A4-r leukemia and is thought to result from epigenetic and transcriptional
reprogramming rather than the emergence of a new leukemia clone. =%

Together, these studies show that several hematopoietic cell types can support
KMT2A-mediated transformation, while the precise cellular origin in human disease
remains unresolved. Experimental susceptibility to transformation does not
necessarily identify the true cell of origin. The resulting phenotype likely depends
on both the fusion partner and the developmental and differentiation state of the
target cell.'*'“*% This concept is further explored in Article IIL.

Gene expression and cellular states in KMT2A-r leukemia

When comparing gene expression in KMT2A-r ALL and AML to non-KMT2A-r
leukemia, clear differences are observed, regardless of leukemia type and fusion
partner. In KMT2A-r leukemia, HOX cluster genes, especially HOXA genes, and
their cofactor MEIS] are among the most highly expressed genes. HOX genes code
for transcription factors that control normal blood cell development and
differentiation. HOXA and MEIS] are normally expressed in stem cells and early
progenitor cells, and their expression decreases as cells mature. In KMT24-r
leukemia, this downregulation does not occur, resulting in persistent activation of
the HOXA/MEIS] transcriptional program.”>> A similar transcriptional program is
observed in other molecular subtypes, including NPMI-mutated and NUP9S-r
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AML. In NPMI-mutated AML, mutant NPM! helps maintain HOXA and MEIS]
expression through a transcriptional machinery that includes the MENIN-KMT2A
complex, demonstrating how different initiating alterations can converge on a
common oncogenic program.’®® Persistent HOXA/MEISI expression maintains an
immature, self-renewing cellular state, blocks normal differentiation and supports
leukemic proliferation and survival. Although this program is not unique to KMT2A4-
r leukemia, functional studies have shown that MEIS] is critical for the proliferation
and maintenance of KMT2A-r leukemia.*

Single-cell approaches have enabled detailed characterization of the developmental
states and cellular heterogeneity of KMT2A-r leukemia."*'**3%® K\MT24-r B-ALL is
characterized by an immature transcriptional state, with a strong early lymphocyte
precursor (ELP) program observed in both infants and older children."*' However,
developmental heterogeneity appears to be particularly pronounced in younger
patients. Single-cell analyses of KMT2A4-r ALL from infants and older children
showed increased developmental heterogeneity and lineage plasticity in the
youngest patients, including more frequent co-expression of lymphoid and myeloid
programs.*”’ KMT2A-r B-ALL can be divided into two transcriptional groups,
KMT2A-a and KMT2A4-b."'"® A subsequent study showed that these transcriptional
groups could be almost completely separated by their multipotency score (reflecting
transcriptional similarity to multipotent hematopoietic progenitors) and classified
them as early/multipotent and committed. The early/multipotent group showed
greater similarity to early lymphoid and myeloid progenitors, whereas the
committed group had a more B-lineage-restricted, pre-B-like state. These states
were also associated with the KMT24 fusion partner, with KMT2A::AFFI being
enriched for the early/multipotent state, while KMT24::MLLT3 and
KMT2A4::MLLTI0 were associated with more committed pre-B states. Multipotent
states were enriched in subtypes prone to lineage switching, and across pediatric B-
ALL, a higher multipotency score was associated with inferior survival.**® Together,
these findings show that developmental heterogeneity is not restricted to infant
leukemia and may contribute to the lineage plasticity characteristic of KMT2A-r
leukemia. This mixed lineage identity can also be reflected by the co-expression of
lymphoid and myeloid antigens, potentially creating opportunities for selective
immunotherapeutic approaches. This is further discussed in Article II1.

Single-cell studies of KMT2A-r AML have similarly revealed heterogeneity in the
leukemia stem cell (LSC) compartment. KMT2A-r leukemia can be maintained
either by primitive, quiescent LSCs (“KMT2A4-r early”, enriched for
KMT2A::AFDN) or by more differentiated myeloid progenitors with acquired self-
renewal capacity (“KMT2A4-r committed”, enriched for KMT2A4::MLLT3). Thus,
both ALL and AML contain different developmental states despite sharing the same
initiating KMT24 rearrangement.>*’>%

Single-cell analysis of relapse has identified relapse-initiating cells that are already
present at diagnosis in KMT2A-r leukemia. These cells are characterized by a
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quiescent gene expression program, stem cell like properties, basal activation of
glucocorticoid response pathways and reduced cell size, features linked to therapy
resistance and disease recurrence.’’® Other single-cell studies have similarly
identified subpopulations with reduced glucocorticoid sensitivity and mechanisms
of immune evasion from cytotoxic T-cells and NK-cells."*'="7

Mouse models of KMT2A-r leukemia

Mouse models allow us to investigate the genetics and biology of human cancer in
vivo. Mice are widely used as animal models because of their genetic similarity to
humans, size, reliable breeding, short life span and cost efficiency. However, there
are important differences between human and murine tumorigenesis, including
oncogene and tumour suppressor biology, genetic background, hematopoiesis and
the cellular targets of transformation.’'! Several in vivo models have been developed
to study hematologic malignancies in a physiologically relevant context and to
assess leukemic cell proliferation and disease progression (Figure 24).
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Figure 24: Mouse models used to study leukemia. Transgenic models with genetic alterations
introduced directly into the mouse genome; syngeneic models with murine hematopoietic cells
genetically modified by lentiviral or retroviral transduction and transplanted into recipient mice; and
xenograft models with human hematopoietic cells transplanted into immunodeficient mice. Illustration
created with BioRender.com and adapted from Rodriguez-Zabala (2023).
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Transgenic models are generated by introducing defined genetic alterations directly
into the mouse genome, for example through modification of fertilized eggs or
embryonic stem cells. This allows leukemia-associated alterations to be expressed
within the murine hematopoietic system and their contribution to leukemogenesis
to be studied in vivo.*'

Syngeneic models involve transplantation of murine hematopoietic cells into
genetically compatible mice. To model leukemia, the cells can be genetically
modified before transplantation, for example by introducing leukemia-associated
alterations through retroviral or lentiviral transduction. Syngeneic and transgenic
models of KMT2A-r leukemia often show a bias towards myeloid leukemia.’'> A
syngeneic model was used in Article I11.

Xenograft models instead involve transplantation of human hematopoietic cells into
immunodeficient mice. These may include genetically modified human cells, such
as cord-blood cells expressing a KMT2A4 fusion, or primary patient leukemia
cells.*'>*"3 In contrast to murine models, experimental xenograft models of KMT2A-
r leukemia often show a bias towards ALL or MPAL, while AML can be more
difficult to establish. Additional genetic alterations or changes to the mouse

microenvironment can, however, promote myeloid leukemia.*'**"3
Model Advantages Limitations
Transgenic =~ Defined genetic alterations in an Time-consuming to generate;
immunocompetent system; avoids murine biology; can show a
viral overexpression; useful for myeloid bias
studying leukemogenesis and cell
of origin
Syngeneic Immunocompetent; fast and easy Murine disease; viral transduction
to manipulate; useful for studying may cause non-physiological
leukemogenesis, treatment expression; can show a myeloid
response and immune interactions bias
Xenograft = Genetically modified human cells Requires immunodeficient mice;

or human leukemia cells; useful
for treatment response and clonal
evolution

influenced by the murine BM
niche; may show engraftment bias;
depending on mouse strain, can be
lymphoid-biased and difficult to
establish as AML

Table 1: Mouse models used to study KMT2A-r leukemia. Overview of commonly used mouse
models for KMT2A4-r leukemia, including transgenic, syngeneic and xenograft models. The table
summarizes the main advantages and limitations of each model.

Serial transplantation models can be applied across these model systems to assess
leukemia self-renewal capacity. In primary transplantation, genetically modified
hematopoietic cells are transplanted into mice to assess their ability to engraft and
give rise to leukemia. Cells from the resulting leukemia can then be transplanted
into secondary recipients. Successful secondary transplantation supports the
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presence of self-renewing, leukemia-propagating cells. A long disease latency can
indicate that the introduced alteration is insufficient for leukemic transformation and
that additional cooperating events are required. However, latency alone cannot
determine whether these events are genetic, epigenetic or related to the cellular
environment.'?%313315 Serial transplantation was used in Article III.

The strong leukemogenic activity of several KMT2A4 fusions has enabled the
development of numerous mouse models of KMT2A-r leukemia.*'®*!” Early mouse
models established that KMT2A4::MLLT3 is a potent leukemogenic driver capable
of inducing AML in vivo. Homozygous expression of the knock-in allele was
embryonically lethal, whereas heterozygous mice developed AML, illustrating both
its leukemogenic potential and the developmental consequences of constitutive
expression.’'®

Mouse models have also shown that disease phenotype depends on the fusion
partner and the cellular context in which it is expressed. For example,
KMT2A::MLLT]I can transform T-cell progenitors and induce lineage reassignment,
whereas KMT2A::MLLTS3 failed to transform the same population.*'* Furthermore,
HSCs were resistant to KMT2A::MLLTI-mediated transformation,”’ whereas
KMT2A::MLLT3 expression in HSCs could generate particularly aggressive and
invasive AML.*®

In contrast to KMT2A::MLLTI and KMT2A::MLLT3, modelling KMT2A::AFF1
proved more challenging. Early transgenic mouse models mainly developed mature
B-cell leukemia rather than the acute leukemia typically observed in patients.’'®32
Later, a refined transgenic model generated both B-ALL and AML and resembled
human KMT2A-r leukemia.*'” Another xenograft model using human hematopoietic
progenitor cells further showed that KMT2A4::AFF1 actively instructs a pro-B
leukemic program, while retaining substantial lineage plasticity and the capacity to
switch towards a myeloid phenotype.**!

Several studies have investigated KMT2A-r leukemia using syngeneic models with
retroviral transduction of hematopoietic cells followed by transplantation into
recipient mice. Across different fusion partners, MLLTI, MLLT3, ELL and MLLTI10
predominantly gave rise to AML after engraftment,”®2?*3** although lymphoid or
mixed-lineage phenotypes can occur under specific experimental conditions.*'” In
contrast, KMT2A::AFFI itself has been difficult to model using this approach. As
mentioned previously, expression of the reciprocal AFF1::KMT2A fusion in murine
hematopoietic progenitors induced pro-B ALL and biphenotypic acute leukemia
even in the absence of KMT2A4::AFF 1, while co-expression of both fusion proteins
also gave rise to mixed lineage leukemia.”®

Xenograft models have been used to study the leukemogenic potential of KMT2A4
fusions in primary human hematopoietic cells. In an early study, cord blood-derived
hematopoietic stem and progenitor cells were retrovirally transduced with
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KMT2A4::MLLTI or KMT2A::MLLT3 and transplanted into immunodeficient mice.
The cells generated myeloid, lymphoid or mixed-lineage acute leukemia,
demonstrating that KMT2A4 fusions can transform human progenitor cells while
retaining broad lineage potential.***> These experiments also emphasize an important
species-specific effect, as human and murine hematopoietic cells expressing the
same fusion can generate different disease phenotypes. A limitation of patient-
derived xenograft models is engraftment bias, where only a subset of leukemic
subclones efficiently engraft, resulting in a different clonal architecture from that of
the primary patient sample. This can select for more engraftment-competent clones
and influence the disease phenotype and interpretation of treatment responses.>%°

Mouse models have been instrumental in dissecting the contribution of cooperating
mutations to KMT2A-r leukemogenesis. Studies from our group have shown that
activating signalling mutations shape clonal evolution and increase the fitness of
KMT2A4-r leukemic cells. In particular, FLT3"" FLT3"*%% and NRASC?P
accelerated the onset of KMT2A4::MLLT3-driven leukemia in mice. Even when
present only in a subclone, FLT3"*% enhanced disease development. This effect
was partly mediated through changes in the leukemic microenvironment, as
FLT3N7K expressing KMT2A::MLLT3 cells secreted macrophage migration
inhibitory factor (MIF), which promoted the survival of KMT2A.::MLLT3 leukemia-
initiating cells.”'® We have also shown that in a human KMT2A4::MLLT3 xenograft
model, addition of FLT3"%%% shifted leukemia development towards a myeloid
phenotype, whereas KMT2A::MLLT3 alone predominantly gave rise to lymphoid
leukemia.*"® Studies of KMT2A::MLLT3-driven leukemia have found that these
cooperating signalling mutations can also alter the chromatin landscape,
transcriptional networks and immune signalling. NRAS“’?” and FLT3"*"° increased
the expression of NKG2D ligands on leukemic cells, making them more sensitive
to CAR T-cell-mediated killing.’'’?*" Together, these findings show that
cooperating mutations can accelerate and modify KMT2A-driven leukemogenesis.
However, the long latency observed in several transgenic models suggests that
additional alterations may be required for full leukemic transformation.*'*!”

Collectively, in vivo model systems have provided important insights into KM7T24-
r leukemogenesis. Transgenic and syngeneic models allow controlled investigation
of defined genetic lesions and hematopoietic differentiation, while xenograft models
enable functional studies in a human cellular context using primary human cells or
patient material. Together, these models establish KMT2A4 fusions as potent
leukemogenic drivers, while demonstrating that fusion partner, target cell,
developmental context and cooperating alterations all influence the resulting disease
phenotype. Nevertheless, all models have inherent limitations in recapitulating the
full complexity and heterogeneity of human disease, illustrating the importance of
interpreting findings within their experimental context.'*
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The clinic

Symptoms and diagnosis

Symptoms of acute leukemia usually develop over days or weeks. Most symptoms
are due to the consequent cytopenias, including weakness from anemia, infections
due to neutropenia and bleeding due to thrombocytopenia.'?*!%
Hepatosplenomegaly, lymphadenopathy and bone pain are also common at
diagnosis. These symptoms are caused by infiltration of leukemic cells into the liver,
spleen, lymph nodes and BM, and are generally more frequent in ALL than in AML.
Less common manifestations include skin involvement (leukemia cutis), central
nervous system (CNS) symptoms (headache, seizures or stroke) and pulmonary
symptoms in patients with severe hyperleukocytosis.?*”**® KMT24-r leukemia
correlates with high-risk clinical features, especially in infants, such as
hyperleukocytosis and CNS involvement, but also leukemia cutis.'****°

T-ALL often presents with lymphoma like features, including bulky mediastinal
masses and involvement of extramedullary tissues such as the thymus and lymph
nodes."***?* The proportion of T-ALL among ALL cases increases with age and is
nearly twice as high in adults as in children,*” and is also twice as frequent in males.
The reason for this difference is not fully understood, although X-linked tumour
suppressor genes such as KDMG6A could contribute to the male predominance.**

Diagnosing leukemia can be challenging since the initial symptoms are often
nonspecific. In children presenting with persistent fatigue, pallor, fever, bruising or
bone pain, a complete blood count is usually the first investigation and can reveal
anemia, thrombocytopenia and abnormal white blood cell counts, raising suspicion
of leukemia. This is followed by a differential white blood cell count, which
quantifies the different leukocyte populations (neutrophils, Iymphocytes,
monocytes, eosinophils and basophils) and can detect circulating leukemic
blasts.!*19287328 1n suspected AML, blast morphology is further assessed,
including the proportion of myeloblasts, monoblasts, promonocytes and
megakaryoblasts.'¢%!

The diagnosis is based on BM examination, combining cytomorphological,
immunophenotypic and genetic analyses. A blast count of >20% is generally
required.'®**73% A spinal fluid sample is analysed for the presence of leukemic
blasts, and during the same procedure a skin biopsy can be obtained for germline
DNA analysis and identification of constitutional variants. Given that 11% of
children with cancer have been found to carry genetic variants associated with
cancer predisposition, Sweden has established a national ChiCaP program to
identify germline cancer predisposition in children with cancer, including
leukemia.** Additionally, a chest X-ray is performed to assess the presence of a
mediastinal mass.'*'¢’
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In AML, cytochemical staining can support the diagnosis by identifying myeloid
differentiation through MPO positivity and monocytic differentiation through
nonspecific esterase positivity.'®

Immunophenotyping is usually performed by multiparameter FC to determine
lineage assignment, maturation stage and leukemia-associated immunophenotype.
Representative markers include CD13, CD117 and cytoplasmic MPO in AML;
CD19, CD10 and CD34 in B-ALL; and cytoplasmic CD3, CD7 and T-cell receptor
(TCR) of and TCRyS in T-ALL."**!'®

Genetic aberrations are assessed (see sections Pediatric acute lymphoblastic
leukemia and Pediatric acute myeloid leukemia) using karyotyping by G-banding
and molecular methods. Karyotyping requires viable leukemic cells undergoing
mitosis to obtain metaphase chromosomes. In ALL, this can be challenging because
metaphase chromosomes are often of poor quality and highly condensed, making
G-band interpretation difficult. FISH, PCR and NGS are therefore used to detect
and further identify clinically important abnormalities.'**'® For KMT2A4-r, a dual-
colour break-apart probe is commonly used for FISH. In normal cells, the red and
green probes remain adjacent, generating a fused yellow signal, whereas
rearrangement of KMT2A separates the probes, producing red and green signals.
However, some rearrangements remain cytogenetically cryptic when they arise
through insertions, small inversions or other complex structural events. Examples
include the novel KMT2A4::ACINI and the KMT2A::USP2, which are described in
Article III, as well as several NUTMI rearrangements.'**!

Molecular analyses are used to detect recurrent gene mutations such as NPM1, WT1,
CEBPA and FLT3"” in AML, using PCR or NGS."*'®” Targeted NGS panels are
increasingly used in routine diagnostics and specialized centres also perform
comprehensive analyses, including RNA-seq, WES and WGS to identify clinically
relevant genetic alterations such as ABL-class and KMT24 fusion partners.'*’

Measurable residual disease

Unlike solid tumours, leukemia allows repeated sampling of BM and peripheral
blood (PB), enabling longitudinal monitoring of leukemic cells and genetic
alterations throughout treatment. This is fundamental for prognostic assessment and
evaluation of therapy response.*****¢ Highly sensitive assays have been developed
to detect MRD, which refers to leukemic cells that persist during or after treatment.
MRD is now one of the strongest independent predictors of relapse and survival in
both ALL and AML and is routinely incorporated into risk stratification and
treatment adaptation.

In ALL, MRD samples are typically collected during induction therapy (day 15) and
at the end of induction therapy (day 29), with additional time points depending on
the treatment protocol and risk group (Figure 25).'%
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Figure 25: Simplified overview of MRD time points in pediatric ALL and AML. The upper
timeline shows MRD assessment time points according to ALLTogether, and the lower timeline
according to CHIP-AML22. Transparent symbols indicate assessments performed only in selected
patients or treatment pathways. Illustration created with BioRender.com.

In AML, MRD samples are typically collected on day 22 (after induction course 1),
at the end of induction therapy (after induction course 2) and after each
consolidation course (Figure 25).'®

MRD is commonly detected using two main methods. The choice of method
depends on the leukemia subtype and the availability of suitable leukemia-specific
molecular markers:

e PCR: PCR detects leukemia-specific genetic markers, including fusion
transcripts and patient-specific immunoglobulin and TCR rearrangements
in ALL, as well as recurrent fusion transcripts or gene mutations in selected
AML subtypes, with high sensitivity. However, some PCR-based MRD
approaches require patient-specific reagents, which can make it difficult to
generate results quickly enough for early treatment decisions.**’**°

o Flow cytometry: FC identifies leukemia cells based on their unique surface
markers, which differ from those of normal BM cells. It is less sensitive
than PCR but faster and more practical for clinical use.**'**?

These methods are becoming increasingly sensitive, allowing residual disease to be
detected at progressively lower levels. Patients who achieve morphological
remission but remain MRD-positive have a substantially higher risk of relapse, with
MRD levels after induction therapy being particularly predictive of outcome.**=%

Emerging methods, including digital droplet PCR (ddPCR) and NGS, enable highly
sensitive detection of leukemia-specific mutations and SVs. 33333336346 patient-
specific genomic fusion breakpoints are also being explored as DNA-based MRD
markers, complementing RNA-based fusion transcript detection.?®’
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Risk classification in pediatric acute leukemia

ALL

Risk stratification is based on a combination of genetic subtype, clinical features
and early treatment response. Standard risk patients have no high-risk genetic
features, no CNS involvement and undetectable MRD at the end of induction.
Intermediate risk groups are subdivided based on age, genetic subtype and MRD
thresholds at defined time points. High risk patients are defined by adverse genetic
lesions (KMT2A-t, near haploidy, low hypodiploidy, iAMP21, TCF3::HLF), poor
early MRD response or persistent disease at specific extramedullary sites such as
the testes or mediastinum. T-ALL is stratified separately based primarily on MRD
response (Table 2).'*

Risk group Key criteria
SR No HR genetics/ABL-class; no T-ALL; no CNS3/TLP; MRD d29
undetectable
IR-low <16 y; no HR genetics; ETV6::RUNXI <0.1%, HeH <0.03%, CNA-

GR <0.05% at d29; T-ALL: MRD-negative d71

IR-high CNA-PR: detectable <5% d29; HR genetics below HR criteria; ABL-
class: <0.05% d71; CNS3/TLP

HR-chemo | TCF3::HLF without HSCT indication; selected patients with >5% d29
but <0.05% d71; persistent extramedullary disease

HR-HSCT B-ALL: >0.05% d71 or >5% d29 + >0.5% d50; T-ALL: protocol-
specific persistent MRD criteria

Table 2: Risk groups in pediatric ALL. Simplified overview of risk stratification in ALLTogether'’,

based on genetics, age, clinical features and MRD response. Some patient groups, including patients
with Down syndrome and ABL-class alterations, follow separate stratification criteria. SR, standard
risk; IR-low, intermediate risk-low; IR-high, intermediate risk-high; HR, high risk; HR-chemo, high-
risk chemotherapy; HR-HSCT, high-risk hematopoietic stem cell transplantation; HSCT,
hematopoietic stem cell transplantation; MRD, measurable residual disease; d29, d50 and d71,
treatment days 29, 50 and 71; B-ALL, B-cell acute lymphoblastic leukemia; T-ALL, T-cell acute
lymphoblastic leukemia; CNS3, central nervous system status 3; TLP, traumatic lumbar puncture;
HeH, high hyperdiploidy; CNA-GR, copy number alteration good risk; CNA-PR, copy number
alteration poor risk; ABL-class, rearrangements involving ABLI, ABL2, CSFIR or PDGFRB; HR
genetics, KMT2A4-r, NH, HoL, iAMP21 or TCF3::HLF; NH, near haploidy; HoL, low hypodiploidy.
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AML

Risk stratification is based on a combination of genetic aberrations and treatment
response. High-risk features include KMT724-r Ileukemia (except for
KMT2A4::MLLT3, which carries a more favourable prognosis), FLT3™” in the
absence of a concurrent NPMI mutation and CBFA2T3::GLIS2. Patients are
stratified into three groups: standard risk, high risk and refractory disease. Standard
risk patients lack high-risk genetic features and achieve complete remission (CR)
after up to two induction courses. High-risk patients include those with adverse
genetic lesions and/or delayed treatment response. Refractory disease is defined as

>5% blasts after two induction courses (Table 3).'%’
Risk group Key criteria
SR No HR criteria; CR after 2 induction courses
HR >15% leukemic cells d22 or 0.1-4.9% after 2 induction courses;

FLT3" and NPM1 wildtype; CBFA2T3::GLIS2; KMT2A-r (excluding
KMT2A::MLLT3) with >0.1% after course 1

Table 3: Risk groups in pediatric AML. Simplified overview of risk stratification according to
CHIP-AML22'%, SR, standard risk; HR, high risk; RD, refractory disease; CR, complete remission;
d22, day 22; KMT2A-r, KMT2A-rearranged; FLT3'"P, FLT3 internal tandem duplication. !

Prognosis

ALL

The treatment of pediatric ALL stands as a remarkable success story in modern
medicine. Only 60 years ago, the prognosis was grim, with most affected children
dying from the disease. Today, however, the survival rate exceeds 90%, propelled
by a greater understanding of the disease and major advancements in diagnosis, risk
stratification, therapy and supportive care, including improved infection
management, transfusion support and nutritional care (Figure 26).>**" The first
major advance came in 1948, when Sidney Farber and colleagues showed that the
antifolate chemotherapy drug aminopterin could induce temporary remission.’**
During the 1960s and 1970s, milestones such as combination chemotherapy,
multicentre trials and delayed intensification further improved outcomes. In recent
decades, cure rates have continued to rise through refined risk stratification, genetic
profiling, precise monitoring of MRD, optimized drug combinations and dosing,
and improved CNS directed chemotherapy, often replacing irradiation.**’
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Figure 26: Survival of pediatric ALL and AML in Sweden since 1982. Graphs obtained from the
Swedish Childhood Cancer Registry (SBCR; sbcr.se).

Between 1968 and 1988, Swedish pediatric oncology centres gradually established
national collaboration in the treatment of childhood ALL, leading to nationwide
treatment protocols. This collaboration was subsequently expanded through the
Nordic Society of Paediatric Haematology and Oncology (NOPHO), established in
the early 1980s, enabling larger Nordic clinical trials. Over the following decades,
treatment was continuously refined through successive protocols, including
NOPHO ALL1992, NOPHO ALL2000 and NOPHO ALL2008.* Today, the
NOPHO countries participate in the international ALLTogether study, a
collaborative effort involving fourteen European countries.'*’

In 1999, the Interfant consortium was established to improve the treatment of infant
ALL. Unlike ALLTogether, the ongoing Interfant-21 protocol (clinicaltrials.gov:
NCT05327894) is specifically designed for infants with KMT7T2A4-r ALL and
combines conventional ALL chemotherapy with AML-like consolidation blocks
and blinatumomab as part of first-line therapy.**® Treatment dosing is adapted to
account for the unique developmental pharmacokinetics of infants, as rapid
maturation during the first year of life affects drug absorption, distribution,
metabolism and elimination.*”'

KMT2A4-r ALL is associated with poor outcomes across age groups, particularly in
infants diagnosed before 6 months of age.?***°**>* In the Interfant-06 study, infants
with KMT24-r ALL had a 6-year event-free survival of 36%, with the poorest
outcomes among high-risk infants.**® Outcomes remain unfavourable in older
children and adults, although prognosis varies with treatment, disease biology and
MRD response.?>>***33* More recently, adding blinatumomab to frontline therapy
has markedly improved outcomes in infants with KMT2A4-r ALL, with early studies
reporting overall survival above 90%.’ New treatment approaches, including
blinatumomab, CAR-T-cell therapy and menin inhibitors, are discussed below.
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AML

Between 1984 and 2001, pediatric AML treatment in the Nordic countries was
gradually developed through three consecutive NOPHO protocols: NOPHO-AML
84, NOPHO-AML 88 and NOPHO-AML 93. These studies formed the basis for a
standardized Nordic treatment strategy in childhood AML. Early protocols
consisted of multi-agent chemotherapy with cytarabine, anthracyclines and
thioguanine, followed by consolidation with high dose cytarabine. Over time,
treatment intensity was increased and the intervals between treatment courses were
shortened to improve dose intensity and clinical outcomes.**

The NOPHO-AML 2004 protocol refined response-adapted treatment by using
early BM response to guide risk stratification and treatment intensity, with high
remission rates (95%) and improved survival, most notably in patients receiving
allogeneic hematopoietic stem cell transplantation (HSCT) in first CR
(clinicaltrials.gov: NCT00476541).

The NOPHO-DBH AML 2012 protocol aimed to improve prognosis by introducing
MRD based response assessment as the main tool for risk stratification and

treatment evaluation, and by intensifying induction therapy compared to previous
NOPHO protocols (clinicaltrials.gov: NCT01828489).

Currently, the CHIP-AML22 protocol represents the next step in this evolution. It
builds on the NOPHO-DBH AML 2012 but incorporates additional refinement of
risk stratification, MRD-guided treatment decisions and targeted therapies such as
FLT3 inhibitors (quizartinib) and the CD33-targeted antibody-drug conjugate
gemtuzumab ozogamicin, within an international collaborative trial structure.'®

Thanks to improved treatment protocols, overall survival is around 70-80% in
pediatric AML.*">% In pediatric KMT2A-r cases, the overall survival is around
58%.%" Contrary to infant KMT2A-r ALL, infants with KMT2A4-r AML do not have
a separate protocol and their prognosis is not inferior to that of older children.?*

Treatment

Treatment protocols are divided into several sequential therapy phases, each with a
specific purpose. Treatment begins with induction therapy (to rapidly eliminate the
majority of leukemic cells and achieve CR), followed by consolidation therapy (to
eradicate residual leukemic cells and reduce the risk of relapse). In ALL, this is
followed by a prolonged maintenance phase (to suppress residual disease and
prevent recurrence), whereas maintenance therapy is generally not given in AML.
The treatment period is usually shorter but more intensive in AML (around 5-8
months) compared with up to 2 years after remission in ALL."*"'%

Some leukemic cells evade therapy by entering a quiescent state, making them less
susceptible to treatments targeting proliferating cells. The BM microenvironment
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can protect residual leukemic cells by providing signals that promote survival and
treatment resistance.”**** Intrathecal chemotherapy is administered to overcome
the blood brain barrier and eradicate leukemic cells within the CNS. While CNS-
directed intrathecal therapy is routinely incorporated into ALL treatment protocols
as prophylaxis,'*’ intrathecal therapy is also included in pediatric AML protocols,
although its role in AML is less well established.'®

To understand how therapies affect the leukemic, as well as the healthy cells, it is
essential to understand their pharmacodynamics. Several classes of cytotoxic agents
are used in the treatment of leukemia, but they share a common feature: the ability
to target rapidly dividing cells by inducing DNA damage, ultimately leading to cell
death or cell cycle arrest.****%* The fact that DNA damage effectively kills cancer
cells can appear paradoxical, given that genomic instability is a hallmark of
malignancy (Figure 1). However, even cancer cells rely on the integrity of essential
genomic regions for survival, making them vulnerable when these are disrupted.*®
The main treatment modalities used in pediatric leukemia are described below.

Antimetabolites

Antimetabolites (e.g. cytarabine, fludarabine, 6-mercaptopurine, 6-thioguanine and
methotrexate) are structural analogues of purines, pyrimidines or folates that disrupt
DNA synthesis in rapidly dividing cells. They act either by inhibiting enzymes
required for nucleotide synthesis or by being incorporated into DNA or RNA as
false nucleotides, ultimately leading to cell cycle arrest and apoptosis.*®® Their
clinical efficacy is limited by the development of drug resistance through altered
transport, metabolism or DNA repair mechanisms.**

Antimetabolites are central components of both ALL and AML treatment, although
their roles differ between the diseases. In ALL, several antimetabolites, including
methotrexate, 6-mercaptopurine and cytarabine, are administered throughout
different phases of treatment, including consolidation, delayed intensification and
maintenance.'® In contrast, AML treatment relies primarily on cytarabine, which
forms the backbone of induction and consolidation therapy and is commonly
combined with anthracyclines during induction.'®

Glucocorticoids

Glucocorticoids (e.g. prednisolone and dexamethasone) have been a cornerstone of
ALL treatment for over 70 years. Glucocorticoids bind to the intracellular
glucocorticoid receptor, which translocates to the nucleus and acts as a transcription
factor. This alters the expression of genes regulating cell survival and apoptosis,
leading to activation of the intrinsic mitochondrial apoptotic pathway in lymphoid
leukemic cells. Glucocorticoids are used during induction therapy. In some earlier
protocols, steroid response was a strong predictor of outcome and was used for risk
stratification. Today, MRD has largely replaced steroid response for treatment
stratification. Dexamethasone penetrates the CNS more effectively than
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prednisolone but is associated with increased toxicity, infections, osteonecrosis and
muscle weakness."***% Interestingly, glucocorticoids have a limited anti-leukemic
effect in AML'® potentially reflecting lineage specific differences in glucocorticoid
receptor signalling and apoptotic responses between myeloid and lymphoid
leukemic cells.

Topoisomerase Il inhibitors, including anthracyclines

Topoisomerase II inhibitors include anthracyclines such as daunorubicin,
doxorubicin and idarubicin, as well as etoposide and mitoxantrone. These prevent
the repair of DNA breaks during replication, causing DNA damage and ultimately
apoptosis of rapidly dividing cells. Anthracyclines also generate reactive oxygen
species, which contribute to DNA damage. They are among the most effective drugs
in both ALL and AML but their cumulative dose is limited by the risk of
cardiotoxicity.**® Dexrazoxane is therefore used as a cardioprotective agent.'®

Anthracyclines are a cornerstone of AML therapy and are administered during both
induction courses together with cytarabine-based chemotherapy. In contrast, their
use in ALL is risk-adapted and restricted to T-ALL or higher-risk B-ALL patients.
Due to long-term toxicities, ALLTogether aims to further reduce anthracycline
exposure in lower-risk patients."*>'® Paradoxically, as described previously,
topoisomerase II inhibitors can cause therapy-related KMT2A4-r leukemia.?

Alkylating agents

Cyclophosphamide is an alkylating agent that is activated in the liver to
phosphoramide mustard. The active metabolite forms DNA crosslinks, preventing
DNA replication and transcription, ultimately leading to apoptosis.**’

Cyclophosphamide is an important component of ALL treatment for children with
higher risk during consolidation and delayed intensification'* but is not part of
standard AML induction therapy.”® Cyclophosphamide-containing regimens are
widely used as conditioning prior to HSCT in AML.'®

Vinca alkaloids

Vinca alkaloids (e.g. vincristine and vinblastine) are microtubule-destabilizing
agents. Microtubules are essential for mitosis, where they form the mitotic spindle
required for accurate chromosome segregation during cell division. As cancer cells
undergo proliferation, they are dependent on intact microtubule dynamics. Vinca
alkaloids bind to B-tubulin and suppress microtubule dynamics, resulting in mitotic
arrest and subsequent apoptotic cell death.>”

In ALL, vincristine is administered during induction, consolidation and delayed
intensification, and together with glucocorticoids, asparaginase and anthracyclines
constitutes one of the cornerstones of therapy.'*” Vinca alkaloids are not part of
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standard AML treatment, largely because cytarabine- and anthracycline-based
regimens have shown greater clinical efficacy.'®

Asparaginase

Asparaginase represents a unique class of anti-leukemic agents and is not typically
classified within the traditional cytotoxic drug groups. It depletes the circulating
amino acid asparagine, thereby inhibiting protein synthesis and inducing cellular
stress and apoptosis.’’! Asparaginase is a key component of modern ALL therapy
and is administered during induction, but is not part of standard AML therapy.'**'¢°

Antibody drug conjugate

Antibody drug conjugates (ADCs) consist of a monoclonal antibody linked to a
cytotoxic drug. After binding to a target antigen on the cell surface, the complex is
internalized and the cytotoxic payload is released intracellularly, allowing selective
targeting of leukemic cells.’’”> Gemtuzumab ozogamicin targets CD33-positive
AML cells,'® whereas inotuzumab ozogamicin targets CD22-positive B-ALL cells
(Figure 27)."*° Both agents deliver calicheamicin, a potent DNA-damaging
antibiotic that induces DNA double-strand breaks and triggers apoptotic cell
death.’’? Gemtuzumab ozogamicin is being evaluated during induction in CD33-

positive AML,'® while inotuzumab ozogamicin is being evaluated before
maintenance in ALL.'*
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Figure 27: Immunotherapies in pediatric acute leukemia. Illustration of immunotherapeutic
approaches used in pediatric ALL and AML. In B-ALL, CD19 can be targeted by the bispecific T-cell
engager blinatumomab and by CAR T-cell therapy, while the antibody-drug conjugate inotuzumab
ozogamicin targets CD22. In AML, the antibody-drug conjugate gemtuzumab ozogamicin targets
CD33. CAR, chimeric antigen receptor. [llustration created with BioRender.com.
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Bispecific antibodies

Bispecific antibodies are a form of immunotherapy that simultaneously bind
leukemic cells and T-cells (Figure 27). Blinatumomab, the first approved bispecific
T-cell engager, binds CD19 on B-cell leukemic cells and CD3 on T-cells, bringing
the two cell types into close contact and activating T-cell mediated killing of the
leukemia cells.*” Blinatumomab is now incorporated into pediatric ALL treatment
protocols, including for infants and children with Down syndrome. In infants with
KMT2A4-r ALL, blinatumomab has improved MRD responses and outcomes and is
incorporated into the Interfant-21 protocol.***3°1-35

Stem cell transplantation

Allogeneic HSCT is used to replace the patient’s hematopoietic system with healthy
donor stem cells."””!'® Before transplantation, patients receive conditioning
chemotherapy, with or without radiotherapy, to eradicate residual leukemia cells,
suppress the immune system and create space in the BM for donor stem cell
engraftment. Following infusion, donor hematopoietic stem cells reconstitute
normal hematopoiesis, while donor immune cells contribute to disease control
through the graft-versus-leukemia effect by recognizing and eliminating residual
leukemic cells.*” HSCT is a highly intensive treatment that places a considerable
physical and emotional burden on patients and families, with prolonged
hospitalization and isolation, and substantial risks of severe infections, graft-versus-
host disease, infertility and other complications. It is therefore reserved for patients
in whom the expected benefit clearly outweighs these risks. In childhood ALL,
HSCT is used for selected high-risk patients, including those with persistent MRD
or high-risk relapse,'”” while in AML it is used for high-risk patients in first
remission and for patients achieving remission after relapse.'®’

Chimeric antigen receptor T-cell therapy

CAR-T cell therapy uses the patient’s own T-cells, which are genetically modified
to express a CAR that recognizes CD19 on leukemic B-cells. After reinfusion, the
CAR-T cells specifically recognize and eliminate CD19-positive leukemic cells. In
the ALLTogether protocol, CAR-T therapy is offered to selected high-risk patients
with persistent MRD after induction and consolidation therapy, with the aim of
avoiding intensive chemotherapy and allogeneic HSCT. The most common side
effects are cytokine release syndrome, neurotoxicity and B-cell aplasia.'*>7>-377
Although CAR-T cell therapy has added a powerful treatment option for B-ALL, its
application in AML remains challenging. Unlike CD19 in B-ALL, no AML antigen
combines broad expression on leukemic cells with lineage restriction while sparing
HSCs. Consequently, CAR-T cells targeting AML-associated antigens can also
damage normal hematopoiesis (Figures 27 and 28).%7
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Figure 28: Illustration of CAR-T. T-cells are isolated from the patient’s blood and genetically
modified using a viral vector to express a chimeric antigen receptor (CAR). The modified T-cells are
expanded and infused back into the patient, where they recognize target antigens on cancer cells and
kill them. Illustration created with BioRender.com.

Radiotherapy

Radiotherapy has largely been eliminated from frontline ALL treatment, with CNS
control achieved through intensive intrathecal and systemic therapy. Its current role
is primarily limited to total body irradiation as part of conditioning prior to HSCT.'*’
In AML, radiotherapy has no established role in improving survival and is primarily
reserved for emergency situations, such as organ compression or other life-
threatening manifestations of extramedullary disease.'®’

Novel treatments

Increased understanding of leukemia biology has facilitated the development of
novel treatments. Below follows a selection of these, with a focus on KMT2A4-r
leukemia.

Menin inhibitors

Menin inhibitors are a new class of targeted therapies developed for KMT2A-r and
NPM 1 mutated leukemia. These drugs disrupt the interaction between menin and
KMT2A4, leading to downregulation of leukemogenic genes such as HOXA and
MEIS |, thereby promoting differentiation of leukemic cells. Preclinical studies have
shown that menin inhibition activates tumour suppressor pathways and that some
forms of resistance may be overcome by combining menin inhibitors with CDK4/6
inhibitors. Menin inhibitors have yielded promising clinical results, leading to the
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first regulatory approval of a menin inhibitor for relapsed or refractory acute
leukemia with KMT24 translocations in the United States.?”>*

DOTIL inhibitors

DOTIL inhibitors target the histone methyltransferase DOT1L, which is aberrantly
recruited by KMT2A fusion proteins to leukemogenic target genes. Inhibition
reduces H3K79 methylation, suppresses expression of genes such as HOXA9 and
MEIS1, thus promoting differentiation, cell cycle arrest and apoptosis in KMT2A4-r
leukemic cells. Clinical evaluation of DOTI1L inhibition has demonstrated target
inhibition but only modest clinical activity as monotherapy.**!-#*?

Gene editing

Gene edited allogeneic CAR-T cell therapy is an emerging treatment strategy for
relapsed or refractory T-ALL. In this approach, donor T-cells are base edited to
inactivate CD7 and the T-cell receptor. This prevents the CAR-T cells from
attacking each other and reduces the risk of graft-versus-host disease. The
engineered cells express a CAR targeting CD7, which is present on T-cell leukemic
cells. Early clinical studies have shown high remission rates, allowing subsequent
allogeneic HSCT, demonstrating the potential of gene-edited CAR-T cells as a
treatment option for T-ALL.*%-%4

Treatment sequelae

Decades after the phrase “cure is not enough” was coined,”® it remains relevant.
With survival rates reaching 90%, the focus has increasingly shifted to long term
health and quality of life.** Many survivors face an elevated risk of late
complications such as hormonal, reproductive, pulmonary, renal, auditory, cardiac
and neurological issues.’® No therapy can yet distinguish perfectly between
malignant and healthy cells. Greater potency often comes at the expense of
increased side effects. The dilemma is especially pronounced in children, where
ongoing growth and development make normal tissue more susceptible to
unintended harm.**” New strategies are needed to identify patients at greatest risk of
late effects due to genetic, treatment-related or lifestyle factors, while also
identifying those who could be safely treated with less intensive therapy.

Relapse

ALL

More than 90% of patients will achieve remission, but approximately 10-15%
relapse.®®® In pediatric KMT2A-r ALL, the relapse risk is higher, particularly in
infants, among whom historical relapse rates have approached 50-60%.%33*%! Older
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children with KMT2A4-r ALL generally have better outcomes than infants, although
their prognosis remains inferior to children with KMT2A4-wildtype ALL.**

Relapse is defined according to the ALLTogether protocol as:

e detection of >1% blasts, in the BM, confirmed by two independent
techniques (FC/molecular MRD/leukemia specific genetic markers) in two
repeated samples, 1 to 4 weeks apart

OR
e >25% blasts in the BM by morphology alone after CR has been achieved

Relapses most commonly occur in the BM, which carries the worst prognosis,
followed by extramedullary sites in the CNS and testes.2>>34>3%8

Prognostic factors at relapse include time to relapse, site of relapse and
immunophenotype, with time to relapse being the most important factor.*** Relapse
is classified as very early (within 18 months of diagnosis), early (within 6 months
of stopping therapy) or late (more than 6 months after the end of treatment).'* These
factors, together with MRD response, guide risk stratification and treatment
according to the IntReALL protocol (ClinicalTrials.gov: NCT07476729). Earlier
BM relapses are high risk and usually require induction treatment to achieve a
second remission, followed by immunotherapy and HSCT, with CAR T-cell therapy
used in selected cases. In contrast, late B-ALL relapses with a good MRD response
can be treated without transplantation. IntReALL incorporates blinatumomab and
inotuzumab into relapse treatment. After relapse, 5-year overall survival is
approximately 32% in children with KMT2A4-r ALL and 18% in infants, compared
with 53% in B-ALL overall and 46% in infants with KMT2A4-wildtype ALL.**

AML

Approximately 30-40% of pediatric AML patients experience relapse and survival
after relapse remains poor, at around 20-40%. Relapses are commonly classified as
early (within 12 months of diagnosis) or late (>12 months from diagnosis), with
better survival reported for patients with late relapse than for those with early relapse
(51% versus 25%). Within the early relapse group, outcomes are influenced by
relapse timing, with patients relapsing within 6 months having a poorer prognosis
than those relapsing between 6 and 12 months after diagnosis (27% versus 37%).>"°

In relapsed pediatric AML, there is no single standardized relapse protocol.
Induction chemotherapy, sometimes combined with targeted agents, is used to
achieve a second remission, usually followed by HSCT. Treatment depends on
previous therapy, disease genetics and response to induction treatment.

Relapse is more comprehensively discussed in Article I and in the Discussion
section.
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The present investigation

Aims of the study

The overall aim of this thesis was to improve our understanding of the molecular
basis of KMT2A4-r acute leukemia development and relapse. Highly sensitive
sequencing approaches were applied to characterize the genomic landscape of
samples collected at diagnosis, during therapy and at relapse, with a focus on clonal
evolution, treatment response and mechanisms of disease recurrence. Together,
these analyses also defined the genetic and biological heterogeneity of KMT72A-r
leukemia across disease subtypes and age groups (Figure A).

More specifically, the aims of this thesis were:

e To study clonal dynamics and the genetic mechanisms driving relapse in
KMT2A-r infant and childhood leukemia (Article I).

e To characterize the subclonal genetic landscape of pediatric KMT2A4-r
leukemia and investigate the clonal dynamics underlying disease relapse
(Article II).

e To characterize the genomic and transcriptional landscapes of KMT2A4-r
leukemia from infancy to adulthood and identify biological differences
between leukemia lineages, fusion partners and age groups (Article I1I).
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Figure A: Overview of the studies included in this thesis. The three studies investigate KMT2A4-r
leukemia from complementary perspectives, including relapse mechanisms, the subclonal mutational
landscape at diagnosis, and genomic and transcriptional characteristics across age groups and disease
lineages. The main cohorts, sampling strategies and sequencing approaches used in each study are
summarized. ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; MPAL, mixed
phenotype acute leukemia; WT, wildtype; KMT2A4-r, KMT2A-rearranged; WGS, whole genome
sequencing; WES, whole-exome sequencing; RNA-seq, RNA sequencing; WGBS, whole genome

bisulfite sequencing; D, diagnosis; G, germline. Illustration created with BioRender.com.



Materials and methods

Sample collection and processing

Over 140 patients were analysed in this thesis, with full clinical annotation and long-
term follow-up. Samples from the Nordic countries were collected at diagnosis,
remission or relapse. Most samples were obtained from the Division of Clinical
Genetics, Lund University, but given the rarity of this disease, additional samples
were provided through key collaborations in Sweden, Denmark and Finland, the
NOPHO biobank, and Ronald Stam at the Princess Maxima Center in the
Netherlands (Interfant group).

The biological material for these studies included viable cells, Ficoll-isolated cells,
cell pellets, TRIzol-preserved samples, fixative-preserved samples, cells from glass
slides, as well as DNA and RNA previously extracted as part of routine clinical
diagnostics. This provided access to a unique collection of patient samples spanning
several decades. Although nucleic acid yield and quality varied depending on
sample type and storage conditions, fresh and cryopreserved samples generally
yielded high-quality DNA and RNA, whereas archived slides and fixative-preserved
material typically provided lower-quality DNA and were not suitable for RNA
extraction due to degradation.

A particular challenge was the analysis of serial samples during treatment. During
induction therapy, leukemic blast counts rapidly decline, resulting in limited
numbers of leukemic and normal cells and consequently low DNA yields. Both BM
and PB samples were used, which increased the availability of material for analysis.
However, blast counts were generally higher in the BM, making it the preferred
source when available.

Polymerase chain reaction

PCR is a fundamental technique used to amplify specific DNA fragments. It allows
exponential amplification of a targeted DNA region through repeated cycles of
denaturation, primer annealing and extension by a DNA polymerase. This results in
the generation of large amounts of DNA from very small initial samples, making
PCR a key step in many applications, including sequencing-based methods. PCR is
rapid, sensitive and cost-effective, but the DNA polymerases can introduce errors
during amplification. These errors are generally not detectable by conventional
Sanger sequencing but may be relevant when using NGS to identify low-frequency
variants, where errors can be mistaken for true mutations (Figure 29).*'
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Figure 29: Schematic illustration of PCR, showing the three main steps: denaturation (separation of
DNA strands), primer annealing (binding of primers to the template DNA) and extension (DNA
synthesis by DNA polymerase). [llustration created with BioRender.com.

Whole genome sequencing

WGS was used in all three articles (I-III) to comprehensively characterize the
genomic landscape of KMT2A4-r leukemia. WGS determines the DNA sequence
across the entire genome, enabling the identification of both known and novel
genetic variants.**> WGS can identify a broad range of genetic alterations, including
exonic and intronic mutations, SVs and CNAs, but is associated with higher costs,
increased bioinformatic complexity and lower sensitivity for detecting low
frequency variants compared with targeted sequencing approaches (see below).

For cancer samples, sequencing of a matched normal DNA sample is recommended
to distinguish somatic from germline variants. In this thesis, BM or PB obtained
during remission were used as matched remission samples. To minimize the risk of
residual leukemia contamination, remission samples were selected from time points
with sustained deep remission and, whenever possible, distant from relapse.
Nevertheless, low-level residual leukemic clones cannot be completely excluded.
Alternative sources of constitutional DNA include cultured skin fibroblasts or nail-
derived DNA, which carry a lower risk of contamination by leukemic cells.
However, these approaches are associated with practical limitations, including
invasive sampling, prolonged processing time or lower DNA yield.**>**> For the
workflow, see the section Bioinformatics (Figure 10).
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Whole exome sequencing

WES was also used in all three articles (I-I1I). In contrast to WGS, WES selectively
captures and sequences the protein-coding regions of the genome (exons), enabling
higher sequencing coverage of coding regions at a lower cost. Library preparation,
sequencing and bioinformatics are performed similarly to WGS, except that exonic
regions are enriched using hybridization-based capture prior to sequencing.

Since only the exome is sequenced, variants in non-coding regions are generally not
detected unless they are located close to the captured regions. Detection of SVs and
CNAss is also more limited than with WGS.

Whole genome bisulfite sequencing

In Article III, WGBS was used to characterize genome-wide DNA methylation
patterns and compare the epigenetic profiles of the transcriptionally defined
leukemia subgroups. WGBS determines DNA methylation at single base resolution
across the entire genome. DNA is fragmented, sequencing adapters are ligated to
the fragments and then the DNA is treated with bisulfite, which converts
unmethylated cytosines into uracils while methylated cytosines remain unchanged.
During PCR amplification, uracils are read as thymines, allowing methylation status
to be inferred from C-T conversions in the sequencing data. The resulting library is
sequenced using NGS, generating short DNA reads that reflect genome-wide
methylation patterns. These reads are aligned to a bisulfite-converted reference
genome and analysed to quantify DNA methylation levels at individual cytosine
positions.*®

RNA sequencing

In Article III, RNA-seq was used to characterize gene expression patterns, identify
fusion genes and define transcriptional subgroups of KMT2A4-r leukemia. Total
RNA was extracted and mRNA was enriched. The RNA was then converted into
complementary DNA (cDNA), which is fragmented and ligated to sequencing
adapters. The resulting ¢cDNA library was sequenced using NGS, generating
millions of short reads corresponding to expressed transcripts. Following quality
control, the reads are aligned to a reference genome to identify differentially
expressed genes and detect fusion transcripts.**’

RNA-seq enables genome-wide analysis of gene expression. Since thousands of
genes are evaluated simultaneously, p-values were adjusted to account for multiple
testing and reduce the risk of false positive findings.**® Gene Set Enrichment
Analysis (GSEA) was used to determine whether predefined groups of functionally
related genes are enriched between groups, using gene sets from the Molecular
Signatures Database. Beyond differential gene expression, RNA-seq is also
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effective for detecting fusion transcripts and alternative splicing events. However,
while RNA-seq provides valuable information on transcriptional activity, mRNA
abundance does not always reflect protein levels or biological function.*”®

Single cell sequencing

Single cell sequencing enables genomic and transcriptomic analysis at the resolution
of individual cells, allowing characterization of cellular and genetic heterogeneity.
In Article III, scRNA-seq was used to validate the transcriptionally defined
subgroups identified by bulk RNA-seq and determine whether the corresponding
gene expression programs were maintained at the single-cell level. sScRNA-seq was
performed using a droplet-based 10x Genomics workflow, in which individual cells
were encapsulated in microdroplets together with barcoded beads. This allowed
transcripts from each cell to be uniquely labelled before sequencing, providing
single-cell transcriptional profiles for identifying different cell types, cell states and
rare subpopulations within heterogeneous samples.*~**°

In Articles I and III, scDNA-seq was used to define the clonal architecture of
leukemia and identify subclonal populations that could not be resolved by bulk
sequencing alone. Individual cells were isolated by flow cytometry, after which
DNA was whole genome amplified using primary template-directed amplification
(PTA). This method generates short DNA fragments that are inefficiently re-
amplified, favouring repeated amplification from the original DNA template and
thereby reducing amplification bias.*”**! Depending on the study, the amplified
DNA was subsequently analysed by targeted PCR or WES. Despite the high fidelity
of PTA, single-cell DNA sequencing remains susceptible to allelic dropout,
amplification bias and uneven genome coverage because only two copies of each
autosomal locus are available for amplification. Consequently, careful quality
control and bioinformatic processing are required for reliable mutation calling, with
downstream validation being important for rare de novo variants.*"!

Targeted sequencing

Targeted sequencing was used in all three articles (I-III) to validate genetic variants
identified by WGS/WES, detect low-frequency mutations with higher sensitivity
and longitudinally monitor selected variants during disease progression. In contrast
to WGS or WES, only selected loci of interest were amplified and sequenced. Target
enrichment was performed using multiplex PCR, in which multiple genomic regions
were simultaneously amplified using specific primer pairs. Sequencing adapters and
sample specific indices were incorporated during library preparation, after which
the amplified products were subjected to NGS. For most samples, 5-20 ng of input
DNA was used. For cell-poor samples with <3.2 ng of available DNA, PTA was
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performed prior to the PCR and library preparation to generate sufficient material
for sequencing.

The sensitivity for detecting variants is influenced by the amount and quality of
input DNA, as well as sequencing depth. Compared with genome-wide approaches,
targeted sequencing reduces sequencing costs and allows greater sequencing depth.

In Article I, the analytical sensitivity of the multiplex PCR assay was evaluated
using a dilution series in which DNA from the 7P53 mutant Kasumi-1 cell line was
serially diluted with DNA from the 7P53 wildtype REH cell line. This established
the assay’s limit of detection (approximately 0.002 VAF) and reproducibility under
controlled conditions.

Duplex sequencing

In Article II, duplex sequencing was used to identify ultra-low-frequency cancer-
associated mutations at diagnosis and to investigate their contribution to clonal
heterogeneity and relapse evolution in KMT72A4-r ALL. DNA is fragmented and
ligated to sequencing adapters containing unique sequences allowing each original
DNA molecule to be tracked throughout library preparation and sequencing.
Following sequencing, reads originating from the same DNA strand are combined
into single-strand consensus sequences and complementary strands are
subsequently compared to generate a duplex consensus sequence. As true genetic
variants are expected to be present on both strands of the original DNA molecule,
whereas most PCR and sequencing errors occur randomly on only one strand,
duplex sequencing markedly reduces sequencing errors and enables highly sensitive
detection of rare mutations (Figure 30).*"> Limitations of duplex sequencing include
the requirement for high sequencing depth and relatively large amounts of high-
quality input DNA, together with specialized library preparation and bioinformatic
analysis, making the method more costly and less suitable for large-scale genome-
wide applications. In Article II, 250 ng of input DNA was used, providing a
theoretical detection limit of approximately 0.005% VAF (corresponding to one
mutated cell among ~40,000 cells).
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Figure 30: Principle of duplex sequencing. Illustration of duplex sequencing for error-corrected
detection of rare genetic variants. DNA fragments are ligated to uniquely tagged adapters and
amplified and sequenced. Reads originating from the same DNA strand are combined to generate
single-strand consensus sequences (SSCSs), after which complementary strands are compared to
generate a duplex consensus sequence (DCS). True variants present on both strands are retained,
whereas sequencing or PCR errors present on only one strand are removed.

Digital droplet PCR

ddPCR was used in Article II to validate selected low-frequency variants identified
by duplex sequencing and to assess the presence of relapse-associated mutations
below the detection limit of duplex sequencing. In this study, ddPCR achieved a
validated detection limit of 0.0044% VAF or lower when sufficient input DNA
(>110 ng) was available. In ddPCR, a DNA sample is partitioned into thousands of
nanolitre droplets, with PCR amplification occurring independently within each
droplet. Following amplification, droplets are classified as positive or negative
based on fluorescence signal, allowing direct counting of target molecules. ddPCR
is well suited for highly sensitive detection of predefined low-frequency variants.**

CRISPR/Cas9 genome editing

In Article I, CRISPR/Cas9 was used to generate PRPS2 knockout REH cell clones
for functional validation of the PRPS2™?"* variant. CRISPR/Cas9 is a genome
editing technology adapted from the bacterial adaptive immune system. The system
consists of the Cas9 endonuclease and a guide RNA (gRNA) that directs Cas9 to a
complementary DNA sequence, where Cas9 introduces a double-strand DNA break.
Although CRISPR/Cas9 enables precise genome editing, editing efficiency varies
between cell types, off-target editing can occur and double-strand DNA breaks can
introduce unintended alterations.*** This experiment was performed by
collaborators.
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Plasmid construction and lentivirus production

Plasmids are circular DNA molecules used as vectors to introduce genes into cells.
In Article I, plasmids encoding wildtype PRPS2 or the PRPS2"¥*"" variant were
generated and packaged into replication-deficient lentiviral particles. These were
used to transduce parental and PRPS2 knockout REH cells, enabling functional
comparison of wildtype and mutant PRPS2. Lentiviral vectors provide efficient and
stable gene delivery through integration into the host genome.** This experiment
was performed by collaborators.

Western blotting

Western blotting was used to detect specific proteins in biological samples. Proteins
are separated by gel electrophoresis, transferred to a membrane and detected using
antibodies. In Article I, Western blotting was used to confirm expression of
wildtype and mutant PRPS2 following lentiviral transduction of parental and PRPS2
knockout REH cells. Protein expression was detected using an anti-Flag antibody,
while vinculin served as a loading control. In Article II1, it was used to assess FLT3
signalling in Ba/F3 cells expressing wildtype or mutant FLT3, including FLT3"*'*
and FLT3"™", under ligand-stimulated and unstimulated conditions. Although
Western blotting enables sensitive detection of proteins, it is dependent on antibody
specificity and less suitable for low-abundance proteins.**® These experiments were
performed by collaborators.

Drug sensitivity assessment

Drug sensitivity assessment is used to evaluate how cells respond to
pharmacological treatment. Cells are exposed to increasing concentrations of a drug
and cell viability is measured after treatment to determine the effect of the
compound.”’’ In Article I, drug sensitivity was assessed using the CellTiter-Glo
assay, which quantifies intracellular ATP as a surrogate marker of metabolically
active cells. PRPS2 knockout and parental REH cells expressing wildtype or mutant
PRPS2 were treated with increasing concentrations of 6-mercaptopurine for 72
hours to evaluate the functional effect of the PRPS2™*?"* variant on drug sensitivity.
A limitation of cell viability assays is that they provide an indirect measure of cell
survival and do not distinguish between reduced proliferation and cell death.**® This
experiment was performed by collaborators.

Mutational signatures

In Articles I and III, mutational signature analysis was performed to determine the
relative contribution of COSMIC single base substitution (SBS) signatures at
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diagnosis and relapse. Based on the dominant SBS signature, each patient was
assigned to a primary mutational process, enabling comparison of mutational
processes between ALL and AML as well as between diagnosis and relapse.

Mutational signature analysis classifies each single-base substitution according to
the type of base change and the identity of the adjacent 5’ and 3’ bases, resulting in
96 possible trinucleotide mutation contexts. The observed mutation profile is then
compared with reference signatures to infer the mutational processes that have been
active during tumour development. Reliable signature detection requires a sufficient
number of somatic mutations, and interpretation can be complicated by overlapping
signatures or signatures with unknown biological origins. 24?410

Mouse experiments

In Article 11, a syngeneic BM transplantation mouse model was used to investigate
the leukemogenic potential of the novel KMT2A4::ACINI and the rare
KMT2A::USP2 fusion genes in vivo. Murine BM cells were transduced with
retroviral  vectors expressing KMT2A4::ACINI or KMT2A4::USP2, and
KMT2A::MLLT3 served as a positive control. The transduced cells were
transplanted into lethally irradiated syngeneic recipient mice, enabling assessment
of leukemia initiation and disease latency, followed by secondary transplantation to
assess leukemia-propagating capacity. In this model, expression of KMT2A4::ACIN1
and KMT2A::MLLT3 in murine BM cells resulted in myeloid leukemia, whereas
KMT2A::USP2 showed limited leukemogenic potential.

Statistical considerations

Statistical analyses were performed in all three articles (I-III). Owing to the
relatively small cohort sizes and the non-normal distribution of several variables,
non-parametric statistical tests were primarily applied. Two-group comparisons
were performed using the Mann-Whitney U test (Wilcoxon rank-sum test), while
comparisons of more than two groups were performed using the Kruskal-Wallis test.
Categorical variables were compared using Fisher’s exact test. Correlations were
assessed using Spearman’s rank correlation coefficient. Overall survival was
estimated using the Kaplan-Meier method and compared using the Mantel-Cox log-
rank test. Cox regression was used to assess associations between recurrent gene
mutations and the risk of death or relapse.

All statistical tests were two-sided and p<0.05 was considered statistically
significant. When multiple statistical tests are performed, the risk of false-positive
findings increases. To account for this, p-values were adjusted using the Benjamini-
Hochberg method when appropriate. This method controls the false discovery rate,
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which represents the expected proportion of false-positive findings among the
significant results.

Alternative methodological approaches

Other methods could complement the approaches used in this thesis. Long-read
sequencing could improve the characterization of complex structural variants and
fusion genes. Larger scRNA-seq studies could offer a more detailed view of
transcriptional heterogeneity and help identify rare cell populations that are not
resolved by bulk RNA-seq. Serial single-cell analysis could resolve clonal changes
during treatment and relapse, while combining genetic and transcriptional
information could link specific subclones to their transcriptional profiles. Single-
cell chromatin profiling could further reveal how epigenetic states contribute to the
transcriptional and lineage heterogeneity of KMT2A-r leukemia. Finally, functional
studies are needed to determine whether identified genetic alterations contribute
directly to the observed phenotypes.

Ethical considerations

Samples were obtained with informed consent from the parents or legal guardians
of children, or from the patients themselves if aged 18 years or older, in accordance
with the Declaration of Helsinki. All studies were approved by the relevant ethics
review authorities in Sweden.

All studies were retrospective and did not affect clinical management or treatment
decisions. Only archived material was used, and no additional samples were
collected for the studies.

Patient samples were assigned study-specific identification numbers to protect
patient identity. Sequencing data contain sensitive genetic information and were
therefore stored on secure servers with restricted access in accordance with legal
requirements for handling sensitive data.

The studies were restricted to somatic alterations, and germline variants were not
investigated. Matched non-leukemic samples were used only to distinguish somatic
from inherited variants. This limited the risk of identifying inherited findings with
potential implications for patients or their relatives. If a clinically significant
constitutional finding were identified incidentally, this would be handled according
to established clinical genetics procedures.

Mouse studies were conducted in accordance with Swedish legislation under
approved animal ethics permits. Experiments were performed by trained personnel,
with predefined humane endpoints to minimise pain and suffering.
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Summary of articles

Article 1

The genomic landscape of relapsed infant and childhood KMT2A-rearranged
acute leukemia

Over 90% of infants reach CR, but relapse can occur rapidly, with 90% of relapses
occurring within two years of diagnosis and 66% within one year.>***> Despite this,
the molecular mechanisms driving relapse remain incompletely understood, limiting
not only the development of targeted therapies but also efforts to improve risk
stratification and identify patients at high risk of relapse.

To gain insight into the mechanisms of relapse and clonal dynamics during
treatment, we studied a cohort of 36 patients with relapsed KMT2A4-r, including 26
infants (24 ALL, 2 AML) and 10 children (1 ALL, 9 AML) with WGS and WES,
representing the largest cohort of relapsed pediatric KMT2A-r acute leukemia
reported to date. In addition, we performed targeted sequencing of 257 samples from
30 cases, including 14 cases from the relapse cohort, during the disease course.

Results in short

e FEarly relapse ALL (9-36 months after diagnosis) gained alterations in drug-
response genes at relapse, most commonly in /KZF1 and TP53, while such
alterations were rare in very early relapse ALL (<9 months).

e Mutational signature analysis indicated that chemotherapy was the primary
mutational process in early relapse ALL but not in very early relapse ALL
or AML.

e In AML, the same mutational processes were active at diagnosis and
relapse, suggesting that the cells that gave rise to relapse were likely
dormant during therapy and responded differently to therapy than cells in
ALL.

Genomic landscape of relapsed KMT2A-r ALL

In ALL, 20 mutated genes affecting five pathways were identified at relapse. These
alterations were primarily observed in patients with early relapse (9-36 months after
diagnosis, according to Li et al.>*®) and were uncommon in very early relapse (<9
months) or refractory disease. The affected pathways included B-cell maturation
(very early 27% vs. early 64%), cell cycle regulation (27% vs. 50%), glucocorticoid
receptor signalling (0% vs. 21%), purine metabolism (0% vs. 21%) and
kinase/PI3K/RAS signalling (18% vs. 50%). Furthermore, 79% of early relapse
ALL cases harboured mutations associated with chemoresistance (/IKZF1, TP53,
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NT5C2, CREBBP, PRPS2, WHSCI and NR3C1), whereas such alterations were rare
in very early relapse ALL, where only /KZF'I alterations were observed (9%).

TP53 and IKZF'1 were the most frequently altered genes (64%) and co-occurred in
56%, suggesting genetic cooperativity. All TP53 mutations were gained at relapse,
and several cases had multiple TP53-alterations. In addition, in 67% of cases,
alterations affecting purine metabolism (N75C2, PRPS2) and glucocorticoid
signalling (CREBBP, WHSC1, NR3CI) co-occurred with alterations in /KZFI or
TP53. The PRPS273?% variant, found at relapse, was novel but knockout of wildtype
PRPS?2 together with overexpression of PRPS2"?" revealed that PRPS2™"* had
minimal effects on viability in the presence of 6-mercaptopurine.

To validate the frequency of these relapse-associated alterations in KMT2A-r infant
ALL, we analysed data from three studies'**°>?*" including 80 diagnostic KMT2A-
r infant ALL cases, of which 18 had a paired relapse sample. We found that 6/12
(50%) of infants with early relapse and none of the 6 infants with very early relapse
had such alterations at relapse, aligning with our findings (Figure 1A).

A Heatmap of relapse-enriched variants in ALL B Heatmap of relapse-enriched variants in AML
Very early, <9m after D Early, >9m after D Early, <1y after D Late, >1y after D KMT2A-t
0%, 40% 0% 30% W KMT2A::AFF1
KT 2/ ) KMT2A ENESERENEN S0 B KMT2A-EPS15
IKZF1 B-cell CDKN1B* IEEN] EEE Cell Cycle KMT2A::GAST
PAX5 m CCND3 [ | EEE B KMT2A:MLLT1
VPREB1 DZIP3 R 1] B KMT2A:MLLT3
753 [T T LT (== [ = | Cell Cycle P53 [T =m;§: géﬂ 10
coknzas || I CLILTT T [ ] ETve" [ [ KMT2A-AFDN
conk [ H N | | | [ ] AR L { [ KMT2A-ELL
COKN1B _j I %ﬂ!—l 1 NFE2 E,:_
CDKN1A || | 1 POUZF2 | Status
orcr LI [ TI11 1 SREBF2 I [T [C] Diagnosis
CREBBP I 1 | Glucocorticoid Wr1 H T T WNT Signaling = g'jg;‘s’:‘s *Relopse
weser T T T CT T W T rrin Receptor Signaling Accl T T
whsct 1] [ [TTTTTTT T Cm‘i ::;r fmim] Su%\yal
wesc2 [T T T T T T T T T T T T LT T T T I Purine SR Bladils
SETD2 T Epigenetic [l Passed
PRPS2 |1 = || [ ] o MYST4 EEE=EEE|l] M Unknown
NRAS [T T ] W] | EEE | H] | ignaling PRDM16 A
LTS o uEE EE N N swvoz ({1 T it
KRAS ] ENEEEE ] SMARCA1 H | I Child
PTPN11 || | 1 HISTIH3D I +chr8
PIK3C28 T | | | 1 FLT3 IH] EEN Signaling B Yes
PIK3CD T | | wras I L] u ENo
kras| [T T W[ ]
PTPN11 [T ] Other
CSFIR| | Il | DR
DAB2IP ] T R
Age I fdisdaDw POR
Survival SRS SR | *12p deletion
+chr8 [T ) MO - ASNP-array Dgx/WGS d21+R
R38R 335888
TEETF TEREER

Figure 1A: Heatmap of relapse enriched variants in ALL and AML. A) ALL and B) AML.
Alterations in genes within pathways enriched at relapse, with genes in rows and patients in columns.
To the right of each heatmap, the bar plot indicates the fraction of patients with alterations in each
gene, while the pathways are shown on the left. Yellow indicates diagnosis-specific alterations, grey
alterations shared between diagnosis and relapse, and lilac relapse-specific alterations. D-R indicates
that no germline sample was available, while R indicates that only a relapse sample was analysed.

Genomic landscape of relapsed KMT2A-r AML

Mutations in five pathways were enriched at AML relapse: cell cycle, transcription,
WNT-signalling, epigenetic and signalling, with only six genes recurrently altered,
including deletion of 12p affecting CDKNIB and ETV6, mutations in CCND3, WT1,
SETD2 and FLT3. WTI1-mutations were gained at late relapse (33%) and detected
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in cases with rare KMT2A-r (KMT2A::AFDN, KMT2A::ELL), whereas early relapse
harboured mutations in other WNT-signalling pathway genes (40%, APC,
CTNNBI). Alterations in transcription factor genes were enriched at early relapse
(60% vs 33%) and included ETV6 (12p-del), and mutations in NFE2, POU2F2,
AHRR and SREBF?2.

Signalling mutations were more common at diagnosis than at relapse in AML (73%
versus 36%) and often subclonal at relapse. Additionally, diagnostic KRAS/NRAS
mutations were maintained at early relapse, whereas they were lost at late relapse,
which instead gained receptor tyrosine kinase mutations (FLT3, CSFIR).

Within all enriched relapse pathways, early relapse AML maintained most
mutations from diagnosis to relapse (60%), whereas late relapse gained (38%) and
lost (29%) more mutations (Figure 1A).

Mutational signatures at relapse fingerprint cellular history

To understand which mutational processes were active at relapse, we examined the
mutational signatures. In ALL, 9/14 cases had chemotherapy exposure as their
primary signature and 36%-86% of their mutations were attributable to
chemotherapy exposure, particularly SBS87 which has been correlated with
thiopurine treatment. Five cases did not have chemotherapy as their primary
signature, of which three had refractory disease. One of the three hypermutated
cases at relapse (P11) had a clock-like signature. Cases with mutations affecting
purine metabolism (P69, P58 and P3) had the most prominent chemotherapy-
induced signatures, whereas very early relapse cases had the least prominent
signatures. Combined, early relapse ALL was characterized by mutations that were
associated with chemotherapy exposure, consistent with surviving cells
accumulating mutations from cytotoxic treatment.

As opposed to ALL, the most common mutational signature at AML relapse was of
unknown origin (6/9) with chemotherapy-associated signatures virtually absent. We
performed an analysis of relapse-specific mutations only and compared them to the
diagnostic profiles, showing that in contrast to ALL, the mutational processes at
AML relapse did not differ from those at diagnosis and mirrored the natural
acquisition of mutations. This indicates that the relapse originated from an early
ancestral cell that survived chemotherapy.

Clonal evolution patterns from diagnosis to relapse

We next investigated the pattern of clonal evolution from diagnosis to relapse. All
relapses lost diagnosis specific clones indicative of branching evolution. By
comparing the diagnostic and relapse VAFs, we found that in 55% of cases, relapse
was seeded by multiple diagnostic clones and in the remaining 45%, relapse arose
from a single sweeping clone, 40% of which were detected at diagnosis. Most
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patients had additional subclones at relapse, in line with a continuous evolution
generating new clones. The lack of detection of the relapse clone at diagnosis does
not exclude that it was present but below our resolution (see Article II). In ALL,
the clonal evolution pattern correlated with time to relapse with multiple diagnostic
clones seeding relapse in 80% of very early and 33% of early relapse ALL, whereas
in AML the frequency was the same (early, 66% and late, 60%).

One ALL and four AML had multiple BM relapses, allowing us to study how the
genetic landscape evolved across consecutive relapses. The mutational burden
increased after each relapse and mutations in driver genes were not lost once gained
at relapse, suggesting a fitness advantage.

Residual leukemia cells and unique clonal responses

To uncover clonal responses to treatment and study measurable disease at the
clinical MRD timepoints, we studied 19 relapse (10 ALL, 9 AML) and 11 remission
(7 ALL, 4 AML) cases using patient-specific mutations, including the KMT24
rearrangement, by targeted sequencing.

In ALL, at day 15, the first MRD measurement during induction therapy, 13/15
cases had measurable disease, with a similar average VAF in relapse and remission
cases, whereas at the end of induction at day 29, relapse cases showed a trend
towards higher values (p=0.069). This was mainly driven by very early relapse cases
and if no mutations were detected, patients remained in remission.

In AML, around half of cases had measurable disease after the first induction and
the average VAF was similar in remission and relapse patients, with two having
measurable disease despite being in CR. After the second induction 7/12 cases had
measurable disease, including 3 cases in CR by clinical MRD, and 6/7 cases
relapsed.

In 4/16 cases with a BM relapse, we detected the relapse clone after induction
therapy as long as 25-92 days before relapse. Some diagnostic mutations/SVs were
always present and sufficient to detect the relapse. Together, these findings showed
that molecular monitoring with patient-specific mutations could readily detect
leukemic cells.

Longitudinal sequencing provided insight into clonal evolution during treatment,
demonstrating that genetically distinct clones can respond differently to
chemotherapy, compete for clonal dominance and persist below the detection limit
before re-emerging at relapse (Figure 1B).

To further investigate clonal composition and mutational co-occurrence, single cells
from two patients were sorted and analysed for selected targets. These results were
consistent with the longitudinal sequencing. Together, these findings show that
longitudinal genomic profiling can identify relapse-initiating clones months before
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overt relapse and provide valuable insight into the evolutionary dynamics
underlying treatment failure.
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Figure 1B: Longitudinal sequencing of a child with ALL and an early relapse. A) Fish plot
showing clonal evolution in a child in whom the KMT2A4-r was detected at day 378 in 3% of cells,
92 days before relapse and 350 days after CR. The KRAS®/?N-relapse clone was detected at diagnosis
(2%). The diagnostic PIK3C2BP%3% was lost at relapse, while CDKNIB, IKZF1, PTPN11, TP53 and
CREBBP were gained. B) The order of mutations at relapse as determined by single-cell DNA
sequencing. Mutations are gained sequentially with all relapse cells containing KRASC'?N,
PAX5::ZCCHZ7, CDKNIB, followed by expansion of cells with 7P53, PTPNI1Il and CREBBP-
mutations and a clone without additional known driver events.

General conclusions

We demonstrate different relapse mechanisms in KM724-r ALL and AML. In ALL,
early relapse appears to be driven by surviving leukemic cells that acquire
chemotherapy-induced mutations, with 79% of cases harbouring relapse-associated
alterations in drug-response genes, most commonly 7P53 and /KZF'I. By contrast,
91% of very early relapse ALL lacked such mutations, in line with inherent
resistance. Relapsed AML had the same mutational processes active at diagnosis
and relapse and lacked a chemotherapy-exposure signature, indicating relapse from
a cell that has remained unaffected by therapy.

Article 11

Duplex sequencing uncovers recurrent low-frequency cancer-associated
mutations in infant and childhood KMT2A-rearranged acute leukemia

Infant ALL has an exceptionally low mutational burden, averaging only 1.3 non-
silent somatic mutations in the major leukemia clone per case.'”*!! Despite this
paucity of mutations, approximately half of infant KMT2A4-r ALL cases harbour
activating mutations in the PI3K/RAS pathway, suggesting that aberrant signalling
represents an important cooperating event.'>>4!2

Given this high fraction of subclonal mutations, this study aimed to determine
whether low-frequency mutations, especially in RAS signalling genes, are common
at diagnosis and whether they could provide a reservoir of genetically diverse clones
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for later selection. We targeted 28 leukemia-associated genes using sensitive duplex
sequencing in a cohort of 20 infants and 7 children with KMT2A-r leukemia. We
also analysed 6 paired relapse samples and 5 longitudinal samples.

Results in short

e We identified 87 cancer-associated mutations across the cohort. Only 33
(38%) were present in more than 2% of cells, indicating that conventional
NGS would have missed the remaining 62%.

e Expanding clones frequently harboured PI3K/RAS pathway mutations, yet
55% of all signalling mutations resided in non-expanding clones,
suggesting that mutation acquisition alone is insufficient for clonal
expansion.

e Relapse-associated mutations were already detectable at diagnosis in rare
subclones comprising <0.4% of the total cell population, showing that
relapse-initiating clones may already be detectable at diagnosis, long before
clinical relapse. However, one TP53 mutation was detected exclusively at
relapse, consistent with acquisition during treatment or expansion from a
pre-existing undetectable subclone.

Most low-frequency mutations would go undetected by standard NGS

We identified 931 mutations across all investigated bases in the targeted genes. One
hypermutated case accounted for 440 mutations and was excluded from subsequent
statistical analyses. The remaining cases harboured 491 mutations.

More than 90% of mutations had a VAF below 0.01 and would therefore not be
detected by conventional NGS. Thus, duplex sequencing uncovered a substantial
burden of low frequency mutations that are missed by standard sequencing.

All cancer-associated mutations target recurrently mutated genes in KMT2A-r ALL

Of the identified mutations, 87 occurred at sites previously associated with leukemia
and affected eight of the investigated genes: KRAS, NRAS, FLT3, TP53, PIK3CA,
PAXS5, PIK3RI and PTPNII. The remaining genes carried no cancer-associated
mutations, in line with their rare occurrence in KMT2A-r leukemia.

Children harboured more than twice as many cancer-associated mutations as infants
(6.0 vs. 2.6 per case); five infants lacked cancer-associated mutations. Only 7% of
cancer-associated mutations were present in the dominant leukemic clone, whereas
62% occurred below the detection limit of conventional NGS, highlighting
extensive subclonal heterogeneity.
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PI3K/RAS mutations were present in larger fractions of cells

Among the 33 cancer-associated mutations present in more than 2% of cells, 31
affected FLT3 or PI3K/RAS pathway genes, in line with their role as cooperating
lesions in KMT2A-r leukemia. Notably, 74% of the KRAS and NRAS mutations
affected canonical hotspot codons. When all signalling mutations were considered,
70% of infants and all children harboured at least one PI3K/RAS pathway mutation,
often distributed across multiple genetically distinct subclones. However, more than
half (55%) of all signalling mutations remained below the detection limit of
conventional NGS, showing that many did not undergo substantial clonal expansion
despite their oncogenic potential.

Low-frequency drug-resistant clones expand at relapse

To investigate whether low-frequency diagnostic variants could represent relapse-
initiating clones, multiplex PCR followed by NGS was performed on six paired
diagnosis-relapse samples. In three out of six patients, rare diagnostic subclones
carrying FLT3P*" or NRASC!3P/C1%5 (VAF 0.0003-0.0017) expanded and became
dominant at relapse, whereas higher-frequency diagnostic KRAS or NRAS mutant
clones disappeared in two of these patients.

In one patient, a TP53°°*” was detected at relapse and remained undetectable at

diagnosis despite analysis by both duplex sequencing and ddPCR (detection limit
VAF 0.00009), suggesting that it either arose during treatment or was below the
detection limit at diagnosis. These findings show that rare diagnostic subclones can
survive chemotherapy and subsequently expand at relapse (Figure 2A).

Clonal evolution from diagnosis to relapse and across therapy
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Figure 2A: Paired diagnostic and relapse samples showing the VAF change in cancer associated
mutations. Changes in VAF from diagnosis to relapse in five of the six patients with paired relapse
samples. Patient 12 had no cancer-associated mutations and is not shown. Red: NRAS mutation; Blue:
KRAS mutation; Green: FLT3 mutation; Gray: 7P53 mutation; Orange: PTPNI] mutation. Dashed
lines indicate mutations not detected in one of the paired samples. Grey area indicates the detection
limit of the targeted sequencing. The scale is log 10 transformed.

Clonal evolution in serial samples reveals clone-specific response kinetics

To investigate how treatment affected low frequency subclones, we used duplex
sequencing to track longitudinal samples from a single patient with refractory
disease. At diagnosis, the leukemia exhibited at least three distinct subclonal
branches off the founding clone (A):
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1. The major diagnostic subclone (B) regressed during induction therapy but
then started to expand.

2. A minor subclone (D) harbouring an NRAS®'? comprised only 0.22% of
the major diagnostic clone. It remained quiescent for more than 200 days of
treatment. Late in the clinical course, it expanded rapidly, acquired
additional mutations and became the dominant relapse clone.

3. A third subclone (C) was present in 56% of the diagnostic cells but was
eliminated completely by day 93 of therapy.

Longitudinal analysis of this patient illustrates a classic pattern of branching
evolution. It shows that future relapse-driving clones can persist at nearly invisible
levels for extended periods under therapeutic pressure (Figure 2B).
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Figure 2B: Longitudinal sequencing with duplex sequencing. A) Fish plot showing the clonal
evolution in an infant with a refractory disease. The founding clone “A” is shown in dark green, the
major diagnostic clone “B” in light green, clone “C” in blue and clone “D” in yellow. Clone D
contained an NRAS/?S mutation and expanded in a selective sweep at relapse. By this time, it had
acquired additional mutations, defining clone E (orange). B) Schematic view of clonal evolution and
tumour composition. The KMT2A-r clone in light brown indicates the first event and clone A and B,
the first 2 clones before branching. Clone C was lost during treatment, and clone D was seen as a small
subclone at diagnosis and through treatment and during the last month before relapse, it expanded and
accumulated additional mutations that were only detected at relapse.

General conclusions

Our data show that the subclonal genetic landscape of KMT72A-r leukemia is far
more heterogeneous than previously assumed. Furthermore, cancer-associated
mutations do not always result in clonal expansion. This indicates that
microenvironmental factors or clonal competition may influence clonal fate.
Finally, some mutations present at relapse can already be detected at diagnosis as
rare subclones, persisting through treatment before expanding at relapse. However,
the TP539?*" was only detected at relapse, illustrating that not all relapse-associated
mutations are detectable at diagnosis, either because they are acquired during
treatment or remain below the detection limit.
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Article II1
A genomic atlas of KMT2A-rearranged leukemia from infancy to adulthood

The genomes of infants harbour few additional genetic alterations apart from the
KMT?2A rearrangement and little is known about the genomic landscape in adult
KMT2A-r leukemia.'” To gain insight into the molecular landscape of KMT2A4-r
leukemia across ages, genetic subtypes and lineages, we characterized the genetic
and transcriptional landscapes of 116 KMT2A-r cases. This is one of the most
comprehensive genomic studies of KMT72A4-r leukemia to date, including: 39 infant
ALL, 19 childhood ALL, 16 adult ALL, 8 infant AML, 30 childhood AML and 4
MPAL (3 infants and 1 child), together with 3 infant ALL KMT2A4-wildtype cases.
Samples were characterized using whole-genome sequencing (WGS; n=96, average
45x), whole-exome sequencing (WES; n=116, average 171%), RNA sequencing
(n=57, average 32x), and whole-genome bisulfite sequencing (WGBS; n=17).

Results in short

e Specific genetic alterations were associated with leukemia lineage, KMT2A4
fusion partner and age.

e FLT3 alterations were enriched in AML with KMT2A4::MLLT3, whereas B-
cell developmental gene alterations (e.g. PAX5 and IKZF'1) were enriched
in ALL carrying predominantly myeloid-associated KMT2A fusion
partners, suggesting that cooperating lesions reinforce lineage identity.

e RNA-seq identified distinct transcriptional states in both ALL and AML
that extended beyond the KMT2A fusion partner and reflected differences
in cellular differentiation, underlying biology and clinical outcome.

An age dependent increase in the number of mutations

The median number of SNVs and indels was 222 across all cases and increased with
age, ranging from 69 in infant AML to 439 in adult ALL. The adult ALL cases
displayed a higher average VAF than infant and childhood ALL/AML, indicating a
more clonal disease. Of the 537 non-synonymous mutations identified, 92% were
validated by both WGS and WES or by PCR, and 38% were expressed in matched
RNA data.

A total of 543 SVs and CNAs were identified, of which all but three were validated
by another method, manual inspection or were related to the KMT2A4 rearrangement.
The average number was highest in childhood ALL (8.4) and lowest in infant ALL
(4.6). Almost two thirds were a direct result of the KMT24 rearrangement. Overall,
36% of cases harboured only KM72A-related SVs/CNAs, and this was more
common in infants (47-67%), than in children and adults (13-33%). Thus, children
and adults had a larger number of KMT2A4-unrelated SVs/CNAs, suggesting that
these lesions are cooperating leukemogenic events.
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Mutational signatures revealed that a clock-like signature predominated across
subtypes (77%) followed by chemotherapy exposure (13%), with a higher relapse
prevalence in the latter group (60% versus 34%). Combined, the mutational burden
increased with age, with adult KMT72A4-r ALL exhibiting a more clonal disease than
younger cases, implying differences in their evolution.

Age and subtype dependent mutation spectrum

We identified 31 recurrently altered genes in KMT72A4-r leukemia including 21
within 4 pathways; PI3K/RAS-signalling (40%), epigenetic (21%), hematopoietic
differentiation (17%), cell cycle (11%) and other genes (11%), with NRAS, KRAS,
FLT3, PAXS, IKZF1, CDKN2A4/B and TP53, accounting for 62% of the alterations.
Fewer genes were recurrently altered in AML (n=8) than in ALL (n=16) (Figure
3A).

Including non-recurrent alterations, PI3K/RAS-pathway was the most frequently
mutated (46%) and was more common in AML (68%) compared to ALL (35%).
Over half of the mutations were subclonal (VAF <0.3) and 34% of cases harboured
multiple mutations. In these cases, the combined VAF suggested that the mutations
resided in different clones. To investigate the clonal architecture of co-occurring
signalling mutations, we performed single-cell WES on an infant ALL case that had
previously been analysed by duplex sequencing (Article II). Multiple independent
NRAS, KRAS and FLT3 mutations were identified in distinct clones, revealing
extensive branching evolution with at least ten diagnostic clones (Figure 3A).

NRAS, KRAS and FLT3 accounted for most signalling mutations, affecting 40% of
cases. Activating mutations displayed marked fusion-, lineage- and age-specific
patterns. While AML typically harboured single activating driver mutations,
particularly FLT3 in KMT2A::MLLT3 and NRAS/KRAS in KMT2A::MLLTI10, ALL
more frequently had multiple co-occurring signalling mutations, with 38% of cases
harbouring more than one NRAS/KRAS/FLT3 mutation compared with only 9% in
AML. These findings support that signalling pathway activation is shaped by fusion
gene context and that multiple cooperative signalling lesions might be more
important for leukemogenesis in ALL than in AML (Figure 3A).

Alterations affecting hematopoietic differentiation were detected in 29% of B-ALL
cases and were common in childhood (53%) and adult (40%) ALL, but rare in infant
ALL (13%) and AML (5%). In ALL, the most frequently affected genes were PAXS
(14%), IKZF1 (13%) and VPREBI (6%). PAXS5 alterations were enriched in ALL
with KMT2A::MLLT3, whereas IKZF1 alterations increased with age and co-
occurred with KMT2A::AFF1.
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Figure 3A: The genomic landscape of KMT2A-r leukemia. A) Bar plot showing the 31 recurrent
genes. The left y-axis shows the number of cases with an alteration. Each gene has been coloured based
on the leukemia type and the right y-axis shows the fraction of mutations in each leukemia type. B)
The fraction of cases with alterations in recurrently mutated pathways is shown, with each tile
representing one case within each cohort. The red line indicates the fraction of all KMT24-r cases with
an alteration in the respective pathway. C) Single-cell WES of 25 cells in an infant ALL case, with
each colour representing a cell with a unique mutational profile. This case had six RAS-pathway
mutations in different cells. Due to the limited number of cells analysed, each unique mutational profile
was considered a separate clone; thus, a clone could consist of a single cell. D) Heatmap of the most
common fusion genes in ALL and AML and the fraction of mutations in KRAS, NRAS and FLT3. At
the top, outcome and cohort are indicated.

Cell-cycle alterations (CDKN2A/B, TP53 and CCND3) were predominantly
observed in childhood and adult ALL and were rare during infancy. 7P53 mutations
were largely restricted to KMT2A4::AFF'1, whereas CCND3 mutations were observed
exclusively in AML. Mutations affecting epigenetic regulators were rare in infant
leukemia but increased with age.

Collectively, these findings demonstrate that the mutational landscape of KMT2A4-r
leukemia is highly dependent on developmental stage, lineage and fusion partner,
and suggest that the genetic requirements for leukemogenesis differ fundamentally
between ALL and AML (Figure 3A).
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Cooperating mutations enforcing lineage identity

The observation that ALL with KMT2A4::MLLT3 or KMT2A::MLLTI10 more often
harboured alterations in B-cell differentiation genes such as PAX5, whereas AML,
particularly KMT2A4::MLLT3, was enriched for activating FLT3 and RAS
alterations, supports a role for cooperating mutations in lineage-specific
leukemogenesis.

To explore this, we interrogated the RNA-seq data. Unsupervised PCA identified
three transcriptionally distinct groups in ALL that were largely independent of age
and only partly explained by the fusion partner. One group displayed an immature
stem/progenitor-like program enriched for HOXA, MYC and proliferation
signatures, whereas another exhibited a more differentiated pre-B-cell phenotype
with high expression of B-cell markers and frequent PAX5 alterations. A third,
smaller group showed features of multipotent progenitors together with MYC,
KRAS/MAPK and oxidative phosphorylation signatures. These transcriptional
groups were supported by DNA methylation analyses, reproduced in an independent
cohort and associated with differences in relapse frequency and survival, suggesting
that they represent biologically distinct subtypes of KM72A-r ALL (Figure 3B).

Similarly, AML segregated into three major transcriptional groups. Focusing on the
two larger groups, one was characterized by primitive HSC/LSC programs and
frequent epigenetic mutations, whereas the other showed more differentiated
myeloid, MYC/ERK and metabolic signatures together with frequent NRAS
mutations. These groups were also validated in an external cohort (Figure 3B).
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Figure 3B: RNA sequencing reveals distinct transcriptional states. A) Unsupervised principal
component analysis identified three groups of B-lineage ALL that were largely independent of age and
genetic subtype. B) Hematopoietic transcriptional programs across the three ALL groups. C)
Unsupervised principal component analysis identified three groups of AML. D) Hematopoietic
transcriptional programs across the three AML groups.
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Comparison of fusion gene subtypes showed that ALL with the predominantly
myeloid associated fusion partners MLLT3 and MLLT10 expressed higher levels of
lymphoid differentiation genes and lower levels of myeloid regulators than
KMT2A::AFF1 or KMT2A::MLLTI ALL. These findings suggest that such fusions
may require a stronger lymphoid differentiation program, frequently through
cooperating B-cell developmental lesions, to develop as ALL.

Collectively, KMT2A-r leukemia comprises distinct transcriptional states that
extend beyond fusion partner alone. These states are associated with cooperating
genetic alterations, differentiation and clinical outcome, highlighting additional
biological heterogeneity within KMT2A-r leukemia.

Copy number alterations reveal early clonal evolution

Recurrent whole-chromosome gains were uncommon but followed age- and
lineage-specific patterns. Trisomy X was the most frequent gain, whereas trisomy
19 was restricted to childhood AML.

Analysis of SNVs within trisomic regions supported an in utero origin of infant and
childhood ALL and suggested that recurrent copy number gains are acquired early
during leukemogenesis. In contrast, adult ALL showed evidence of a later disease
origin and acquisition of these chromosomal gains.

Novel KMT2A fusion genes and structural rearrangements

WGS revealed that the formation of the KMT24 rearrangements was often more
complex than apparent from cytogenetics and occurred in closed loops with chained
breakpoints, consistent with formation through a single event. Excluding the
KMT2A fusion itself, most SVs were predicted loss-of-function events, whereas
only a small fraction generated expressed in-frame fusion genes. In addition, half of
all KMT2A::MLLTI cases were formed through splicing, indicating a distinct
mechanism of fusion formation. Of note, spliced cases had higher survival than
unspliced cases, although numbers were small (100% vs 63%).

WGS and RNA-seq identified KMT2A4 fusions that had not been detected at
diagnosis, including the novel KMT2A4::ACINI fusion. We also found that
reciprocal KMT2A4 fusion transcripts were expressed only in KMT2A::AFFI
leukemia. Thus, KMT2A rearrangements arise through extensive structural
complexity that is hidden by conventional cytogenetic analyses. To assess the
leukemogenic potential of the novel KMT2A4::ACINI and the rare KMT2A::USP2
fusions, we performed retroviral transplantation experiments in syngeneic mice.
Both fusions induced disease, although with longer latency than KMT2A4::MLLT3.
KMT2A4::ACIN1 efficiently generated transplantable leukemia, whereas
KMT2A::USP2 showed incomplete penetrance and limited serial transplantability,
suggesting that additional cooperating genetic events are required for full
transformation.
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Genomics of non-KMT2A-r infant ALL

The three infant KMT2A-wildtype ALL cases lacked PI3K/RAS mutations but
harboured recurrent PAX5 and CDKN2A/B alterations together with complex
structural rearrangements. One case harboured ZNF618::NUTMI, another
TPR::JAK2 consistent with Ph-like ALL, and a third the novel putative
BPIFBI::CNTLN fusion, highlighting a distinct genetic landscape compared with
KMT2A-r infant ALL.

General conclusion

Collectively, our findings show that the biological phenotype of KMT2A4-r leukemia
is shaped not by the fusion alone, but also by age, lineage, and cooperating lesions.

Conclusions

The overall aim of this thesis was to further understand the mechanisms underlying
the poor prognosis of KMT2A-r leukemia and to use this information to improve
future diagnostics, follow-up and treatment.

This was addressed through paired analysis of diagnostic and relapse samples to
uncover mechanisms of relapse (I), sensitive sequencing to characterize the
subclonal landscape at diagnosis and relapse (II), and comprehensive genomic
analysis of a large clinically annotated cohort (IIT). The main conclusions from this
thesis and future plans are summarized below:

Article I | The genomic landscape of relapsed infant and childhood KM72A4-
rearranged acute leukemia

¢ Relapse mechanisms differ in KM72A-r AML and ALL. Very early ALL
relapse frequently arose from multiple diagnostic clones, whereas early
ALL relapse showed stronger evidence of treatment-associated mutagenesis
and acquired resistance. AML relapse showed little evidence of
chemotherapy-driven mutagenesis.

e Chemoresistance in early relapse ALL. Early relapse ALL frequently
acquired alterations associated with treatment resistance, including /IKZF1
and TP53, whereas very early relapse was more often associated with pre-
existing resistant clones.

e Tracking resistant clones during treatment. Longitudinal sequencing
uncovered unique clonal responses and allowed tracking of residual
leukemia cells and individual clones during treatment, including emerging
relapse clones before overt clinical relapse.
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Article II | Duplex sequencing uncovers recurrent low-frequency cancer-
associated mutations in infant and childhood KMT2A-rearranged acute
leukemia

A vast subclonal genetic landscape. Duplex sequencing revealed recurrent
cancer-associated mutations in low-frequency subclones, many of which
were undetectable by conventional sequencing, uncovering previously
unrecognized subclonal diversity in KMT2A4-r ALL.

Clonal selection during treatment. Relapse may result from both selection
and expansion of pre-existing subclones and acquisition of new genetic
alterations during treatment, highlighting multiple routes to clonal
evolution.

Mutation acquisition alone does not determine clonal selection. The
limited expansion of many mutation-bearing subclones suggests that
cellular state, microenvironmental factors and combinations of cooperating
mutations may influence which clones acquire a selective advantage.

Article III | A genomic atlas of KMT2A-rearranged leukemia from infancy to
adulthood

Age-related genetic evolution. The mutational burden increased with age,
with adult cases displaying a more clonal genetic landscape than infants and
children, indicating distinct patterns of genetic evolution across age groups.

Lineage-specific cooperating alterations. Specific genetic alterations
were associated with leukemia lineage, KMT2A4 fusion partner and age, with
FLT3 alterations enriched in AML and B-cell developmental gene
alterations, including PAX5 and [KZFI, enriched in ALL with
predominantly myeloid-associated KMT2A fusion partners, suggesting that
cooperating lesions may reinforce lineage identity.

Transcriptional and structural heterogeneity beyond the KMT2A
fusion. RNA-seq identified distinct transcriptional states associated with
cellular differentiation, underlying biology and clinical outcome, while
WGS revealed extensive structural complexity of KMT2A4 rearrangements,
including cryptic and novel fusion genes.

Future steps

Across these three articles, we identified different relapse mechanisms, uncovered
a vast subclonal landscape, found recurrent genetic alterations associated with age,
KMT?2A fusion partner and lineage, and demonstrated transcriptional heterogeneity
in KMT2A-r leukemia. We now intend to investigate these findings through a large-
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scale scRNA-seq study of KMT2A4-r ALL and AML including available diagnostic,
longitudinal and relapse samples. The study will help determine whether distinct
transcriptional states are associated with very early and early relapse (Article I, I1I)
and whether specific transcriptional states are selected for during treatment (Article
L, II). By including probes for specific mutations, we will be able to link specific
mutations to transcriptional states and follow their response to treatment. This may
also provide further insight into the transcriptional heterogeneity identified in
Article III.

Patient-derived xenograft models of KMT24-r ALL will be created from patients
with very early or early relapse, as well as a patient remaining in remission. Mice
will be treated with clinically relevant chemotherapy regimens to model treatment-
induced selective pressure. scCRNA-seq will be used to investigate how therapy
shapes leukemic cell states and clonal composition and WGS to study clonal
evolution. The resultant data will also be integrated with scRNA-seq from the
patient cohort.

Lastly, functional studies could investigate cooperating alterations, such as PAXS
and FLT3, to determine whether their effects depend on the genetic context of the
leukemia. For example, a specific alteration could be studied in different KMT72A4
fusion backgrounds to determine whether its effects vary by fusion partner. Such
studies could help clarify how KMT2A fusions and cooperating alterations interact
to shape the lineage and transcriptional heterogeneity identified in Article I1I.

Discussion

Evolutionary routes to relapse in pediatric acute leukemia: lessons from
KMT2A-rearranged ALL and AML through a genetic lens

Relapse remains a major challenge in pediatric acute leukemia

The treatment of pediatric acute leukemia has improved substantially over recent
decades, particularly in ALL, where most patients today achieve durable remission.
However, relapse remains a major cause of treatment failure and leukemia-related
death.*'**!5 Prognostic factors include timing, age, site of recurrence, disease
subtype, immunophenotype and response to reinduction therapy.**4'**!> Among
these factors, time to relapse is one of the strongest predictors of survival, with
earlier recurrence associated with poorer outcomes than relapse occurring after a
prolonged first remission,*#%:415416

The clinical behaviour of relapsed leukemia is linked to its underlying biology.
Relapse is rarely a simple re-emergence of an unchanged diagnostic population.
Instead, treatment imposes a strong selective pressure on a heterogeneous
population of leukemic cells and the disease that eventually returns may differ from
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the dominant leukemia present at diagnosis.*>2?729417420 Several evolutionary
trajectories have been described. Relapse may arise through continued evolution of
the dominant diagnostic clone, through selection and expansion of a minor subclone
already present at diagnosis, or from an ancestral clone that preceded the dominant
diagnostic population. In addition, multiple diagnostic subclones may survive
therapy and collectively contribute to a multiclonal relapse. During this evolutionary
process, therapy can both select pre-existing resistant populations and favour the
emergence of cells carrying newly acquired genetic alterations, some of which

confer treatment resistance and promote subsequent expansion at relapse.’?>?!341%-
421

KMT2A-r leukemia provides a useful model to study these processes, as it occurs in
both lymphoid and myeloid leukemia and is associated with distinct developmental,
transcriptional and genetic features,'?%-238:233:265267.274422 The disease is also notable
for its biological heterogeneity despite a shared initiating lesion.

In KMT2A4-r leukemia, approximately 90% of relapses occur within 2 years of
diagnosis and 66% within 1 year.?°>**3%* Clinically, in ALL, relapse is classified as
very early (<18 months from diagnosis), early (=18 months from diagnosis and <6
months after the end of frontline treatment) or late (=6 months after the end of
frontline treatment), whereas in AML, relapse is generally classified as early (<1
year) or late (>1 year). In Article I, we used a different definition for ALL, defining
very early relapse as occurring within 9 months and early relapse as occurring after

9 months, based on distinct genomic features between these groups (Table 4).2%
Disease Relapse category Definition
ALL - Very early <18 months from diagnosis
clinical . .
classification Early >18 months from d1agn951s and <6 months after
end of frontline treatment
Late >6 months after end of frontline treatment
AML - Early <1 year from diagnosis
clinical . -
classification Late >1 year from diagnosis
ALL - Very early <9 months from diagnosis
Article I - :
Early >9 months from diagnosis

Table 4: Relapse times in ALL and AML. The clinical definitions of relapse in ALL and AML, as
well as the definition used in Article 1.

A central question is not simply why leukemia relapses, but which route to relapse
a given leukemia takes. Are relapse-fated cells already present at diagnosis? Are
resistance mechanisms generated during treatment? How do cell of origin, cellular
state and context influence these trajectories? And can these trajectories be
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distinguished early enough to influence treatment? Here, relapse is discussed as an
evolutionary process, with particular emphasis on pediatric leukemia and on
KMT2A4-r ALL and AML as models of biologically different routes to relapse.

The diagnostic architecture can pave the way for relapse

The genetic and epigenetic features present at diagnosis can influence which clones
contribute to relapse. Pediatric leukemias generally carry fewer somatic mutations
than adult malignancies, reflecting their developmental origin and shorter
evolutionary history.?**?**2** This is clearly illustrated in infant KMT24-r ALL,
which often develops within the first months of life and is characterized by a
remarkably low mutational burden.'®’ Prenatal studies support an early origin of
childhood leukemia, including KMT2A-r disease, showing that initiating fusion
events can arise in utero before overt leukemia becomes clinically apparent.'?*-124127

A low total mutation burden with few mutations in driver genes, however, should
not be equated with biological homogeneity. Secondary signalling alterations,
particularly within the RAS-pathway, are common in KMT2A4-r leukemia and can
occur as subclonal events.'??19222412 Thjs pattern is also evident across the studies
presented in Articles I-II1, with Article II providing the highest sensitivity for
detecting low-frequency variants. Highly sensitive duplex sequencing uncovered
considerably more low-frequency variants than conventional sequencing, including
multiple RAS-pathway alterations in several patients at diagnosis.”'* Importantly,
these alterations could reside in distinct leukemic clones rather than co-occurring
within the same clone, as supported by single-cell sequencing in Article III and
longitudinal analysis in Article I. Together, these findings reveal genetic diversity
within the RAS-pathway at diagnosis, with different leukemic clones carrying
alternative alterations affecting the same pathway. The recurrence of this pattern is
consistent with strong selective pressure for RAS-pathway activation, although it
remains unclear which of these pre-existing clones are subsequently favoured to
persist and expand at relapse.

The genetic architecture of KMT2A-r leukemia also varies with age. In Article 111,
mutational burden increased with age, while adult ALL cases showed a more clonal
architecture and infant leukemia a greater proportion of subclonal alterations. One
interpretation is that the rapid onset of infant leukemia leaves comparatively little
time for secondary clones to undergo extensive selection before diagnosis, whereas
longer disease latency in older patients permits additional mutations to arise and
expand. This remains a hypothesis, since clonality is also shaped by the strength of
the initiating driver, cell of origin, mutation rate and the environment.

The cooperating genetic landscape also differed according to lineage. In Article I11,
FLT3 alterations were enriched in AML, whereas alterations affecting B-cell
developmental regulators, including PAX5 and [KZF1, were predominantly
associated with ALL. These observations are consistent with a model in which the
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KMT2A fusion drives a shared oncogenic program, while additional alterations
interact with developmental context to shape lineage-specific phenotypes.

Thus, even before therapy begins, apparently similar KMT2A-r leukemias can differ
considerably in the number, identity and cellular distribution of cooperating
alterations. The contribution of individual genetic alterations to relapse remains
unclear, with relatively few mutations identified at diagnosis being associated with
subsequent relapse.’”?*2!!" Further, RAS-pathway lesions are known to be lost,
maintained or gained at relapse, suggesting that their selective advantage is context-
dependent rather than consistently required for relapse.'”*”*'2 In line with this,
RAS-pathway alterations were not associated with outcome in Article III. An
alteration that provides a selective advantage during leukemogenesis may therefore
not provide the same advantage during treatment or at relapse. Moreover,
heterogeneity extends beyond genetics, as epigenetic and transcriptional differences
generate distinct cellular states. Together, this diagnostic heterogeneity provides the
substrate for subsequent evolution under treatment.

Relapse is an evolutionary process

Paired diagnosis-relapse studies have established that relapse usually remains
clonally related to the original leukemia, but that the relationship between diagnostic
and relapse populations is often complex.”””*!®4!* Oncogenic initiating lesions are
generally maintained, whereas secondary alterations are gained or lost. In many
cases, the relapse population is more closely related to a minor diagnostic subclone
or an ancestral clone than to the dominant population detected at presentation.?”*!8
This produces branching evolution in which treatment removes predominant clones,
allowing subclones to persist and expand.””’*'® Relapsed disease is generally more
difficult to treat, reflecting both pre-existing and acquired resistance mechanisms.*'*
The likelihood of remission and cure decreases further with each subsequent
relapse.**

In Article I, we identified three patterns of clonal evolution, all retaining the
founding KMT2A rearrangement: multiple clones seeding relapse (55%), a single
sweeping clone detectable at diagnosis (18%) or a single sweeping clone not
detectable at diagnosis (27%). Of note, the latter pattern does not necessarily
indicate de novo emergence during therapy, as the relapse-founding clone could
have been present below the detection limit at diagnosis. These three patterns have
also been investigated in a larger cohort of pediatric leukemia relapses, in which
relapse was seeded by multiple clones in only 20% of pediatric ALL cases,
suggesting that this pattern is enriched in KMT2A4-r leukemia. Multiple-clone
seeding of relapse was associated with very early relapse, consistent with the high
frequency of very early relapse in KMT2A-r leukemia.®® This suggests that
treatment selects among multiple pre-existing clones rather than driving a selective
sweep toward dominance of a single clone. Importantly, very early relapse cases
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carried few additional driver mutations beyond the founding KMT24
rearrangement, consistent with intrinsic treatment resistance.

Relapse-associated evolution in pediatric ALL repeatedly affects pathways involved
in lymphoid development (IKZF1), cell-cycle control (TP53, CDKN2A/B),
glucocorticoid signalling (NR3CI, CREBBP), DNA repair (MMR), folate
metabolism  (FPGS) and purine metabolism (NT5C2,  PRPS2).**>
207.209.417.419.420424425 Qoveral of these alterations were also observed in Article I,
particularly /KZFI1 and TP53, as well as alterations affecting glucocorticoid
signalling and purine metabolism. NT5C2 provides a clear example of treatment-
dependent selection. Activating NT5C2 mutations are enriched in relapsed ALL and
confer resistance to thiopurines.*'***** Longitudinal studies have shown that
mutant populations can emerge or expand during treatment and experimental
models have demonstrated a direct selective advantage in the presence of 6-
mercaptopurine (6-MP).**! The reverse was also seen in Article I, where the
withdrawal of 6-MP led to negative selection of the NT5C2 clone.

Treatment can also contribute directly to the generation of genomic diversity.
Mutational signature studies have identified relapse-associated patterns consistent
with exposure to chemotherapy, raising the possibility that therapy is not only a
selective pressure but can also generate mutations from which resistant populations
subsequently emerge.’”> This was seen in Article I, where a chemotherapy-
associated signature was the predominant signature in 89% of early relapse ALL
cases, compared with only one of five very early relapse cases. Notably, the only
very early relapse case with a predominant chemotherapy-associated signature
represented the patient’s third relapse and had therefore been exposed to several
rounds of treatment. No AML cases had chemotherapy as the predominant
signature. Instead, unknown signatures predominated in both very early ALL and
AML at relapse. In Article III, a signature resembling chemotherapy-associated
mutational damage was detected in 13% of diagnostic samples and was associated
with a higher relapse rate. Two of these cases were secondary AML and may
therefore reflect previous treatment exposure. In treatment-naive cases, particularly
infants, similar signatures may instead reflect overlapping mutational processes or
other exposures that generate comparable patterns of DNA damage.**’

Article II illustrates the difficulty of predicting relapse based only on genetics.
Using duplex sequencing and highly sensitive ddPCR, relapse-associated 7P53,
NRAS and KRAS variants could in some cases be tracked to extremely low
frequencies at diagnosis, whereas a 7P5 3 variant remained undetectable at diagnosis
despite sensitivities far exceeding conventional sequencing. While this variant could
have been present below the detection limit, previous studies have shown that 7P53
mutations can also arise during therapy, with thiopurine treatment shown to induce
TP53 mutagenesis in the context of mismatch repair deficiency.'*® Together, these
findings illustrate both possibilities: relapse-associated variants may pre-exist at
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very low frequencies at diagnosis or emerge during treatment. Some diagnostic
populations with cancer-associated mutations were not selected at relapse, making
it difficult to predict relapse based on this information alone. In Article I, AML
cases with multiple relapses showed persistence of cancer-associated mutations,
with stepwise replacement by fitter clones, potentially due to continued therapeutic
pressure. Similarly, in relapsed childhood ALL, RAS-pathway mutations persisted
at second relapse in 80% of patients and remained dominant in most cases.?'’

Further, treatment pressure can contribute to differences in relapse patterns between
leukemic subtypes. For example, TCF3::PBXI has a favourable prognosis at
diagnosis but, when relapse occurs, it tends to occur early, whereas the opposite
pattern is observed for iAMP21. This could reflect differences in treatment intensity,
with more intensive primary treatment potentially reducing relapse risk in iIAMP21,
or differences in relapse timing, clonal evolution, treatment resistance or response
to salvage therapy.'4>*%%431

Relapse is not a static event, but a dynamic evolutionary process in which therapy
shapes the survival and expansion of leukemic populations. With each round of
treatment, resistant clones can be selected, persist and/or acquire additional driver
alterations, leading to increasingly therapy-resistant disease.

Time to relapse reflects different evolutionary routes

The strong prognostic effect of relapse timing suggests that time is not merely a
clinical variable but could also contain information about the underlying
biology.***#!>416 Earlier relapses may result from rapid expansion of treatment-
resistant populations already present at diagnosis, whereas later relapses allow more
time for persistent cells to undergo further selection, acquire resistance mechanisms
or resume proliferation after treatment.’” Understanding these biological
differences could help identify patients who could benefit from alternative treatment
strategies before relapse occurs.

Our findings in KMT2A-r leukemia support the existence of distinct evolutionary
routes even within the same genetic subtype. In Article I, early relapsing KMT2A-r
ALL frequently acquired alterations in genes associated with treatment response,
including 7P53 and IKZF1, and showed mutational signatures compatible with
chemotherapy exposure. Typically, these relapses were characterized by a clonal
sweep, with expansion of a single clone often carrying acquired driver alterations.
By contrast, very early ALL relapse had less evidence of acquired genetic evolution
and was characterized by multiple diagnostic clones contributing to relapse. These
cases appeared more consistent with intrinsic resistance or the rapid expansion of
treatment-refractory populations already present at diagnosis. Thus, very early
relapse may not simply represent an accelerated version of later relapse, but a
biologically distinct evolutionary route.**
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The relationship between relapse timing and mechanism is unlikely to be absolute.
Pre-existing resistant clones can persist for variable periods before expanding, while
additional genetic alterations can further shape the relapse clone. Relapse timing
therefore reflects the evolutionary history of the leukemia and the selective
pressures it has experienced.

Genetics is not enough: cell state, plasticity and the microenvironment

Genetic evolution explains only part of relapse biology. A leukemia cell can change
its response to therapy without acquiring new alterations and genetically similar
cells can occupy different transcriptional and epigenetic states.''®**®

Single-cell studies have begun to reveal heterogeneous leukemic populations with
features associated with treatment resistance that are difficult to identify through
bulk genomic profiling. In infant KMT2A4-r ALL, relapse-associated populations
have been linked to increased cellular plasticity, stem-cell-like transcriptional
programs and features associated with treatment resistance.’®’ Relapse-initiating
populations have also been identified within diagnostic samples, with quiescent or
stem-like states, altered glucocorticoid-response programs and other properties that
distinguish them from the bulk leukemic population.’'® Single-cell transcriptomic
studies have identified a developmentally immature ELP state in infant KM72A-r
ALL, particularly in KMT2A::AFFI-driven leukemia, which can persist at
relapse.”®! These findings show that cellular states associated with treatment
resistance vary between leukemia subtypes and can be enriched within specific
subpopulations.

RNA-seq in Article I1I further highlighted the importance of cellular state, although
the features associated with poor outcome differed by lineage. In ALL, we identified
three groups, with G1 displaying a stem-cell-like state and enrichment for
KMT2A::AFF1. G2 was characterized by a more mature lymphoid state and G3 by
a multipotent state with myeloid programs. G2 accounted for 67% of very early
relapse cases, all involving KMT2A::MLLTI, and partly overlapped with the
previously described KMT2A4-a group.''® This contrasts with previous studies
linking an immature or stem-like transcriptional state to relapse and poor
outcome.’”’!® This may reflect biological differences between KMT2A4 fusion
partners, as the very early relapses in G2 were driven by KMT2A::MLLTI, whereas
stem-like relapse biology described in other studies could be more relevant to
KMT2A::AFF1. Differences in the developmental cell of origin associated with
individual fusion partners could also contribute to these transcriptional states. In
contrast, the G1 group in AML, which displayed a more stem-cell-like state, had a
higher relapse rate than the more mature and myeloid differentiated G2 (60% vs.
28%), although this was not associated with time to relapse. Together, these findings
suggest that relapse-associated cellular states differ across KMT2A-r leukemia
depending on lineage, fusion partner and cellular context. Importantly, a mature
bulk phenotype does not exclude the presence of rare stem-like or otherwise
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treatment-resistant populations that can preferentially survive therapy and
contribute to relapse.

Cellular plasticity is especially relevant to KMT2A4-r leukemia because lineage
identity itself is not fixed. Lineage switching is well documented in KMT2A4-r
disease and can occur under therapeutic pressure, with KMT2A4::AFF1 frequently
represented among lineage-switched cases.’*®% Consistent with this plasticity, G3
in the ALL cohort in Article III displayed a multipotent and myeloid transcriptional
state and was exclusively composed of KMT2A::AFFI cases. This could reflect a
cellular state with greater lineage plasticity, although whether this translates into an
increased propensity for lineage switching remains unknown.

Rather than being driven by a single mechanism, relapse in infant KM724-r ALL
appears to result from the interplay between genetic evolution and persistent
transcriptional and epigenetic programs. While chemotherapy eliminates the
majority of leukemic cells, a small population of therapy-resistant cells survives.
These cells may retain the KMT2A4-driven oncogenic transcriptional program and
occupy epigenetic and transcriptional states that promote stem cell-like properties
and cellular plasticity, allowing them to adapt to therapeutic pressure and ultimately
regenerate the leukemia.®®' Altered differentiation therefore represents another
potential mechanism of treatment escape. This is important for lineage-directed
therapies such as CD19-directed CAR-T cells and blinatumomab, where loss of
CD19 expression can allow leukemic cells to escape immune targeting, 302432433

The microenvironment adds another level of selection. Leukemic cells interact
continuously with stromal, immune and hematopoietic populations within the BM
niche and these interactions can influence survival, quiescence and response to
treatment.**”" In KMT2A4-r leukemia, our group has experimentally studied
cooperating signalling mutations, showing that subclones can modify the fitness of
neighbouring leukemic cells through secreted factors, suggesting that subclonal
cooperation contributes to disease behaviour.?'® Similar cooperation between
genetically distinct subclones has been demonstrated in solid tumours***** and
cytokine-mediated interactions between leukemic and stromal cells have also been
described in AML.**

These observations argue against a model in which relapse can be understood solely
by cataloguing mutations present at diagnosis and recurrence. Genetic alterations,
epigenetic state, differentiation, cell-cycle status and environmental interactions
collectively determine whether an individual leukemic cell survives treatment. The
contribution of each layer is likely to vary between patients and over time.

ALL and AML: a shared initiating lesion, but different routes to relapse

The occurrence of KMT2A4-r in both ALL and AML provides an opportunity to ask
how lineage and treatment context modify evolution from a shared initiating lesion.
Although the fusion is central to leukemogenesis in both diseases, the cooperating
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genetic landscape, developmental context and therapeutic exposures differ
substantially. These differences may shape not only the phenotype at diagnosis, but
also the evolutionary route to relapse.

This distinction became more apparent in Article I. In KMT2A4-r ALL, particularly
in early relapse, the genetic landscape at recurrence frequently showed evidence of
treatment-associated evolution. In contrast, paired KM72A4A-r AML samples had
similar mutational processes at diagnosis and relapse and lacked the clear
chemotherapy-associated signatures observed in early relapse ALL. The AML
findings were more consistent with the persistence of an early leukemic population
during therapy, potentially in a dormant state, followed by its subsequent expansion
at relapse. Such persistence could represent a form of non-genetic treatment
tolerance, allowing leukemic cells to survive therapy without the marked treatment-
associated mutagenesis observed in early relapse ALL (Figure 4A).

Relapse mechanisms in KMT2A-r infant and childhood leukemia
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Figure 4A: Relapse mechanisms in KM724-r ALL and AML. Early relapse ALL showed
chemotherapy-associated mutagenesis and acquisition of drug-response mutations, particularly in
TP53 and IKZFI. In contrast, very early relapse showed little treatment-associated evolution and
frequent multiclonal relapse, suggesting inherent resistance. AML similarly lacked chemotherapy-
associated mutagenesis, consistent with persistence of potentially dormant leukemic cells through
therapy.

ALL and AML are treated with different regimens and differ in cellular hierarchy,
disease kinetics and mechanisms of drug response.'**'%2% ALL treatment includes
prolonged maintenance therapy (up to 2 years) to eradicate residual disease and
reduce the risk of relapse, whereas AML is treated over a shorter period (5-8
months) with more intensive chemotherapy. ALL treatment relies heavily on
glucocorticoids, vincristine and asparaginase, whereas cytarabine forms the
backbone of AML chemotherapy.'**'® Relapse is associated with poor outcome in
both diseases, but the prognostic impact of relapse timing differs. In ALL, very early
relapse is associated with particularly poor survival and generally requires HSCT in
high-risk cases, whereas patients with later relapse are more likely to respond to
chemotherapy alone. In AML, the likelihood of achieving durable remission
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decreases with each subsequent relapse, although some patients can achieve
remission again and proceed to allogeneic HSCT.***" In ALL, there are established
relapse protocols incorporating chemotherapy, antibody-based immunotherapy,
HSCT and, in selected patients, CAR-T. In AML, relapse treatment is less
standardized and is based on intensive reinduction chemotherapy (sometimes with
targeted/novel agents) with the aim of proceeding to allogeneic HSCT.

Importantly, these differences in treatment are not only clinically relevant but may
also shape relapse evolution. The prolonged and pharmacologically diverse
treatment course in ALL creates repeated opportunities for drug-specific selection,
whereas persistence of therapy-tolerant or stem-like populations could play a greater
role in AML.

From predicting relapse risk to predicting relapse mechanism

Current clinical risk stratification is highly effective at identifying groups of patients
with different probabilities of treatment failure, and MRD is among the most
powerful predictors of relapse in both ALL and AML.*%*3% However,
conventional risk assessment gives a relapse probability but less information about
how the relapse will occur.

This distinction may become increasingly important. Patients with similar levels of
residual leukemia could harbour biologically different populations. In one patient,
residual disease could contain a pre-existing drug-resistant clone. In another, the
remaining cells could be genetically similar to the diagnostic population but occupy
a reversible tolerant state. Some patients with detectable MRD never relapse,
whereas relapse can also occur despite undetectable MRD. Another patient could
have no detectable resistant population early in therapy but later develop a
treatment-selected clone. These scenarios are unlikely to have identical therapeutic
implications.

Highly sensitive sequencing offers one approach to resolving this problem. Article
II identified low frequency subclones that remain invisible to conventional
sequencing despite being present at diagnosis, some of which later contributed to
relapse. At the same time, simply increasing sequencing depth is unlikely to be
sufficient. Rare variants are not necessarily biologically relevant, bulk
measurements cannot determine which mutations coexist within the same cell and
some relapse mechanisms are not genetic. Thus, increasing analytical sensitivity
also increases the challenge of distinguishing detectable heterogeneity from
biologically and clinically relevant heterogeneity.

Longitudinal sampling is therefore likely to be more informative than increasingly
detailed analysis of a single diagnostic specimen. Serial molecular profiling during
treatment can reveal whether resistant populations persist, disappear, emerge or
expand. This was also demonstrated in Article 1.**> In ALL, molecular disease
levels were similar between relapse and remission cases early during induction,
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while relapse cases showed a trend towards higher levels at the end of induction,
mainly driven by very early relapses. In AML, persistence after the second induction
was more strongly associated with subsequent relapse. However, residual leukemic
populations were also detected during treatment in patients who did not relapse,
indicating that persistence alone does not necessarily imply treatment resistance or
impending relapse. Thus, the timing, level and dynamics of residual leukemia can
be more informative than its mere detection.

Single-cell and multiomic approaches provide an additional opportunity to connect
genotype with cellular state.**”'%%® Technologies that combine DNA alterations
with transcriptomic or chromatin information may help determine whether a minor
genetically defined clone also occupies a resistant cell state, whether phenotypically
distinct populations share the same ancestry, and whether therapy reshapes
differentiation without major genomic change. Longitudinal single-cell profiling of
diagnosis and relapse samples could further determine whether rare resistant
populations persist through therapy, while combined scRNA and scDNA profiling
could directly link genetic subclones to transcriptional states. These approaches are
currently more useful for mechanistic discovery than routine clinical decision-
making, but they address questions that bulk sequencing cannot resolve.

The clinical challenge is shifting. Predicting who will relapse remains essential, but
it may not be sufficient. A more useful long-term goal is to identify which
population is surviving treatment, why it survives and which evolutionary route it
is beginning to follow. Such information could eventually support intervention
before a resistant population becomes the dominant disease and help determine
whether different evolutionary routes require different therapeutic strategies. At the
same time, a delicate balance must be maintained between intensifying treatment to
reduce the risk of relapse and the consequent increase in treatment-related morbidity
and mortality.

Together, Articles I-III describe different stages of the same evolutionary process.
Article III defines the genetic and transcriptional heterogeneity present at
diagnosis, Article II demonstrates that part of this heterogeneity can exist below
conventional detection limits, and Article I shows how leukemic populations are
subsequently selected and reshaped during treatment and relapse.

Conclusions

Relapse is not a single biological event. It is the outcome of an evolutionary process
that begins with the cellular and genetic architecture present at diagnosis and
continues under the selective pressure imposed by treatment. Pre-existing resistant
populations, therapy-associated genetic evolution, persistent cell states and
microenvironmental interactions can all contribute, and their relative importance
differs between patients.
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KMT2A-r leukemia illustrates this diversity particularly clearly. Across our studies,
the diagnostic landscape varies with age and lineage, hidden subclonal
heterogeneity can be present well below conventional detection limits and the
genomic route to relapse differs according to both disease lineage and timing of
recurrence. Together, these findings argue against a universal model in which
relapse simply reflects expansion of a single resistant diagnostic clone.

The next challenge is to move from retrospective reconstruction of relapse to
prospective identification of the processes that precede it. This will require
longitudinal sampling and integration of genomic measurements with cellular state,
treatment exposure and clinical response. The goal is not merely to detect relapse
earlier, but to understand the mechanism of treatment escape while there is still an
opportunity to alter its course.

Future perspectives

An important question is whether genomic monitoring can improve relapse
prediction beyond current MRD methods. The studies in this thesis show that
leukemia evolves during treatment: minor diagnostic clones can disappear, persist
or expand, while new alterations can emerge before relapse. However, not all
detectable clones are clinically relevant. In Article I, genetically detectable clones
could persist without subsequent relapse, while in Article II, some cancer-
associated mutations present at diagnosis were absent at relapse.

For KMT2A-r leukemia, this raises the question of what should actually be
monitored. Since the KMT2A fusion is a founding alteration present across the
leukemic population, monitoring the fusion alone may provide a sensitive measure
of residual leukemia, but it does not capture changes in the subclonal composition
of the disease. The same level of KMT2A-positive residual disease could include
distinct subclones with different capacities to survive treatment and cause relapse.
Conversely, monitoring every diagnostic mutation is unlikely to be informative, as
many alterations are lost during treatment.

Future studies should determine which genetic alterations provide prognostic
information beyond KMT2A4-based MRD and whether changes in their clonal
abundance can improve relapse prediction. Targeted re-sequencing of recurrently
altered genes could also help identify emerging clones associated with treatment
resistance or therapeutic vulnerabilities.

As sequencing becomes cheaper and more sensitive, genomic profiling at diagnosis
could be used to identify informative patient-specific markers for longitudinal
monitoring. The important question is therefore not whether more mutations can be
detected, but which alterations are worth following and whether this information
can be used to change treatment before clinical relapse.
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Clinical impact of this thesis

Together, Articles I-III show that KMT2A4-r leukemia cannot be understood from
the presence of the KMT2A fusion alone. The disease differs by age, lineage and
fusion partner, and evolves during treatment through the selection of genetically
distinct subclones. The main contribution of this thesis is therefore to characterize
how this heterogeneity relates to treatment response and relapse.

Article I demonstrated that relapse develops through different evolutionary patterns
in KMT24-r AML and ALL. Longitudinal sequencing revealed that relapse-
associated clones can sometimes be detected during treatment months before overt
relapse. The study also found distinct evolutionary patterns in very early and early
ALL relapse. These findings support the potential value of longitudinal genomic
monitoring as a complement to conventional MRD but also show that detection of
a residual clone alone is not sufficient to predict relapse.

Article II revealed that genetic heterogeneity extends below the detection limit of
conventional sequencing. Low-frequency cancer-associated subclones were
common at diagnosis and followed different trajectories during treatment: some
expanded, some remained small and others disappeared. Mutations detected at
relapse could either pre-exist at very low levels or arise later during treatment. This
highlights that the clinical value of genomic monitoring depends not only on
detecting residual leukemia, but also on identifying which clones persist or expand.

Article III showed that KMT2A4-r leukemia comprises biologically different
subgroups. Age, leukemia lineage, fusion partner and cooperating alterations were
associated with different genetic and transcriptional profiles. The transcriptional
groups were also associated with differences in relapse risk and survival, indicating
that classification based primarily on the KMT72A fusion partner can overlook
clinically relevant heterogeneity. In the future, integrating these additional features
may further improve risk stratification.

A potential clinical application of these findings is improved molecular monitoring.
Rather than following every mutation detected at diagnosis, future approaches could
combine a stable leukemia marker, such as the KMT2A4 rearrangement, with selected
alterations that provide additional information about relapse risk, treatment
resistance or emerging therapeutic targets. The next step is to determine which
markers add clinically useful information beyond conventional MRD and KMT24-
based monitoring and to validate them prospectively in independent patient cohorts.

Functional studies are needed to distinguish alterations that actively drive treatment
resistance or relapse from those that simply mark an expanding clone. Such studies
could identify therapeutic vulnerabilities and help determine whether treatment
should be adapted when high-risk clones emerge during therapy.
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Limitations of the study

KMT2A-r leukemia is rare and assembling large cohorts therefore takes time and
depends on access to well-preserved samples. As treatment protocols continue to
evolve, patients included over longer time periods are inevitably treated according
to different protocols. This introduces treatment heterogeneity and makes direct
comparisons more difficult. In addition, dividing patients according to age,
leukemia type and KMT2A fusion partner quickly reduces the number of patients in
each group. This limits statistical power, makes some findings difficult to generalize
and consequently slows their translation into clinical practice. Sample availability
also varied between patients, limiting the possibility to perform all genomic and
longitudinal analyses across the entire cohort.

Furthermore, many findings are based on retrospective genomic analyses and have
not been functionally validated. Although selected alterations and fusion genes were
functionally studied, the role of most alterations in treatment resistance, clonal
expansion and relapse remains unclear. Further functional studies and validation in
independent cohorts are needed to determine their biological and clinical relevance.
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Al tools and software for illustrations

Figures 1-12, 16-19, 22, 24, 25, 27-29 and A in this thesis were created using
BioRender (www.biorender.com), a tool for creating scientific illustrations.

OpenAl’s ChatGPT (GPT-5) was used to improve the clarity and readability of the
text. It was only used for linguistic refinement, and it did not contribute to the
scientific content, analysis or interpretation of the results. All suggestions were
critically reviewed and revised by the author to ensure accuracy and preserve the
intended scientific meaning.
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Popularvetenskaplig sammanfattning

Livet, trots all sin komplexitet, bygger pd en av biologins mest fundamentala
processer: delningen av en cell. Fran den tidiga embryogenesen till den dagliga
fornyelsen av véara vdvnader fOrlitar sig kroppen pa ett svindlande antal
celldelningar. Varje celldelning kréver en ndrmast ofattbar precision: omkring sex
miljarder baspar och 6ver 20 000 gener ska kopieras. Trots att cellen har flera
sofistikerade sitt att forhindra fel dr systemen inte helt perfekta. Fel smyger sig in
anda. Manga uppticks och repareras, och av de som blir kvar &r de flesta harmldsa.
Andra bestér och kan ackumuleras 6ver tid. Denna genetiska variation ska inte ses
som en brist, utan ar en forutsittning for evolutionen och ddrmed for livet sjélvt.
Men nér fordndringar uppstér i nyckelgener som reglerar cellens mognad, tillvéxt,
dod och stabilitet kan de ge cellen en 6verlevnads- eller tillvaxtfordel och i slutindan
bidra till okontrollerad celldelning och cancer.

Ordet cancer ér fruktat virlden 6ver och de flesta av oss har blivit berérda. Cancer
ska inte ses som en enskild sjukdom, utan som en bred sjukdomsgrupp som
karaktériseras av ohdmmad celltillvéixt och en férméga hos onormala celler att
overleva och, i manga cancerformer, sprida sig i kroppen. Cancer tar flest liv efter
hjértkérlsjukdomar och antalet cancerfall forvéintas alarmerande nog att stiga mer
an 50 % de kommande decennierna. Trots manga ar av forskning och enorma
medicinska framsteg dr det fortfarande mycket i cancerns biologi som vi dnnu inte
helt forstar.

En typ av cancer dr leukemi, vilket dr den vanligaste cancerformen hos barn. Hér
uppstar cancern i de blodbildande cellerna i benmérgen. Cellerna forlorar sin
normala férméga att mogna till fungerande blodceller och borjar i stéllet ansamlas.
De kringgér kroppens sdkerhetsmekanismer som normalt reglerar celldelning och
overlevnad och tranger gradvis undan den friska blodbildningen. Leukemicellerna
finns framfor allt i benmérgen men kan ocksé spridas ut i blodet. Ansamlingen av
dessa cancerceller, blaster, leder till brist pd normala blodceller som ocksa
produceras i benmérgen. Brist pa roda blodkroppar leder till anemi, med pafdljande
trotthet och andfaddhet. Brist pd fungerande vita blodkroppar okar risken for
infektioner, medan brist pd blodplattar 6kar risken for blodningar. Vid diagnos kan
benmérgen vara helt dominerad av sjuka blastceller och stora mingder blaster kan
dven finnas i blodet. Det &r dérifrdn som sjukdomen fatt sitt namn, leukemi, vitt
blod.
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Beroende pa vilken blodbildande cellinje som har omvandlats till leukemiceller
brukar man traditionellt dela in akut leukemi i akut lymfatisk leukemi (ALL) och
akut myeloid leukemi (AML), diar ALL é&r vanligast hos barn och AML ar vanligare
hos vuxna.

Leukemi hos barn var linge ett mysterium. Symptomen var ospecifika men
allvarliga. Utan effektiv behandling aterstod ofta bara veckor eller manader innan
barnet avled av infektion, blodning eller svar benmérgssvikt. Léakare, forskare och
fordldrar stod maktlosa. Diagnosen var i praktiken en dodsdom. Men sa pa 1940-
talet kom éntligen ett ovéntat genombrott. Patologen Sidney Farber bdrjade
experimentera med ett d&mne som blockerade folsyrans funktion, folsyra-
antagonisten aminopterin. For forsta gangen kunde man se hur blastantalet sjonk.
Barn gick i remission. Alla holl andan. Tyvérr var glddjen tillfallig. Blasterna
borjade ater dyka upp i blodet och kunde pévisas i blodprover. Men det hade vickts
en gnista av hopp.

Under decennierna som foljde vixte forstaelsen for att leukemi drivs av genetiska
forandringar i leukemicellerna. Det kan handla om sma genetiska fel pa basparsniva,
mutationer, men ocksa storre fordndringar pd kromosomniva, sdsom kopietals-
forandringar och translokationer. Nya ldkemedel introducerades och kombinerades.
Man fann att leukemicellerna inte bara fanns i benmérg och blod, utan dven kunde
passera blodhjarnbarriiren och gédmma sig i det centrala nervsystemet. Dar
skyddades de fran cytostatika som inte kunde n& dem. Behandlingen forbattrades
steg for steg. Béttre understddjande vard, inklusive antibiotika och transfusionsstod,
kombinerades med behandling riktad mot det centrala nervsystemet, intensiv
kombinationsbehandling och l&ngvarig underhéllsbehandling. Allt fler barn kunde
dérmed stanna i remission. I borjan av 1980-talet véaxte det nordiska samarbetet fram
som 1984 formaliserades som Nordic Society for Paediatric Haematology and
Oncology (NOPHO), med malet att genom gemensamma behandlingsprotokoll och
populationsbaserade data forbdttra varden for barn med blodcancer. Resultaten ar
hipnadsvickande. Idag dverlever mer dn 90 % av barn med ALL.

Trots detta finns det fortfarande undergrupper av akut leukemi som &r betydligt
svarare att behandla och dér risken for aterfall 4r hog. En av dessa &r KMT24-
rearrangerad (KMT2A-r) leukemi. Det innebér att kromosom 11 har brutits i en gen
som heter KMT24 och att den brutna genen har kopplats samman med en annan gen,
ofta frdn en annan kromosom. Resultatet blir en sé kallad fusionsgen. Fordndringen
finns 1 leukemicellerna, men inte i kroppens ovriga celler, och nér leukemicellerna
forsvinner vid behandling forsvinner ocksé fordndringen. Denna typ av genetisk
fordndring kallas ett kromosomalt rearrangemang och kan till exempel uppsta
genom en translokation, dér delar av olika kromosomer byter plats.

KMT2A-rearrangemang aterfinns i upp till omkring 10 % av akuta leukemier, men
ar sarskilt vanliga hos spadbarn. Hos spadbarn med ALL bér ungefar tre av fyra
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patienter pa ett KMT2A-rearrangemang. Trots att manga patienter kan na remission
ar risken for aterfall hog, framfor allt hos de allra yngsta barnen. Det finns starka
beldgg for att det genetiska felet i ménga fall uppkommer redan under fosterlivet.
KMT2A-rearrangemang har kunnat spéras tillbaka till prover tagna vid fédseln och
identiska fordndringar hos endggstvillingar har gett ytterligare stod for ett prenatalt
ursprung. Vad som gor att translokationen uppstar ar inte klarlagt.

Denna avhandling r ett forsok att kasta ytterligare ljus 6ver hur denna komplexa
leukemi uppstér, fordndras och undkommer behandling. Med hjélp av olika tekniker
har vi studerat det genetiska landskapet vid diagnos, under behandling och vid
aterfall.

I Artikel I ség vi att leukemin kan 6verleva behandlingen péa olika sétt. Hos patienter
som fick éterfall nagot senare sdg vi att leukemicellerna hade forvarvat mutationer
som gjorde dem mer motstdndskraftiga mot behandlingen. Hos dem som fick
aterfall mycket tidigt verkade sjukdomen i stillet bestd av flera sma grupper av
leukemiceller som tillsammans kunde 6verleva behandlingen. Resultaten visar att
aterfall kan uppsté genom olika mekanismer och att tidpunkten for aterfallet kan ge
ledtradar om hur leukemin har utvecklats och undkommit behandlingen. Genom att
folja flera patienter under hela sjukdomsforloppet kunde vi dessutom se hur
leukemin fordndrades 6ver tid och identifiera genetiska fordndringar som kan bidra
till aterfall och som ocksé kan anvéndas som markorer for att folja sma mangder
kvarvarande leukemiceller under behandlingen.

I Artikel II anvinde vi mycket kédnsliga sekvenseringstekniker for att uppticka
mutationer i en sa liten andel av leukemicellerna att de inte kan ses med vanliga
sekvenseringsmetoder. P4 sa sdtt visade vi att leukemins genetiska variation &r
betydligt storre dn vad den forst verkar vara. Genom att folja dessa smé cellkloner
over tid kunde vi se att vissa 6verlevde behandlingen och senare vixte och blev den
dominerande gruppen av leukemiceller vid aterfall. Det visar hur en nistan osynlig
del av leukemin vid diagnos senare kan fa avgorande betydelse for sjukdomens
utveckling. Vi sdg ocksd en mutation vid aterfall som inte kunde upptickas vid
diagnos och som dirfor antingen hade tillkommit under behandlingen eller funnits
i sa fa celler att den inte gick att uppticka.

I Artikel III studerade vi en av de hittills storsta genomiskt kartlagda kohorterna av
KMT2A4-r leukemi. Vi undersdkte 116 patienter i olika &ldrar, med olika
leukemityper (ALL och AML) och med olika KMT2A-fusionspartner. Vi sag att
leukemin forédndrades genetiskt med é&ldern och att vuxna patienter hade fler
genetiska fordndringar d4n spddbarn och barn. Vi sdg ocksa att olika genetiska
fordndringar hingde samman med vilken typ av leukemi och vilken KMT24-
translokation patienterna hade. Dessutom fann vi manga olika forédndringar bade i
enskilda gener och pé kromosomniva, inklusive flera tidigare okénda foréndringar.
Nar vi studerade vilka gener som var aktiva sag vi dessutom olika biologiska
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monster som speglade hur mogna leukemicellerna var och som var kopplade till
patienternas utfall. Sammantaget visar resultaten att KM72A-r leukemi inte &r en
enda sjukdom, utan en genetiskt heterogen grupp vars biologiska egenskaper skiljer
sig beroende pa bland annat patientens élder, leukemityp och fusionspartner.

KMT2A-r leukemi fortsitter att vara en svarbehandlad form av leukemi, dér aterfall
fortfarande &r en stor utmaning. Férhoppningsvis kan denna avhandling bidra till en
djupare forstéelse av hur leukemin utvecklas och &verlever behandling och pa sikt
bidra till bittre sitt att folja sjukdomen, bedéma risken for aterfall och utveckla mer
effektiva behandlingar. Mélet 4r inte lédngre bara att f4 leukemin att férsvinna, utan
att forstd hur vi kan se till att den aldrig kommer tillbaka.
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