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Preface 
I have often found myself ending up working with the subjects that puzzle me the most. Genetics is a 
prime example, being a “pulling my hair to understand” subject during high school years. Dreaming 
of becoming a medical doctor and curious about what all that fuzz around research was about, I found 
myself at a job interview in pediatric oncologist and hematologist Professor Jan-Inge Henter’s office. 
Despite giving the complete wrong answer to his famous question about “how I like to cook, 
following recipes or going free-style?” I somehow got the position and started as a “sequencing-slave” 
in the lab of the very same professor who coined that expression, Magnus Nordenskjöld. Under the 
protective wings of PhD student Marie Meeths, I spent many hours getting to know pipettes, agarose 
gels, thermocyclers and making sense out of the little rows of rainbow-colored bumps on the computer 
screen representing genetic sequence. A job much more enjoyable than the title implies, I sequenced 
genes in a rare disease project on Familial Hemophagocytic Lymphohistiocytosis (FHL). Just the 
name of that disease qualifies as dauntingly complicated J 

Toward the end of my medical studies, I was recruited back to the very same lab as a PhD student. A 
journey that is now coming to an end little short of one decade, a medical doctor’s degree, a marriage 
(still ongoing!), two amazing daughters and a few grey hairs later. This journey has meant grasping, to 
me, vastly complicated but also thrillingly smart concepts and methods of genetics, rare disease and 
cancer. But it has also encompassed a big leap of personal development through both pleasant and 
challenging experiences. In the spirit of my main supervisor Ann Nordgren these years have been 
filled with curiosity, excitement, passion, personal engagement, endurance and lots of warmth. For 
that I owe her immense gratitude. 

This thesis represents my gain of knowledge, understanding and scientific results from four years of 
PhD studies. Here I attempt to present these components through the tale of BCP-ALL etiology. It 
begins with congenital susceptibility through constitutional predisposing variants (paper I and III) and 
prenatally initiated pre-leukemic clones (paper II and III), and continues with progression to overt 
disease through somatic clonal evolution (paper I and III), including the putative environmental 
drivers of this process (paper IV). 

Happy reading! 

 

 
Stockholm, 21 April 2023 





 

 

Abstract 
Acute lymphoblastic leukemia (ALL) is the most common cancer in childhood, and most frequently 
(85%) of B-cell precursor type (BCP-ALL). Acquired chromosomal rearrangements or aneuploidies 
are the recurrent, often prenatal, initiators of BCP-ALL. These aberrations define distinct molecular 
subtypes that are associated with differences in prognosis and used to guide treatment. Initiating 
variants are disease driving, but secondary variants are required to drive progression to overt disease. 
Although constitutional predisposing variants are found in an increasing share of cases (10-18%), 
BCP-ALL etiology remains largely unknown. Recent studies have suggested that exposure to 
common infections may modulate progression of BCP-ALL. 

The aim of this thesis was to identify, asses and quantify congenital genetic aberrations behind 
childhood BCP-ALL predisposition and initiation, as well as to characterize subsequent clonal 
evolution and identify drivers of progression to overt disease. To this end, we performed whole 
genome sequencing (WGS) to identify constitutional BCP-ALL-predisposing variants. In paper I, we 
reported familial predisposition mediated by a constitutional t(12;14), where haploinsufficiency of the 
powerful transcription factor ETV6 was suggested to cause predisposition. In paper III, monozygotic 
twins with concordant BCP-ALL shared a constitutional, maternally inherited, novel variant in NF1, 
predicted to be highly damaging. As none of the carriers has any clinical sign of the cancer syndrome 
neurofibromatosis type 1 (NF1), we classified the variant to be of unknown significance (VUS), but 
speculated its possible BCP-ALL-predisposing effect. 

We developed a sensitive and quantitative method for backtracking BCP-ALL to pre-leukemic clones 
(paper II), applying chip dPCR in combination with WGS to analyze DNA from neonatal dried blood 
spots. In paper II, only one case of BCP-ALL, diagnosed at age 1 month, had detectable copy 
numbers of genomic breakpoint sequence at birth. Failed detection in the remaining six cases was 
suggested to be caused by technical and sample related limitations, and less frequently postnatal 
initiation. In paper III, WGS identified a shared somatic complex rearrangement, generating ETV6-
RUNX1, in the BCP-ALLs of monozygotic twins. Detection at birth by dPCR failed, but identical 
breakpoint sequences confirmed its prenatal origin. Surprisingly, a shared (prenatal) deletion in UBA2 
was found to precede the complex rearrangement, persisting after several years in remission. 

Clonal evolution of concordant BCP-ALLs was characterized in paper III, detecting shared and 
unique overlapping secondary putative driver variants, supporting independent although convergent 
clonal evolution. In paper I, 7-10 secondary putative driver variants, in genes recurrently targeted in 
childhood ALL, were identified in BCP-ALLs with ETV6-mediated predisposition. This further 
supported that secondary drivers are required for progression, although phylogenetics of somatic 
events in ETV6-predisposed cases remains to be delineated. In paper IV, we assessed a Swedish 
population-based cohort of 1380 BCP-ALL cases and used GARIMAX to demonstrate informative 
seasonal variation in onset and interpreted peak onset to fall in August. Four explanatory models, 
related to exposure to common infections as a driver of final progression to overt disease, were 
suggested. The likelihood of each model depends on still unknown induction time of childhood BCP-
ALL. 

Together, these studies add to our understanding of; congenital susceptibility to BCP-ALL through 
constitutional predisposing variants and prenatally initiated pre-leukemic clones, progression to overt 
disease through somatic clonal evolution and the genetic and environmental drivers of this process. 
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1 Introduction 

1.1 Cancer genetics 
Cancer, when defined as a phenomenon, is an evil and destructive force that is hard to contain and 
eradicate. This is reflected in the biological characteristics of cancer in human disease as 
conceptualized by Hanahan and Weinberg in 2000. Six acquired physiological characteristics were 
proposed as the “Hallmarks of cancer”1: evading apoptosis, self-sufficiency in growth signals, 
insensitivity to anti-growth signals, limitless replicative potential, activating invasion and metastasis, 
sustained angiogenesis. Hallmarks have since then been revised and, reflecting major progress made 
in cancer biology research, the addition of two emerging hallmarks and two enabling characteristics 
was made in 20112: deregulating cellular energetics, avoiding immune destruction, genome instability 
and mutation and tumor-promoting inflammation. Another two of each were added in 20223: 
unlocking phenotypic plasticity, senescent cells, nonmutational epigenetic reprogramming and 
polymorphic microbiomes (Figure 1). These hallmarks are well aligned with a reductionist view of 
cancer development and progression; the somatic mutation theory (SMT). The foundation of SMT is 
the view of cancer originating from a single genetic aberration causing the host cell to undergo clonal 
expansion and acquire additional somatic variants ultimately causing cancer, all facilitated by 
genetically induced altered characteristics.4 An alternate and organicist view of cancer biology, 
opposing SMT, is the tissue organization field theory (TOFT), seeing tissue disorganization as the 
cause of cancer while genetic variants are considered no more than a consequence of disorganization’s 
abnormal interactions between parenchymal and stromal tissue.5–8 

 

Figure 1. Hallmarks of Cancer - including originally proposed and prospective new additions. Figure reused in 
full from the original paper by Hanahan 20223 with permission from the publisher. 
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The basis of SMT cancer genetics still stands upon the 2-hit hypothesis originally proposed by 
Nordling in 19539 and later confirmed in studies of retinoblastoma and the RB1 gene by Knudson in 
197110. This indirectly led to the definition and discovery of tumor suppressor genes, which upon loss 
or inactivation by genetic aberrations results in uncontrolled proliferation.11 In addition, oncogenes 
were already acknowledged to drive arise from proto-oncogenes and drive cancer following activation 
by genetic aberrations.12 Later, DNA-repair genes have also been implicated in cancer initiation and 
progression.13 These genes are responsible for a wide repertoire of repair mechanisms ensuring 
genomic sequence is preserved. More recently, regulatory changes, such as methylation patterns, 
affecting the genome have demonstrated a role for epigenetics in the development and progression of 
cancer.14 Over the last two decades, the emergence and refinement of massive parallel sequencing 
(MPS) techniques we have seen over the last two decades has skyrocketed our ability to identify and 
characterize genetic and epigenetic alterations and transcriptional effects in cancer in a time and cost 
efficient manner.15–17 Similar advances of high-throughput methods for studying proteomics and 
metabolomics have enhanced our understanding of functional outcomes. The novel insight following 
these developments to the genomic landscapes of tumors have demonstrated great interpatient 
heterogeneity in malignancies of the same tissue of origin. Adding further complexity, each individual 
tumor displays large intratumor heterogeneity, attributed to a maze of genetically divergent sub-clonal 
populations. This has pinpointed the vast complexity of cancer on the molecular level. 

In human disease, differentially weighted combinations of nature (genetics, epigenetics) and nurture 
(environmental exposures) lay the foundation of disease etiology, cancer being no exception. Cancer 
is indeed a genetic disease, according to SMT, though less commonly a heritable one. Nonetheless, 
approximately 8% of adults with cancer have been found to carry a cancer predisposing constitutional 
variant, either inherited or de novo.18 Proportions of constitutional variants varied distinctly by cancer 
type. In addition to genetic predisposition, cancer typically originates from the combined burden of 
acquired genetic variants, often arising sequentially in multiple genes as reviewed by Vogelstein et 
al.19 These variants accumulating linearly during life are the result of random errors in the replicatory 
machinery termed “R” and has therefore been come to known as the R-factor in cancer etiology. Not 
all accumulated variants are of equal importance, the bulk are regarded as passive passengers while a 
few (2-8) are driver variants providing a selective advantage by promoting growth. The frequencies of 
somatic pathogenic variants, and with them the lifetime risk of cancer, differ markedly between 
tissues.20 This relationship has been proposed to depend on differences in rate of stem cell divisions 
and thus R-factor.21 Beyond the hereditary and R-factor, epidemiological studies have over the last 
centuries identified a plentitude of environmental factors, such as UVB light, radioactive radiation and 
various chemicals, capable of causing cancer upon prolonged exposure. The molecular mechanism 
has often been found to be induction of DNA-damage leading to emergence of cancer driving variants. 
Altogether, these etiological factors are by no means isolated entities, rather closely interlaced. 

The hallmarks of cancer have, since they were first proposed in 2000, been praised and widely 
adopted but also questioned and reevaluated. Naturally by adherers of TOFT, but also by others for 
their limitations in guiding our understanding of cancers enormous complexity and heterogeneity on 
multiple functional levels, from molecular/single cell to microenvironmental and all in-between.22 
Thus, hallmarks have been rendered insufficient as a framework for cancer research nurturing calls for 
and suggestions of a systemic and evolution based alternative in which hallmarks may be 
incorporated.22–25 
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1.2 Childhood cancer 

As reviewed by Pfister et al,26 childhood cancers differ from adult cancers in many ways; different 
spectrum of cancer types, embryonic origin in mesoderm and ectoderm as opposed to adult’s 
predominant epithelial origin, occurring in immature cells and often caused by a lone oncogenic 
fusion, while rates of somatic pathogenic variants are low. The most apparent difference may be that 
of etiology. While adult cancers typically originate from the combination of carcinogen exposure, the 
R-factor and a portion of heredity; the etiology of childhood cancer is largely unknown. However, 
constitutional genetic predisposition has more recently been shown to account for an increasing 
number of cases, estimated to 10-18%.27–29 As for adult malignancies, contribution of constitutional 
predisposition varies by cancer type. Hematological malignancies as a group display less 
predisposition even though individual types and subtypes may have a more substantial contribution.30 
For all the ways in which they differ from adult cancers and for best possible clinical applicability, 
childhood cancers have recently been dedicated an independent WHO classification.26 

Childhood cancer is a rare disease, accounting for 1% of malignancies in humans of all ages.31 Global 
incidence of cancer in children and adolescents (0-19 years) has been estimated to 413 000 cases 
yearly, out of a world population of 2.6 billion in this age group according to the United Nations32. 
Though, it has been approximated that almost half (44%) of childhood cancer cases will die without 
being diagnosed or treated, mainly due to limited access to adequate care in low and low-middle 
income countries.33 About 89% of the world’s children (age 0-19 years) live in LMICs, and they 
account for 95% of the mortality from childhood cancer worldwide.34,35 Still, despite access to modern 
treatment strategies and advanced supportive care, cancer is yet the most common disease-related 
cause of death in children in high income countries (HIC).26 In response, the World Health 
Organization (WHO) has set a global survival target of 60% for all children with cancer, with the goal 
of saving a million more lives by the year 2030.36 

The average age at diagnosis for cancer in children and adolescents aged 0-19 years is 10 years, more 
specifically 6 years in children aged 0 to 14, and 17 years in adolescents aged 15 to 19.37 Although 
rare, cancer in children is vastly heterogenous, well-illustrated by the 20 types and hundreds of 
subtypes classified by the WHO to date.26 Although substantial differences are seen in different parts 
of the world and for different ethnicities, leukemia is the most common cancer worldwide in 0-19 year 
old’s, followed by brain- and other CNS-tumors and lymphomas.38 The same pattern is seen in 
children (0-14 years) while adolescents (15-19 years) have an more lymphomas, followed by 
epithelial tumors and melanomas, brain and other CNS-tumors and leukemias.  

1.3 Childhood B-cell precursor Acute Lymphoblastic Leukemia (BCP-
ALL) 

Acute lymphoblastic leukemia (ALL) is a malignancy characterized by the rapid clonal expansion of 
lymphoid blast cells in the bone morrow. Blasts are immature cells in which differentiation has been 
stalled and proliferation is left unchecked, leading to depression of other hematopoietic linages of the 
bone marrow. Consequently, patients experience symptoms such as bone pain, easy bruising and 
increased bleeding tendency in mucous membranes (thrombocytopenia), pallor and fatigue (anemia), 
susceptibility to infections (leukopenia) at diagnosis.  
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1.3.1 Descriptive epidemiology of childhood ALL 

Childhood ALL is the most common childhood cancer worldwide, accounting for approximately 30% 
of all pediatric cancers.39 The disease can be of either T- or B-cell precursor type. The latter (BCP-
ALL) is the predominant subtype constituting 85% of all childhood ALL40, and thus approximately 
25% of all childhood cancer. 

In Sweden, the incidence of ALL is 4.2 per 100 000 children (<15 years of age)41, a number 
comparable to most parts of the world38. The general view is that incidence numbers have steadily 
increased at a low rate of 0.7-1.0% per year42–44 while some claim they have remained stable over the 
last decades45,46. Global differences in incidence numbers of ALL are notable, with lower incidence 
rates in LMIC’s such as India (1.9 per 100 000 children) and Sub-Saharan countries (<1 per 100 000 
children).45 In a recent international report the age-standardized incidence rate (AAIR, Segi World 
Standard Population) of leukemias (all types) in 0-14 year old’s was lowest in Sub-Saharan Africa 
(12.5, total average in all regions 46.4).38 These lower incidence rates may in part be due to 
underdiagnosis, as described above, and incomplete registration38, well-illustrated by markedly lower 
incidence rates across all childhood cancer types in this region.38 Nonetheless, this does not explain 
the full extent of these disparities. Interestingly, the significant peak of BCP-ALL onset seen at age 2-
5 years in HIC is markedly less pronounced or even non-existing in regions with lower incidence 
rates.47 The reason for this is not known, but has been hypothesized to depend on differences in 
general hygiene conditions and the consequential extent of exposure to common microbes (see section 
1.4.2). 

Another intriguing observation is that incidence numbers among ethnic groups differ notably in 
nations such as USA with high grade of ethnic diversity in the population. Measuring AAIRs (2000 
U.S. Standard Population), Hispanic children and adolescents aged 0-19 years in the US have been 
reported to develop ALL more often than non-Hispanic whites (AAIR 44.5 compared to 33.7), while 
Asians/Pacific Islanders (30.6) and African Americans (18.5) were less commonly affected than non-
Hispanic whites.48 Similar observations were made in a recent study by Steliarova-Focher et al. where 
all leukemias in children 0-14 years in the US were found with the following distribution of AAIR 
(Segi World Standard Population) per ethnic group: non-Hispanic White 54.5, Hispanic 65.4, 
Asian/Pacific Islander 43.9 and African American 31.3. Of note, AAIR of Hispanic 0-14 year old’s 
(65.4, total average all regions 46.4) was the highest in the world.38 These observations could be 
explained by differences in both genetic and environmental factors. However, an observed larger 
increase in incidence of ALL among 0-19 year old Hispanics compared to other ethnicities48 is more 
likely of environmental origin.  

1.3.2 Genetic characterization and subtype classification of childhood BCP-ALL 

The clinical applicability of detailing the heterogenous genomic landscape of cancer is sometimes 
questioned.22,24,49 Nonetheless, childhood ALL is a disease where genomic characterization of 
recurrent aberrations has been of great value in clinical practice. BCP-ALL is a genetically 
heterogenous disease1-3 in which molecular subtype classification has traditionally been based on 
recurrent genetic aberrations, predominantly chromosomal translocations or non-random loss or gain 
of entire chromosomes (aneuploidy) but also other chromosomal aberrations and their associated gene 
expression profiles.50,51 Translocations either move strong enhancers or create chimeric oncogenic 
fusion genes and commonly involve genes coding for transcription factors, epigenetic modifiers, 
cytokine receptors and tyrosine kinases.52 These subtype-defining genetic events are also considered 
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initiating and disease driving. Many have clinical implications to risk stratification and prognosis, 
although not all are yet used in clinical practice. 

Until recently 75-80% of BCP-ALLs were given a molecular diagnosis, leaving a substantial portion 
of cases without means of risk stratification for treatment.39 This number has improved substantially in 
recent years thanks to the application of  MPS techniques, not least transcriptome sequencing.53 Still, 
in 5% of childhood BCP-ALL cases (10% in adolescents and young adults) a molecular diagnosis 
cannot be determined, commonly grouped as “B-other”. To date, 24 genetically distinct subtypes with 
clinical implications to prognostics and therapeutics have been characterized.51,54. In the recent 
inaugural WHO Classification of Pediatric Tumors26, 11 clinically used genetic subtypes of BCP-ALL 
were recognized (Figure 2B). 

 

Figure 2. (A) Distribution of BCP-ALL subtypes within age groups: childhood (0-15 years), adolescents and 
young adults (AYA)(16-39 years), adult (40-79 years). Treatment stratification indicated by SR=Standard risk 
and HR= High risk. Grouped as gross chromosomal alteration, transcription factor (TF) rearrangement, other 
TF alteration, kinase-driven and others. Adapted from Gu et al.55 with permission from the publisher. (B) 
Summary of genetic subtypes of BCP-ALL defined by the 2022 Inaugural WHO Classification of Pediatric 
Tumors as reported by Pfister et al.26 

Frequency of molecular subtypes differ by age50 and clinical risk stratification (SR, HR)51,55 (Figure 
2A) but also by study i.e. investigated population. In the latter, ethnic differences, as reviewed by Hein 
et al., likely contribute to variations in frequency of subtypes, adding to the complexity of BCP-ALL’s 
genetic origins. For example, the common ETV6-RUNX1 subtype is markedly less common among 
the indigenous people of New Zeeland (Māori), East Asians and Hispanics. With that said, 
t(12;21)/ETV6-RUNX1 and High Hyperdiploidy (HeH)51,56 are generally accepted to be the most 

B-cell precursor lymphoblastic leukemia
B-LBLL with t(9;22)(q34.1;q11.2); BCR::ABL1
B-LBLL with t(v;11q23.3); KMT2A-rearranged
B-LBLL with t(12;21)(p13.2;q22.1); ETV6::RUNX1
B-LBLL with hyperdiploidy, high
B-LBLL with hypodiploidy, near-haploid
B-LBLL with hypodiploidy, low
B-LBLL with hypodiploidy, high
B-LBLL with t(5;14)(q31.1;q32.3); IGH::IL3
B-LBLL with t(1;19)(q23;p13.3); TCF3::PBX1
B-LBLL, BCR::ABL1-like (Philadelphia-like B-ALL)
B-LBLL with iAMP21

A.

B.
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common subtypes, constituting approximately 25 and 30% of cases respectively.50 Most HeH and 
t(12;21)/ETV6-RUNX1 cases present at young age and are the major contributors to the common peak 
of BCP-ALL onset at 2-5 years of age, however increasingly rare with older age and almost absent in 
adults.50 In infants (<1 year of age) KMT2A-rearrangements (previously MLL) are most common, 
accounting for 70-75% of cases57 while t(9;22)/BCR-ABL1 and BCR-ABL1-like are much more 
common in adolescents and young adults50,55.  

Although diagnostic routines differ between centers, the standard methods used for subtype 
classification are different combinations of karyotyping with G-banding, fluorescence in-situ 
hybridization (FISH), reverse transcription PCR and arrays (SNP-array/arrayCGH) or MLPA. The use 
of WGS in first line diagnostics has been shown to be superior to previous methods58, but has 
commonly not yet been implemented in standard diagnostic routines. Nonetheless, all families with a 
child newly diagnosed with cancer in Sweden are today offered to participate in a project within 
Genomic Medicine Sweden (GMS), where WGS analysis of the tumor (in addition to standard 
diagnostic methods) and constitutional material is performed to improve diagnosis, detect targets for 
treatment and identify actionable predisposing variants. Similar projects are also in place in other 
countries. 

After initiation of BCP-ALL by subtype-defining genetic events, further somatic variants are typically 
required for progression to overt leukemia (for which supporting epidemiological observations and 
rationale are covered in section 1.4.1.1 below). A recent study found a median of 4 such putative 
disease driving variants in every BCP-ALL (including initiating events) although frequencies differed 
by subtype.51 These variants were most often CNV’s (deletions) and commonly affected B-cell 
transcription factor genes, such as ETV6, PAX5 and IKZF1, epigenetic regulators and Ras signaling. 
Variants are often recurrent and found in several different subtypes, although more frequently 
associated with a specific one.40 An example is the strong association between t(12;21)/ETV6-RUNX1 
leukemia and deletion of the non-translocated ETV6 allele.59 These additional somatic hits may have 
impact on the prognosis and treatment, as exemplified by deletion of IKZF1, an independent negative 
prognostic marker present in 15% of all BCP-ALL60. Although childhood BCP-ALL most often does 
require multiple hits for overt disease the overall rate of pathogenic variants is significantly lower than 
for solid tumors. This may be explained by the fact that precursor hematopoietic cells, from which 
leukemias are thought to arise, naturally possess some of the qualities defined as hallmarks of 
cancer.44 

1.3.3 Treatment and Survival in childhood BCP-ALL 

The overall goal of cancer treatment is to maximize cure while limiting severe toxicities. BCP-ALL is 
treated with a combination of chemotherapy drugs and corticosteroids, aimed at killing and preventing 
further growth of leukemic cells. Treatment of childhood BCP-ALL is based on three pillars. First, the 
induction phase aims to rapidly kill of the bulk mass of leukemic cells and induce remission. Next, the 
consolidation phase is entered once remission is reached (if not treatment enters intensification) and 
serves to maintain remission and eliminate any remaining leukemic cells still residing in the body. 
Finally, the maintenance phase continues over the course of approximately 2 years aiming to maintain 
remission long-term. Evaluation of Minimal/Measurable Residual Disease (MRD) in bone marrow is 
used at defined checkpoints during treatment to monitor treatment response and sustained remission. 
Patients are stratified into three main risk groups to which treatment is tailored: standard (SR), 
intermediate (IR) and high risk (HR). Risk stratification is based on factors such as age, white blood 
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cell counts, genetic subtype and other genetic risk markers found at diagnosis, as well as treatment 
response evaluated by MRD after induction and consolidation phase. Clinical risk factors in ALL are 
summarized in Table 1.  

In many parts of the world larger organizations have been formed to standardize treatment for 
children, adolescents and young adults with BCP-ALL (and other childhood cancers). In Sweden, 
children are treated according to protocols from the Nordic Society of Pediatric Hematology and 
Oncology (NOPHO). NOPHO brings together Sweden, Denmark, Norway, Finland, Iceland, 
Lithuania and Estonia in the fight against childhood cancers. The latest protocol, ALLTogether 
implemented since 2019 in Sweden, has been developed by a consortium of peer pediatric oncology 
organizations in addition to NOPHO; from France, Ireland, UK, Belgium, the Netherlands, Germany 
and Portugal. This treatment protocol, just as its predecessors, also functions as a clinical trial with 
several investigative arms to continuously follow up and improve on treatment strategies. In Sweden, 
all clinical data are registered in a national quality registry, the Swedish Childhood Cancer Registry. 

Survival rates in childhood BCP-ALL have improved remarkably over the last few decades. Today, 
90% will become long-term survivors, but there is a significant variation among subtypes.39,61 In 
Sweden 10-year survival increased from 5% in the early 1970’s to 85% in 2010.41 This dramatic 
improvement is mainly a result of adjustments of treatment regimens in combination with advances in 
supportive care. More recent numbers show that the NOPHO ALL-2008 trial resulted in a 5-year EFS 
of 85% and OS of 91%.62 These results are comparable to other European and American protocols as 
reviewed by Inaba et al.61 

 

Table 1. Positive and negative prognostic factors in childhood BCP-ALL. Dx=diagnosis. Table adapted from 
Inaba and Mullighan 202061 with permission from the publisher. 

The outcomes of recent treatment protocols, where over-treatment is now one of the failures of current 
strategies, indicate we have reached ways end in improving outcome through general intensification of 
chemotherapy. At the same time, under-treatment leading to relapse is still a problem in some cases. 
Therefore, there is a need for refined molecularly based stratification to sift out individual patients 

Prognostic factors Positive Negative
Patient and clinical characteristics
- Age at dx 1 to 9 years <1 or >9 years
- Sex Female Male
- Ethnicity Caucasian, Asian Hispanic, African American
- Down syndrome No Yes
- WBC counts at dx <50x10*9/L = or >50x10*9/L
- CNS involvement at dx CNS 1 CNS 2&3, traumatic tap with blasts
- Testicular involvement No Yes

Genetic High Hyperdiploidy (HeH) Hypodiploidy (<44 chrs)
ETV6-RUNX1 KMT2A -rearrangement
NUMT1 -rearrangement BCR-ABL1

BCR-ABL1-like
TCF3-HLF
MEF2D -rearrangement
iAMP21
BCL2 or MYC rearrangements

MRD Negative Positive
Continiously decreasing and 
becoming negative

Increasing and/or persistently positive 
while monitored
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eligible for de-intensification, and those in need of intensified treatment through targeted therapy, to 
reduce toxicity but sustain antileukemic effect. 

1.4 Etiology of childhood BCP-ALL 

Extensive molecular and epidemiological studies of childhood BCP-ALL have indeed identified 
individual contributing risk factors and generated hypotheses about the causes of this disease. 
Nonetheless, a fuller understanding of etiology from initiation and through progression to disease 
onset remains for BCP-ALL. To guide the search for intrinsic and extrinsic etiological factors it has 
been essential to delineate the timing and characteristics of disease initiation, progression and onset. In 
this section, the current knowledge and hypotheses regarding these components will be outlined. 

1.4.1 Congenital predisposition - Prenatally initiated pre-leukemic clones and 
constitutional variants 

There are two different ways in which an individual may be predisposed to develop BCP-ALL: being 
a carrier of a pre-leukemic clone initiated during fetal life and carrying a predisposing genetic variant 
(inherited or de novo). Both ways of predisposition are congenital and based on the presence of a 
genetic aberration, one found only in the pre-leukemic cells (clonal) and the other in every cell of the 
body (constitutional). Although not required, predisposing genetic variants contribute to initiation of a 
pre-leukemic clone. 

1.4.1.1 Prenatally initiated pre-leukemic clones 

Scientists have long strived to elucidate different aspects of BCP-ALL biology. One such aspect is the 
timing and characteristics of disease initiation. The recurrent translocations and rearrangements 
characterizing subtypes of BCP-ALL are considered the initiating events of disease, and are thought to 
establish a pre-leukemic clone that may progress to overt leukemia through the acquisition of 
additional driver variants. Even prior to the recognition of these molecular events the observation of 
concordant childhood BCP-ALL in monozygotic twins led to speculations that the timing of leukemia 
initiation could be prenatal. The theory was that leukemia was initiated in one twin and spread to the 
other through vascular transfusion in the shared placenta during fetal life.63,64 Later, Ford et al.65 were 
the first to demonstrate that concordant BCP-ALL in monozygotic twins shared identical gene fusion 
sequences, in that report shown for non-constitutional KMT2A(MLL)-rearrangements. As fusion 
sequences are unique to each individual leukemia, this provided molecular evidence of both a 
common clonal origin and prenatal initiation of KMT2A-rearranged leukemia. Subsequently, evidence 
emerged of molecularly concordant ETV6-RUNX1 fusion BCP-ALLs in monozygotic twins, 
supporting prenatal initiation also for this recurrent subtype.66,67 To date, studies backtracking 
leukemias to pre-leukemic clones in neonatal samples from both twin and non-twin cases have 
confirmed prenatal initiation of KMT2A-rearrangements, ETV6-RUNX1 fusion, high hyperdiploidy 
(HeH), TCF3-PBX1 fusion generated by t(1;19) and BCR-ABL1 fusion created by t(9;22), as reviewed 
by Hein et al.56 

In addition to the timing of leukemia initiation, studies of BCP-ALL’s prenatal origin have also taught 
us about the nature of different leukemia initiating events. Although initiated in utero, molecularly 
concordant BCP-ALLs in a twin pair display variable latency (time until diagnosis) depending on their 
molecular subtype. For example, twins with infant ALL, in which KMT2A-rearrangements are 
predominant, are by definition diagnosed within the first year of life and thus the latency until 
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diagnosis is short. The concordance rate of infant ALL in monozygotic twins is nearly 100%.68 These 
observations collectively suggest that KMT2A-rearrangements are strong oncogenic drivers. In further 
support of this, whole genome sequencing efforts have revealed a low rate of pathogenic somatic 
variants in BCP-ALLs with KMT2A-AF4 fusions, implying that KMT2A-rearrangements are either 
alone sufficient to cause leukemia or efficient in causing the additional driving events required for overt 
leukemia.69 ETV6-RUNX1 positive leukemias on the other hand, in which incidence peaks at age 2-5 
years50, have longer latency (median 4 years, range 1-12)70–73. This subtype also displays larger 
differences in latency between concordant cases, as described by Wiemels et al. in a monozygotic 
twin pair diagnosed at age 5 and 14 years respectively, thus separated by 9 years.67 At 10-15%, 
concordance rates are also markedly lower in non-infant leukemias.68 Altogether, these observations 
suggest that the ETV6-RUNX1 fusion gene has a weaker oncogenic effect and that additional hits are 
of greater importance for disease progression. The potential for in utreo transfusion of pre-leukemic 
clones between twins is assumed to be equal regardless of the initiating genetic aberration. However, 
the low concordance rates in ETV6-RUNX1-positive leukemias led to suspicions that all pre-leukemic 
clones may not progress into overt leukemia. 

To further investigate this notion, several efforts have been made to elucidate the incidence of ETV6-
RUNX1 chimeric fusion sequences in healthy newborns, so called postnatal screening studies. Mori et 
al.74 were the first to report an incidence of 1% in umbilical cord blood (UCB) from healthy neonates, 
a number far exceeding the incidence of the corresponding leukemia. The implication would be that a 
vast majority of carriers do not develop overt disease. Following this initial report, several studies 
demonstrated frequency’s ranging from 0.01% to 8% using either neonatal blood spots or cord blood 
samples and various combinations of RNA- and DNA-based techniques.75–82 Surprisingly, many of the 
reported frequency’s far exceed that of the corresponding leukemia, indicating that the vast majority 
never progress to overt leukemia. Reports have therefore been accompanied by much debate regarding 
methodological issues and the true frequency of pre-leukemic clones in healthy neonates at birth. The 
most recent report addressed some of the previous methodological issues using the DNA-based 
method GIPFEL, detecting ETV6-RUNX1 fusions in 5% of analyzed UCB samples from healthy 
neonates.83 The above studies further emphasized the importance of secondary genetic events for 
progression of ETV6-RUNX1 positive leukemia but also raised questions about potential modulating 
factors of both intrinsic and extrinsic nature (discussed further in section 1.4.2). Altogether, there is 
now convincing evidence that pre-leukemic clones are often initiated prenatally and, in the case of 
ETV6-RUNX1-fusion, occur more frequently than the corresponding overt leukemia is observed. 

Except for the contribution from constitutional genetic variants (discussed in the following section), 
the etiological mechanisms behind initiating genetic variants remain to be understod, although some 
argue they are no more than “developmental accident”84. Some epidemiological studies have 
suggested maternal influenza, varicella, rubella or genital infection may increase risk of the child 
developing BCP-ALL, yet not all reports support these findings.85–87 No leukemia-transforming virus 
has yet been molecularly detected.84 Other prenatal environmental exposures associated with an 
increased risk of BCP-ALL are maternal age and exposure to paint, pesticides and large coffee intake 
during pregnancy, as reviewed by Williams et al.88 Interestingly, a small number of studies have 
identified environmental exposures specifically associated to certain molecular subtypes of BCP-ALL. 
Only one, home paint exposure during pregnancy, was a clear pre-natal exposure and could thus be 
implicated in disease initiation. Nevertheless, all of the above exposures lack convincing support. 
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Studies of prenatal origin of BCP-ALL have vastly increased our understanding of the timing and 
nature of initiating events. However, methods for detection and quantification of initiating genetic 
variants in prenatal samples have been associated with technical limitations, illustrated by the large 
discrepancy in rates of ETV6-RUNX1 found by different methods among healthy neonates (reviewed 
by Hein et al.).56 Of the most frequently used methods, nested PCR is sensitive but lacks quantitative 
ability, while qPCR is a quantitative analysis but has limited sensitivity compared to nested PCR. Both 
are subject to contamination. Most often RNA from UCB has been used which allows detection of 
recurrent fusion sequences without designing specific primers for each patient, which is required when 
analyzing genomic breakpoints in DNA. This is a huge advantage when backtracking or screening 
more than a few samples. But, to its disadvantage, RNA is utterly instable. The recent application of 
GIPFEL allowed use of streamlined assays of stable DNA instead of RNA, facilitating use of DNA in 
backtracking or prenatal-screening studies of larger numbers of samples.75 However, the quantitative 
ability and sensitivity of qPCR applied in this study left room for improvements. This motivated our 
studies in paper II, developing a method based on the more sensitive, quantitative less contamination 
exposed chip dPCR, in a first step combined with WGS-guided design of patient specific assays. 
Regarding the source of material, RNA or DNA, for backtracking and/or screening studies, both 
umbilical cord blood (UCB) and dried neonatal blood spots have been used. Coming from bio-banked 
Guthrie cards, neonatal blood spots are readily available compared to UCB. They are routinely 
sampled for clinical purposes (newborn screening of metabolic disease), which eludes the need for 
additional sampling as for UCB. Guthrie cards are also easy and cheap to handle and store. These 
factors motivated our choice of blood spots as source of DNA. On the downside, DNA/RNA- 
purification from dried blood spots do not allow for cell sorting prior to purification, which is one way 
of increasing the likelihood of “catching” traces of pre-leukemic clones at birth. 

1.4.1.2 Constitutional variants predisposing to childhood BCP-ALL 

The contribution of genetic predisposition to childhood cancer has previously been estimated to 10%, 
originally derived from a study by Narod et al. in 1991.89 A more recent study identified predisposing 
variants in 18% of cases, in a prospective cohort of childhood cancers including newly diagnosed 
(85%) and relapsed/refractory (15%) cases. However, patients were unselected for tumor type, and 
thus not a representative  distribution of diagnoses (n=309)28. For children and adolescents with BCP-
ALL, pathogenic variants in known cancer predisposition genes have previously been found in 4.4% 
of a large cohort (subtypes not specified).27 However, these results likely underestimate the prevalence 
due to strict inclusion criteria of “known” predisposition genes analyzed and a conservative evaluation 
of variant pathogenicity.90 Shortcomings in both clinical recognition (non-cancer symptoms may be 
subtle or absent) and molecular diagnostics have posed a challenge to find the “true” fraction of cases 
attributable to genetic predisposition. To date, with the substantial number of familial and sporadic 
cases of childhood BCP-ALL reported to carry a rare constitutional variant with highly penetrant 
predisposing effect, there is solid evidence for the contribution of genetic predisposition to BCP-ALL 
initiation and possibly also progression.91–93 In addition, GWAS-studies have identified a number of 
common susceptibility loci associated with BCP-ALL but with low penetrance (reviewed by Rüchel et 
al).94   

There is a variety of ways in which one can categorize constitutional genetic predisposition. 
Predisposing genetic aberrations can either be de novo or inherited, although family history is not 
always evident in the latter case. Most cancer predisposition syndromes described to date are 
autosomal dominant (AD) with incomplete penetrance, although autosomal recessive (AR) and X-
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linked patterns exist. Consequently, variants can be classified according to their effect size i.e., the 
penetrance of a certain phenotypic expression. A single variant can express several phenotypes, both 
cancer and non-cancer, for which the effect size may differ. A second variable for variant 
classification is allele frequency, meaning the frequency of a particular variant in the general 
population. When searching for novel variants causing rare conditions, such as childhood cancer 
predisposition, low allele frequency (defined as minor allele frequency (MAF) <1%) is commonly 
used as one of many criteria for pathogenicity. The assumption is that a rare conditions, by definition, 
will not be caused by variants common in the general population. Also, within a cancer syndrome, 
variants affecting the same gene may confer susceptibility to a wide range of cancer types, both adult 
and pediatric. Thus, even if a specific variant in a known cancer predisposition gene is often 
associated with a certain type of leukemia, it is not necessarily a common phenotype of other variants 
in that gene.29 Based on these three preconditions, this overview will focus on predisposing genes and 
syndromes where variants are rare but with variable effect size and where BCP-ALL is a recurrent 
disease phenotype or. 

Li Fraumeni syndrome (OMIM#151623) is a well characterized autosomal dominant cancer 
predisposition syndrome predominantly caused by constitutional loss-of-function variants in the tumor 
suppressor gene TP53.95 The transcription factor TP53 has been described both as a “guardian of the 
genome”96 and “gatekeeper for growth and division”97 for its prominent role in inducing DNA-repair, 
apoptosis, senescence and cell cycle arrest in cells subjected to serious stressors such as DNA-
damage. Li Fraumeni syndrome is associated with an accumulated lifetime risk of cancer of 75% in 
males and 100% in females.98,99 The predominant cancer types presenting in this syndrome are breast 
cancer, brain tumors, sarcomas and adrenocortical carcinoma but other malignancies also occur within 
the syndrome although less commonly. Somatic variants in TP53 are common in most sporadic 
human cancer, including acute myeloid leukemia (AML). In BCP-ALL, somatic TP53 aberrations are 
rare.100 Consequently, Li Fraumeni syndrome was previously not considered associated with ALL, but 
recent reports of both familial ALL and genomic characterization of hypodiploid BCP-ALL support a 
role for TP53 constitutional variants in BCP-ALL predisposition.101–104 Collectively, these findings 
stress the importance of detecting constitutional TP53 pathogenic variants to enable further clinical 
studies, apply therapeutic considerations, initiate further cancer surveillance and offer genetic 
counselling to patients and their families.  

ETV6, located on chr 12, is a powerful transcriptional repressor essential to both fetal and postnatal 
hematopoiesis.105–107 It is a well-known gene in BCP-ALL, where the somatic translocation 
t(12;21)/ETV6-RUNX1 is the hallmark of the second most common subtype. In addition, deletions of 
ETV6 are common as a secondary event in BCP-ALL, especially in t(12;21)-positive cases (54-77% 
of cases).108–110 This suggests ETV6 is a tumor suppressor gene, supported by functional studies of WT 
ETV6 inducing apoptosis and reduced growth rates in BCP-ALL cell lines.111,112 Given ETV6’s role in 
normal hematopoiesis and BCP-ALL, its involvement in constitutional predisposition is perhaps not 
surprising. Numerous familial cases with rare constitutional variants in ETV6, segregating with 
susceptibility to BCP-ALL but also other hematological malignancies have been reported (autosomal 
dominant, incomplete penetrance).113–120 Also, 35 additional non-familial cases of BCP-ALL with 
constitutional pathogenic variants in ETV6 have been reported,114,121 showing an overrepresentation of 
HeH subtype114,122 and association with older age at diagnosis than non-carriers114. Reported variants 
primarily impair DNA-binding and decrease the repressional activity of ETV6.113,114,122–124 It is also 
worth noting that second hits to ETV6 or other leukemia driving genes were required for disease 
initiation and progression in these patients.113,122  



 

12 

PAX5 encodes a B-lymphoid transcription factor essential to early B-cell lineage commitment and 
further differentiation.125 PAX5 is also the most common target of somatic aberrations overall in BCP-
ALL (rate 31.7%), consisting mainly of deletions but translocations and SNVs occur.126,127 An 
important example is the recurrent somatic unbalanced translocation dic(9;20), invariably targeting 
PAX5, defining a subtype constituting 4.7% of all BCP-ALL.128 Constitutional pathogenic variants in 
PAX5 associated with predisposition to BCP-ALL, AD with incomplete penetrance, have been 
reported in 3 familial cases.129,130 All reported leukemias had somatic loss of WT PAX5, suggesting 
BCP-ALL progression required marked reduction of PAX5 function. Several cases also had 
homozygous deletion of CDKN2A/2B, in line with obligate homozygous loss of CDKN2A in sporadic 
cases of dic(9;20) BCP-ALL. Recently, PAX5 (and IKZF1, another B-lymphoid transcription factor) 
was shown to prevent malignant transformation in B-cells by restricting glucose metabolism and thus 
energy availability.131 Pathogenic variants in PAX5 disrupted this restriction allowing energy levels to 
drastically increase. This provided one mechanistic insight to leukemogenesis in BCP-ALL conferred 
by aberrations in PAX5, be they constitutional or somatic.  

TYK2 (Tyrosine kinase 2) is part of the Janus kinase (JAK) protein family and JAK/STAT signaling 
pathway, which has an important role in leukemia upon activation.100 Although TYK2 is not 
commonly somatically mutated in ALL132,133, other family members of the JAK family (JAK1/2/3) are 
frequently affected 100,134–136. However, TYK2 is involved in translocations of BCR-ABL-like 
ALL1134,137. Inactivation of TYK2 has previously been associated with immunodeficiency and 
autoimmune disease.132 Driven by the hypothesis that a second primary leukemia in individuals with 
ALL may be a marker for constitutional predisposition, Waanders et al.132 identified two individuals 
with constitutional TYK2 pathogenic variants predisposing to ALL. Functional evaluation confirmed a 
significant effect on the JAK/STAT pathway, by the strong activation of STAT-signaling through 
constitutive activation of TYK2. 

The incidence of constitutional Robertsonian translocations is 1:1000 born children138,139, most 
commonly rob(13;14)c accounting for 74%140. Constitutional translocation rob(15;21) is very rare 
(0.5-1%) but of particular interest due to its strong association with intrachromosomal amplification of 
chr 21 (iAMP21), a high-risk subtype of BCP-ALL. Up to 3.2% of individuals with iAMP21 BCP-
ALL have been reported to carry a constitutional translocation rob(15;21)c.141, giving a 2700-fold risk 
increase of iAMP21 with constitutional rob(15;21)c.142 This association is remarkable in its specificity 
for both rob(15;21)c and iAMP21 BCP-ALL.143 

Constitutional ring chromosomes involving chr 21, r(21)c, have recently been acknowledged to also 
predispose specifically to iAMP21 BCP-ALL.143 Incidence of r(21)c in live births is unknown but has 
been approximated to 1:25 000 conceptions.140 

SH2B3 coding for SH2B adaptor protein 3 is a negative regulator of both cytokine and growth factor 
signaling pathways, such as RAS/MAPK144 and JAK/STAT145. Through this negative regulation, 
SH2B3 plays an important role in normal lymphopoiesis by regulating proliferation144 as well as 
controlling self-renewal and dormancy of hematopoietic stem cells (HSC’s)145.  SH2B3 deficiency in 
mice has been shown to cause splenomegaly, with accumulation of pre-B and immature B-cells, and 
augmented B-progenitor production in bone marrow, indicating a role for SH2B3 as a tumor 
suppressor gene in B-lineage lymphocytes.146 Somatic deletions of SH2B3 have been associated with 
both BCR-ABL1-like147 and iAMP21148 BCP-ALL. Collectively, these data implicate SH2B3 in 
leukemogenesis. One single case of SH2B3 mediated constitutional predisposition to BCP-ALL has 
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been reported to date; a homozygous constitutional loss-of-function variant in SH2B3, conferring 
predisposition though an AR inheritance pattern.149 Despite limited examples, it was argued SH2B3 
should be considered along with other BCP-ALL predisposition genes and syndromes due to the 
reported case’s strong implication of SH2B3 in the pathogenicity of BCP-ALL.90 This is a good 
example of how rare cases can implicate novel genes in the biology of BCP-ALL and help 
understanding their pathogenicity. 

IKZF encodes the protein IKAROS, a zinc finger transcription factor and a key regulator of lymphoid 
development. Two central functions of IKZF1 are inhibition of proliferation and promotion of 
differentiation.150 Deletion of IKZF1 is a recurrent event in BCP-ALL (overall rate 15%)60 and is an 
independent negative prognostic factor in BCP-ALL151,152. Constitutional variants in IKZF1 
predisposing to childhood BCP-ALL have been identified in both familial153–155 and sporadic156 cases. 
In two families, variants segregated with immunodeficiency (loss of serum immunoglobulins and B-
cells) and decreased the number of B-cell progenitors in bone marrow.153 In another family, a 6.7 Mb 
constitutional deletion on chr 7p spanning IKZF1 segregated with syndromic features (intellectual 
impairment, dysmorphic facial features and large head circumferences) and 2/3 of carriers developed 
childhood BCP-ALL.155 In addition, 28 constitutional variants in IKZF1 were identified from 
screening 5008 children with primarily ALL (4902 BCP-ALL and 106 T-cell ALL) identified.156 
Functional effects on IKAROS transcriptional repression was seen for all but one missense variant. 
Collectively, these findings support a role for constitutional IKZF1 aberrations in predisposition to 
BCP-ALL. 

A congenital syndrome is by definition a condition characterized by a combination of associated 
medical symptoms and/or phenotypic findings. Today, a wide variety of syndromes have been 
characterized and their genetic origins determined. It is well recognized that many congenital 
syndromes have an increased risk of pediatric cancer. In these syndromes, presentation of cancers and 
non-cancerous symptoms vary widely. In the setting of pediatric oncology, this phenotypic variability 
means that cancer may be the presenting symptom and challenges clinicians to recognize patients with 
underlying congenital syndromes. A genetic syndrome may negatively affect cancer treatment 
outcomes by influencing therapeutic response and an increased risk of therapy-related toxicities. Such 
complications can in turn be actionable, which emphasizes the clinical importance of obtaining an 
etiological diagnosis. For this purpose, several tools have been developed to aid pediatric oncologists 
in identifying patients in need of genetic investigation, including the widely applied Jongman’s 
criteria.89,157,158 

Down syndrome (DS) (OMIM#190685) is the most common chromosomal aberration in humans, 
occurring in approximately 1 in 700 live born children, caused by extra genetic material from the 
whole, or a critical part, of chr 21. The syndrome is phenotypically characterized by intellectual 
disability, dysmorphic facial features, growth retardation, malformations and a well-known 20-fold 
risk increase of childhood BCP-ALL (termed DS-ALL).159 DS-ALL constitutes a significant portion 
(2-3%) of all treated cases160 and is associated with older age at peak incidence and lower EFS due to 
increased relapse rate and therapy related mortality. Toxicity reactions to therapy are common and 
often result in dose reductions, which in part may explain the inferior prognosis.161,162 Although not 
discussed in this review, it is noteworthy that DS is also associated with a significantly increased risk 
of acute myeloid leukemia (ML-DS, a subtype of AML)159 as well as transient abnormal myelopoiesis 
in infancy163. Up to 40% of DS-ALL  have a normal karyotype (apart from constitutional trisomy 21) 
with standard cytogenetic workup161, compared to 4.5% in all BCP-ALLs . Unfavorable cytogenetic 
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markers such as KMT2A-rearrangements and BCR-ABL1 fusions are rare in DS-ALL. Low-risk 
subtypes t(12;21) and HeH are also less common, either of them present in only 15% of DS-ALL 
compared to ~55% of all BCP-ALL.161,164–166 Two frequent and commonly co-occurring acquired 
characteristics in DS-ALL are CRLF2 overexpression167 and JAK2 activation168,169, suggested to have 
a synergistic disease promoting role170. In a murine model of DS-ALL, JAK2 pathogenic variant, 
CRLF2 overexpression as well as loss of IKZF1 and PAX5 were all necessary for inducing BCP-
ALL.171 This highlights the requirement of additional somatic aberrations, in addition to constitutional 
trisomy 21, for development of DS-ALL. However, the mechanism of trisomy 21-mediated 
predisposition to BCP-ALL is still unknown.  

A number of additional congenital syndromes are associated with predisposition to childhood ALL 
but will not be discussed in detail in this review. These syndromes can be divided into different groups 
based on the underlying genetic mechanisms. One group is the DNA repair disorders including Ataxia 
Telangiectasia (ATM)172, Bloom syndrome (BLM)173, Nijmegen breakage syndrome (NBS1)174, 
Fanconi anemia175 and constitutional mismatch repair deficiency (MLH1, MSH2, MSH6, PMS2)176. 
Moreover, Noonan syndrome (PTPN11, SOS1, LZTR1, KRAS, RAF1, RIT1, SOS2, MAP2K1, NRAS, 
BRAF, RRAS2, MRAS, NRAS, RRAS2, RASA2), Neurofibromatosis type 1 (NF1) and 
cardiofaciocutaneous syndrome (BRAF, MAP2K1/2, KRAS) are examples from the group of 
RASopathies.177,178 Finally, syndromes caused by genetic aberrations in transcription factors or 
transcription factor coactivators associated with hematopoietic differentiation, such as Börjeson-
Forssman-Lehmann syndrome (PHF6)179, Rubinstein-Taybi syndrome (CREBBP, EP300)180,181, 
Weaver syndrome (EZH2)182, Sotos syndrome (NSD1)183 and familial platelet disorder with associated 
myeloid malignancies (RUNX1)184, are conditions where childhood ALL has been reported and 
predisposition to BCP-ALL is plausible considering the genetic basis of the syndromes.92  

Further studies of large cohorts of both familial, syndrome associated and sporadic BCP-ALL cases 
are needed to evaluate prevalence and molecularly characterize predisposition to childhood BCP-
ALL.26,92 In addition, studies of familial and syndrome-associated cases of childhood BCP-ALL will 
likely continue to aid discovery of novel predisposition genes and molecular pathways as well as 
improved understanding of predisposition mechanisms, penetrance and associated non-cancer 
symptoms. This motivated our studies of constitutional predisposing variants in paper I and III. 
Ongoing studies applying refined clinical predisposition-criteria and WGS analysis to population-
based cohorts of childhood cancer hold promise of such advancements. That said, the greatest benefit 
of these studies will hopefully be for the individual patients, enabling patient tailored therapeutic 
strategies for patients with poor treatment response and increased risk of relapse due to constitutional 
variants.91  

1.4.2 Progression from pre-leukemic state to disease onset 

For pre-leukemic clones to progress into overt leukemia additional “hits” are required, as first 
suggested in the “two-hit hypothesis” for ALL by Greaves.185 The discovery that prenatal initiation of 
pre-leukemic ETV6-RUNX1-positive clones is a relatively frequent event, compared to diagnosis of 
the corresponding leukemia75, has emphasized the importance of secondary molecular events for 
progression to overt disease. It has also motivated studies of environmental exposures that may 
modulate the course of progression. Studying the developmental timing of secondary events was long 
restricted to distinguishing shared (prenatal) from unique (postnatal) variants in concordant twin 
leukemias186,187 or variants with high (early) versus low (late, subclonal) variant allele frequency 
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(VAF). Single-cell sequencing techniques can now help delineate the phylogenetic tree (temporal 
order) of clonal evolution in BCP-ALL188, but do not necessarily explain when driver events occurred 
during the patient’s pre-leukemic life. Understanding this aspect would be of value to couple 
molecular drivers of progression to extrinsic exposures modulating risk of BCP-ALL. 

1.4.2.1 Intrinsic secondary drivers – genomic landscapes of BCP-ALL 

The nature of secondary driver variants ("second hits") and their transcriptional consequences have 
been extensively studied using massive parallel sequencing techniques in large cohorts of childhood 
BCP-ALL.51,189–192,192–194 These studies have revealed a generally low burden of "second hit" variants 
which are mainly subclonal and differ between molecular subtypes.51,189,191,195,196 Secondary driver 
variants come in all forms: SNVs, indels, focal deletions, translocations and other rearrangements. For 
a recent and comprehensive overview Brady et al51 reported an extensive characterization of the 
genomic landscape of 2288 childhood and AYA BCP-ALLs. Detecting secondary driver variants at a 
median of 4 variants (rage 0-19) per case, predominantly focal deletions (median 2, range 0-18), rates 
varied among molecular subtypes from a mean of ~2 in KMT2A-rearranged and hypodiploid subtypes 
to 7.6 in Ph-like-CRLF2 BCP-ALL. The most frequently targeted genes were CDKN2A, PAX5, 
IKZF1, ETV6, KRAS and NRAS representing essential biological functions such as cell cycle 
regulation (growth, DNA-synthesis and repair, division) and cell differentiation. Key pathways 
affected by secondary driver variants were transcription factors regulating B-cell development (e.g. 
PAX5, IKZF1), epigenetic regulators (e.g. CREBBP, SETD2), other transcription factors (e.g. ETV6, 
ATF7IP, ERG, RUNX1) and Ras-singling (e.g. NRAS, KRAS, NF1). Within molecular subtypes 
different pathways were more or less frequently targeted. Regarding clonality, ETV6, IKZF1, and 
PAX5 were often targeted by early events and subclonal later events commonly affected kinase 
signaling such as KRAS, NRAS, JAK1/2 and FLT3. The above knowledge fueled our analysis of 
secondary driver variants in paper I and III as well as delineation of clonal evolution in paper III to 
better understand disease pathogenicity in these specific cases. Despite these significant advances in 
understanding the genomic basis of BCP-ALL, little is known of potential environmental interactions 
underlying such aberrations and their pathogenicity. 

1.4.2.2 Extrinsic secondary modifiers – the role of infections and trained immunity 

The strive to understand the etiology of childhood BCP-ALL is driven by a need for preventive 
strategies. To that end, environmental risk factors can be modulated to a larger extent than intrinsic 
genetic/epigenetic ones. Exposure to common microbes and consequential training of our immune 
system has been a focal point of epidemiological studies in recent years, and well deserved given 
BCP-ALL is a disease of B-cells which are designed to activate and react upon immune stimulation by 
infective agents. 

In 1988, Greaves suggested a model where delayed exposure to common infections during early 
childhood (first year of life) deprives our immune system of the natural training its programmed for. 
Once infections are encountered the immune system reacts adversely, promoting progression of pre-
leukemic cells in individuals who are carriers of such.185 This hypothesis originated in observations 
linking time and dose-dependent exposure to common microbes to risk of BCP-ALL. The 
geographical variation in BCP-ALL with markedly lower incidence in regions of lower 
socioeconomic status, such as sub-Saharan Africa, adds support to Greaves’ hypothesis.45,197 
Similarly, historic increases of childhood ALL incidence following improvements in general hygiene 
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conditions, measured by prevalence of hepatitis A infections in the population, have suggested an 
association between lower exposure to microbes and an increased risk of developing childhood 
ALL.198 Epidemiological studies have also associated early livestock and pet contact, early daycare 
attendance, vaginal delivery, breastfeeding, having older siblings and early BCG vaccination, all 
considered proxies for exposure to common microbes, to decreased risk of BCP-ALL (reviewed by 
Hauer et al.).199 Based on these associations, early training of the innate immune system and tending 
of the microbiome have been suggested to protect against progression to BCP-ALL. 

While early (within first year of life) exposure to microbes may protect against leukemia development, 
infectious disease has also been suggested to promote disease progression. Early epidemiological 
studies by Ward (1917) were the first to recognize the peak of BCP-ALL incidence in 2- to 5-year-
olds. He reasoned that this age group was more often affected by common infections than others and 
therefore suggested infections could be a trigger of BCP-ALL.200 Exploring the interplay of infectious 
disease and risk of childhood BCP-ALL has historically generated two main hypotheses. In 1988, 
Kinlen first formulated the hypothesis of “population mixing” after observing an increased incidence 
of childhood BCP-ALL in isolated populations after an influx of individuals from urbanized areas of 
residence. He suggested BCP-ALL was triggered by a common mild infectious agent (not specified), 
transmitted by the urbanized population, to which the previously isolated inhabitants were 
immunologically naïve.201–203 Another “natural experiment” reported in a study from the 2003 SARS 
outbreak in Hong Kong indicated exposure to common infections is required for onset of BCP-
ALL.204 During the implementation of prolonged (6 months) rigorous infection control measures, 
researchers could detect a simultaneous drop in diagnoses of childhood BCP-ALL and rapid decline in 
communicable common infections. The speculative conclusions is that at risk individuals, i.e. carriers 
of pre-leukemic clones, were protected from acquiring secondary driver variants needed for 
progression when not exposed to common infection. This suggested that exposure to a common flora 
of infections was required for progression to overt leukemia from a pre-leukemic state, which has also 
been supported by recent studies in rodents.205,206  

 

Figure 3. Schematic overview of genetic drivers and putative environmental drivers or modulators of BCP-ALL 
initiation and progression. Colored D -symbols represent genetic driver variants: constitutional predisposing 
(pink), initiating (red) and secondary (blue). Lightnings symbolize acquirement of somatic variants. 
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The recent Covid-19 pandemic and associated restrictions significantly limited the spread of many 
other infectious diseases, albeit temporarily. It serves as a real-life pressure test for the dose and time 
dependent implications of infectious exposure and the association to BCP-ALL progression. Effects of 
the SARS-CoV-2 virus and Covid-19 pandemic on BCP-ALL incidence is debated. Possible short-
term (weeks to months) outcomes are speculated to include both an increasing incidence in response 
to a novel widespread pathogen (population-mixing hypothesis), and a declining incidence as a 
consequence of decreased exposure to infectious disease (second-hit hypothesis).207,208 Due to 
limitations in sample size, observation time and variable restrictions across countries, reported 
incidence trends are conflicting and should be interpreted with caution.209–214 To draw any conclusions 
about the effects of SARS-CoV-2 infection and the restrictions to prevent it’s spread, BCP-ALL 
incidence will need to be closely monitored in the coming years. 

A substantial number of studies have previously assessed seasonal variation in disease onset as a 
proxy for seasonally variable environmental drivers of disease progression, such as common 
infections that show strong seasonal patterns in temperate climates. Also, variation in BCP-ALL 
patient's season of birth has been studied to look for associations to seasonal pathogens that may have 
influenced in-utero initiation of pre-leukemic clones. Seasonality in onset of childhood ALL has been 
identified but with onset peaks scattered throughout the year and not supported by all studies. This has 
been attributed to limitations in reliability of methods and discrepancies in cohort sizes and 
composition (only children/also adults and only BCP-ALL/also T-ALL). This motivated our studies in 
paper IV, specifically assessing presence of seasonal variation in onset of BCP-ALL in cases aged 0-
18 years (children and adolescents) and applying a powerful statistical model for analysis and 
forecasting of time series data (GARIMAX). 

1.4.3 Implications of etiology to prevention 

Can childhood BCP-ALL be prevented? This will arguably be the question of our century in 
childhood leukemia research.84,199 Therapeutic advances have vastly improved survival of pediatric 
BCP-ALL patients over the last decades. Nonetheless, 10% of children in HIC, with access to leading 
healthcare, still die from the disease. Also, the physical and psychological ordeal of living through a 
cancer diagnosis and treatment for patient, parents and siblings is immense and in itself motivates the 
need for preventive measures. Possible routes for prevention range from trying to kill off pre-leukemic 
cells at birth with drug treatment215, microbiome training, boosting and tending84,199 and training 
immunity199,216 to avoidance of exposure to carcinogens,216,217 adequate supplement use and a healthy 
diet during pregnancy199,216. The feasibility and putative effects of such measures are worth an 
extensive discussion and further studies, but are beyond the scope of this thesis. 
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2 Aims of the thesis  
The aim of this thesis was to identify, assess and quantify congenital genetic aberrations behind 
childhood BCP-ALL predisposition and initiation, as well as to characterize subsequent clonal 
evolution and identify drivers of progression to overt disease.  

The specific aims were to: 

Þ Identify and characterize constitutive genetic aberrations predisposing to BCP-ALL using 
WGS. (paper I and III) 
 

Þ Develop and apply chip-based dPCR in combination with WGS as a method to detect and 
quantify genomic breakpoint sequnces of congenital BCP-ALL initiating variants in neonatal 
blod spots i.e. backtrack pre-leukemic clones. (paper II and III) 

 
Þ Assess and deliniate temporal order (clonal evolution) of somatically acquired predisposing, 

initiating and secondary driver variants in monozygotic twins’ with concordant BCP-ALL. 
(paper III) 

 
Þ Assess presence of seasonal variation in onset of BCP-ALL in a Swedish population-based 

cohort by applying a powerful statistical model for analysis and forecasting of time series data 
(GARIMAX). (paper IV) 
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3 Patients and Methods 

3.1 Patients, clinical information and samples 

3.1.1 Familial BCP-ALL (paper I) 

The family studied in paper I was recruited as part of a Nordic collaborative project. Individuals 
affected by childhood BCP-ALL with a family history of childhood hematological malignancies, 
raising suspicions of an underlying genetic predisposition, were identified and selected individuals 
were examined by WGS for shared constitutional genetic aberrations. In paper I, 11 family members 
had been analyzed by karyotyping with G-banding (according to standard procedures) prior to our 
study. From this analysis nine individuals were identified to carry a shared constitutional 
t(12;14)(p13.2;q23.1), two carriers were affected by childhood BCP-ALL. DNA was extracted and 
stored according to standard procedures prior to WGS. (Figure 4) 

 

Figure 4. Pedigree of family with a t(12;14)(p.13.2;q23.1) (paper I). Adapted from Järviaho and Bang et al.119 
with permission from the publisher.  

3.1.2 BCP-ALL cases for molecular studies of pre-leukemic clones including 
monozygotic twins with leukemia (paper II, III) 

Seven patients affected by BCP-ALL were studied in paper II, out of which the pair of female 
monozygotic twins (patient 8P and 9P) were also the study subjects of paper III. Patients’ diagnostic 
information and clinical characteristics are summarized in Table 2 for paper II and Table 3 for paper 
III. They had all been diagnosed and treated at the Department of Pediatric Oncology, Astrid 
Lindgren Children’s Hospital with diagnostic cytogenetic workup (including karyotyping with G-
banding, FISH and array CGH) performed by Department of Clinical Genetics, both Karolinska 
University Hospital (Sweden).  
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Table 2. Clinical characteristics of BCP-ALL cases studied in paper II. Adapted from Taylan et al.218 with 
permission from the publisher.  

DNA from diagnostic bone marrow (tumor sample) used in paper II and III were available from the 
Department of Clinical Genetics. Genomic DNA from time of birth (constitutional/preleukemic 
sample) was extracted in our research lab from 3 mm punches of neonatal dried blood spots from all 
seven patients in paper II and their adjacent controls (retrieved from the Swedish National PKU 
Register, Karolinska University Hospital) using QIAmp DNA Micro Kit (Qiagen) following 
manufacturer’s instructions. In paper III, five years into clinical remission in both twins genomic 
DNA from saliva, collected using Oragene DNA saliva collection kit (DNA Genotek, Ontario, 
Canada), was extracted using prepIT-L2P kit (DNA Genotek, Ontario, Canada) following the 
manufacturer’s instructions. 

 

Table 3. Detailed clinical data of monozygotic twins with concordant BCP-ALL studied in detail in paper III but 
also included in paper II. Adapted from Bang et al.219 with permission form the publisher. 

 

Patient ID Age at diagnosisa Karyotype at diagnosis
FISH results at 

diagnosis

Flow Cytometry 
(Percentage of Blasts 

at diagnosis) 

1P 3y 3 mo 46,XX,dic(9;20)(p13.1;q11.2), 
+21[18]/46,XX[8]

CDKN2A (INK4) (9p21) 
deletion 86%; three copies 

of RUNX1 86%
70%

2P 1 mo 46,XY,t(10;11)(q25;q23) KMT2A (11q23) 96% 87%

3P 1 y 8 mo 46,XY,del(12)(p13p13), 
t(12;21)(p13;q22) t(12;21)(p13;q22) 99% 90%

4P 3 y 46,XY,?del(12)(p?)[5]/46,XY[5] t(12;21)(p13;q22) 99%, 
+21 14% 91%

5P 1 y 1 mo 45,XX,dic(9;20)(p11-13;q11)     
[8]/46,XX[18]

CDKN2A (INK4)  (9p21) 
deletion 76% 65%

8P 3 y 6 mo 46,XX,t(11;12)(q21;p13)   
[6]/46,XX[19] t(12;21) 70% 69%

9P 4 y
46,XX,?t(11;12;21)(q23;p13;q22) 

[5]/47,XX,sl,t(1;12)(p13;p13), 
+der(1)t(1;12)(p13;p13)[9]/46,XX[3]

t(12;21) 88% 78%

Table 1

Clinical characteristics Twin 1 (Tw1) Twin 2 (Tw2)
Diagnosis BCP-ALL BCP-ALL

Age at diagnosis 3y 4m 3y 10m

Full blood count at diagnosis (peripheral blood):
     -Hb (g/l) 41 69

     -WBC (10E9/l) 2,8 2,8

     -Platelets (10E9/l) 128 163

Immunophenotype (bone marrow)

CD45dim, CD19+, CD10++, CD20-, TdT+, CD22+, CD 
cyt79a+, CD38+, HLADR+, CD123dim, CD58+, CD66c-
, cytIgM-, no myeloid markers, subpopulation 
(36%) CD34+

CD45dim/neg, CD19+, CD10++, CD20-, Tdt+, CD22+, CD 
cyt79a+, CD38+, HLADR+, CD123dim/neg, CD58+, CD66c-
, cytIgM-, no myeloid markers, CD34hetero/+, no T-cell 
markers, CD99++

Blast count at dianosis (bone marrow) 69% 74%
CNS engagement of leukmeia No No

Cytogenetics (bone marrow at diagnosis)

     -Karyotyping with G-banding

46,XX,t(11;12)(q21;p13)[6]/46,XX[19] 46,XX,t(11;12)(q23;p13)[5]/47,XX,sl, 
t(1;12)(p13;p13),+der(1)t(1;12)(p13;p13)[9]/46,XX[3]

     -FISH

nuc ish(ETV6x2,RUNX1x3)(ETV6 con 
RUNX1x1)[145/206],(ETV6x1,RUNX1x3)(ETV6 con 
RUNX1x1)[12/206]

nuc ish(ETV6x2,RUNX1x3)(ETV6 con 
RUNX1x1)[98/222],(ETV6x1,RUNX1x3)(ETV6 con 
RUNX1x1)[98/222]

     -ArrayCGH No detectable copy number changes No additional finding

     -Interpretation

Main clone with t(11;12) and ETV6-RUNX1  (70%), 
subclone with additional delETV6  (6%)

Main clone with t(11;12) and ETV6-RUNX1 (88%), 
subclone with additional delETV6 and t(1;12) with extra 
der(1)t(1;12) (44%)

Image cytometric DNA analysis (ICDA) Diploid (DNA index: 0.5, S-phase 8%) Diploid (DNA index: 1, S-phase 8%)

Treatment protocol NOPHO-ALL 2008 standard risk arm NOPHO-ALL 2008 standard risk arm

SCT No No

MRD: 
     -day 15 <0,1% <0,1%

     -day 29 <0,1% <0,01%

     -day 79 <0,01% <0,01%
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3.1.3 Swedish population based BCP-ALL cohort (paper IV) 

The cohort of 1380 BCP-ALL cases studied in paper IV were identified from the Swedish Childhood 
Cancer Registry (SCCR) (Figure 5). Diagnosis of included patients was restricted to age <18 years to 
not include adult cases. First day of BCP-ALL diagnosis for inclusion was January 1st 1995, from 
when reliable diagnostic routines for identifying both genetic subtypes of BCP-ALL studied in this 
paper (HeH and ETV6-RUNX1) were in clinical practice. Last day of diagnosis for inclusion was set to 
December 31st 2017 as this was the most recent year from which we had complete registry data for 
BCP-ALL cohort. As seasonality of BCP-ALL was studied as a proxy for potential environmental 
modifiers of disease progression, such as common infections, only cases born and diagnosed in 
Sweden were included as migration may have altered panorama and timing of exposures. For analysis 
of HeH (n=444) and ETV6-RUNX1 (n=272) cases respectively, information about molecular subtype 
of cases were used to distinguish subgroups. 

 

Figure 5. Flowchart of cohort selection in paper IV. 

3.1.4 Ethical approval and informed consent 

All four studies included in the thesis were performed in accordance with the 1975 Declaration of 
Helsinki, as revised in 2000. Ethical permissions covering paper I-IV were granted by the local 
ethical board at Karolinska Institutet, Stockholm, Sweden. Ethical permission was also granted by the 
regional ethical committee of Northern Ostrobothnia Hospital District, Oulu; Finland covering paper 
I. Written informed consents were signed by patients or their legal guardians prior to inclusion. 

3.2 Methods 

3.2.1 Whole Genome Sequencing – constitutional and somatic variant analysis 

The ability of whole genome sequencing (WGS) techniques to effectively, and to a nowadays 
reasonable price, mine the genome for both variants of smaller scale and larger structural aberrations 
has revolutionized the field of genetics. The application of this and other omics methods in both 
research and clinical settings have had great impact on our understanding of disease biology and 
diagnostic abilities. WGS was implemented in papers I-III to identify and characterize constitutional 
genetic aberrations and/or somatic variants in leukemic samples. WGS as opposed to whole exome 
sequencing (WES) was chosen to facilitate identification of structural variants such as larger 
insertions/deletions, translocations and inversions. 

Cases excluded, total = 10.157
1. Not acute lymphoblastic leukemia (ALL) = 8.720
2. T-cell and other ALL = 529
3. Diagnosis before 1 Jan 1995 or after 31 Dec 2017 = 744
4. Diagnosis after age 18 years = 97
5. Cases not born in Sweden = 67Final cohort of B-cell precursor acute 

lymphoblastic leukemia (BCP-ALL) 

aged 0-18 years at diagnosis, born in 

Sweden and diagnosed between 1 Jan 

1995 and 31 Dec 2017 

= 1.380

Total number of childhood cancer 

cases availble in data extraction from 

Swedish childhood cancer registry 

(SBCR)

=11.537
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In paper I and for the monozygotic twins part of both paper II and III, paired-end sequencing was 
performed on Illumina HiSeq X (Illumina Inc, San Diego, CA, USA) after short-read library 
preparation from genomic DNA using Illumina TruSeq PCR-free kit with a mean insert size of >350 
base pairs. The mean coverage across all samples was 40 X (range 32-60X) in paper I and 37X 
(range 34-39X) in paper III. Each sample had on average 500 million unique mapped sequences 
(range 386-740 million) in paper I and average 700 million (range 729-915 million) in paper III. 
Reads were mapped to human reference genome (GRC37/hg19) and variants called using an in-house 
bioinformatic pipeline developed by Science for Life Laboratory (Stockholm, Sweden) who also 
performed sequencing. The pipeline used Burrows Wheeler Aligner (version 0.7.12)220 for alignment 
to reference genome and Genome Analysis Tool Kit (version 3.3-0-geee94ec)221 for de-duplicating, 
recalibrating and cleaning raw alignments. Qualimap (version 2.0)222 was used to generate quality 
control information. 

For the remaining 5 samples in paper II, paired-end sequencing was performed on Illumina HiSeq 
2500 (Illumina Inc, San Diego, CA, USA) after mate-pair library preparation from genomic DNA 
using Nextera Mate Pair Sample Preparation Kit (also Illumina) the effective insert size being ~2 kb, 
resulting in an average coverage of 5x. CASAVA RTA 1.18 was used to basecall raw sequence reads. 
Trimmomatic removed adapter sequences223 before using Burrows Wheeler Aligner (version 0.7.4)220 
to align reads to human reference genome (GRC37/hg19). Sorting and de-duplicating was performed 
using Picard tools (v2.0.1, publicly available from GATK, Broad Institute).  

In paper I and III, somatic SNP’s and indels were called by MuTect2224 while constitutional variants 
were identified using Genome Analysis Tool Kit tools and best practices221. Functional annotation was 
done using Variant Effect Predictor (VEP, version 89).225 Variants were finally explored in Gemini 
(version 0.20.0)226 and visualized in Integrative Genomics Viewer (IGV)227. Variant analysis in paper 
III also included the use of a Genomics England PanelApp gene panel for “Hematological 
malignancies cancer susceptibility”.228 

In papers I, II and III, calls from TIDDIT229, or TIDDIT and CNVnator (V0.3.2)230 merged by the 
FindSV pipeline (https://github.com/J35P312/FindSV), were used to identify structural variants, 
which were then annotated by VEP225. In paper III, T-cell receptor and immunoglobulin heavy chain 
(IgH) rearrangements were excluded, the latter instead called using IgCaller.231 Structural variants 
were filtered and finally sorted against local structural variant frequency databases. Breakpoint reads 
were visualized and manually inspected in IGV and UCSC Genome Browser tool BLAT232 was used 
to identify the exact coordinates of breakpoints. In paper III circus was used to plot complex 
translocations.233 Additional loss-of-heterozygosity (LOH) analysis was performed in paper III 
letting GEMINI identify any regions-of-homozygosity to identify any copy number neutral somatic 
structural variants.  

3.2.2 Validation of WGS variants by Sanger sequencing 

Sanger sequencing on ABI3730xl DNA Analyzer using BigDye Terminator v3.1(both Applied 
Biosystems, Foster City, CA, USA) was applied to validate translocation breakpoints and fusion gene 
transcript sequences (paper I, II and III) as well as to perform segregation analysis (paper I). 
Primers for PCR and sequencing were designed using online software Primer3.234 Sequence fragments 
were analyzed on UCSC Genome Browser to identify exact coordinates and sequence compositions at 
breakpoints. 
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3.2.3 SNP-array 

In paper I SNP-arrays (Infinium Omni2.5Exome BeadChip, Illumina) were performed on the two 
leukemic bone marrow samples of affected translocation carriers (III:3 and IV:2). This was done to 
further detail the karyotypes of leukemias that had been defined from karyotyping with G-banding and 
FISH-analysis at diagnosis. To generate log-transformed ratios (logR ratios), probe intensities were 
normalized against a panel of normal diploid internal controls which were set around 0. Tumor 
Aberration Prediction Suite235 and circular binary segmentation236 were applied in R (R Foundation for 
Statistical Computing) to call copy number alterations (CANs).  After excluding CNAs led than 20 kb 
or 10 consecutive probes variants were reviewed using IGV, constructing karyotypes based on logR 
ratios´ genome wide profile.  

3.2.4 RT-qPCR expression analysis 

In paper I real-time quantitative PCR (RT-qPCR) was performed to evaluate RNA expression levels 
of WT ETV6 and RTN1, and to investigate whether fusion transcripts of the identified constitutional 
t(12;14)(p13.2;q23.1) were expressed. Total RNA was extracted using standard kits and procedures. 
Ribosomal RNA 18S was used as an internal control for each sample. To ensure transcript specific 
binding, primers were designed spanning exon-exon boundaries of WT transcripts and breakpoints of 
fusion transcripts, respectively. Samples were run in triplicate using Power SYBRGreen on Quant-
Studio 7 Flex Real-Time PCR System (both Thermo Fisher Scientific).   

Constitutional expression of WT ETV6 and RTN1 was evaluated in the two affected (IV:2 and III:3) 
and one unaffected (III:2) carrier. The average expression of 6 normal controls (3 sex and age matched 
to each affected carrier) generated a control value which was set to one (y = 1). Normalizing against 
18S and PCR-efficacy the expression levels were calculated as folds of control [(Etarget)DCPreference(control-

sample)]/[(Ereference)DCPreference(control-sample)]. Expression of WT ETV6 and RTN1 was also evaluated in 
leukemic bone marrow of the two affected carriers (IV:2 and III:3) and compared to 8 unrelated BCP-
ALL cases (3 WT for ETV6, 2 delETV6, 3 t(12;21)+delETV6). Expression levels were calculated as 
DCt (Ct[reference] - Ct[target] normalizing against 18S (reference). 

Fusion transcript expression was evaluated in constitutional plus leukemic samples from the two 
affected carriers (IV:2 and III:3) and constitutional sample from one unaffected carrier (III:2) with two 
negative controls. This last analysis was merely intended to investigate presence of fusion transcript 
and not to be quantitative. 

3.2.5 Digital PCR 

Digital PCR (dPCR) is a third generation of PCR technique allowing for absolute quantification of 
target template in a sample. The technique holds both qualitative and quantitative measuring abilities 
with high specificity and sensitivity. It builds on the principle of partitioning, dividing the PCR-
reaction into a very large number of smaller units (pico-scale wells on a chip or water-oil emulsion 
droplets) with the theoretical goal of isolating individual DNA/RNA molecules in each compartment 
and running a multitude of PCR-reactions in parallel. The copy number and concentration of target 
template DNA/RNA in the original sample is calculated based on the fraction of PCR-reactions 
positive for the target template, giving us an absolute quantification. In addition, Poisson statistics are 
applied to correct for that fact that, due to random distribution, some compartments will contain more 
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than one template, even when the density of target template in the total sample is low (in theory <1 per 
well).237  

3.2.5.1 Chip-based 

In paper II and III, we applied chip-based dPCR to DNA samples from birth (constitutional/pre-
leukemic sample), leukemia diagnosis (tumor sample) and remission (constitutional sample) to a total 
of 7 individuals with BCP-ALL, two monozygotic twins overlapped both studies (described in section 
3.1.1.2). 

For each target breakpoint in paper II, primers and hydrolysis probes were manually designed using 
online software Primer3234, target probes labelled FAM™ in 5’ end and MGB (minor groove binder) 
in 3’ end and ordered as custom TaqMan® assays from Applied Biosystems. TaqMan® Copy 
Number Reference Assay, human, RNase P (Applied Biosystems), detecting the Ribonuclease P RNA 
component H1 (H1RNA) gene (RPPH1) on chr 14(GRCh37): 20811565l was chosen as an internal 
control since all samples were diploid and did not harbor any somatic variants at this locus.  the 
internal control was assessed suitable. This internal control was labelled VICâ. 

In addition to analysis of the shared leukemia specific structural variant in monozygotic twins 
(performed in paper II), digital PCR assays for two additional shared somatic variants detected by 
WGS in both leukemias, UBA2 deletion and NSD2 p.E1099K, were performed in paper III. Custom 
TaqMan® assays labelled FAMTM were designed by ThermoFisher Scientific’s internal 
bioinformatics platform. TaqMan® Copy Number Reference Assay (Applied Biosystems) labelled 
VICâ was again used as internal control. 

Prior to analysis, specificity was evaluated by running dPCR assays on control neonatal blood spot 
DNA from each patient’s adjacent Guthrie card in the PKU Registry and NTCs (total 16 chips per 
assay) detecting number and rate of false positive target template (FAM) signal for each assay. Also, 
serial dilutions of diagnostic bone marrow DNA from each patient in commercial WT human genomic 
DNA (Promega) was run with each corresponding assay. The limit of detection (LoD) was then 
calculted by the QuantStudioâ3D AnalysisSuiteTM software using rate of false positives for each assay 
together with data from each assay’s dilution series. DigitalPCR amplification and chip analysis was 
performed as described below. 

Genomic DNA roughly equivalent to 2000-7500 cells (15-50 ng), custom (target) and standard 
(control) TaqManâ assays and 1X QuantStudio 3D Digital PCR Master mix were mixed and loaded 
into QS3D Digital 20K V2 chips. Amplification was performed in GeneAmpTM PCR System 9700 
thermocycler, after which chips were read by QuantStudioâ3D reader. Data analysis included 
PoissonPlus algorithm (version 4.4.10) with a confidence interval of 95% and a desired precision of 
10% by QuantStudioâ3D AnalysisSuiteTM (version 3.1.2-PRC-build-03) to correct for random 
distribution of template sequence as well as classifying amplification signals as pos/neg for 
target/template using FAM and VIC channels viewed in 2D scatter plots. Each reaction was 
performed at least in duplicate. Results were plotted using Microsoftâ Excel (version 15.41). Please 
see publication’s supplemental material for more detailed information about methods, PCR-conditions 
etc. 
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3.2.5.2 Digital droplet PCR (ddPCR) 

In paper III we applied digital droplet PCR (ddPCR) to genomic DNA from saliva 5 years into 
clinical remission of both monozygotic twins to detect and quantify shared UBA2 deletion. We used 
the same TaqMan® assays for UBA2 deletion as in paper II. 67 ng of genomic DNA in droplet digital 
PCR (ddPCR) Supermix for Probes (No dUTP) kit (BioRad, Hercules, CA, USA) were run on 
Automated Droplet Generator (BioRad, Hercules, CA, USA) to generate droplets and amplified in 
triplicates for each twin according to manufacturer’s instructions. Droplets were read QX200 on the 
Droplet Reader (BioRad, Hercules, CA, USA) and data analyzed using QuantaSoft Analysis Pro v.1.0. 
The ratio of positive to total droplets was calculated using Poisson with 95% confidence intervals after 
adjusting threshold for true positive signal to the signal in control samples. 

3.2.6 GARIMAX seasonal variation analysis 

In paper IV we implemented Bayesian Generalized Autoregressive Integrated Moving Average with 
external variables model (GARIMAX)238,239, a powerful statistical model for analysing and forecasting 
time series data. We used the model for identification of seasonal variation in onset of BCP-ALL in a 
population based Swedish cohort of 1380 cases, as well as for subgroup analysis of 444 HeH and 272 
ETV6-RUNX1 molecular subtype cases. Before applying the model to our data, BCP-ALL cases were 
aggregated into quarters based on their time of diagnosis. Three different types of quarter 
arrangements were created (Table 4). The analysis was then performed in two steps answering the 
following questions; First, is there a seasonal wave/periodicity in onset of BCP-ALL? Second, is there 
a significant peak in number of cases in any of the examined quarters? 

Quarter types Quarter I Quarter II Quarter III Quarter IV 

1st Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

2nd Feb-Apr May-Jul Aug-Oct Nov-Jan 

3rd Mar-May Jun-Aug Sep-Nov Dec-Feb 

Table 4. Definitions of quarters for all three quarter types to which cases (total cohort, HeH and ETV6-RUNX1 
respectively) were aggregated prior to analysis in paper IV. 

In the first step of analysis, harmonic functions were applied to make predictions of all theoretically 
possible seasonal curves based on the defined quarters, for each of the three types of quarters 
respectively. Next, our data was run against these predicted curves to identify if any of the predicted 
curves matched any curve seen in our cohort. In the second step, a seasonal matrix was created for 
each quarter type. First the quarter with least number of cases was chosen as base quarter. Thereafter, 
each of the remaining three quarters in the respective quarter types were compared to their designated 
base quarter to identify any significant peaks in numbers of cases per quarter. Seasonal matrix does 
not provide information on repeatability of significant peaks while harmonic seasonal waves do not 
provide information on which seasonal curve is seen in the data. Thus, we considered it essential that 
both steps of analysis supported a seasonal wave for us to infer presence of informative seasonality. 
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4 Results and Discussion 

4.1 Congenital predisposition to BCP-ALL 

4.1.1 Prenatally initiated pre-leukemic clones (paper II, III) 

4.1.1.1 Backtracking BCP-ALL to pre-leukemic clones in neonatal blood spots using 
dPCR (paper II) 

In paper II, following identification and characterization of genomic breakpoints from WGS 
(validated by Sanger sequencing), six custom dPCR assays were designed, one for each patient with 
the exception of monozygotic twins (8P and 9P) who shared assay. Specificity evaluation for each 
assay showed that number of false positives per 16 analyzed chips (per assay) ranged from 2/16 (4P’s 
ETV6-RUNX1 assay) to 9/16 (1P’s dic(9;20) assay). Each respective assay’s dilution series data and 
false positive rate were used to calculate the limit of detection (LoD). Ranging from 0.02% to 0.08%, 
these numbers equaled the possibility of detecting one copy of target sequence in 1320 to 5500 copies 
of reference sequence (Figure 6).  

As expected, chip based digital PCR readily confirmed and quantified the presence of genomic 
breakpoint sequences in diagnostic bone marrow samples of all seven patients (Table 5). This, 
together with dilution series provided proof that the method and assays were able to detect the 
intended targets. In contrast, we failed to detect breakpoint sequences in all but one DNA sample 
obtained from Guthrie cards. The patient positive at birth was 2P, diagnosed only 1 month after birth 
with KMT2A rearranged BCP-ALL. This likely explained why copy numbers were higher and could 
be readily detected in this patient. For the remaining six patients, failing to detect genomic breakpoint 
sequences could be the result of that leukemia was not initiated in utero (except for monozygotic twins 
who we know share a prenatally initiated clone). Alternatively, breakpoint sequence DNA was not 
present in the blood spot samples even though present in peripheral blood and/or bone marrow. Blood 
spots only contain small amounts peripheral blood and we only extracted DNA from a 3 mm punch 
per patient. Also, poor yield of DNA from purification could affect breakpoint sequence presence in 
samples.240 In the case breakpoint sequences were in fact present in samples, sequence abundance 
below our assays’ LoD is another possible explanation for failure of detection. 

 

Table 5. Clinical characteristics, detection of breakpoint sequences in DNA samples from diagnosis (bone 
marrow) and birth (neonatal dried blood spots) using dPCR and results from dilution series determining 
sensitivity (LoD) and evaluating specificity (rate of false positives) for each custom assay of patients studied in 
paper II. Reused from Taylan et al.218 with permission from the publisher.  

Patient ID Age at diagnosisa Karyotype at diagnosis
FISH results at 

diagnosis

Flow Cytometry 
(Percentage of Blasts 

at diagnosis) 

dPCR 
(Target/Total 
at diagnosis)

dPCR 
(Target/Total 

at birth)

Limit of 
Detection 

(%)

Average number 
of false positives 

identified in 
control chips

Mean wild type 
quant in control 

chips 
(copies/microliter) 

[range]

1P 3y 3 mo 46,XX,dic(9;20)(p13.1;q11.2),+21[
18]/46,XX[8]

CDKN2A (INK4) (9p21) 
deletion 86%; three copies 

of RUNX1 86%
70% 17% NDb 0.08 3 1130 [0-2161]

2P 1 mo 46,XY,t(10;11)(q25;q23) KMT2A (11q23) 96% 87% 26% 3% 0.05 2 988 [0-2206]

3P 1 y 8 mo 46,XY,del(12)(p13p13),t(12;21)(p1
3;q22) t(12;21)(p13;q22) 99% 90% 28% ND 0.02 1 1085 [0-2061]

4P 3 y 46,XY,?del(12)(p?)[5]/46,XY[5] t(12;21)(p13;q22) 99%, 
+21 14% 91% 29% ND 0.02 0 892 [0-2213]

5P 1 y 1 mo 45,XX,dic(9;20)(p11-
13;q11)[8]/46,XX[18]

CDKN2A (INK4)  (9p21) 
deletion 76% 65% 29% ND 0.03 1 804 [0-1810]

8P 3 y 6 mo 46,XX,t(11;12)(q21;p13)[6]/46,XX[
19] t(12;21) 70% 69% 26% ND 0.05 1 596 [0-1862]

9P 4 y
46,XX,?t(11;12;21)(q23;p13;q22)[
5]/47,XX,sl,t(1;12)(p13;p13),+der(1

)t(1;12)(p13;p13)[9]/46,XX[3]
t(12;21) 88% 78% 29% ND 0.05 1 596 [0-1862]
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Figure 6. LoD for each assay was calculated by our software from dilution series data also taking into account 
assay specific false positive rates. Graphs plots observed against expected target/total ratio for each assay as 
percentage, indicating how well the assay performs, in turn affecting down-to what level of detection we trust the 
individual assay. Green line indicates software-calculated LoD. Blue dotted line shows expected and blue dots 
the observed target/total ratio (converged from two replicates of each dilution) converted to log2 scale. All 
assays are linear. Orange and yellow lines indicate confidence intervals. Reused from Taylan et al.218 with 
permission from the publisher.  
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Advantages of our approach and method in paper II included use of DNA over RNA. RNA is 
instable and degraded target sequences cannot be detected. The use of RNA has though been 
advantageous as it facilitates detection of recurrent fusion sequences with streamlined assays, 
surpassing the obstacle of designing unmanageable numbers of primers for scattered breakpoint 
clusters required for DNA analysis and allowing for analysis of larger quantities of samples. However, 
this problem has recently been overcome by the application of genomic inverse PCR for exploration 
of ligated breakpoints (GIPFEL)241, which has been applied to detect t(12;21) creating fusion ETV6-
RUNX1 in DNA75. Moreover, our use of DNA and customizing assays to the genomic breakpoints 
identified by WGS overcame previous limitations in backtracking dic(9;20) cases to birth, attributed 
to the translocation only occasionally giving rise to a fusion transcript242 and therefore challenging to 
identify by RNA-based methods. This was affirmed by detection of both dic(9;20)s in leukemic bone 
marrow samples (likely explanations for failure of detection in birth samples discussed above).  

Another advantage of our approach was the sourcing of patient material from dried blood spots as 
opposed to umbilical cord blood (UCB). Both DNA243 and RNA244 may be extracted form neonatal 
blood spots. Coming from bio-banked Guthrie cards, neonatal blood spots are readily available 
compared to UCB. They are routinely sampled for clinical purposes (newborn screening of metabolic 
disease), which eludes the need for additional sampling as for UCB. Guthrie cards are also easy and 
cheap to handle and store. On the downside, DNA/RNA extraction from dried blood spots do not 
allow for cell sorting prior to purification, which could increase likelihood of “catching” traces of pre-
leukemic clones. Also, small yield of DNA at extraction from blood spots is a drawback.240 Moreover, 
the closed system of dPCR chips used in our study diminished previous issues of contamination and 
added sensitivity compared to nested PCR and qPCR methods. Nonetheless, sensitivity could be 
further improved by application of digital droplet PCR. 

As detailed in the introduction (section 1.3.1.1), there is today solid evidence that pre-leukemic clones 
of several recurrent BCP-ALL subtypes are initiated in utero. However, previously applied methods 
are associated with technical limitations affecting reliable detection and quantification of genetic 
markers of pre-leukemic clones (as reviewed by Hein et al.).56 This affects both studies backtracking 
leukemic clones to birth in BCP-ALL patients and those screening for the same in larger cohorts of 
healthy neonates. Limitations are exemplified by the large discrepancy in rates of ETV6-RUNX1 
fusion found among healthy neonates by different methods. The objective of our studies in paper II 
was to further develop quantitative methods for backtracking pre-leukemic clones to neonatal samples 
from patients with BCP-ALL. We attempted to do so through the application of chip-based dPCR in 
combination with WGS to detect and quantify genomic fusion sequences of congenital BCP-ALL 
initiating variants in neonatal blood spots.  

 In summary, detection of genomic breakpoint sequences in all tested diagnostic samples validated the 
ability of all assays to detect their intended target sequence. Moreover, dilution series confirmed the 
methods ability to accurately quantify target sequence down to the calculated LoD. Finally, failing to 
detect breakpoint sequences at birth in monozygotic twins (with all certainty) and other two ETV6-
RUNX1 positive cases (most likely) holds methodological over biological explanations, while 
dic(9;20) cases could be explain by either or. Therefore, we conclude that additional studies to 
overcome limitations in methods applied in this and previous studies are warranted. Such studies 
could proposedly include the application of highly sensitive dPCR methods, such as ddPCR, to 
genomic inverse PCR for exploration of ligated breakpoints (GIPFEL).241  
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4.1.1.2 Shared pre-leukemic clone in monozygotic twins with concordant BCP-ALL – 
UBA2 deletion preceding recurrent ETV6-RUNX1 fusion (paper III) 

In paper III we studied a pair of monozygotic twins with concordant BCP-ALL of 
t(12;21)(p13.2;q22.1) ETV6-RUNX1 subtype (Table 3 in Methods). The ETV6-RUNX1 fusion is 
currently believed to both initiate pre-leukemic clones in utero and drive disease progression of BCP-
ALL.6 From WGS we were able to determine that the ETV6-RUNX1 fusions identified at diagnosis in 
these two cases were in fact a product of a complex chromosomal rearrangement 
t(11;12;21)(q23;p13;q22) (Figure 7). The identical fusion sequences of this complex rearrangement in 
both leukemias confirmed it was shared and had thus inevitably been initiated in utero. As expected, 
the complex rearrangement was readily detected, by chip-based dPCR using custom assays, at 
diagnosis in both twins (Tw1 26% and Tw2 29%). In remission it was expectedly undetectable by 
dPCR, neither did any reads from WGS support it remained. Although we can confidently say that the 
rearrangement was present in pre-leukemic clones at birth, given the identical fusion sequences in 
both leukemias, it was not detected by dPCR in DNA from neonatal dried blood spots.  This could be 
explained by copy numbers below our assays LoD (1 in 1000 copies) or insufficient yield of DNA-
purification from dried blood spots. Alternatively, copies of the complex rearrangement were not 
present in the blood spot sample at all or not in the 3 mm punch we received for analysis.

 

Figure 7. Circos plots illustrating shared somatic complex rearrangement, t(11;12;21)(q23;p13;q22), involving 
2 inversions on chr 11 and giving rise to ETV6-RUNX1 fusion (blue lines). Twin 2’s plot also depicts three 
unique subclonal structural variants, two t(1;12) and one t(11;12;17)(red lines) discussed in section 4.2.1.1. 
Only involved chromosomes displayed in circus. Colored lines indicate how fusions of translocated 
chromosomes are arranged. Genes disrupted by or in close proximity of the breakpoints are stated in text. 
Adapted from Bang et al.219 with permission from the publisher.  

Apart from showing another biological example of prenatal initiation of pre-leukemic clones and 
spread between twins in utero, our findings added to previous reports of complex rearrangements 
underlying the classical ETV6-RUNX1 fusion.61-65 This demonstrates the strengths of using WGS in 
leukemia diagnostics enabling detailed characterization of relevant genetic aberrations.61,63,65 Also, 
identification of a single identical IGH D-J rearrangement, shared D-J segment (IGHJ4 - IGHD3-22) 

Twin 1. Twin 2.
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but different V segments (IGHV3-69 and IGHV1-73), indicated initiation of the shared pre-leukemic 
clone took place in between pro- and pre-B cell stages. While analysis of Ig and TCR rearrangements 
have been used to infer the cell-stage of initiation of pre-leukemic clones in non-twins BCP-ALL 
cases, this analysis should indeed be more advantageous in twin cases as their shared Ig and TCR 
rearrangements are not affected by the continued RAG-mediated recombination taking place during 
clonal evolution.245,246 

In addition to the complex rearrangement, we identified 58 SNVs/indels shared by the twins 
leukemias, adding further support of a common clonal origin (Figure 8). Particular emphasis was put 
on a frame shift deletion in UBA2, introducing a premature stop in exon 6 out of 17 (NM_005499.2: 
c.463_470del; NP_005490.1: p.(Thr156Leufs*2)) and with VAF’s at diagnosis (WGS) of 40% and 
44% in Tw1 and 2 respectively, supporting extensive clonal expansion at diagnosis of the cells 
carrying this deletion. Our interest for this variant was fueled by UBA2’s recent implication as a novel 
BCP-ALL driver gene56,75 and reported enrichment UBA2 variants in ETV6-RUNX1 positive cases.76 
Further analyses with custom dPCR assays readily detected the UBA2 deletion at birth (Tw1 3% and 
Tw2 6%), which was in agreement with it being present in pre-leukemic clones (shared variant). Yet, 
this was surprising as the shared complex rearrangement we considered being the initiating event had 
been below limit of detection (LoD) at birth. To our great surprise, dPCR assays also detected the 
UBA2 deletion in remission samples (collected 2.5/3 years post diagnosis) of both twins (2,6% in 
both). Manual inspection of WGS confirmed this finding in Tw1 with 1 out of 45 reads (2,2%) 
supporting deletion in remission. We further confirmed our results by ddPCR in remission DNA from 
saliva (lymphocyte content approximately 13,5%57), again detecting the UBA2 deletion at low copy 
numbers (Tw1 1,14%, Tw2 0,78%). Collectively, our data suggested a clone harboring UBA2 
deletion, but not the complex rearrangement, remained in both twins after several years in remission. 

The abundance of UBA2 deletion at birth was at minimum 30 times higher than that of the complex 
rearrangement, and the UBA2 deletion was reliably detected in remission samples from two separate 
timepoints by both chip-based dPCR and ddPCR. This led us to conclude the UBA2 deletion most 
likely gave rise to a subclone of pre-B cells that settled in bone marrow of both twins. Subsequently, 
the complex rearrangement arose in a delUBA2 positive cell in one twin, initiating a pre-leukemic 
clone that spread to the twin sibling over the placenta. We therefore hypothesized that UBA2 deletion 
predisposed the occurrence of t(11;12;21)(q23;p13;q22). To the best of my knowledge, UBA2 has not 
previously been reported to precede any of the known initiating events associated to BCP-ALL. 

A wider elaboration on possible mechanisms by which disruption of UBA2 may predispose 
to/promote BCP-ALL can be found in paper III. In short, UBA2 protein is essential in 
SUMOylation77, a post-translational protein modification process that regulates crucial cellular 
processes such as gene expression, cell signaling, DNA-damage repair, cell cycle progression and 
apoptosis78. As SUMOylation has been found upregulated in cancer cells77 while our detected UBA2 
deletion was predicted to result in downregulation, we find no clear mechanistic explanation to the 
deletions BCP-ALL predisposing or promoting effects. However, as dysregulated SUMOylation 
contributes to cancer development is complex, for example operating in a context-dependent manner 
and cross-talking with many other regulatory systems80 we argue that a role for downregulated 
SUMOylation in leukemogenesis should not yet be ruled out. 
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Figure 8. Overview of clonal evolution in concordant leukemias of monozygotic twins. Beginning with 
emergence of a subclone harboring UBA2 deletion in which a pre-leukemic clone is then initiated by a shared 
complex rearrangement generating the ETV6-RUNX1 fusion. Continued by the postnatal addition of secondary 
putative drivers. Adapted from Bang et al.219 with permission from the publisher.  

Further to this point, BCP-ALL’s have been found to harbor somatic UBA2 variants likely 
downregulating SUMOylation.55 Also, it seems highly unlikely a complex rearrangement creating the 
ETV6-RUNX1 fusion would develop by pure chance in an UBA2 deleted B-cell clone. In fact, ETV6-
RUNX1 fusions are thought to arise through illegitimate recombination of multiple simultaneous 
DSBs by NHEJ88, a process to which SUMOylation is essential82, providing an explanation as to how 
UBA2 deletion may have promoted the complex rearrangement. As for offering an explanation to how 
downregulated SUMOylation may promote progression, i.e. secondary driver events in leukemia, we 
found that the main drivers of secondary genetic events in ETV6-RUNX1 positive leukemias are RAG 
endonucleases.87 Their normal function is to facilitate V(D)J recombination in T- and B-cells,87 in turn 
tightly regulated by NHEJ85,86 to which, again, SUMOylation is essential82. 

4.1.2 Constitutional predisposing variants (paper I, III) 

4.1.2.1 Constitutional translocation disrupting transcription factor ETV6 (paper I) 

In paper I we studied a family with two second degree relatives who developed HeH BCP-ALL; a 
young female (IV:2) at age 12 years and her maternal aunt (III:3) at age 8 years (Figure 4 in 
Methods). They were treated according to the Nordic Society of Pediatric Haematology and Oncology 
(NOPHO) high-risk ALL-92247 (due to myeloid cell surface markers) and  NOPHO standard-risk 
ALL-200862 protocol, respectively. HeH karyotypes detected at diagnosis were confirmed and further 
detailed in our study using SNP-arrays. The SNP-array results are summarized together with clinical 
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data in Table 6. Complete remission had been sustained for 24 and 5 years respectively at the time of 
publication. The affected females and 7 additional family members out of those tested (Figure 4 in 
Methods section) had been found carriers of a constitutional t(12;14)( p13.2;q23.1) prior to our study. 
The pedigree suggested this constitutional translocation segregated with predisposition to childhood 
leukemia in this family, inherited in an AD fashion with incomplete penetrance.  

Table 6. Clinical data and karyotypes defined by SNP-array (paper I). Table adapted from Järviaho and Bang et 
al.119 with permission from the publisher.  

In our study, we confirmed the constitutional t(12;14)(p13.2;q23.1) in all three analyzed carriers 
(mother III:2, maternal aunt III:3, and girl IV:2) by WGS analysis and subsequent Sanger sequencing. 
Identical breakpoints mapped to intron 1 of both ETV6 (chr 12) and RTN1 (chr 14) (Figure 9A). No 
other constitutional variants, especially considering genes previously associated with predisposition  to 
hematological malignancies 90,92,248,249, were detected. ETV6 is closely associated to BCP-ALL through 
the recurrent somatic t(12;21)/ETV6-RUNX1  defining the second largest subtype and being a frequent 
target (22-26% of unselected BCP-ALL cohorts) deletions in clonal evolution.108,110 ETV6 is also a 
recurrent target of constitutional variants predisposing to BCP-ALL.113–116,250,251 However, we found 
no support for RTN1 having a role in development of sporadic nor predisposed childhood leukemia. 
Therefore, we assessed ETV6 was more likely to be the responsible gene behind suspected leukemia 
predisposition in our studied family. 

At the time of the study, this was the 23rd family (total of 88 individuals) reported with a constitutional 
pathogenic variant in ETV6.113–118,250,251 16 out of 50 carriers from 11 of these families had been 
affected by ALL (Supplemental table S4, paper I), 15 of which were of B-cell precursor subtype.113–

116,250,251 Inheritance patterns were AD with incomplete penetrance. Also, 38 additional non-familial 
cases of ALL (35 confirmed B-cell precursor subtype) with constitutional pathogenic variants in ETV6 
had been reported.114,121 Beyond predisposition to ALL, Thrombocytopenia 5 (THC5) was abundantly 
associated with constitutional ETV6 variants, as well as occasional cases of other hematological 
malignancies (Supplemental table S4, paper I). Interestingly, the phenotypic panorama of previously 
reported ALL cases with constitutional ETV6-mediated predisposition is markedly similar to our 
studied cases with predominance of BCP-ALL (94%) and HeH subtype (80%), older age at diagnosis 
(median 13.3 vs 6.8 years without risk variants) and leukocyte counts <50x109/L at diagnosis.114,122 

ETV6 is a powerful transcriptional repressor essential to both fetal  and post-natal hematopoiesis.105–107 
The predominant functional consequence of previously reported constitutional ETV6 variants was a 
dominant negative effect on WT ETV6 protein. Only one previous variant was reported to cause 
haploinsufficiency of ETV6 and was associated with mixed phenotype acute leukemia (MPAL) in 1/3 
carriers.117 The t(12;14)(p13.2;q23.1) studied in paper I created two fusion genes, ETV6-RTN1 and 
RTN1-ETV6, with frameshifts downstream of the fusion points introducing premature stop codons 
(Figure 9A). qPCR validated fusion transcript expression in both leukemias and constitutionally in the 

Patient Age at dx Karyotype by SNP-array WBC*
Blast cells in 

PB at dx
Blast cells in 

BM at dx
Treatment 

protocol Events Severe adverse effects

III:3 8
 57,XX,t(12;14)(p13.2;q23.1),+X,+X,+6,+10, 

+der(14)t(12;14)(p13.2;q23.1), 
+14,+17,+18,+18,+21,+21 

2.8 0% 95%
NOPHO-ALL 

1992-HR
No osteonecrosis

IV:2 12
 54,XX,t(12;14)(p13.2;q23.1), +X,+4,+6, 

+der(14)t(12;14)(p13.2;q23.1), 
+17,+18,+21,+21

4.4 10% 95%
NOPHO-ALL 

2008-SR
No

osteonecrosis, 
vincristine neuropathy, 
osteoporosis with 
compression fractures

BCP, B-cell precursor; dx, diagnosis; WBC, white blood cells; PB, peripheral blood; BM, bone marrow; 
NOPHO, Nordic Society of Paediatric Haematology and Oncology; SR, standard-risk NOPHO-ALL protocol; HR, high-risk NOPHO-ALL protocol; 
*the highest value (10E9/l) at diagnosis
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three analyzed carriers (III:2, III:3, and IV:2) (Figure 9B). However, in silico exploration of the 
theoretical fusion proteins showed that no functional domains were retained (Figure 9C), and no 
commonly occurring functional domains was created by the frameshift. This rendered any resulting 
fusion gene products non-functional. Therefore, we anticipated fusion transcripts were most likely 
targeted for nonsense-mediated decay. Instead, heterozygous loss of ETV6, caused by the 
constitutional translocation, was predicted to result in haploinsufficiency of ETV6 and its encoded 
protein.  

To confirm haploinsufficiency was the functional consequence of t(12;14)(p13.2;q23.1), we analyzed 
expression of WT ETV6 (and RTN1) using qPCR. Unfortunately, results were inconclusive as tested 
carriers (again III:2, III:3, and IV:2) exhibited contradictive patterns in constitutional expression of 
WT ETV6. As expression analyses were performed on total RNA from whole blood in remission, 
natural variations in composition of cell types in peripheral blood samples, with in turn substantially 
differing expression levels of ETV6252 could have been concealing differences in expression. In 
addition, WT ETV6 expression in leukemic bone marrow did not differ substantially in our two cases 
compared to sporadic BCP-ALLs with or without genetic aberrations in ETV6, thus also producing an 
inconclusive result. Altogether, because our analyses were inconclusive we suggest haploinsufficiency 
of ETV6 may yet be a mechanism by which constitutional pathogenic variants in ETV6, such as the 
t(12;14)(p13.2;q23.1) studied here, causes predisposition to BCP-ALL. Further studies to explore 
haploinsufficiency as a functional consequence of constitutional ETV6 variants are warranted. Also, 
characterizing the molecular effects of ETV6 haploinsufficiency in normal B-cell development would 
be of value for the understanding of pathogenicity in these cases. 

 

Figure 9. Chimeric fusion gene transcripts ETV6-RTN1 and RTN1-ETV6. (A) In silico prediction and 
electropherograms of novel exon–exon junctions (B) Gel images (2% agarose gel) supporting expression of both 
fusion transcripts in remission and leukemia. Positive control ribosomal RNA 18S5N is shown in the bottom gel 
image. 100bp Plus DNA Ladder from GeneRuler (Thermo Fisher Scientific). (C) Functional domains are not 
retained as breakpoints located upstream of functional domains; all sequence downstream subject to frameshift 
introducing premature stop codons. Adapted from Järviaho and Bang et al.119 with permission from the 
publisher. 
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4.1.2.2 Constitutional NF1 variant (paper III) 

Recent insights to the contribution of constitutional predisposition to BCP-ALL etiology, also in non-
familial cases of BCP-ALL, motivated our analysis of constitutional variants in the twins studied in 
paper II.253 This analysis detected a shared heterozygous missense variant in NF1 
(chr17:g.29557883C>A, NM_000267.3:c.3137C>A) NP_001035957.1:p.(Thr1046Lys), a tumor 
suppressor gene94 in which pathogenic variants cause susceptibility to a range of malignancies 
including leukemias,95,96 constituting the cancer predisposition syndrome neurofibromatosis type 1 
(NF1).53 No somatic second hit variants or LOH was detected in NF1 in either of the twins’ 
leukemias. 

The variant is not previously described in NF1 and both twins had normal psychomotor development, 
growth parameters within the normal range and no malformations or dysmorphic features associated 
to NF1.53 Also the mother, from who the variants was inherited, was healthy. The variant was novel, 
not found in gnomAD49, COSMIC50 nor LOVD51, and seemingly highly damaging with a CADD52 
(v1.4) c-score of 27.1, also supported by several in silico predictions (Supplemental Table 3, paper 
III). Though the variant was novel and predicted highly damaging the absence of any phenotypic 
expressions obligate for NF1 diagnosis caused us to classify this aberration as a variant of unknown 
significance (VUS) and dismiss any suspicions of NF1 diagnosis. 

While not causing NF1, the detection of this novel highly damaging NF1 variant in twins with 
concordant BCP-ALL was still intriguing. We found previous reports of constitutional damaging NF1 
variants in cases with cancer lacking other clinical signs of the syndrome,96 suggesting cancer 
predisposition without NF1 could be the case also in our studied twins. In further support of a 
potential BCP-ALL predisposing effect, NF1 LOH in malignant cells of NF1 patients is 
common56heterozygous loss of NF1 is thought result in haploinsifficiency,95 and. Moreover, 
significant pairwise co-occurrence of somatic NF1 and UBA2 variants has been demonstrated in 
childhood BCP-ALL,56 raising the question whether emergence of UBA2 deletion in the presence of 
the constitutional NF1 variant was not a coincidence in our cases? Altogether, we suggest that a 
cancer predisposing effect of our reported variant is not excluded. 

4.2 Progression to disease onset 

While previous studies have detected traces of ETV6-RUNX1 fusions in 1-5% of healthy neonates, 
indicating presence of pre-leukemic clones at birth,74,254 comparison to incidence numbers of the 
corresponding BCP-ALL subtype (approximately 1:10.000 = 0,01% of children aged 0-15 in Europe 
and United States) indicate that only a fraction progress to overt disease.74 This illustrates  the need for 
2nd hits in progression to BCP-ALL255 and that the course of progression also is subject to intrinsic 
and/or extrinsic drivers and modifiers. The journey of a pre-leukemic clone from initiation to overt 
disease is thought to be strongly associated with the dose and timing of a child’s exposure to common 
infectious disease and other microbes.185,199,201,256–258 To this end, studies of clonal evolution in BCP-
ALL, materialized by genetic aberrations, and epidemiological aspects of the disease may both serve 
as a valuable and accessible recourses to increase our understanding of BCP-ALL etiology. 
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4.2.1 Clonal evolution (paper I, III) 

4.2.1.1 Clonal evolution of concordant BCP-ALL in monozygotic twins (paper III) 

In paper III, the “first act” in clonal evolution of concordant leukemias is composed of the shared 
initiating variants delineated in section 4.1.1.1 above. The “second act” was explored by analysis of 
WGS data for somatic variants unique to either twins’ leukemia, uncovering 10 deletions and 2421 
SNVs/indels (915 protein coding) in Tw1 and 10 deletions, 2 translocations, one complex 
rearrangement and 2955 SNVs/indels (1040 protein coding) in Tw2 (Table 2, paper III). LOH 
analysis for shared and unique variants did not reveal any additional deletions, duplications or copy 
number neutral events. 

Among these unique variants, we highlighted six analogous deletions in each twin, meaning they 
affected the same chromosomal regions although breakpoints differed (Figure 8 in section 4.1.1.2). 
Interestingly, analogous deletions encompassed ETV6, ATF7IP, and RAG1/RAG2, all of which 
predominantly result from aberrant RAG-mediated recombination59,87 and are known recurrent targets 
of secondary events in ETV6-RUNX1 positive BCP-ALL92,93 with frequent co-occurrence of 
RAG1/RAG2 and ATF7IP deletions56,87. Also, NSD2 (WHSC1) p.E1099K (COSMIC ID: 
COSM379334) (Supplemental Table 5, paper III), the most common NSD2 variant in ETV6-RUNX1 
positive BCP-ALL58, was uncovered in both twins and most likely independently acquired. This 
NSD2 variant also frequently co-occurs with variants in UBA2.56. Two additional variants were 
highlighted in Tw1’s leukemia, a deletion in the recurrent second-hit region CDKN2A/CDKN2B59 and 
an in-frame insertion in ETV6. 

In conclusion, the presence of the genetic variants described above are in line with the notion that 
additional somatic events are required for progression to overt BCP-ALL of ETV6-RUNX1 positive 
pre-leukemic clones.32,33 Also, abundance of CNV’s in each leukemia was well within range of 
reported average, 3.5 (range 0-14), in pediatric ALL, supporting gross genomic instability was not a 
common trait. Altogether, the analogous deletions and other secondary putative driver variants 
identified, supported the independent albeit convergent clonal evolution of the twins’ leukemias, 
orchestrated by the selective pressure of shared genetic and environmental drivers. 

4.2.1.2 Clonal evolution of HeH BCP-ALL in predisposed t(12;14) carriers (paper I) 

Analysis of somatic variants, reflecting clonal evolution, in BCP-ALL’s of leukemia predisposed 
t(12;14)(p13.2;q23.1) carriers revealed 10 and 7 somatic aberrations of interest respectively for IV:2 
and III:3 (Supplemental Table 3, paper I). Although no somatic second hits to RTN1 or ETV6 were 
found, 13 of the 17 genes that were implicated (in two of them also the very same variant) were 
previously reported targets of somatic second hits in childhood ALLs (Pediatric Cancer Data Portal, 
St. Jude Children’s Research Hospital [2015-2018]; https://pecan.stjude.cloud/ home, accessed 20 July 
2018) (Supplemental Table 3, paper I). None of these variants were shared in the leukemias 
indicating divergent clonal evolution despite common predisposing variant. Also of note, 
der(14)t(12;14)(p13.2;q23.1) was among the non-randomly gained chromosomes in both leukemias, 
likely explained by chr14 being frequently gained in HeH BCP-ALL.259 SNP arrays did not reveal any 
other somatic CNAs of genes relevant to leukemogenesis. 

High hyperdiploidy has been shown to be initiated in utero, establishing this aberrations role as a 
probable leukemia initiating event.260–264 These ploidy states were thus most probably the initiating 
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events also in our cases. In addition, for individuals carrying leukemia predisposing constitutional 
variants in ETV6114,251 as well as pre-leukemic clones initiated by either ETV6-RUNX1 fusion or HeH 
state113,122,126,187,255,265, additional somatic variants (2nd hits) are required for progression to overt BCP-
ALL. This is made evident in our cases by the above-described somatic variants, however the 
phylogenetics of somatic events required for overt leukemia in cases with constitutional pathogenic 
variants in ETV6 remains to be delineated. 

4.2.2 Seasonal variation in onset of BCP-ALL (paper IV) 

In paper IV, we implemented Bayesian Generalized Autoregressive Integrated Moving Average with 
external variables model (GARIMAX), a powerful statistical model for analysing and forecasting time 
series data, and detected seasonal variation of BCP-ALL onset in a Swedish population-based cohort 
of 1380 cases. Informative seasonal variation with peaks in two different quarters, Jun-Aug and Jul-
Sep, was identified. Subgroup analysis of genetic subtypes HeH and ETV6-RUNX1 did not show 
informative seasonal variation, likely due to limitations in sample size of each subtype. We also 
intended to asses seasonal variation by date of birth in the same cohort. However, as additional 
exclusion of cases that had not yet reached age 18 years at the time of our analysis was required, the 
cohort became too small for detection of an informative seasonal wave by GARIMAX. 

As described in more detail in methods-section our cases were aggregated into quarters (of three 
different types) to optimize chances of detecting informative seasonal variation by increasing numbers 
of cases in each analyzed time-frame. Aggregation to quarters also helps to account for any year-to-
year differences in seasonal variation of a putative environmental driver of BCP-ALL progression, 
e.g. peak incidence month of common infections varying slightly each year. The GARIMAX analysis 
was composed of two parts. The first identifying presence of periodicity, using harmonic functions to 
predict all theoretical variants of seasonal curves and subsequently comparing against curves of the 
analyzed cohort to identify matches. A significant sinus and cosine wave was identified for the first 
and third quarter type, respectively, indicating non-random periodicity. The second part identified 
informative increases of case numbers in specified quarters. Within each quarter type, a base quarter 
(lowest number of cases) was chosen and the three remaining quarters were compared to the base for 
identification of informative increases. Informative increases were identified in quarters Jul-Sep and 
Jun-Aug for first and third quarter type, respectively (Table 4, paper IV).  

Together, data shows informative seasonal variation in onset of BCP-ALL with peak quarters Jul-Sep 
and Jun-Aug respectively. The two months overlapping between these two peak quarters were July 
and August. Manually examining absolute numbers of cases diagnosed in these respective months 
made evident that August had the highest number with 138 cases (10% of total) while July had 110 
(8%) (Table 7). June and September, included in either of the respective informative peak quarters but 
not overlapping between them, had 126 (9%) and 125 (9%) cases respectively. Absolute number in 
the remaining 8 months, not included in informative peak quarters, ranged from 91 cases in December 
to 125 in April. Our collective interpretation was that August is the peak month of BCP-ALL onset. 
However, it is essential to point out that the results with statistical significance generated by 
GARIMAX model merely informs us of the peak quarters, not specifying individual months. 
Descriptive data on distribution of age at diagnosis (Supplemental figure S7 in paper IV) and genetic 
subtype (Table 7), respectively, did not differ for cases diagnosed in August, nor any other months 
included in the peak quarters, compared to months not included in the peak quarters and the whole 
year aggregate. 
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Table 7. Descriptive data. Table displays distribution of cases, total and per investigated subtype, diagnosed in 
each respective months and total for the whole year (equaling total studied cohort 1380 cases). % of total to 
illustrate how onset is distributed throughout the year. Distribution of the two respective subtypes in % per 
month (column 5 and 7 row 1-12) for comparison to the whole year (column 5 and 7 last row). Adapted form 
manuscript of paper IV. 

Exposure to common microbes and the consequential training of our immune system, as a modulator 
of progression in BCP-ALL, has been extensively studied and debated (section 1.3.2). 
Epidemiological studies support that early (within first year of life) exposure to microbes protects 
against BCP-ALL development199,266, while exposure to infections later in life appears to be required 
for the same201–206. That exposure to infections appears required for development of BCP-ALL has 
motivated studies of seasonal variation in onset of childhood ALL. Seasonal variation in onset is here 
used as a proxy for seasonally variable common infections acting as environmental modulators of 
disease progression in ALL. After reviewing the literature (Table 1, paper IV) we can conclude that 
seasonal variation in ALL onset has been identified in some studies, but was not supported by all. 
Also, in studies where peaks in onset were detected these were scattered throughout the year. A 
number of factors could explain these divergent and inconclusive results, such as differences in 
methods applied, cohort size as well as cohort characteristics such as age at diagnosis (only children or 
also adults) and disease entities studied (T- and B- or only B-cell ALL). One should also consider that 
seasonal patterns and panorama of common infections differ by region or climate zone. In addition, 
susceptibility to develop BCP-ALL, conferred by constitutional genetic variation, has been shown to 
vary with ethnicity. Also, the protective effect of early (first year of life) microbial exposures are 
likely to vary with differences in general hygiene conditions between HIC and LMIC. Both these 
underlying factors could theoretically affect the extent to which progression of BCP-ALL may be 
modulated by exposure to seasonally variable common infections. This would in turn influence the 
likelihood of detecting seasonal variation in onset in different regions of the world. 

A main strength of our study was the application of a powerful modern statistical method 
(GARIMAX) increasing reliability of results. In addition, we restricted our cohort to only include 
BCP-ALL cases in children and adolescents (0-18 years), excluding T-ALL and adult cases. This 
ensured results were representative of a theoretically etiologically distinct group of patients. The 
importance of such a distinction is emphasized by previous identification of epidemiologic risk factors 
specifically associated with BCP-ALL and not T-ALL, and with particular diagnostic age-groups of 
ALL (reviewed by Williams et al).88 Although studies are scarce, some heterogeneity in 
environmental exposures associated to molecular subtypes of BCP-ALL has also been observed88. 

Jan Feb Mar Apr
108 104 120 125
37 35 28 48
25 19 29 21

Time-periods BCP-ALL
BCP-ALL 

% of total HeH

HeH % of 
cases per 

time-period
ETV6- 

RUNX1

ETV6-
RUNX1  % of 

cases per 
time-period

Jan 108 8% 37 34% 25 23%
Feb 104 8% 35 34% 19 18%
Mar 120 9% 28 23% 29 24%
Apr 125 9% 48 38% 21 17%

May 100 7% 24 24% 16 16%
Jun 126 9% 47 37% 20 16%
Jul 110 8% 36 33% 18 16%

Aug 138 10% 48 35% 27 20%
Sep 125 9% 40 32% 22 18%
Oct 119 9% 31 26% 31 26%
Nov 114 8% 40 35% 23 20%
Dec 91 7% 30 33% 21 23%

Whole year 1380 100% 444 32% 272 20%



 

 41 

This encouraged our subgroup-analyses of the two most frequent molecular subtypes of BCP-ALL, 
HeH and ETV6-RUNX1. Unfortunately, GARIMAX failed to produce informative results in either of 
these subgroups due to the limited numbers of cases available for analysis in each group (HeH=444 
and ETV6-RUNX1=272). To this end, pooling larger datasets of cases to create sufficient numbers for 
analysis also in subgroups would be of value. 

For BCP-ALL the induction time, i.e. the time from exposure to a final driver of disease progression 
until clinically overt disease, remains to be elucidated. This limits our ability to associate a seasonal 
peak in onset of BCP-ALL, i.e. final progression to overt leukemia, with exposure to a seasonally 
variable common infection as a potential driver of that final progression. Therefore, we can only 
speculate about the environmental etiology behind our observed August onset peak. Assuming a 
“longer” induction time of 6-9 months, the August onset peak could be associated with the peak of 
common infections during winter months in Sweden; either the accumulated load of several infections 
during this period, or one to a few infections being more potent drivers of disease progression. The 
latter could also be applied to a “shorter” induction time of 1-2 months, associating the August peak to 
one or a few scarce common infections peaking during summer months, again being potent drivers of 
progression. Lastly, we speculate that a short but marked decrease in spread of common infections 
during Swedish summer holidays (mid-June to mid-August), could postpone a portion of cases from 
onset in July and instead accumulating in August. This model assumes an even “shorter” induction 
time of a 2-4 weeks. Sweden is well known for its prolonged summer vacation when the vast majority 
of children, both school- and pre-school-, and their parents are on summer vacation for 4-8 weeks. 
Which of these models are more likely again depend on the unknown variable of induction time. The 
possibility of patient’s/parent’s delay in seeking care for their children during summer vacation, upon 
leukemia associated symptoms, as an explanation to our observed August onset peak was considered. 
Although we cannot confidently exclude this explanation, we do consider it less likely as symptoms of 
BCP-ALL at diagnosis are acute and progress quickly. Also, Swedish parents are in general liberal 
when it comes to seeking healthcare for their children, and face no generalized economic or 
accessibility obstacles to do so. 

In conclusion we detected informative seasonal variation in onset of BCP-ALL, in a Swedish 
population-based cohort, with peak incidence of onset in August. We suggest four speculative 
explanatory models for the August onset peak, relating exposure to common infections to progression 
to overt disease. The likelihood of each model depends on the induction time of childhood BCP-ALL, 
which remains unknown. Our study holds advantages to previous reports in applying a powerful 
statistical model and studying a theoretically etiologically distinct (in regard to immunophenotype and 
age at diagnosis) cohort of BCP-ALL cases. Nonetheless, expanding the size of the cohort would 
further strengthen support for seasonal variation in BCP-ALL and enable subgroup-analysis of 
molecular subtypes. This could be facilitated by including cases from other Nordic countries, with 
corresponding panorama and seasonal patterns of common infections.
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5 Conclusions 
This thesis represents the tale of BCP-ALL etiology. It begins with congenital susceptibility through 
constitutional predisposing variants and prenatally initiated pre-leukemic clones, and continues with 
progression to overt disease through somatic clonal evolution, including the intrinsic (genetic) and 
extrinsic (environmental) drivers of this process. Its constituent papers each contribute to a chapter of 
this tale, starting with the addition of a constitutional structural variant in ETV6 predisposing to BCP-
ALL, conferring susceptibility through insufficient (monoallelic) expression of ETV6. Next, it 
includes the development of a methodological strategy for backtracking somatic variants of childhood 
BCP-ALL to neonatal samples, inferring in utero initiation of pre-leukemic clone. Predisposition, 
initiation of a common pre-leukemic clone and clonal evolution of concordant leukemias in a 
monozygotic twin pair was genetically characterized. This revealed another shared prenatally acquired 
but non-leukemic clone, with deletion in a BCP-ALL associated gene, in which leukemia had been 
initiated. The deletion suggestively predisposed this clone to leukemia initiation. Last but not least, 
informative seasonal variation in onset of BCP-ALL, with a peak interpreted to fall in August, was 
detected in a Swedish population-based BCP-ALL cohort aged 0-18 years at diagnosis. 
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6 Future perspective 
Studies of constitutional genetic predisposition will continue to be key in uncovering different aspects 
of BCP-ALL etiology. Today, we have limited knowledge about the prevalence, penetrance, 
prognosis and pathogenesis in leukemia with constitutional predisposition. This results in many 
uncertainties regarding medical care and benefits from pre-symptomatic testing for this group of 
patients. Despite the growing evidence for the contributions of constitutional predisposition to BCP-
ALL, we are in need of further studies to understand these aspects of childhood BCP-ALL 
predisposition. 

Further studies backtracking BCP-ALL to time of birth are important to understand the frequency of 
prenatal leukemia initiation. Screening larger cohorts of healthy newborns for the known recurrent 
initiating and canonical somatic variants of BCP-ALL will add insights to their frequency and 
pathogenicity. I imagine that understanding how and why these variants emerge to initiate pre-
leukemic clones will be instrumental to developing primary preventive actions against initiation of 
BCP-ALL in the future.  

Delineating clonal evolution in BCP-ALL in a subtype specific-manner together with pinpointing the 
intrinsic (genetic, epigenetic) and extrinsic (environmental) drivers of this process will expand our 
understanding of how and why pre-leukemic clones progress to onset of BCP-ALL. Such insights 
hold the potential to guide secondary preventive measures in children at risk of BCP-ALL, i.e. carriers 
of pre-leukemic clones, which could motivate screening of newborns at large scale to detect those at 
risk.  

Further survival improvements in patients with BCP-ALL are unlikely to come from intensification of 
chemotherapy. Therefore, efforts to further detail and understand this etiologic tale of BCP-ALL are 
pivotal to future improvements in treatment and, hopefully, the application of preventive measures. In 
addition to novel targeted drugs and individually tailored treatments, guided by precision medicine, 
the future is prevention, prevention, prevention! 
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