
Department of Molecular Medicine and Surgery 
Karolinska Institutet, Stockholm, Sweden 

NOVEL GENETIC CAUSES OF CHILDHOOD 
CANCER PREDISPOSITION 

Carolina Maya González 

 

Stockholm 2025  
 



 

Cover art and illustration by my little sister, Andrea Maya González, & Openart.ai.  

Figures 1-3, 5-14, 16-21 in this thesis were created with Biorender.com. The graph in eFigure 1 in 

Paper I; the graphical abstract and Figure 4A in Paper VI; and the graphs in Figure 3, Figure 4, and 

supplementary Figures S5, S6, S9 and S10 in Paper VI were created with Biorender.com.  

The graph in Figure 4 in this thesis and the graph in eFigure 2 in Paper I were created with GraphPad 

Prism version 10.4.1. 

 

All previously published papers were reproduced with permission from the publisher. 

Published by Karolinska Institutet. 

Printed by Universitetsservice US-AB, 2025. 

© Carolina Maya González, 2025  

ISBN: 978-91-8017-470-1 

DOI: https://doi.org/10.69622/28194191 



Novel genetic causes of childhood cancer predisposition 
Thesis for Doctoral Degree (Ph.D.) 

By 

Carolina Maya González 

 
The thesis will be defended in public at Eva & Georg Klein Lecture Hall, Karolinska Institutet, 
Stockholm, on March 21, 2025, at 9:00 AM. 
 
 
Principal Supervisor: 
Professor Ann Nordgren 
Karolinska Institutet 
Department of Molecular Medicine and Surgery 
 
Co-supervisor(s): 
Bianca Tesi, MD, Ph.D. 
Karolinska Institutet 
Department of Molecular Medicine and Surgery 
 
Professor David Gisselsson Nord 
Lund University 
Department of Clinical Genetics 
 
Docent Fulya Taylan 
Karolinska Institutet 
Department of Molecular Medicine and Surgery 
 
Jesper Eisfeldt, Ph.D. 
Karolinska Institutet 
Department of Molecular Medicine and Surgery 
 
 

Opponent: 
Associate Professor Robert Martin Frans Wolthuis 
Amsterdam University Medical Centers 
Department of Human Genetics 
 
Examination Board: 
Professor Catharina Larsson 
Karolinska Institutet 
Department of Oncology-pathology 
 
Professor Klas Blomgren 
Karolinska Institutet 
Department of Women's and Children's Health 
 
Docent Maria K Haanpää 
Helsinki University Hospital 
Department of Clinical Genetics 
 
 





 

 

 

 

 

 

 

 

 

 

 

 

To my family, who encouraged  

me to follow my dreams 

  



 

  



 

 

Popular science summary of the thesis 
Cancer develops when cells become wired to divide uncontrollably. For this to 
happen, many changes take place in the genome of the cell; a process that can 

take a long time. Therefore, cancer risk increases with age. Why do children 
develop cancer then? The answer to this question is complex. However, one of the 

answers relates to their genome.  

About 10% of pediatric patients with cancer have inherited genomic changes that 

create a shortcut for cancer development. As a result, the likelihood of developing 

certain tumors increases considerably, leading to conditions known as Cancer 

Predisposition Syndromes (CPS). Knowing that a patient has a CPS is important 
for oncologists, as it can result in changes in treatment, patient monitoring, and 

genetic counseling. However, CPS diagnosis can be tricky. On the one hand, there 

are more than 150 known CPS, each with their own cancer risk spectrum. On the 

other hand, there is still important information missing about many CPS.  

My thesis focused on the analysis of CPS using cutting-edge genomic methods, 
molecular and cell biology techniques, and register-based studies.  

In Study I, we compiled a broad childhood CPS research panel with 881 genes, 

based on multiple relevant sources of information. 

In Studies II – IV, we reviewed the literature and presented the clinical and genetic 

characteristics of children with rare diseases and cancer, to understand the role 

of these congenital syndromes in cancer development. 

In Studies II and V, we used Swedish nationwide registries to determine the 

occurrence of cancer in selected rare diseases, where an association to cancer 
development was suspected. 

In Study VI, we searched the genome for the cause of a novel disease including 

immune deficiency, developmental delay, and leukemia. Then, we studied the 

cellular mechanisms leading to disease.  

The ultimate goal of this thesis was to contribute to a better understanding of 

inherited childhood cancer predisposition.  

  



Resumen divulgativo de la tesis 

El cáncer se desarrolla a partir de un proceso celular de división descontrolada. 

Usualmente, para que esto suceda, son necesarios múltiples cambios en el 
genoma. Por esto, el desarrollo de cáncer suele llevar mucho tiempo, y el riesgo 

aumenta con la edad. ¿Entonces, por qué existe el cáncer en niños? Si bien esta 

pregunta es compleja, una de las respuestas está asociada con su genoma.  

Se estima que alrededor del 10% de los pacientes con cáncer pediátrico heredan 

cambios genéticos que crean un atajo para la evolución del cáncer. El resultado 

es que la probabilidad de desarrollar ciertos tumores en estos pacientes aumenta 
considerablemente, dando lugar a Síndromes de Predisposición al Cáncer (CPS, 

por sus siglas en inglés). El diagnóstico de CPS puede tener connotaciones clínicas 

importantes, como cambios en el tratamiento, seguimiento del paciente y 

asesoramiento genético. Sin embargo, el diagnóstico de CPS es complicado. Por 
un lado, puesto que hay más de 150 síndromes conocidos, cada uno asociado a 

diferentes tumores. Por otra parte, ya que aún nos falta conocimiento importante 

sobre muchos CPS. 

Esta tesis de doctorado se centró en el estudio de CPS, utilizando técnicas 

avanzadas de genómica, registros nacionales suecos, biología molecular y celular. 

En el Proyecto I, compilamos un panel para investigación con 881 genes 
posiblemente asociados con CPS pediátrico, basado en múltiples fuentes de 

información. 

En los Proyectos II - IV, hicimos una revisión literaria y caracterizamos a niños con 

enfermedades raras y cáncer, con el objetivo de entender la asociación de estos 

síndromes congénitos con el desarrollo de cáncer. 

En los Proyectos II y V, utilizamos registros nacionales suecos para determinar la 

incidencia de cáncer en pacientes con ciertas enfermedades raras, en las que se 
sospechaba una asociación con el desarrollo de cáncer. 

En el Proyecto VI, encontramos la causa genética de una nueva enfermedad 

congénita con inmunodeficiencia, retraso del desarrollo y leucemia. Luego, 

estudiamos los mecanismos celulares y moleculares que causan la enfermedad.  

El objetivo final de esta tesis fue contribuir a un mejor entendimiento de la 

predisposición hereditaria al cáncer infantil.  



 

 

Populärvetenskaplig sammanfattning  
Cancer utvecklas när celler delar sig okontrollerat. För att detta ska hända, krävs 
många förändringar i genomet. Denna process tar relativt lång tid, och därför ökar 

cancerrisken i regel med åldern. Varför utvecklar barn cancer då? Svaret på denna 
fråga är komplex, men ett av svaren finns i deras genom. 

Cirka 10% av alla barn med cancer har medfödda genetiska förändringar som 
skapar en genväg för cancerutveckling. Detta resulterar i en ökad sannolikhet för 

att utveckla vissa tumörer, vilket leder till ett tillstånd som kallas för syndrom med 

cancerpredisposition (CPS, för dess förkortning på engelska). CPS diagnosen är 

viktig, eftersom den kan leda till förändringar i behandling, kontrollprogram och 
genetisk vägledning. Men det är komplicerat att diagnosticera CPS. Å ena sidan 

finns det mer än 150 kända CPS, där varje diagnos har sitt cancerriskspektrum. Å 

andra sidan saknar vi kunskap om många CPS. 

Min avhandling fokuserade på att studera CPS med hjälp av modern banbrytande 

sekvenseringsteknik, molekylär- och cellbiologiska metoder samt 
registerbaserade studier. 

I Studie I, skapade vi en bred genpanel innehållande 881 gener associerade med 

barncancerpredisposition, baserade på flera informationskällor.  

I Studie II – IV, granskade vi litteraturen och presenterade klinisk bild och 

genetiska egenskaper hos individer med sällsynta sjukdomar som också utvecklat 

cancer under barndomen, med syftet att förstå sambanden mellan dessa 

syndrom och cancerutveckling. 

I studie II och V använde vi svenska nationella myndighetsregister för att fastställa 
förekomsten av cancer vid utvalda sällsynta sjukdomar, som vi misstänkte var 

associerade med cancerpredisposition. 

I Studie VI sökte vi i genomet och hittade den genetiska orsaken till en ny sjukdom 

hos ett barn med immunbrist, intellektuell funktionsnedsättning och leukemi. 

Därefter utforskade vi de cellulära och molekylära mekanismer som leder till 
sjukdomen. 

Denna avhandling hade som slutligt mål att bidra till en bättre förståelse av ärftlig 
barncancerpredisposition.  



  



 

 

Abstract 
Childhood cancer predisposition syndromes (CPS) refer to rare diseases 
increasing the risk of developing pediatric cancer. Genomic studies have 

estimated that about 8-18% of children with cancer carry pathogenic variants in 
CPS genes. This broad diagnostic yield is caused by differences in study designs 

such as patient inclusion criteria, sequencing methods, number of genes analyzed, 

and the definition of positive findings. Moreover, the diagnosis of CPS can have 

important clinical implications for patients including adjusted diagnostic 
procedures, treatment, surveillance and genetic counselling.  

With the ultimate goal of increasing our knowledge on pediatric cancer 
predisposition, my thesis focused on the study of childhood CPS, using cross-

disciplinary methods including register-based, genetic and molecular studies.  

In Study I, we compiled a broad pediatric CPS research panel with 881 genes and 

developed a ranking system that prioritizes genes with established or suspected 

evidence for their association with childhood cancer predisposition. This panel 
can be used as a tool for the discovery of known and novel childhood CPS in 

massively parallel sequencing studies of large pediatric cancer cohorts.  

In Studies II – IV, we report the occurrence of cancer in congenital syndromes 

with previously unknown cancer associations. Specifically, we describe multiple 

ovarian tumors in a 13-year-old girl with Prader-Willi syndrome (Study II), 
neuroblastoma in two female patients with Marfan syndrome (Study III), and a soft 

tissue sarcoma in a 17-year-old boy with Limb-girdle Muscular Dystrophy 

Recessive 1 (Study IV). Through these reports, we encourage further studies about 

the possible implication of these rare diseases in cancer development. 

In Studies II and V, we used the Swedish national registries to determine the 

cancer risk spectrum in some of the congenital syndromes mentioned above. In 
patients with Prader-Willi syndrome (Study II), although we did not find an 

increased risk of cancer overall, we observed a high frequency of pediatric cancer. 

Moreover, the low number of pediatric patients with cancer precluded further 

statistical testing. In individuals with muscular dystrophy (Study V), we found an 
increased risk of pediatric astrocytomas and other gliomas, as well as an increased 

risk of adult pancreatic and nonthyroid endocrine tumors. In myotonic dystrophy 

(Study V), pediatric patients had an increased risk of brain tumors, while adults 

presented an overall increased cancer risk, explained by various malignancies.  



In Study VI, we identified a homozygous variant in the FLCN gene as the genetic 

cause of a novel multisystemic syndrome in a boy with global developmental 

delay, short stature, severe immunodeficiency, and leukemia at 1-year of age. We 

showed that the FLCN p.G15S variant leads to nuclear retention of TFE3/TFEB, 

resulting in altered expression of genes involved in the lysosomal biogenesis and 
autophagy pathways. Further, we hypothesize that the FLCN p.G15S variant is 

hypomorphic, leading to this rare autosomal recessive syndrome.  

All in all, this thesis aimed to contribute to a better understanding of childhood 

CPS.  
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1 Background 
A long road has been transited for us to be able to understand genetic diseases 
to the depth we do today. In the first paragraphs of my thesis, I would like to take 

you with me on a trip across centuries, from peas-counting monks to synthetic 

biology. But let’s not get ahead of ourselves, we start from the beginning. 

1.1 The history of human genetics 

Although the idea of “hereditary traits” existed much before [1], it was only in 1859 

that the theory of evolution was proposed by Charles Darwin [2], after a five-year 
voyage around the world. Loosely, the theory formulates that all living organisms 

arose from a common ancestor, which evolved into different species by natural 

selection; according to which, only the most suitable characteristics for an 

environment are passed on to the offspring. Not long after, a monk called Gregor 
Mendel, realized during his experiments with peas, that certain crosses always 

resulted in the same phenotypic outcome. Meticulously, he designed experiments 

to understand the nature of this phenomenon, resulting in the formulation of the 

principles of inheritance [3].  

Multiple researchers paved the way of genomics during the decades that followed, 

including the selected ground-breaking discoveries presented below. First, 
Friedrich Miescher isolated an acidic substance from white blood cells and called 

it “nuclein” [4], today known as DNA. Then, while studying inborn errors of 

metabolism, Archibald Garrod associated the principles of inheritance with 

disease, publishing the first known monogenic disorder: Alkaptonuria [5]. Shortly 
after, Thomas Hunt Morgan and his student, Alfred H. Sturtevant, through 

experiments on fruit flies, discovered that DNA is stored in units called 

chromosomes [6, 7] and drew the first chromosome map [8].  

Further, Oswald Avery, Colin MacLeod and Maclyn McCarty identified that DNA 

causes bacterial transformation, suggesting it as the carrier of genetic information 
[9]. Next, the chemical structure of the DNA building blocks – deoxynucleotides - 

was resolved, and Erwin Chargaff proposed that their amount was not random. 

DNA contained the same number of purines and pyrimidines [10, 11].  

The next step in this historical trip takes us to Cambridge University in the 1950s, 

where Rosalind Franklin generated an iconic DNA X-ray diffraction photograph 
(Photo 51 [12]). Meanwhile, James Watson and Francis Crick worked on deciphering 

the molecular model of DNA. After many tries, using crystallography work from 



Rosalind Franklin and Maurice Wilkins, they finally cracked the structure of DNA 

[13]. The next game changer in the history of genomics took place when Frederick 

Sanger figured out the order of amino acids in insulin [14, 15]. He concluded then 

that the building blocks of proteins had a specific order, and therefore, DNA should 

too. In 1977, following these studies, Sanger published the first method for DNA 
sequencing [16], the basis of which is still used today.  

Multiple important techniques and resources for the study of the human genome 

were developed in the following years, including Fluorescence in-situ hybridization 

[17, 18], the Polymerase chain reaction (PCR) [19], automated sequencing 

instruments [20], human genetic maps based on DNA markers [21], and positional 
cloning of disease-causing genes [22]. Meanwhile, international consortia to study 

human genetics were created. The biggest research program was the Human 

Genome Project, launched in 1990 with the aim to sequence the entire human 

genome –That is, roughly 3 billion DNA letters– in 15 years. This project became a 
race when a scientist named Craig Venter founded a private company aiming to 

sequence the genome faster, with his own scientific method. The technique was 

based on shedding the entire human genome into small fragments, sequencing 

them in parallel, and using computational methods to piece them together. Thanks 
to this race, the first draft of the human genome was astonishingly completed by 

both parties in only 10 years [23, 24].  

A myriad of technological advances in the field of genetics have taken place after 

the launching of the genome project [25]. Some examples are the cloning of Dolly 

the sheep [26, 27], the sequencing of the genome of various eukaryotic organisms 
[28], the development of novel sequencing approaches [28], the introduction of 

the “omics sciences”: genomics, transcriptomics, proteomics, metabolomics, and 

epigenomics [29], and the generation of tools for targeted genome editing [30, 31]. 

Figure 1 presents a graphical summary of milestones in human genetics. 

This trip of scientific progress places us in a very exciting time to work in clinical 

genetics. The use of massive parallel sequencing for diagnosis has become part 
of standard clinical care in many countries, and medicine is moving towards a 

personalized approach according to an individual’s genetic profile. Further, 

advanced therapies based on modified cells, nucleic acids or proteins are 

becoming available. The main caveat to the past statements being the inequality 
of the clinical applicability of genomic advances across the globe [32]; a challenge 

which must be addressed in the years to come.  
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Figure 1. Timeline of landmarks in the history of human genetics. Most dates correspond 

to the year of publication of the respective landmark. 

1.2 The human genome 

The genome of an organism consists of the entire set of DNA instructions 

contained in the cell. Although mitochondria –an organelle which generates 
energy for the cell– has its own set of DNA instructions, the main manual on how 

to create a human is preserved in the nucleus. These instructions comprise about 

3.2 billion pairs of building blocks known as deoxynucleotides, stored in 23 

chromosome pairs; a set inherited from each parent.  

The architecture of the genome is complex, some parts arranged in ways that still 
escape our understanding. This organization is very important, as it allows the 

orchestrated generation of thousands of proteins, which carry out the vast 

majority of functions in living organisms. Incredibly, only about 2% of the total 

genome encodes proteins. In recent years, we have finally started to understand 
the fascinating functions of the remaining 98% [33, 34].   

1.3 Human genetic variation and disease 

Although most of the DNA sequence is shared between individuals, about 0.1% of 
the genome differs from person to person. These sites are known as genetic 

variants and arise by spontaneous changes in unborn babies, but stay within the 

genetic pool, as they are passed on to new generations. Genetic variation is 

important, as it creates human genetic diversity, but sometimes it can also result 
in disease. Hereditary disorders occur when inherited DNA changes are harmful.  



Genetic variants can happen at different scales. The smallest changes in DNA are 

Single Nucleotide Variants (SNV), in which only one base pair differs between 

individuals. Going up, Insertions and Deletions (InDels) are differences no longer 

than 50 nucleotides in size. Larger changes are called Structural Variants (SV), 

which are balanced when there is no loss or gain of DNA sets or unbalanced when 
genetic material is lost or added.  

Unbalanced variation includes copy number variants -insertions and deletions-, 

while balanced changes comprise translocations and inversions. As the name 

implies, insertions occur when pieces of DNA are added to the genome, while 

deletions happen when DNA sequences are removed. On the other hand, 
translocations refer to exchanges of genomic material between chromosomes, 

while inversions encompass changes where DNA pieces within the same 

chromosome are flipped.  

As mentioned in the historical background; to understand genomic variation, we 

need to decode the order of nucleotides in the genome in a process known as 
DNA sequencing. There are multiple sequencing methods used nowadays [35]. 

They can be focused on specific pieces of DNA or encompass the entirety of the 

genome. They can also generate small fragments of information -of about 150 

nucleotides in size- or read much longer DNA molecules -currently around 
100.000 nucleotides -[36, 37]. The selected approach usually depends both on 

the objective of the study and the budget.  

1.3.1 Effects of DNA changes in proteins 

Except for rare cases, the information contained in the coding region of DNA is 
converted into RNA in the nucleus, in a process called transcription. RNA 

molecules are then transported to the cell cytoplasm, while they are tweaked and 

cut in a process known as RNA maturation. Mature RNAs serve as messengers for 

the creation of proteins. This step, known as translation, involves the puzzling 
together of specific amino acids to form functional polypeptides, enabling the 

generation of proteins with thousands of functions. 

As mentioned before, about 0.1% of the genome differs between individuals. This 

is possible because most changes at DNA level do not affect RNA nor proteins. A 

few variants do, however, modify proteins. Some changes impact the amount of 
protein produced, while others affect the function of the molecule. Amongst the 

last group, loss-of-function (LoF) variants lead to the disruption of the protein’s 
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role, while gain-of-function mutations can increase its baseline activity 

(hypermorphic) or generate a completely new function (neomorphic).  

Additional concepts commonly used to refer to the effect of a variant at protein 

level are dominant-negative, haploinsufficiency and hypomorphic variants. 

Dominant-negative mutations lead to a protein function which interferes with the 

correct activity of the typical (wild-type) protein. On the other hand, 
haploinsufficiency refers to changes in which one copy of the protein is altered, 

while the remaining copy is not enough to maintain normal functioning. Finally, 

variants leading to partial loss of protein function are known as hypomorphic. The 

impact of variants on the phenotype is a complex topic, reviewed in [38]. 

1.3.2 Rare diseases  

“When you hear hoofbeats, don’t expect to see a Zebra” - Theodore Woodward1 

According to the Operational Description of Rare diseases and the European 

Union, rare diseases are conditions with an incidence of less than 1:2000 

individuals [39, 40]. Although individually rare (or even very rare), collectively these 
diseases are quite common, affecting about 3-8% of the world’s population [40–

42]. Rare diseases are very diverse, with over 7000 types described [43, 44]. For 

instance, all forms of pediatric cancer are included in this category [45]. About 

70% of all affected individuals are children; approximately 1/3 dying before the age 
of five [46, 47]. In general, patients with rare diseases go through a “diagnosis 

odyssey”, waiting on average 4-5 years before understanding the cause for their 

disease [47].  Moreover, even after extensive genetic investigations, including 

whole genome sequencing (WGS), the majority remain undiagnosed. 

Of all rare diseases, it is estimated that 72% are of genetic origin [48], usually 
caused by harmful genomic mutations. If the variants causing disease are located 

in a single gene, the rare disorder is known as monogenic. On the other hand, if 

more locations are involved, it is polygenic. Further, rare diseases can be inherited 

-if the mutation is found in parents-, or de novo -if the variant is new to the 
patient. 

 

1 This citation is a metaphor used to teach medical students. When examining patients, they should 
think about the most common cause of their symptoms first -in nature, that would be thinking of 
horses when hearing hoofbeats-. At the rare diseases group, we specialize in discovering zebras 
when doctors find no horses.  



In this thesis, we studied rare genetic variation leading to disease. Specifically, 

those diseases which result in an increased risk of cancer in children. Therefore, 

the next parts of this background section will focus on describing this complex 

disease group, from the tumor point of view –on somatic cells–, and the inherited 

perspective –germline variants-. 

1.4 Cancer - a genetic disease of somatic cells 

“Cancer, perhaps, is an ultimate perversion of genetics - a genome that 
becomes pathologically obsessed with replicating itself” - Siddhartha Mukherjee. 

Cancer is a disease characterized by uncontrollable cell division, making it hard to 

contain. Usually, single mutations do not transform a cell into its malignant 

counterpart. Instead, cancer develops when a series of key genes is affected 

sequentially, resulting in rapidly dividing cells, which colonize their niche and 
expand to new tissues i.e., metastasize [49] (Figure 2). In most cases, this process 

takes time. Therefore, age is one of the major risk factors for adult cancer. 

Figure 2. Carcinogenesis, simplified scheme. Benign cells acquire somatic variants 
leading to the initiation of carcinogenesis. This process can be reversed by cell repair, 

while additional mutations result in cancer progression and ultimately metastasis.  

In contrast to inherited disorders, cancer development is mostly a result of 
genetic alterations acquired during our lifetime i.e., somatically [50]. Lifestyle-

related factors increasing cancer risk include, for instance, smoking, drinking, 

obesity, and physical inactivity [51]. Hence, cancer can be seen as a genetic 

disease of somatic cells; and therefore, the most common genetic disorder, 
affecting more than 19 million people per year, and resulting in close to 10 million 

deaths worldwide [52]. 

Although the genome of a cancer cell usually carries a high number of genetic 

changes (sometimes thousands of new mutations!), the number of variants 

needed to turn a normal cell into its malignant counterpart is estimated at less 
than a dozen [53]. The set of genes necessary for this transformation is known as 

cancer drivers. Depending on their effects on cells, drivers are divided into Tumor 
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Suppressor Genes (TSG) and oncogenes (OG). TSG work as caretakers of the 

genome, ensuring its stability; or gatekeepers, controlling cell growth and division. 

On the other hand, OG operate as positive regulators of cell division or growth 

(Figure 3). Cancer cells combine the inactivation of TSG and the chronic activation 

of OG in a synergic process to ultimately achieve their malignant state [50].  

Figure 3. Genetic changes in cancer evolution. The set of genetic changes enabling 
carcinogenesis is known as cancer drivers, classified as oncogenes and tumor suppressor 

genes. All other changes in cancer cells are known as passenger variants. 

Driver genes allow malignant cells to sustain the physiological changes necessary 

for the development of cancer. Initially, six hallmarks of tumors were described: (1) 

cell growth independently of external signals, (2) ability to grow despite antigrowth 

signals, (3) bypassing programmed cell death, (4) limitless ability to divide, (5) 
continuous formation of new vessels, and (6) the ability to metastasize [49]. Two 

additional hallmarks were added a decade later, namely (7) modification of 

metabolism to support limitless cell growth, and (8) evading destruction by the 

immune system [54]. These hallmarks are enabled by the presence of two 
important characteristics of malignant cells: genomic instability, which results in 

rapidly evolving tumor genetics; and sustained inflammatory responses [54].  

As more knowledge is gathered about the mechanisms leading to cancer, new 

traits intrinsic to carcinogenesis are described. For instance, phenotypic plasticity, 

disrupted cell differentiation [55] and aberrant alternative splicing [56]. Moreover, 

these hallmarks are a simplified way to understand a very complex disease. A 
complete view of cancer would need to be considered systemically, with 

additional dimensions than the molecular biology of the malignant cell [57]. For 

this thesis however, we will adhere to the concept of cancer as explained by its 

ground hallmarks. 

 



1.4.1 Childhood cancer 

As mentioned before, one of the main risk factors for the development of cancer 
is aging. It is not surprising thereof that childhood cancer is rare, with about 

280.000 new cases per year worldwide [52]. In Sweden, 300-350 children are 

diagnosed with cancer every year, corresponding to an incidence of about 17 in 

100.000 individuals. Data from the Swedish childhood registry shows a similar 
proportion of leukemias (30%), brain tumors (27%) and other solid malignancies 

(42,5%) in children with cancer [58], and a male-to-female ratio of 1.15 (years 

2000-2020) [59]. However, the age at onset varies between diagnostic groups 

(Figure 4). While solid tumors have a constant frequency across ages, leukemias 
have a peak incidence between 1-3 years of age, and central nervous system 

(CNS) tumors at the age of 1-4 years [58]. Thus, it is more common for children 

under the age of four to develop cancer. 

Figure 4. Childhood cancer diagnoses in Sweden. Total number of children diagnosed 

with central nervous system (CNS) tumors, leukemia, and solid tumors in Sweden, 1982-

2020, according to the 2022 yearly report of the Swedish childhood registry [58] by age 

at cancer diagnosis. 

Although their hallmarks remain unchanged [49, 54], the biology and genetics of 

childhood and adult cancer differ markedly. In contrast to their adult counterparts, 

childhood tumors develop over a short period of time, and harbor on average 14-
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times fewer variants. Further, most driver mutations in pediatric tumors are 

exclusive to a specific childhood cancer type, as compared to frequent co-

mutations driving adult cancer. Finally, driver genes in childhood and adult cancers 

do not completely overlap [60]. Therefore, not all the knowledge collected in adult 

cancer research translates to children, creating the need to study pediatric cancer 
independently. 

1.5 Inherited cancer risk 

                                           “If you have lung cancer, the most important thing you 
can know is your genetic code“ - Craig Venter. 

As previously mentioned, cancer formation is a complex process that takes time. 

Why do children and young adults develop cancer then? It is currently thought 

that pediatric cancer is caused in part by exposure to environmental mutagens 
leading to DNA damage, viral infections promoting the development of certain 

malignancies, somatic mutations on progenitor cells, and hereditary 

predisposition [61].  

The last mentioned refers to cancer predisposition syndromes (CPS). These are 

caused by genetic variants leading to an increased risk of developing 

malignancies. Most CPS are inherited in an autosomal-dominant manner [62] -that 
is, genetic changes in one copy of the gene are enough to increase the risk of 

cancer. Although CPS can be a risk factor for cancer across all ages [63, 64], the 

following paragraphs will center on childhood CPS. 

The first observations suggesting that cancer could be inherited were made in 

children with retinoblastoma, a type of cancer appearing in the retina. Alfred G. 
Knudson statistically analyzed the incidence of retinoblastoma [65], finding two 

forms. An inherited class, where one mutation occurs in the germ cells and a 

second somatically; and a sporadic form, in which both mutations must occur 

somatically, in the same cell, for the disease to develop (Figure 5).  

As in retinoblastoma, two “hits” to the DNA are necessary for carcinogenesis 
involving many TSG. In sporadic forms, separate mutations to both alleles are 

required to inactivate the TSG in a single cell, initiating tumor formation. As the 

chance that two mutations occur in an individual cell is relatively small, sporadic 

cancer involving TSG inactivation is rare. In hereditary forms, however, a first 
mutation is present in a germ cell, while the "second hit" is somatically acquired 



(Figure 5). As somatic changes are rather frequent, individuals with germline 

mutations on TSG often develop multiple tumors. 

Figure 5. Scheme of Knudson's two-hit hypothesis. Inactivation of tumor suppressor 
genes can lead to cancer. Usually, two pathogenic inactivating changes are required. 

However, if an individual inherits the first variant, only an extra hit is needed. 

After Knudson studied retinoblastoma, many CPS have been described. Today, 

there are more than 150 known pediatric CPS, with some of the most common 

described in Table 1 (See also [66] for a review on childhood CPS). Importantly, 

each CPS has a unique cancer risk fold and spectrum. This variability can hinder 
their clinical diagnosis at the pediatric oncology unit.  

In general, CPS are more common in children with multiple malignancies, family 
history of cancer, high treatment-related toxicity, specific tumor types, and 

concomitant genetic syndromes [67]. Based on these risk factors, selection tools 

have been developed, such as The Childhood Cancer Screening checklist [68], the 

Jongman’s criteria [67, 69], the McGill Interactive Pediatric OncoGenetic 
Guidelines [70] and the Childhood Cancer Predisposition (ChiCaP) criteria (Study 

VII). Although these tools have improved pediatric CPS diagnosis [71], cancer 

predisposition can still be missed for instance due to lack of family history of 

cancer, absence of specific symptoms, and second malignancies mistaken as 
relapses from the initial tumor. 

 



 

 
15

 

Ta
b

le
 1.

 C
om

m
on

 in
he

rit
ed

 c
hi

ld
ho

od
 c

an
ce

r p
re

di
sp

os
it

io
n 

sy
nd

ro
m

es
 

Sy
nd

ro
m

e 
G

en
et

ic
 c

au
se

 
In

he
ri

ta
nc

e 
Li

fe
ti

m
e 

ca
nc

er
 ri

sk
 

C
an

ce
r s

p
ec

tr
um

 
O

th
er

 c
lin

ic
al

 fe
at

ur
es

 
Re

fe
re

nc
es

 

Li
-F

ra
um

en
i 

Sy
nd

ro
m

e 
TP

53
 

A
D

 
~7

0
%

 (M
en

)  
   

   
 

~9
0

%
 (W

om
en

) 
Br

oa
d 

sp
ec

tr
um

. E
sp

ec
ia

lly
 A

C
C

, 
BC

, C
N

S,
 O

S,
 a

nd
 S

TS
. 

N
on

e.
 

[7
2]

 

C
on

st
itu

tio
na

l 
M

is
m

at
ch

 R
ep

ai
r 

D
efi

ci
en

cy
 

M
is

m
at

ch
 re

pa
ir 

ge
ne

s 
(M

LH
1, 

M
SH

2,
 M

SH
6,

 
PM

S1
, E

PC
AM

, P
M

S2
) 

A
R 

Va
rie

s 
de

pe
nd

in
g 

on
 

th
e 

ge
ne

tic
 c

au
se

 
Ly

m
ph

om
a,

 A
LL

, G
B,

 C
RC

, G
IT

, 
am

on
g 

ot
he

rs
. 

H
yp

op
ig

m
en

ta
tio

n 
or

 c
af

é-
au

-l
ai

t 
sp

ot
s.

 
[7

3]
 

Fa
nc

on
i A

ne
m

ia
 

D
N

A
 c

ro
ss

lin
k 

re
pa

ir 
ge

ne
s 

(2
1 g

en
es

 k
no

w
n.

 
M

os
t c

om
m

on
, F

A
N

C
A

) 
M

os
tly

 A
R 

~1
3%

 A
M

L 
by

 a
ge

 5
0

 
M

ai
nl

y 
A

M
L,

 b
ut

 a
ls

o 
H

N
T,

 S
C

, a
nd

 
G

U
C

. 

C
on

ge
ni

ta
l m

al
fo

rm
at

io
ns

, s
uc

h 
as

 c
ar

di
ac

 
de

fe
ct

s,
 li

m
b 

an
d 

sk
el

et
al

 m
al

fo
rm

at
io

ns
, 

op
ht

ha
lm

ic
 a

nd
 u

rin
ar

y 
tr

ac
t 

ab
no

rm
al

iti
es

, s
ho

rt
 

st
at

ur
e,

 a
nd

 b
on

e 
m

ar
ro

w
 fa

ilu
re

. 

[7
4]

 

D
IC

ER
1 t

um
or

 
pr

ed
is

po
si

tio
n 

D
IC

ER
1 

A
D

 
~2

6%
/1

0
%

 b
y 

ag
e 

50
 

(W
om

en
/m

en
) 

PP
B,

 T
C

, S
C

ST
, C

BM
E,

 a
nd

 o
th

er
 

m
al

ig
na

nc
ie

s.
 

M
ac

ro
ce

ph
al

y,
 c

ys
tic

 n
ep

hr
om

a,
 m

ul
tin

od
ul

ar
 

go
ite

r, 
re

tin
al

 a
nd

 k
id

ne
y 

ab
no

rm
al

iti
es

. 
[7

5]
 

H
er

ita
bl

e 
re

tin
ob

la
st

om
a 

RB
1 

A
D

 
A

lm
os

t 
co

m
pl

et
e 

pe
ne

tr
an

ce
 fo

r R
b 

M
ai

nl
y 

Rb
, b

ut
 a

ls
o 

PB
, O

S,
 S

TS
, a

nd
 

SC
. 

N
on

e.
 

[7
6]

 

Xe
ro

de
rm

a 
pi

gm
en

to
su

m
 

D
N

A
 e

xc
is

io
n 

re
pa

ir 
ge

ne
s 

(D
D

B2
, E

RC
C

1-
5,

 
PO

LH
, X

PA
, a

nd
 X

PC
) 

A
R 

~6
5%

 fo
r S

KC
 

M
ai

nl
y 

SK
C

, S
KC

M
, O

C
, a

nd
 O

SC
C

. 
O

th
er

 m
al

ig
na

nc
ie

s 
re

po
rt

ed
. 

Su
n 

hy
pe

rs
en

si
tiv

ity
, o

cu
la

r a
bn

or
m

al
iti

es
, a

nd
 

po
ss

ib
le

 n
eu

ro
lo

gi
ca

l a
bn

or
m

al
iti

es
. 

[7
7]

 

N
eu

ro
fib

ro
m

at
os

is
 

ty
pe

 1 
N

F1
 

A
D

 
~3

8.
8%

 b
y 

ag
e 

50
 

M
ai

nl
y 

C
N

S 
an

d 
PN

ST
. O

th
er

 
m

al
ig

na
nc

ie
s 

re
po

rt
ed

. 
N

eu
ro

de
ve

lo
pm

en
ta

l d
is

or
de

rs
, c

af
é-

au
-l

ai
t 

sp
ot

s,
 

an
d 

cu
ta

ne
ou

s 
ne

ur
ofi

br
om

as
. 

[7
8,

 7
9]

 

N
oo

na
n 

sy
nd

ro
m

e 
G

en
es

 in
 t

he
 R

A
S/

M
A

PK
 

pa
th

w
ay

 
A

D
 

~4
%

 b
y 

ag
e 

20
 

M
ai

nl
y 

JM
M

L,
 A

M
L,

 A
LL

, C
N

S,
 a

nd
 

N
b.

 O
th

er
 m

al
ig

na
nc

ie
s 

re
po

rt
ed

. 

Ey
e 

ab
no

rm
al

iti
es

, h
yp

ot
on

ia
, h

yp
er

fle
xi

bl
e 

jo
in

ts
, 

pe
ct

or
al

 d
ef

or
m

ity
, c

ry
pt

or
ch

id
is

m
, c

on
ge

ni
ta

l 
he

ar
t 

di
se

as
e,

 a
nd

 n
eu

ro
de

ve
lo

pm
en

ta
l d

is
or

de
rs

. 
[8

0
–8

2]
 

W
T1

 d
is

or
de

r 
W

T1
 

A
D

 
Va

rie
s 

de
pe

nd
in

g 
on

 
th

e 
ge

ne
tic

 v
ar

ia
nt

 
M

ai
nl

y 
W

ilm
s 

tu
m

or
 a

nd
 G

oB
. 

St
er

oi
d-

re
si

st
an

t n
ep

hr
ot

ic
 s

yn
dr

om
e,

 p
ro

te
in

ur
ia

, 
ab

no
rm

al
 te

st
ic

ul
ar

 d
ev

el
op

m
en

t, 
an

d 
ki

dn
ey

 a
nd

 
ur

in
ar

y 
tr

ac
t 

ab
no

rm
al

iti
es

. 
[8

3]
 

A
b

br
ev

ia
ti

on
s:

 A
C

C
, A

dr
en

oc
or

tic
al

 c
ar

ci
no

m
a;

 A
D

, A
ut

os
om

al
 D

om
in

an
t; 

A
LL

, A
cu

te
 L

ym
ph

ob
la

st
ic

 L
eu

ke
m

ia
; A

M
L,

 A
cu

te
 m

ye
lo

id
 le

uk
em

ia
; A

R,
 A

ut
os

om
al

 r
ec

es
si

ve
; B

C
, B

re
as

t 
ca

nc
er

; C
BM

E,
 C

ili
ar

y 
bo

dy
 m

ed
ul

lo
ep

ith
el

io
m

a;
 C

N
S,

 c
en

tr
al

 n
er

vo
us

 s
ys

te
m

; C
RC

, C
ol

or
ec

ta
l c

ar
ci

no
m

a;
 E

C
, E

nd
om

et
ria

l c
an

ce
r; 

G
B,

 G
lio

bl
as

to
m

a;
 G

oB
, G

on
ad

ob
la

st
om

a;
 G

IT
, G

as
tr

oi
nt

es
tin

al
 t

um
or

s;
 G

U
C

, G
en

ito
-u

rin
ar

y 
tr

ac
t c

an
ce

r; 
H

N
T, 

H
ea

d 
an

d 
ne

ck
 tu

m
or

s;
 J

M
M

L,
 J

uv
en

ile
 M

ye
lo

m
on

oc
yt

ic
 L

eu
ke

m
ia

; N
b,

 N
eu

ro
bl

as
to

m
a;

 O
C

, O
cu

la
r c

an
ce

r; 
O

S,
 O

st
eo

sa
rc

om
a;

 O
SC

C
, O

ra
l s

qu
am

ou
s 

ce
ll 

ca
rc

in
om

a;
 P

B,
 P

in
eo

bl
as

to
m

a;
 

PC
, P

an
cr

ea
tic

 c
an

ce
r; 

PN
ST

, p
er

ip
he

ra
l n

er
ve

 s
he

at
h 

tu
m

or
; P

PB
, P

le
ur

op
ul

m
on

ar
y 

bl
as

to
m

a 
Pr

C
, P

ro
st

at
e 

ca
nc

er
; R

b,
 R

et
in

ob
la

st
om

a;
 S

C
, S

ki
n 

ca
nc

er
; S

C
ST

, S
ex

 c
or

d-
st

ro
m

al
 t

um
or

s;
 S

KC
, S

ki
n 

ca
nc

er
; 

SK
C

M
, S

ki
n 

cu
ta

ne
ou

s 
m

el
an

om
a;

 S
TS

, S
of

t-
tis

su
e 

sa
rc

om
a;

 T
C

, T
hy

ro
id

 C
an

ce
r; 

TM
L,

 T
ra

ns
ie

nt
 m

ye
lo

pr
ol

ife
ra

tiv
e 

di
so

rd
er

. 



Ta
b

le
 2

. S
el

ec
te

d
 s

tu
di

es
 o

f g
er

m
lin

e 
ge

ne
ti

c 
d

ia
gn

os
is

 o
f c

hi
ld

ho
od

 c
an

ce
r p

re
d

is
po

si
ti

on
 s

yn
dr

om
es

 

St
ud

y 
C

oh
or

t 
D

ia
gn

os
ti

c 
m

et
ho

d 
Pe

rc
en

ta
ge

 C
PS

 v
ar

ia
nt

s 
M

os
t 

co
m

m
on

 g
er

m
lin

e 
fin

d
in

gs
 

Re
fe

re
nc

e 

St
. J

ud
e–

W
as

hi
ng

to
n 

U
ni

ve
rs

ity
 

Pe
di

at
ric

 C
an

ce
r G

en
om

e 
Pr

oj
ec

t 
112

0
 u

ns
el

ec
te

d 
pe

di
at

ric
 c

an
ce

r p
at

ie
nt

s 
(<

20
 y

ea
rs

). 
W

G
S/

W
ES

/B
ot

h.
   

   
Pa

ne
l o

f 6
0

 g
en

es
. 

8.
5%

 
TP

53
 (1

/2
 o

f a
ll 

po
si

tiv
e 

di
ag

no
se

s)
, 

A
PC

, B
RC

A
2,

 N
F1

, P
M

S2
, R

B1
, a

nd
 R

U
N

X1
. 

[8
4]

 

Ba
yl

or
 C

ol
le

ge
 o

f M
ed

ic
in

e 
Ad

va
nc

in
g 

Se
qu

en
ci

ng
 in

 C
hi

ld
ho

od
 

C
an

ce
r C

ar
e 

(B
A

SI
C

3)
 

15
0

 p
at

ie
nt

s 
w

ith
 n

ew
ly

 d
ia

gn
os

ed
 s

ol
id

 
tu

m
or

s 
(<

18
 y

ea
rs

). 
W

ES
.  

   
   

   
   

   
   

   
   

Pa
ne

l o
f 1

12
 g

en
es

. 
10

%
 

V
H

L,
 T

P5
3,

 D
IC

ER
1, 

M
SH

2,
 W

T1
, K

RA
S,

 
BR

C
A1

, B
RC

A
2,

 S
M

A
RC

A4
, a

nd
 C

H
EK

2.
 

[8
5]

 

La
bo

ra
to

ry
 o

f P
er

so
na

liz
ed

 G
en

om
ic

 
M

ed
ic

in
e 

at
 C

ol
um

bi
a 

U
ni

ve
rs

ity
 

M
ed

ic
al

 C
en

te
r (

C
U

M
C

) 

90
 h

ig
h-

ris
k 

pa
tie

nt
s:

 p
ro

gn
os

is
 <

50
%

 5
-

ye
ar

 s
ur

vi
va

l, 
ou

tli
er

 p
he

no
ty

pe
, r

ar
e 

ca
nc

er
, p

os
si

bl
e 

C
PS

, r
el

ap
se

 (<
18

 y
ea

rs
). 

W
ES

 a
nd

 R
N

A-
se

q.
   

 
C

PS
 fi

lte
rin

g 
pa

ne
l n

ot
 

sp
ec

ifi
ed

. 
14

%
 

A
PC

, A
TM

, C
1Q

A
, P

M
S2

, X
IA

P,
 R

U
N

X1
, 

M
LL

2.
 

[8
6]

 

Pe
di

at
ric

 P
an

 C
an

ce
r (

Pe
dP

an
C

an
) 

91
4 

pe
di

at
ric

 c
an

ce
r p

at
ie

nt
s 

(<
25

 y
ea

rs
). 

M
ul

tip
le

 c
oh

or
ts

. 
W

G
S 

or
 W

ES
.  

   
   

   
 

Pa
ne

l o
f 1

62
 g

en
es

. 
7.6

%
 

TP
53

, N
F1

, B
RC

A
2,

 R
B1

, L
ZT

R1
, M

SH
6 

an
d 

SM
A

RC
B1

. 
[6

0
] 

Ze
ro

 C
hi

ld
ho

od
 C

an
ce

r 
24

7 
pe

di
at

ric
 p

at
ie

nt
s 

w
ith

 h
ig

h-
ris

k 
or

 
ra

re
 c

an
ce

r t
yp

es
 (<

22
 y

ea
rs

 a
t d

ia
gn

os
is

). 
W

G
S 

an
d 

RN
A-

se
q.

 
Pa

ne
l o

f 1
61

 g
en

es
. 

16
.2

%
 

C
H

EC
K2

, S
M

A
RC

B1
, B

RC
A

2,
 P

M
S2

, N
F1

, 
AT

M
, F

A
N

C
A

, M
SH

2,
 M

SH
6,

 P
A

LB
2,

 
SD

H
B,

 S
M

AR
C

A4
, H

AV
C

R2
. 

[8
7]

 

Se
qu

en
ci

ng
 T

um
or

 a
nd

 G
er

m
lin

e 
D

N
A—

Im
pl

ic
at

io
ns

 a
nd

 N
at

io
na

l 
G

ui
de

lin
es

 (S
TA

G
IN

G
) 

19
8 

un
se

le
ct

ed
 p

ed
ia

tr
ic

 c
an

ce
r p

at
ie

nt
s 

(<
18

 y
ea

rs
). 

W
G

S.
   

   
   

   
   

   
   

   
 

Pa
ne

l o
f 3

14
 g

en
es

. 
14

.6
%

 (1
0

.6
%

 p
ed

ia
tr

ic
 a

nd
 4

.5
%

 
ad

ul
t 

C
PS

). 

C
D

C
73

, D
D

X4
1, 

LT
ZR

1, 
N

F1
, R

B1
, S

D
H

C
, 

SM
A

RC
A4

, T
P5

3,
 T

SC
2,

 U
PD

 11
p,

 
tr

is
om

y 
21

. 
[8

8]
 

G
er

m
lin

e 
m

ut
at

io
ns

 in
 c

hi
ld

re
n 

w
ith

 
ca

nc
er

 
16

0
 u

ns
el

ec
te

d 
pe

di
at

ric
 c

an
ce

r p
at

ie
nt

s 
(<

19
 y

ea
rs

). 
Tr

io
 W

ES
.  

   
   

   
   

   
 

Pa
ne

l o
f 2

95
 g

en
es

. 
13

.8
%

 (I
nc

lu
de

 6
.9

%
 v

ar
ia

nt
s 

of
 

un
kn

ow
n 

si
gn

ifi
ca

nc
e)

. 
PT

PN
11,

 M
SH

6,
 T

P5
3,

 N
F1

, D
IC

ER
1 a

nd
, 

AT
M

. 
[8

9]
 

M
em

or
ia

l S
lo

an
 K

et
te

rin
g-

in
te

gr
at

ed
 

m
ut

at
io

n 
pr

ofi
lin

g 
of

 a
ct

io
na

bl
e 

ca
nc

er
 t

ar
ge

ts
 (M

SK
-I

M
PA

C
T)

 
75

1 p
at

ie
nt

s 
w

ith
 s

ol
id

 t
um

or
s 

(<
19

 y
ea

rs
). 

M
SK

-I
M

PA
C

T 
ca

pt
ur

e-
ba

se
d 

as
sa

y.
   

   
   

   
Pa

ne
l o

f 8
8 

ge
ne

s.
 

18
%

 (I
nc

lu
de

s 
lo

w
-p

en
et

ra
nc

e 
an

d 
he

te
ro

zy
go

us
 v

ar
ia

nt
s 

in
 

re
ce

ss
iv

e 
ge

ne
s)

 

RB
1, 

N
F1

, T
P5

3,
 C

H
EK

2,
 P

M
S2

, S
D

H
A

, 
PH

O
X2

B,
 M

U
TY

H
, R

EC
Q

L4
, M

IT
F,

 A
PC

, 
I13

0
7K

, a
nd

 F
A

N
C

A
. 

[9
0

] 

C
hi

ld
ho

od
 C

an
ce

r P
re

di
sp

os
iti

on
 

Pr
oj

ec
t 

(C
hi

C
aP

) 
30

9 
ch

ild
re

n 
w

ith
 s

ol
id

 t
um

or
s 

(<
18

 y
ea

rs
). 

W
G

S.
   

   
   

   
   

   
   

   
Pa

ne
l o

f 1
89

 g
en

es
. 

11%
 

N
F1

, R
B1

, W
T1

, D
IC

ER
1, 

M
SH

2,
 P

M
S2

, 
TP

53
 

[9
1] 

G
en

om
es

 fo
r K

id
s 

(G
4K

) 
30

0
 u

ns
el

ec
te

d 
pe

di
at

ric
 c

an
ce

r p
at

ie
nt

s 
(<

22
 y

ea
rs

, e
xc

ep
t 

on
e 

pa
tie

nt
). 

W
G

S 
an

d 
W

ES
.  

   
   

 
Pa

ne
l o

f 1
56

 g
en

es
. 

18
%

 (1
0

%
 w

ith
 c

on
fir

m
ed

 
re

le
va

nc
e 

fo
r t

um
or

 fo
rm

at
io

n)
. 

RB
1, 

M
U

TY
H

, N
F1

, C
H

EC
K2

, P
M

S2
, 

RE
C

Q
L4

, A
PC

, A
TM

, E
RC

C
2,

 F
A

N
C

M
 

[9
2]

 

A
b

br
ev

ia
ti

on
s:

 C
PS

, C
an

ce
r P

re
di

sp
os

iti
on

 S
yn

dr
om

es
; R

N
A-

se
q,

 R
N

A
 s

eq
ue

nc
in

g;
 W

ES
, W

ho
le

 E
xo

m
e 

Se
qu

en
ci

ng
; W

G
S,

 W
ho

le
 G

en
om

e 
Se

qu
en

ci
ng

.  



 

 17 

1.6 Cancer predisposition syndromes as rare diseases 

Pediatric CPS are rare diseases. What is more, certain rare congenital syndromes 

increase cancer risk and can thus be considered CPS. For instance, patients with 
Down syndrome present a 10-400-fold increased risk for leukemia [93], while 2-

10% of Wilms tumors are associated with an inherited disorder [94, 95]. With the 

improved life expectancy in children with congenital abnormalities, novel 

associations with cancer predisposition arise. The following subsections give an 
overview of the congenital syndromes which were the focus of my research. 

1.6.1.1 Imprinting disorders: Prader Willi Syndrome 

Study II focused on the association between cancer and Prader-Willi Syndrome 

(PWS), a disorder affecting multiple body systems. Neonatally, patients present 
with poor sucking and hypotonia -that is, poor muscle tone-. In childhood, they 

develop hyperphagia -insatiable hunger-, short stature, hypogonadism -low 

hormonal production in testicles and ovaries-, characteristic facial traits and 

intellectual disability [96] (Figure 6). Although PWS is not considered a CPS, 
epidemiological studies have found an increased incidence of leukemia [97] and 

other malignancies [98, 99] in this patient group. 

Figure 6. Characteristic symptoms of the congenital disorders studied in this thesis. 



PWS is an imprinting disorder. To understand what this implies, we need to go 

through some definitions. First, epigenetics, which is the study of characteristics 

or cell changes, independently of DNA variation. Genomic imprinting is an 

epigenetic mechanism leading to the expression of certain chromosomal regions 

depending on the sex of the parent from which they are inherited [100] (Figure 7). 
Imprinting is established during the formation of the gametes, and it is maintained 

during our lifetime in almost all tissues. Genetic changes affecting these patterns 

of gene expression can result in human disease, including for instance Beckwith-

Wiedemann syndrome (when the imprinted region at 11p15.5 in our genome is 
affected); and Angelman syndrome/PWS (when the imprinted region at 15q11-q13 

is affected on the maternal and paternal allele, respectively) [101]. 

Figure 7. Schematic illustration of genetic imprinting. In the figure, gene expression is 
depicted by a blue (maternal) or pink (paternal) light bulb. Both alleles are expressed 

(“turned-on”) in non-imprinted genes. Moreover, in maternally imprinted genes, only the 

paternal allele is expressed, and vice versa.  

Changes in imprinting patterns have also been reported in cancer. In the 

described cases, loss-of-imprinting marks (LOI) lead to the re-expression of 

normally silent alleles. If the re-expression is advantageous to the cell, LOI can 
work as a cancer driver [102]. A well-studied example is Wilms tumor, in which LOI 

at the 11p15.5 imprinted region results in reduced expression of the TSG H19, 

conferring growing advantages to the cell [103, 104]. Recently, the first case of LOI 

in a testicular tumor of an individual with PWS was reported [105]. The implications 
of LOI at this site in cancer development in patients with (or without) PWS remain 

to be studied. 

1.6.1.2 Cancer predisposition in Marfan syndrome 

In Study III, we investigated the cancer risk in individuals with Marfan syndrome 
(MFS), a rare disease with a prevalence of 10-20 in 100.000 individuals in Sweden 

[106]. MFS is an autosomal dominant disorder affecting the connective tissue, with 

a broad disease spectrum, from mild symptoms to a fatal presentation -known as 
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neonatal MFS-. The main systems affected are the eyes, skeleton, and 

cardiovascular system. Clinical diagnostic criteria include the presence of aortic 

aneurysm and dissection -bulge or breakage of the aortic artery, respectively-, 

overgrowth, and ectopia lentis -dislocation of the crystalline lens of the eye- [107, 

108] (Figure 6).  

FBN1, the disease-causing gene for MFS, encodes a protein called fibrillin, which 
makes up cell microfibrils, which in turn form the extracellular matrix [109]. 

Microfibrils are the fabric of tissues, providing elasticity, stability, and anchoring 

different important proteins. Dysregulation of FBN1 results, for instance, in changes 

in the activation of TGF-β, a known cancer driver [110]. However, only one 
epidemiological study on the cancer risk in individuals with MFS has been 

performed, reporting an overrepresentation of head and neck, and urinary track 

malignancies in patients with MFS [111]. Additional information is therefore required 

to clarify the link between MFS and cancer development. 

1.6.1.3 Cancer risk in muscular dystrophies and myotonic disorders 

In Studies IV and V, we investigated the development of cancer in individuals with 

muscular dystrophies and myotonic disorders. Muscular dystrophies are genetic 

diseases characterized by progressive muscular weakness, due to the 
degeneration of muscle cells (Figure 6). There are many types of muscular 

dystrophies, with variable age at onset, symptoms and disease severity. These 

include for instance, Duchenne Muscular Dystrophy (DMD),  Becker Muscular 

Dystrophy (BMD), and Limb-Girdle Muscular Dystrophy (LGMD). Myotonic 
dystrophy is also clinically classified as a muscular dystrophy; moreover, these 

terms refer to different types of muscle disorders. Specifically, myotonic 

dystrophy is characterized by myotonia -inability to relax muscles after 

contraction. From these disorders, only myotonic dystrophy is a known CPS, 
increasing the risk for multiple cancer types in adults [112–117].  

Interestingly, mouse models of multiple muscular dystrophies develop soft tissue 

sarcomas, rare cancers affecting connective and supportive tissue as muscles, fat, 

blood vessels, nerves, tendons and joints. Initially, an increased risk for mixed 

sarcomas was observed in the muscles of aged DMD mice [118]. Follow up studies 
on different mouse strains confirmed these results, not only for DMD, but also for 

two types of LGMD, and a rare severe type of muscular dystrophy [119–121]. The 

sarcoma incidence varied between diagnoses and increased in mice lacking two 



of the studied genes [119–121]. This predisposition to develop sarcomas has not 

been reported in patients.  

1.6.1.4 Birt-Hogg-Dubé syndrome and the FLCN gene  

In Study VI, we characterized a novel rare disease, caused by compound variants 
in FLCN, a known disease-causing gene. Single pathogenic variants in FLCN lead 

to Birt-Hogg-Dubé syndrome (BHDS), an autosomal dominant disease associated 

with kidney cancer predisposition, with a lifetime risk of 19 to 34% [122, 123]. FLCN 

acts as a TSG and most kidney tumors present somatic second hits [124, 125]. 
Additional symptoms of BHDS include fibrofolliculomas, lung cysts and 

spontaneous pneumothorax -lung collapse- [126] (Figure 6). For a review on 

cancer predisposition in patients with BHDS see [127]. 

Folliculin, the protein encoded by the FLCN gene, is a master regulator of cell 

metabolism. The functions of the protein are complex, so I will just take you 

through the main regulated pathways (See [124] for an in-depth gene review). 
Under nutrient rich conditions, folliculin activates the mTORC1 pathway via Rag 

GTPases, resulting in cell growth and proliferation [128]. On the other hand, during 

starvation, folliculin forms a complex with FNIP1/FNIP2, leading to AMPK mediated 

catabolism, production of new mitochondria, and oxidative phosphorylation 
through PGC1α/β -metabolic pathways leading to energy production in the cell-. 

Additionally, under nutrient deficient conditions, the FLCN complex does not 

hinder the translocation of TFEB and TFE3 from the cytoplasm to the nucleus, 

leading to the transcription of genes mediating, for instance, lysosomal biogenesis 
[128]. In Study VI, we explore the function of these pathways in patient’s cells.  

1.6.2 Genetic diagnosis of cancer predisposition 

In Sweden, germline genetic testing of all pediatric cancer patients became clinical 
routine after the completion of Study VII. Upon cancer diagnosis, germline WGS is 

offered to patients. If a CPS is confirmed, genetic testing is also offered to other 

family members at risk.  

As the genome has about 3.2 billion letters, strategies for genetic testing vary in 

the percentage covered. When a genetic disease affecting a specific gene or small 

group of genes is suspected, targeted panels covering those regions exclusively 
can be used. These are usually smaller, manageable, and can be cost-effective 

(For an example in CPS, see [129]).  
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More general approaches include the use of Whole Exome Sequencing (WES) or 

WGS, both allowing an unbiased analysis of DNA variants. In WES, the genomic 

region encoding proteins -known as exome- is sequenced. This piece constitutes 

less than 2% of the entire genome, and it is responsible for most known pathogenic 

genetic changes [130]. Moreover, WGS is a comprehensive method, where the 
entire genome is sequenced. Therefore, it enables the identification of most 

variant types, including copy number changes, structural rearrangements, and 

variants in the non-coding genome. 

A convenient strategy for genetic diagnosis is the use of WES/WGS followed by a 

filtering step with in-silico gene panels. In this case, sequencing results are masked 
for variants in genes associated with the disease suspected, e.g., CPS. As only 

relevant regions are studied, the likelihood of incidental findings –that is, detection 

of variants that were not the aim of the test-, and the number of variants to 

analyze decreases. Importantly, it is also possible to re-analyze the results as new 
gene-disease associations arise. Clinical and research efforts to assemble gene 

panels for the study of CPS have been published recently [66, 89, 91, 92, 131, 132]. 

Selected research studies using different forms of this methodology for childhood 

CPS diagnosis are presented in Table 2. 

In children with cancer, sequencing methods have applications in two fronts: 
diagnosis of cancer predisposition and tumor characterization. As previously 

described, germline genetic testing can help us understand the inherited cancer 

risk. Moreover, tumor genomic sequencing gives oncologists a comprehensive 

account of the tumor of a specific individual, further guiding treatment and 
surveillance [133]. This interplay of tumor and germline genetic diagnosis in cancer 

patients is central for the implementation of personalized medicine. However, the 

application of paired germline-tumor genetic testing is challenging. Limitations in 

terms of centers’ capacity, cost of testing and, when applicable, reimbursement, 
still reduces the availability of genetic diagnosis to a few countries. 

1.7 Towards novel findings in pediatric cancer predisposition 

The diagnostic yield of pediatric CPS has increased in the last decades. This has 
been facilitated by the high throughput and price-effectiveness of novel 

sequencing methods, as well as the increased knowledge about the genetics of 

childhood CPS. However, challenges remain, such as the lack of knowledge on the 

prevalence of CPS in the general population, the clinical impact of surveillance 
programs, and the cancer risk amongst children with certain CPS.  



These unsolved questions may result in childhood CPS underdiagnosis, which 

negatively impacts patient’s clinical care. Specifically, it hinders personalized 

cancer treatment when available, access to surveillance and genetic counselling. 

Therefore, additional research on novel CPS and molecular mechanisms leading to 

childhood cancer is needed. For instance, germline genetic studies of large 
cohorts of children with cancer and functional studies on candidate genes. The 

following sections summarize selected methods for the discovery of novel CPS 

(See also Figure 8).  

Figure 8. Selected methods used to study CPS. Graphical representation of selected 

methods for the study of gene-disease associations.   

1.7.1 Multi-omics approaches 

Apart from the ability to perform sequencing at a high throughput and a low cost, 

the last decade has also seen a revolution in the use of multi-omics approaches 

for diagnostic purposes. Additional layers of information can therefore be added 
to the study of genetic diseases, as cancer predisposition [60, 92]. These include, 

among others, the epigenetic landscape (epigenomics), gene expression and 

splicing isoforms (transcriptomics), peptide concentrations and interactions 

(proteomics), metabolite abundances (metabolomics), and the effects of our 
microbiome in disease (microbiomics) [134]. Compiling these aspects increases 

our ability to validate candidate disease-causing variants and confirm the 

involvement of novel genes in CPS.  

1.7.2 CPS disease modelling  

To understand the effects of genetic changes, researchers use disease models; 
biological systems mimicking some of the characteristics of the disease studied. 

These models can be divided into in vitro -mostly cell culture based-, and in vivo 
-using for instance, animals-. The main advantages of cellular models are their 

ease, low-price and the possibility to work with patient-derived material [135]. 
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Animal models, on the other hand, enable more complex functional studies, 

including the effects on development, behavior, and body systems. These 

characteristics have been taken advantage of to study several diseases [136], 

including cancer [137]. 

An important model for the validation of candidate disease-causing variants in 

CPS are patient-derived cells, as they carry the genetic background from the 
patient (non-malignant cells) or patient’s tumor itself (cells derived from tumor 

biopsies). These cells have a higher biological relevance than their immortalized 

counterparts -artificially manipulated to grow indefinitely-, although they are 

limited by their proliferation capacity [138]. The assays used to evaluate the effect 
of a variant depend greatly on the disease studied and the predicted 

consequences of the genetic change. Broadly, they include cell viability, 

proliferation, death, and senescence, along with specific analyses of the pathways 

involved.   

Although cell lines are a pivotal tool during the initial stages of CPS discovery, 
animal models are uniquely suited to study the systemic and phenotypic effects 

of genetic changes. Long established in vivo models of human disease include the 

mouse (Mus musculus), the fruit fly (Drosophila melanogaster) and the Zebrafish 

(Danio rerio). These models have been widely used to study most genetic 
disorders, including cancer [139–141] and cancer predisposition [142, 143].  

The use of models has revolutionized our ability to study disease. However, there 
are challenges in their adoption. First, intrinsic limitations to the use of research 

models. The main concern being failure to accurately mimic human disease 

phenotypes or predict therapeutic outcomes [144, 145]. Second, constraints linked 

to the study of cancer, as interspecies differences in carcinogenesis, distinct 
driver mutations and cancer genetics, and dissimilar metabolism and drug 

responses [141]. Finally, most CPS confer an increased risk of cancer, with few 

additional phenotypes. Simple biochemical tests to evaluate the pathogenicity of 

variants are usually lacking. Therefore, the combination of disease modelling, 
genetic tools, and epidemiology is of special importance for the study of CPS. 

1.7.3 Epidemiological studies of childhood CPS 

There are multiple ways in which epidemiological studies can be used in CPS 
research. For instance, to better understand the cancer risk in known syndromes, 

to discover novel CPS genes, and to find the prevalence of cancer predisposition 

in the general population. Registry-based studies can also be used to map 



differences in the incidence of CPS and their cancer risk spectrum across 

populations. For instance, in myotonic dystrophy (Study V), we observed a partly 

overlapping, partly inconsistent, cancer risk spectrum in epidemiological studies 

of different populations.  

The cancer incidence varies greatly among pediatric CPS. From a lifetime risk of 

90% in Li-Fraumeni Syndrome [72] to a 3.5-fold increase in patients with Noonan 
syndrome due to PTPN11 mutations [146]. Therefore, epidemiological studies to 

delineate cancer risks are urgent. In Studies II and V, we used information from 

the Swedish national registries to investigate the cancer incidence in individuals 

with PWS (Study II), muscular dystrophy and myotonic dystrophy (Study V).  

Finally, the estimated CPS incidence in children with cancer varies considerably, 
from about 8% to 18%, depending on the gene panel used and the selected patient 

group (Table 2). To better calculate the incidence of known pediatric CPS, more 

studies of unselected cohorts -that is, all children diagnosed with cancer- are 

warranted. Evaluating broader gene panels in larger cohorts will also improve the 
estimations of the CPS incidence amongst pediatric patients with cancer and 

enable the discovery of novel CPS genes. With this aim, in Study I, we assembled 

a broad childhood CPS panel with research purposes, based on multiple published 

or publicly available sources of information.  

1.8 Precision medicine  

Precision medicine is a novel clinical approach where diagnosis and treatment are 

patient tailored. As cancer is a heterogeneous disease regarding presentation, 
aggressiveness, and treatment response, individualized treatments are especially 

useful, and precision medicine is slowly changing the paradigm in both diagnosis 

and treatment. For a long time, oncologists have understood that the approach 

“one-size-fits-all”, used until now, is at the best, suboptimal. New knowledge about 
molecular indicators for diagnosis, prognosis and treatment toxicity will enable the 

use of patient’s genetic information to improve their clinical outcomes [147], 

shifting cancer care towards individualized programs. 

However, the development of precision medicine depends greatly on 

technological advances such as cost-effective genomic sequencing and an 
increased understanding of the genetic profile obtained. A big shift in this 

direction was the development of massive parallel sequencing. As described 

above and in contrast to initial sequencing methods, massive parallel sequencing 
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allows for high-throughput, scalable, and rapid sequencing at a relatively low price 

[148]. In fact, the fast improvement of these technologies had led to a decrease of 

six orders of magnitude in the sequencing costs within twenty years, reaching the 

1000 USD/genome mark [149]. It is even expected that the price will soon reach 

100 USD/genome [150, 151]. This economic leap has enabled the use of genetic 
information as a routine diagnostic tool, as well as the continuous implementation 

of novel diagnostic methods in the clinic [152].  

1.8.1 Patient tailored cancer diagnosis and treatment 

During the last 30 years, there has been a dramatic improvement in the treatment 
of children with cancer in most European countries, with an incredible rise from 

30% to above 80% survival rate [153, 154]. Unfortunately, like with genetic 

diagnosis, this improvement is not matched around the globe, as the mortality 
rates in countries with low development index are doubled [155]. A better resource 

allocation and implementation of policies for equal access to cancer care will be 

imperative to enable the availability of personalized medicine in vulnerable 

populations [156].  

New challenges in pediatric cancer treatment arise as mortality rates decrease, 

such as how to avoid and manage severe side-effects [153]. Chemotherapy and 
radiation, two of the most established therapies for cancer treatment, do not 

specifically target malignant cells, and thus damage normal tissues. Treatment 

sensitivity differs amongst individuals, resulting in highly variable acute and 

chronic side-effects. Around 2% of children with cancer die in the acute phase of 
treatment [157, 158]. Moreover, up to 40% of pediatric cancer survivors report 

severe, disabling, or fatal late effects, and more than 70% live with chronic health 

conditions [159].  

An approach to decrease therapy-related complications is the development of 

diagnostic tools that can predict treatment toxicity or suggest targeted therapy 
options (Figure 9). The number of US cancer patients eligible for treatment with 

targeted therapies increased from 5.1% in 2006 to 13.6% in 2020 [160]. As of 

December 2024, according to data from the National Institutes of Health, more 

than 200 targeted cancer drugs were approved (www.cancer.gov/about-
cancer/treatment/types/targeted-therapies/approved-drug-list). This number 

will continue to rise as novel therapeutic agents are developed and tested [161]. 



Figure 9. Targeted therapies for cancer treatment. Genetic analyses of paired tumor 
tissue and blood (i.e., the germline genome) are carried out. Results are then analyzed, and 
the patient is informed and genetic counselled. When available, personalized cancer 

treatment is offered.  

Currently approved targeted cancer treatments include immunotherapies and 

immune checkpoint inhibitors. In the first group, cancer vaccines work by boosting 

the immune system to react to a specific tumor, while CAR T-cells are engineered 
to recognize and attack the tumor. On the other hand, immune checkpoint 

inhibitors block the dampening of the immune system around the tumor (See 

[162–164] for in-depth reviews). Finally, other types of personalized cancer 

treatments, such as monoclonal antibodies and small-molecule inhibitors, are 
designed to interfere with specific cancer drivers.  

1.8.2 Cancer surveillance in patients with pediatric CPS 

Besides treatment, childhood CPS diagnosis has important implications in cancer 

surveillance. As individuals with CPS have an increased risk of developing cancer, 
screening protocols have been introduced to detect malignancies at early stages. 

These protocols are specific to each diagnosis, depending on the cancer risk 

spectrum and age at onset. In highly penetrant pediatric CPS, surveillance has 

been linked to improved survival and reduced systemic toxicity [165]. 

Monitoring protocols are country specific. In the European Union, cancer 
surveillance is suggested for individuals with a cumulative cancer risk above 5% 

[165]. Although surveillance varies between member nations, consensus screening 

protocols have been published for the most common CPS [166, 167]. Similarly, the 

Pediatric Cancer Working Group of the American Association for Cancer Research 
has published expert suggestions for monitoring of pediatric CPS in the US [168].   
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2 Research Aims 
The aim of this thesis was to identify novel genes, pathways and molecular 
mechanisms underlying cancer predisposition in children. This, with the long-term 

goal of identifying genetic risk factors for which treatment should be modified, 

surveillance started, and genetic counseling offered to the family.  

The specific aims included: 

1) Generate a broad childhood CPS gene panel. To develop a pediatric CPS 

panel with research purposes (Study I). 
 

2) Recognize new associations between congenital diseases and cancer. 

To present clinical cases of children with known inherited syndromes, not 

previously associated with cancer, who developed cancer in childhood. 
Specifically, PWS (Study II), MFS (Study III), and LGMDR1 (Study IV). 

 

3) Investigate the cancer risk in patients with inherited diseases using 

information from the Swedish National Registries. To determine the 
cancer risk and risk spectrum in patients with PWS (Study II), muscular 

dystrophy and myotonic dystrophy (Study V) through a literature review 

and population-based epidemiological studies. 

 
4) Characterize a novel genetic syndrome. To decipher the molecular 

mechanisms leading to a novel multisystemic disease including leukemia, 

immunodeficiency, cognitive and metabolic symptoms, caused by 

compound pathogenic variants in the FLCN gene (Study VI).  

Ultimately, we hope that the results presented in this thesis will improve the 
diagnosis and contribute to the understanding of pediatric CPS. 
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3 Materials and Methods 
“In God we trust. All others must bring data” – W. Edwards Deming. 

The workflow used across multiple studies in this thesis initiated with the 
diagnosis of pediatric cancer, followed by tumor histological assessment and 

generation of paired genetic data from the germline and the tumor. Stand-alone 

projects emerged when patients with congenital syndromes, not previously 

associated with cancer development, were diagnosed with cancer at the clinic.  

Individual studies included the design of a CPS research gene panel (Study I), 
reporting of clinical cases (Studies II - IV and Study VI), molecular investigations 

(Studies II, III and VI), and register-based studies (Studies II and V). A general 

description of the methods is included below. For in-depth information, please 

refer to the methods section of the respective paper.  

3.1 Study participants  

3.1.1 ChiCaP Cohort 

Between May 2021 and December 2022, all pediatric patients with solid tumors in 

Sweden were prospectively included in the ChiCaP project (Study VII). As part of 
the ChiCaP workflow, paired blood- and tumor-derived material was collected 

from the patients. Clinical information about CPS risk factors was also collected, 

including family history of cancer, previous primary malignancies, and congenital 

syndromes or other symptoms. Selected patients in the ChiCaP study previously 
diagnosed with congenital syndromes not linked to cancer were included in 

Studies II – IV. An additional patient outside the ChiCaP study, who had a novel 

congenital syndrome and developed leukemia, was also included in this thesis 

(Study VI).  

3.1.2 Population-based studies  

In Studies II and V, epidemiological information from the Swedish National 

registries was used to understand the incidence of different cancer types in PWS 
(Study II), muscular dystrophy and myotonic dystrophy (Study V). For this, 

congenital diagnoses were collected from the Swedish National Patient Register 

[169], the Medical Birth Registry [170] and from the Karolinska University laboratory 

information system. Further, information on cancer diagnoses was retrieved from 
the National Cancer Registry [171]. Table 3 summarizes the registers used in our 

population-based studies, and the information provided by each record. 



Table 3.  Swedish registers used in the epidemiological studies 

Individuals with specific diagnoses were identified according to ICD-10, the 10th 
Revision of the International Statistical Classification of Diseases and Related 

Health Problems, which classifies diseases using unique codes. Patients diagnosed 

with the codes for PWS (Study II), muscular dystrophy and myotonic dystrophy 

(Study V) were included in the study and matched to 50 unaffected individuals, 
using the total population register. The association between the evaluated 

congenital disease and cancer was estimated using Cox Proportional Hazards; a 

regression model which calculates the probability of a hazard (e.g., cancer), 

considering covariates. Covariates differed between studies, including for 
instance birthyear, sex, parental education level and parental age. 

3.1.3 Ethical approval 

All studies included in this thesis were approved by the Regional Ethical Review 

Board in Stockholm, Sweden (Dnr numbers 2015-292-31-4, 2015-608-31-4, 2018-
1849-32, 2019-04746, 2020-03827, 2021-05916-02, 2022-04349-02, 2023-

0754-02). Additionally, written informed consent was obtained from each patient 

or their legal guardians prior to inclusion.  

 

 

Registers Information used in Studies II and V Reference 

Swedish National patient 
Register 

Congenital diagnoses. Details on inpatient and 
outpatient stays since 1987 and 2001. [169] 

Medical Birth Register 
Congenital diagnoses in newborns.        

Coverage since 1973. [170] 

National Cancer Register 
Cancer diagnoses, including age at onset, 

tumor site and histology. Coverage since 1958.  [171] 

Total Population Register 
Information on birth, death, and emigration 

dates, available since 1968. [172] 

Longitudinal Integration 
Database for Health Insurance 

and Labor Market Studies 

Educational level (Patient’s parents).     
Compiled information from 1990. [173] 

Multi Generation Register 

Information across generations, linking patients 
and their parents. Individuals registered from 

1961 and born after 1931 are covered. 
 

[174] 
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3.2 Compilation of a pediatric CPS gene panel 

To compile a childhood CPS panel, we evaluated genes from multiple sources 
including nine publicly available gene panels [60, 66, 89, 91, 92, 132, 175, 176] and 

two cancer databases [177, 178]. Additionally, a set of genes was collected from 
case observations and conference visits.  

The resulting list was ranked according to each gene’s appearance in the sources 

of evidence presented above, and any associated phenotype description in 
Ensembl/BioMart [179, 180]. As some intellectual disability and primary 

immunodeficiency syndromes have been associated with cancer predisposition 

[181, 182], Genomics England panels [175] and inferred gene associations at the 

Human Phenotype Ontology database (https://hpo.jax.org) for these two groups 
of syndromes were also used for the ranking, resulting in a Total Gene Rank Score 

(TGRS). Finally, evolutionary constraint was evaluated using the loss-of-function 

observed vs. expected upper bound fraction (LOEUF) metric, which expresses a 

gene’s intolerance to LoF variation. The cut-off for gene constraint was set at 
LOEUF ≤ 0.35 according to [183]. 

3.3 Histological assessment of the tumors 

Diagnostic biopsies were obtained from patient’s tumors in Studies II – IV. 
Pathology examination was carried out by collaborators at the Karolinska 

Institutet; including Hematoxylin and eosin staining and immunohistochemistry 

with antibodies tailored to the diagnosis of the specific tumor type.  

3.4 Culture of human dermal fibroblasts 

Dermal fibroblasts isolated from skin biopsies were used in Studies III and VI. Cells 

were cultured in Dulbecco’s modified eagle’s medium with high glucose, 
supplemented with non-essential amino acids, 10% fetal bovine serum and 0.2% 

Primocin at 37°C and 5% CO2. These dermal fibroblasts were used for cellular 

staining, and downstream methods requiring DNA, RNA or proteins. 

3.5 Genome sequencing and molecular methods  

3.5.1 DNA sequencing  

3.5.1.1 Germline and Somatic Whole Genome Sequencing 

As mentioned in the background, WGS is a genetic tool that decodes the entire 

3.2 billion nucleotides in the human genome. In this thesis, WGS from paired blood 



and tumor samples (for solid malignancies) was carried out in all patients (Studies 

II - IV and Study VI). Results from blood conferred information about inherited 

DNA changes, while tumor material was used to generate a genetic profile of the 

malignancy. This, to determine tumor aggressiveness, potential targetable DNA 

changes, and further specify the cancer type. Sometimes, somatic changes in the 
tumor can also be used to confirm a CPS diagnosis, for instance through tumor 

second hits or mutational profiles associated with specific CPS (Study VII).  

Figure 10. Short read whole genome sequencing workflow used. A sequencing library is 
built by fragmenting input DNA and tagging it with short DNA pieces (adapters). These 

adapters bind their complementary sequences onto a flow cell -a glass slide-, preparing 
DNA for in-situ cyclic amplification. Upon amplification, a cluster with the original 
sequence is formed, and sequencing can start. During each step, fluorescently marked 
nucleotides are added to the flow cell. As the correct nucleotide joins the growing DNA 
strand, its fluorescent signal is detected. A new set of nucleotides is then added, and the 

process continues until the entire DNA strand has been read. This process takes place in 
parallel for all generated clusters in the flow cell. Further, sequences are aligned to the 

reference genome, and deviations from the reference are identified as variants.  

Figure 11. Sanger Sequencing Overview. The DNA sequence of interest is amplified. Then, 

the template is sequenced with a mixture of unaltered and modified fluorescently labelled 
DNA building blocks. Amplification continues until blocked by the modified bases, 
generating labelled molecules of different lengths. Following, DNA is loaded into capillaries 
where it migrates according to size. The fluorescence of the modified bases is then read 
by detectors, starting with the shortest molecule. That is, the first nucleotide of the strand. 

The DNA sequence can be inferred from the resulting colorful peaks (chromatogram).    
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Specifically, pair-end Illumina short-read WGS, with a coverage of 30x in blood 

and 90x in tumors was used (Figure 10). Once generated, genetic data was ranked, 

visualized, and filtered in the Scout platform form Clinical Genomics. Germline 

data was processed using the Mutation Identification Pipeline framework [184], 

while tumor data was analyzed by collaborators at the Department of Oncology-
Pathology, at the Karolinska Institutet. Germline candidate variants were manually 

explored in Scout or with the Integrative Genomics Viewer [185] program.  

In Studies II, III and VI, variants were confirmed by Sanger Sequencing (Figure 11).   

3.5.2 Gene expression assays 

3.5.2.1 RNA sequencing 

In Study IV, tumor RNA was used to evaluate the presence of a cancer driver 
translocation. In Study VI, RNA sequencing (RNA-seq) was performed to analyze 

the gene expression profile of a patient with a novel syndrome. Broadly, RNA-seq 

works like WGS (Figure 9), except that the starting genetic material is RNA, which 

carries the information to make proteins, among others. In this way, sequencing 
results are a snapshot of the status of the cells when RNA was extracted. RNA 

expression is tissue type dependent, and it reflects the metabolic state of the cell. 

3.5.2.2 Droplet Digital PCR  

The Polymerase Chain Reaction (PCR) is a tool used to amplify a selected piece of 
DNA in a sample. It takes advantage of an enzyme called polymerase, which can 

elongate sequences given a starting DNA segment. Droplet digital PCR (ddPCR) is 

a novel version of this technique, which enables absolute quantification of the DNA 
molecules. In other words, it answers the question: how many molecules of my 

DNA of interest are there in the sample? For this, DNA is diluted and separated 

into tiny oil droplets, such as there is approximately one particle per drop. PCR 

amplification with fluorescently labelled primers takes place in each droplet and 
the count of positive signals is converted into DNA particle numbers (Figure 12).  

In Study III, ddPCR was used to quantify the expression of novel splice isoforms in 
patient skin fibroblasts, as the pathogenic variant found was suspected to affect 

splicing (See the results section for more information on splicing). In Study VI, 

ddPCR enabled exact quantification of selected differentially expressed genes in 

the patient identified by RNA-seq.  



Figure 12. Overview of droplet digital PCR. A reaction mix including DNA and fluorescent 
probes targeting the genomic region of interest is prepared. Next, a droplet generator is 
used to partition the sample into ~20.000 droplets, each with about one copy of DNA. 

The sequences of interest are amplified inside each droplet, which is then read as positive 
or negative according to the quantified fluorescence. Finally, the results are plotted, and 

the absolute number of DNA particles is statistically calculated.  

3.5.3 Methylation analyses 

3.5.3.1 Methylation-specific MLPA  

The acronym MS-MLPA stands for Methylation-specific Multiplex ligation-

dependent probe amplification, and it refers to a molecular assay used to study 
the copy number and methylation profile of a selected genomic region, including 

multiple sites. MS-MLPA relies on the use of methylation-sensitive restriction 

enzymes, which digest unmethylated DNA at specific sites. Undigested DNA 

pieces are amplified and separated according to their length in capillaries. This 
separation is converted into signals, and the copy number and methylation 

percentage inferred from the ratio between a standard and the target (Figure 13). 

Figure 13. The principle of MS-MLPA. Each MLPA probe has two pieces which hybridize 
at a specific DNA location. If both sides attach correctly, they can be sealed by a ligase 
enzyme. Only ligated probes are amplified with fluorescent primers. For the probes that 
measure methylation (Boxed panel), digestion by a restriction enzyme will help distinguish 

unmethylated alleles (digested, and thus not amplified), from methylated forms (not 
digested). All probes have different lengths and can thus be sorted in capillaries according 
to their migration speed. In the capillaries, fluorescence is measured and plotted by 

detectors. Finally, the size of the peaks is quantified and converted into methylation ratios.  
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As described in the background, PWS is an imprinting disorder with aberrant 

methylation patterns at a specific genomic region, leading to abnormal expression 

of the encompassed genes [186]. In Study II, we used MS-MLPA to compare the 

methylation patterns at the PWS region and control imprinted sites in patient’s 

blood and tumor tissue.  

3.5.4 Protein detection 

3.5.4.1 Western blotting 

Western blots are based on the recognition of a target protein by an antibody. 

Antibodies are molecules produced by the immune system to mark foreign 
objects. In this case, the antibodies are generated to recognize target proteins 

(Figure 14, Upper panel). In Study VI, western blot was used to quantify the 

expression of multiple proteins in pathways possibly affected in the patient.  

Figure 14. Methods for protein detection using antibodies. In Western Blotting (Upper 
panel), cell lysates are loaded into nitrocellulose membranes, and proteins separated 
according to size. For visualization, membranes are incubated with antibodies marked 
with chemiluminescent reagents. In immunofluorescent staining (Lower panel), cells are 
seeded, stained with fluorescently labelled antibodies, and imaged using a fluorescence 
microscope. In both methods, we used an indirect mechanism for detection, which is 

shown on the right. In short, a specific antibody is used to recognize the protein of interest. 
A second antibody, labelled with a luminescent tag, recognizes the first one. Finally, the 

tag is activated resulting in a colorimetric or fluorescent product.  

 



3.5.4.2 Immunofluorescent staining 

Immunofluorescent staining also uses antibodies to mark target proteins. 
However, in this case, cells are usually seeded on glass slides, marked with 

fluorescently labelled antibodies, and visualized with a fluorescent microscope 

(Figure 14, Lower panel). In Study VI, immunofluorescent staining was used to 

quantify the proteins of interest in patient’s skin fibroblasts.  
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4 Results and Discussion 
    “That’s why we do science, because every now and then there’s 

this incredible joy of figuring something out” - Jennifer Doudna. 

The main results of this thesis are: 

1) Generation of a broad childhood CPS gene panel. 
In Study I, we compiled a research panel of 881 genes associated with 

childhood cancer predisposition, and developed a ranking system that can 

be used to prioritize genes based on the evidence for their association with 

CPS. Using LOEUF as an indicator of mutational constraint, we found that 
43.4% of the genes in our panel are constraint, as compared to 15.6% of all 

genes with LOEUF metrics.  

 

2) Recognition of new associations between congenital diseases and 
cancer.  

In Study II, we describe the case of a 13-year-old girl with PWS who 

developed an ovarian dysgerminoma and bilateral ovarian sex cord tumors 

with annular tubules. Additionally, MS-MLPA revealed locus-specific LOI at 
the PWS locus in the dysgerminoma.  

In Study III, we report two females with MFS who developed the pediatric 

tumor neuroblastoma. Patient 1 presented with neonatal MFS, the most 

severe form of the disease, and was diagnosed with neuroblastoma at the 
age of 10 months. Patient 2 had classical MFS, and developed 

neuroblastoma at the age of 18 years. We suggest a possible association 

between neuroblastoma development and MFS.  

In Study IV, we describe a 17-year-old boy with LGMDR1 caused by 
compound heterozygous variants in the CAPN3 gene, who developed a 

desmoplastic small round cell tumor. Interestingly, mouse models of 

different muscular dystrophies also develop soft tissue sarcomas, 

indicating a possible association between muscular dystrophies and this 
tumor type, which was further investigated in Study V.  

 

 

 



3) Investigation of the cancer risk in patients with inherited diseases using 

information from the Swedish National Registries.  

In Study II, we explored the cancer risk in patients with PWS. No overall 

increased cancer risk was found, although our study suggests a possible 

pediatric cancer risk increase. We also observed a large proportion of germ 
cell tumors in young individuals with PWS. 

In Study V, we presented the first report of an increased risk of pediatric 

astrocytomas and other gliomas, and adult nonthyroid endocrine and 

pancreatic cancer in patients with muscular dystrophy. In myotonic 
dystrophy, we confirmed the previously reported increased risk of brain 

tumors in children. We also confirmed an increased risk of cancer overall in 

adults, explained by an overrepresentation of diverse malignancies. 

 
4) Characterization of a novel genetic syndrome.  

In Study VI, we found a homozygous variant in the FLCN gene (FLCN p.G15S) 

in a patient with a novel multisystemic syndrome including 

immunodefficiency, global developmental delay, and dysmorphic features, 
who developed B-cell leukemia at 1-year of age. We then carried out in silico 

cellular and molecular analyses to show that the variant likely results in 

hypomorphic folliculin function, leading to this novel syndrome.  

A summary of the most important findings from the studies is presented in the 

following sections. In depth results can be found in the respective publications, at 
the end of this thesis.   
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4.1 Compilation of a broad childhood CPS gene panel 

With the long-term goal of discovering known and novel pediatric CPS, in Study I 
we compiled a research gene panel for childhood cancer predisposition. The panel 

was developed with information from publicly available gene panels [60, 66, 89, 
91, 92, 132, 175, 176], cancer databases [177, 178], the Human Phenotype Ontology 

database (https://hpo.jax.org), and case observations.  

The final panel comprises 881 genes, ranked according to a system that prioritizes 

genes with established evidence for their association with childhood cancer 

predisposition. The resulting TGRS ranges from 0.0 to 30.0, with an average of 

8.66 (95% Confidence Interval [CI] 8.20-9.12). Some genes with a TGRS < 12 were 
included from literature reviews or conferences and thus present the lowest 

confidence for their involvement in CPS. Moreover, all genes with TGRS ≥ 12 (n=199) 

have a known association with cancer predisposition, confirming the usefulness of 

the ranking system for gene prioritization during CPS genetic analyses. 

Finally, we evaluated the mutational constraint using LOEUF metrics as an index. 
We found that 43.4% of genes in our panel were constraint (mean LOEUF 0.56), as 

compared to 15.6% of all genes with constraint metrics (mean LOEUF 0.95) [183]. 

This is in line with the hypothesis that genes leading to early onset severe illnesses, 

such as pediatric CPS, are often constraint [187].  

In summary, in Study I we compiled a pediatric CPS panel with 881 genes, which 
can be used as a resource for the discovery of novel childhood CPS. 

4.2 The ChiCaP project 

As mentioned in the background, CPS diagnosis is of great importance due to 
clinical implications such as access to surveillance, genetic counselling, and 

tailored treatments. Therefore, the ChiCaP project, a national initiative to improve 

the diagnosis of pediatric CPS, started in Sweden in 2021. ChiCaP is a prospective 

study that combines the analysis of clinical and genetic data to identify pediatric 
cancer predisposition. The study included 309 children with solid malignancies 

diagnosed across the country and found a CPS prevalence of 11% in the 189 genes 

evaluated (Study VII).  

Additional branches of the ChiCaP project are underway, including the analysis of 

CPS in children with leukemia, and studies of the psychosocial effects of genetic 
testing in pediatric CPS. In addition, WGS results from children with congenital 

syndromes previously unrelated with cancer were analyzed separately as part of 

https://hpo.jax.org/


Studies II - IV, as presented in the following sections. Finally, a rare variants 

association study from germline WGS of pediatric cancer patients is in progress. 

4.3 Cancer risk in congenital syndromes studied in this thesis 

4.3.1 Prader-Willi Syndrome 

In Study II, we investigated the cancer risk in individuals with PWS using 
information from the Swedish National Registries, and presented the clinical, 

molecular and genetic characteristics of a patient with PWS who developed 

multiple ovarian tumors (Figure 16).  

In total, 360 patients diagnosed with PWS in the National Registries between 1997 
and 2017 were included in the epidemiological part of the study, each matched to 

50 comparisons by year of birth, sex, and birth county. The overall cancer 

incidence was similar between patients and comparisons (3.33% vs. 3.07%, 

respectively). Although we observed a high number of pediatric cancer cases in 
patients with PWS (3 [0.83%] vs. 48 [0.27%] in matched comparisons), the 

numbers were too low to perform further statistical testing. Similarly, the 

proportion of germ cell tumors among all individuals with cancer was increased in 

PWS (2/12 [17%] vs. 17/551 [3%] in matched comparisons), but further analyses were 
precluded by the low case number. In a literature review of PWS and cancer, we 

found 50 described patients. Cancer development at a young age (Average 24.5 

years) and a high number of germ cell tumors (22.5%) were again observed.  

Multiple lines of evidence have suggested an increased risk of testicular cancer in 

PWS [98, 99, 188]. In line with these reports, we observed a high number of 

testicular cancers and ovarian tumors in this patient group. Some hypotheses for 
this association include gonadal dysgenesis, and a high incidence of undescended 

testis in males with PWS [189]. Epidemiological studies on larger cohorts are 

needed to confirm all presented associations. 

In the second part of the study, we describe the case of a girl with PWS due to a 

paternal deletion in chromosome 15 (15q11.2-q13). At 13 years of age, she 
developed a dysgerminoma -cancer of female germ cells- and multiple bilateral 

Sex cord tumors with annular tubules -rare, usually benign, tumors in the ovarian 

sex cords-. WGS of the dysgerminoma showed a complex genetic profile, with 

changes in chromosomal number and translocations at multiple genetic locations. 
A cancer driver mutation in the KIT gene (p.V559G) was detected. No pathogenic 

variants in CPS genes were found, when filtering with the panel used in Study VII.  
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Figure 16. Graphical representation of Study II. A) Overview of the population-based 
study of cancer in patients with PWS. B) Pipeline for the genetic investigation of a girl with 

PWS who developed a dysgerminoma and bilateral Sex cord tumors with annular tubules 

(SCTATs) at the age of 13 years (y).  

As explained in the background, PWS is an imprinting disorder. As imprinting 

changes have been previously described in cancer [104, 190–192], including in the 

germ cell tumor of a patient with PWS [105], we decided to investigate the 

imprinting status in the dysgerminoma of the patient. MS-MLPA results confirmed 
a partial LOI in the tumor at the PWS region.  

In conclusion, in Study II we carried out a register-based study and literature 

review of cancer in PWS. Although we did not find an overall cancer risk increase 

in this patient group, we observed a high frequency of pediatric cancer and 

gonadal tumors. We also presented the case of a 13-year-old girl with PWS who 
developed a dysgerminoma and multiple bilateral Sex cord tumors with annular 

tubules. Interestingly, we reported the second case of LOI at the PWS locus in a 

germ cell tumor of a patient with PWS. Further studies are needed to understand 

the impact of LOI at the PWS region in cancer development in these patients.  

4.3.2 Marfan Syndrome 

In Study III, we characterized the first reported patients with MFS who developed 

neuroblastoma, a pediatric tumor of early nerve cells (Figure 17). We also reviewed 

the literature on the co-occurrence of MFS and cancer and looked for FBN1 
variants in pediatric tumors using cancer databases.  



Figure 17. Main findings of Study III. (Upper panels) Patients germline and tumor genetic 

and histopathological results. (Lower panels) Main findings from literature review on 
Marfan Syndrome and cancer (left) and reported FBN1 variants in cancer databases 

(right). In the upper panels, m refers to months and y to years. 

The first patient described was a girl with neonatal MFS, caused by a de novo -not 

inherited- missense variant in FBN1 exon 32 (p.D1322N). This variant is predicted 

to affect splicing, a term referring to the process in which RNA pieces are cut out 

of the final molecule used as a template to create proteins. Sanger Sequencing 
and ddPCR were used to detect and quantify the new splicing forms of the protein. 

We observed both an isoform with exon 32 skipping and one with complete intron 

32 retention (accounting for 13% and 7.6% of total FBN1 RNA, respectively). Further, 

the patient’s adrenal neuroblastoma was diagnosed at 10-months-of-age and 
WGS showed unfavorable tumor genetics with multiple chromosomal changes. 

Unfortunately, the patient died at 19-months due to cardiac failure, associated 

with her MFS.  

The second patient was a woman with MFS caused by a de novo FBN1 nonsense 

variant (p.C805*) –a mutation resulting in an early stop in RNA translation. She 

was diagnosed at 18-years-of-age with a paravertebral neuroblastoma with 
metastatic spread. Tumor WGS detected an activating mutation in the cancer 

driver ALK (p.R1275Q), a near triploid copy number, and multiple chromosomal 

changes. No known pathogenic CPS variants were found in the patients, using the 

gene panel described in Study VII. 

In our literature review of MFS and cancer, we found 32 cases, 30% with pediatric 
presentations. Epidemiological studies are warranted to further study the 

association between childhood cancer and MFS. Next, we queried the PeCan [193] 

and cBioPortal [194] cancer databases for reported somatic FBN1 changes. 49 

variants were present in PeCan, 15 of which were germline pathogenic for MFS 
[195]. However, their effect on cancer development is uncertain. In all non-

redundant datasets in the cBioPortal, FBN1 was altered in 2% of patients. 
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All in all, in Study III we present the first two reported patients with MFS who 

developed the pediatric tumor neuroblastoma and highlight an early age at cancer 

diagnosis in reported patients with MFS. Epidemiological studies are needed to 

clarify the growing evidence linking MFS and pediatric cancer development. 

4.3.3 Limb-Girdle Muscular Dystrophy Recessive 1 (LGMDR1) 

In Study IV, we reported the case of a boy with muscular dystrophy who 
developed a soft tissue sarcoma -a tumor originating from connective tissue- 

(Figure 18). During infancy, the patient was diagnosed with LGMDR1, a type of 
muscular dystrophy characterized by progressive weakness on the proximal and 

shoulder girdle muscles. The disease-causing variants were two heterozygous 

pathogenic changes in the CAPN3 gene; a frameshift variant (p.T184Rfs*36) and a 

missense variant (p.R448C).  

At the age of 17 years, the patient was diagnosed with a type of soft tissue sarcoma 

known as desmoplastic small round cell tumor. One year after the initial diagnosis, 
the boy developed a first relapse in his left hip, and a second relapse in the scalp. 

RNA-seq revealed a diagnostic driver EWSR1::WT1 fusion gene in the primary and 

scalp tumors. In addition, both malignancies presented a near triploid copy 

number with multiple chromosomal changes. No germline pathogenic variants in 
the gene panel described in Study VII were found. 

Figure 18. Overview of Study IV. Summary of the main genetic and histopathology results 

from the case report of a boy with LGMDR1 who developed multiple desmoplastic small 

round cell tumors at the age of 17 years (y). 

The co-occurrence of LGMD and a soft tissue sarcoma was interesting, as studies 

on mouse models of multiple muscular dystrophies show an increased sarcoma 

risk [118–121, 196, 197], including in a model for LGMDR1 [121]. However, based on the 

information from this case report, it is not possible to understand the sarcoma risk 
in individuals with LGMD. We further explore the cancer incidence in patients with 

muscular dystrophies in Study V.  



In summary, Study IV presents the clinical and genetic findings of the first 

described patient with LGMD who developed a desmoplastic small round cell 

tumor. It is also the first case of cancer in LGMDR1 reported in the literature.  

4.3.4 Muscular dystrophy and myotonic disorders 

In Study V, we investigated the incidence of cancer in individuals with muscular 
dystrophy and myotonic dystrophy, through a literature review and information 

from the Swedish National Registries. 2355 patients with muscular dystrophy and 

1968 with myotonic dystrophy were included in the epidemiological study, each 
matched to 50 comparisons by year of birth, sex, and birth county (Figure 19).  

Figure 19. Outline of Study V. Information from the Swedish National Registries about 
individuals with muscular dystrophy (MD) and myotonic dystrophy (MyD) was used to 

evaluate their cancer risk spectrum. Main result in the panels to the right. 

In muscular dystrophy, we did not find an overall cancer risk increase. However, 
patients presented a high risk for pediatric astrocytomas and other gliomas 

(Hazard Ratio [HR] 8.70, CI 3.57-21.20) as well as adult pancreatic cancer (HR 4.33, 

CI 1.55-12.11) and nonthyroid endocrine cancer (HR 2.35, CI 1.03–5.34). On the other 

hand, in the myotonic dystrophy cohort, we observed an overall cancer risk 
increase in adults (HR 2.26, CI 1.92-2.66), explained by a statistically significant 

increase of CNS tumors -34/39 (87.2%) of which were astrocytomas and other 

gliomas-, endocrine, endometrial, ovarian and nonmelanoma skin cancers. We also 

observed an increased risk of pediatric brain tumors (HR 3.23, CI 1.16-9.01). 

Remarkably, the cancer risk spectrum in patients with muscular dystrophy and 
myotonic dystrophy is similar, including an increased risk of brain tumors and 

endocrine malignancies. Studies with stricter differential diagnosis between 

muscular dystrophy and myotonic dystrophy will be needed to strengthen this 

observation. Additionally, robust population-based studies are warranted to 
understand the associations between specific muscular dystrophies and cancer. 
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Our literature review included 121 articles on patients with cancer and muscular 

dystrophy or myotonic dystrophy. Interestingly, we observed a high number of 

soft tissue sarcomas in reported patients with DMD (9/23 [39%]). As previously 

mentioned, this is in line with results from mouse models [118–121, 196, 197]. 

Moreover, we did not observe an enrichment in sarcoma presentations in patients 
with muscular dystrophy in the Swedish National Registries, indicating that their 

overrepresentation in the literature may be a publication bias.  

In conclusion, in Study V we carried out a literature review and an epidemiological 

study of cancer in muscular dystrophy and myotonic dystrophy. Although no 

overall cancer risk increase was observed in muscular dystrophy, a high number 
of pediatric astrocytomas and other gliomas and adult nonthyroid endocrine and 

pancreatic cancer was observed in this patient group. On the other hand, as in 

previous epidemiological studies, we observed an increased overall cancer risk in 

adults with myotonic dystrophy, as well as a high risk of brain tumors in children.    

4.4 Discovery and characterization of a novel syndrome 

4.4.1 Recessive FLCN-related disorder 

In Study VI, we worked as detectives of the genome, seeking to find the cause of 
a novel disease in an 18-year-old boy. The patient had multiple symptoms, 

including intellectual disability, global developmental delay, immunodeficiency, 

and acute B-cell leukemia at 1-year of age. To solve this mystery, we carried out 

germline WGS of the patient and his parents. Sequencing analyses revealed a 
homozygous missense variant in the FLCN gene (p.G15S) inherited from both 

parents (Figure 20, upper panel). In silico tools predicted this variant as 

pathogenic, and computational modelling indicated a destabilization of the 

lysosomal FLCN complex.   

As explained in the background, FLCN is the disease-causing gene for BHDS, an 

autosomal dominant disorder characterized by skin changes, lung collapse and 
kidney cancer predisposition [126]. Interestingly, neither the patient nor his 

parents present BHDS. However, animal models and patients with biallelic defects 

in FLCN or FNIP1 -one of FLCN’s partners- develop symptoms resembling the 

clinical presentation of our patient, including immunodeficiency [198–205], 
metabolic defects [206, 207], and changes in brain development [208]. Further, 

patients with mosaic variants in the TFE3 gene -a transcriptional activator 

inhibited by the FLCN complex- also present a similar, but more severe, 

phenotype to our patient [209, 210] (Figure 21).  



Figure 20. Main findings of Study VI. (Upper panel) Case presentation of an 18-year (y)-

old boy with a novel syndrome. (Middle panel) Main results from the genetic, cellular, and 
molecular analyses carried out to understand the disease pathology. (Lower panel, left) 
Molecular mechanism of disease. Homozygous FLCN p.G15S leads to a metabolic 
imbalance by an increase in lysosomal biogenesis and autophagy. (Lower panel, right) 
Current hypothesis on FLCN residual function level. In the figure, the black arrow in the 

pedigree indicates the proband.  

Figure 21. Clinical presentation of selected syndromes in FLCN related pathways.  

From left to right, Birt-Hogg-Dubé (BHDS), FNIP1 autosomal recessive disorder, patients 

with TFE3 mosaic variants, and novel FLCN-related disorder. Shared phenotypes in color.  

The FLCN gene encodes a master modulator of metabolism with multiple cellular 

roles, including regulation of lysosomal biogenesis, autophagy, and mitochondrial 

synthesis [124]. We investigated the effect of FLCN p.G15S in two of the axes 

orchestrating these effects. Namely, the mTORC1 and TFE3/TFEB pathways. 
Analyses on skin fibroblasts did not show changes in the activation of downstream 

effectors of the canonical mTORC1 pathway. On the contrary, nuclear 

translocation of the transcriptional activators TFE3 and TFEB was increased in the 

patient. We also observed an overexpression of their target genes in patient 



 

 47 

fibroblasts (Figure 20, middle panel). This increased activation possibly results in 

metabolic imbalances leading to lysosomal biogenesis and autophagy (Figure 20, 

lower panel left).  

We hypothesized that FLCN p.G15S acts as a hypomorphic variant, meaning that 

the protein loses only part of its function (Figure 20, lower panel). The activity 

retained allows for homozygous variants to be viable, although FLCN autosomal 
recessive LoF variants are embryonic lethal. Furthermore, the remaining function 

possibly prevents the development of BHDS in heterozygous individuals.  

In summary, in Study VI we characterized a novel autosomal recessive 

immunodeficiency syndrome with intellectual disability, short stature, dysmorphic 

features, and leukemia, caused by hypomorphic variants in the FLCN gene.  
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5 Ethical considerations  
The rapid advancement in the field of genetic diagnosis carries with it important 

ethical concerns. The following paragraphs will briefly describe the main aspects 

of consideration. However, the ethical implications of CPS testing are various and 
complex. For sample case discussions, refer to [211].  

One of the current areas of debate amongst childhood CPS diagnostic centers is 

which genes should be included in in vitro pediatric CPS gene panels. Although 

failing to detect important CPS variants may be detrimental for patients’ clinical 

care, overdiagnosis can lead to significant psychological distress [212, 213], often 
without risk-reducing interventions. As previously mentioned, surveillance is 

recommended in Europe for a cumulative cancer risk over 5% by the age of 20. 

Moreover, it can be discussed with the family when the associated risk is 1-5% 

[214]. However, the penetrance of many CPS genes has not been calculated, and 
the benefits of surveillance remain to be assessed for most syndromes [215]. 

Weighing the benefits and burdens of genetic diagnosis is necessary for each CPS. 

Access to genetic data must be accompanied by a clear understanding of the 

implications of the results obtained. Therefore, an increase in the availability of 

genetic tests must be paired with an increment in genetic counselling. CPS 

diagnoses impact not only the life of patients, but also of their relatives. Therefore, 
genetic counselling for the individual, parents, and family members at risk must be 

offered. Genetic counsellors and clinical geneticists accompany the family 

throughout the process of understanding the given genetic diagnosis and its 

implications. For instance, education about the genetic diagnosis, the risk of 
cancer occurrence and recurrence, what genetic tests can tell -and not-, how to 

make informed healthcare choices, among others [216].  

Another aspect of concern, especially in the diagnosis of pediatric CPS, is the 

testing of underage siblings. For the patient, diagnosis is clinically relevant, and 

therefore genetic testing is justified. This is not always the case for family 
members at risk. Important aspects to be considered for cascade testing include 

the age of the individuals to be tested, the penetrance of the CPS, and the clinical 

actionability of a positive answer. Guidelines for genetic testing of asymptomatic 

minors from the European Society of Human Genetics are available for inherited 
syndromes [217]. Further, depending on the inheritance pattern of the disease 



tested, some individuals may receive indirect genetic information about 

themselves. Genetic counselling should specify these possibilities to the family.  

Finally, germline testing can result in secondary or incidental findings. A secondary 

finding refers to a result that is purposefully screened during genetic testing, but 

not the main indication for which the test was referred. Incidental findings are also 

unrelated to the disease screened but unintentionally found during the analysis. It 
is essential therefore to define which genetic variants will be reported back to the 

patient before germline testing is performed. Clear information about the intrinsic 

possibility of secondary and incidental findings should be included in the informed 

consent. 
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6 Conclusions 
This thesis focused on increasing our knowledge about pediatric cancer 

predisposition. For this, different approaches were used, including germline and 
tumor WGS, epidemiological studies using the Swedish National Registries, 

literature reviews, molecular and genetic studies on patient’s cells, and in-depth 

case presentations.  

Initially, we developed a broad pediatric cancer predisposition research panel with 

881 genes. We hope that this panel can be used for the discovery of known and 

novel childhood CPS genes and gene-disease associations, through pediatric 
cancer cohort analyses of germline WGS results. For instance, genome-wide or 

rare-variant association studies. 

Further, we presented clinical, genetic and molecular information from patients 

with congenital disorders who developed pediatric malignancies. Specifically, we 

reported multiple ovarian tumors in a patient with PWS. We also described the 

first two reported patients with MFS who developed neuroblastoma and 
highlighted an early age at cancer diagnosis in published co-occurrences of MFS 

and cancer. Finally, we described a soft tissue sarcoma in a patient with LGMDR1. 

These reports highlight the importance of investigating cancer occurrences in 

patients with congenital disorders, to increase our understanding of their possible 
involvement in cancer development.  

Based on the cases reported above, we decided to carry out register-based 

studies on the cancer risk in patients with PWS, muscular dystrophy and myotonic 

dystrophy. In PWS, we observed a high frequency of pediatric cancer. In muscular 

dystrophy, a high risk for pediatric astrocytomas and other gliomas was observed, 
while adults presented an increased incidence of pancreatic and nonthyroid 

endocrine cancer. Finally, individuals with myotonic dystrophy had a high risk of 

childhood brain tumors, while adults presented an increased overall cancer risk, 

explained by an overrepresentation of multiple malignancies. These results 
highlight the strengths of combining hypotheses derived from clinical case 

presentations with epidemiological studies.   

Finally, we described a novel autosomal recessive intellectual disability syndrome 

with global developmental delay, immunodeficiency, facial dysmorphism, and 

leukemia, caused by variants in the FLCN gene. Analysis of the molecular 
mechanisms of disease led us to hypothesize that the FLCN p.G15S variant is 



hypomorphic and results in TFE3/TFEB nuclear retention. This leads to 

upregulation of their target genes, affecting for instance the lysosomal biogenesis 

and autophagy pathways.  

The studies presented in this thesis underscore the importance of tackling the 

study of pediatric CPS using multiple research tools. Initial hypotheses based on 

clinical presentations and candidate genetic variants must be confirmed with 
causation studies. Further, the conferred cancer risk can be estimated using 

register-based studies. Finding known and novel CPS and understanding their 

cancer risk spectrum is important for precision medicine; but it is also a complex 

task, best solved by incorporating information from different areas of biology, 
epidemiology, and medicine.  

Overall, it was a pleasure to complete my PhD in such a growing field as the 

genetics of childhood cancer predisposition! 
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7 Points of perspective 
“The problem [with genetic research] is, we're just starting down this path, 

feeling our way in the dark. We have a small lantern in the form of a gene, but the 
lantern doesn't penetrate more than a couple of hundred feet. We don't know 

whether we're going to encounter chasms, rock walls or mountain ranges along 

the way. We don't even know how long the path is” — Francis S. Collins. 

In the years to come, epidemiological and germline genetic studies on pediatric 

CPS will increase our knowledge of the incidence of cancer predisposition 
amongst oncology patients and in the general population. As the possibility of 

genetic testing expands in the clinic, thanks to an increase in the availability and 

affordability of sequencing tools, genetic testing will become more broadly used. 

Hopefully this will decrease the diagnostic gap amongst patients with pediatric 
CPS. Further, due to the growing number of genes associated with childhood 

cancer predisposition, gene panels will need to be periodically reviewed.  

Better diagnostic pipelines for CPS allow for precision medicine, with benefits 

including access to available targeted treatments, prevention of treatment-

related toxicity, surveillance initiation, and genetic counselling. As with rare 
diseases, however, there is an enormous need for better treatment options for 

patients with CPS. Increased understanding of cancer biology holds promise for 

the development of targeted treatments. Here, I believe that further advances in 

therapies based on monoclonal antibodies, small molecules and gene therapy will 
continue to be of great importance.   

I anticipate that many undiscovered CPS are complex. Namely, caused by the 
interplay of multiple genes, each conferring a small increased cancer risk; or very 

rare, for instance, associated with congenital disorders. This, as CPS with a high 

penetrance and clear inheritance patterns have likely been described. Detecting 

novel CPS will therefore require large cohorts and smart pipelines, which account 
for the interaction of multiple variables in cancer development. Initial efforts in this 

direction include for instance rare-variant association studies [218], as in [219–

223]. With the rapid progress of artificial intelligence, its use for the identification 

of enriched variants in pediatric patients with cancer is warranted. I expect that 
these studies will result in improved CPS diagnostic rates, as well as better 

stratification tools for cancer risk assessment, based on information on genetics, 

phenotypes, and family history of cancer. 



Be it as it may, I am positive that the field of genetic diagnosis and treatment of 

rare diseases, including childhood CPS, will continue to grow rapidly in the years 

to come. Hopefully, these advances will translate into improved clinical outcomes 

for pediatric cancer patients in terms of treatment, prognosis, and surveillance.   
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